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Abstract. Removal of heavy metal ions from industrial effluents prior to discharge is still and
important issue for environmental protection and biosorption can be a solution. That is why the
use of low-cost materials in biosorption processes is a viable alternative which must be
considered. In this study, two such materials, namely algae biomass (Ulva lactuca sp.) and the
biochar obtained from this biomass, were examined as potential biosorbents for the removal of
Zn(II) ions from aqueous solution. At an initial solution pH of 5.0 and 4.0 g biosorbent /L, the
removal efficiency of Zn(Il) ions is up to 63 % for marine algae biomass and up to 94 % for
algae biochar, after 180 min of contact time and room temperature (22 +1 °C). The equilibrium
and kinetic modelling of the obtained experimental results have shown that biosorption process
on both biosorbents follow Langmuir model (R*> 0.99) and pseudo-second order kinetic model
(R?> 0.999). The maximum biosorption capacity, calculated from Langmuir model, was 2.1
time higher in the case of algae biochar than in the case of algae biomass, while the kinetics of
the biosorption process on algae biomass is faster (ko = 0.1118 g/mg min) that the algae
biochar (k, = 0.0353 g/mg min). The functional groups involved in the Zn(Il) ions retention
and the morphological changes during biosorption were analyzed using FTIR spectra and SEM
microscopy, for both biosorbents. Based on this study, algae biomass and algae biochar have
proved to have high efficiency for removing Zn(Il) ions from aqueous media, and can be
employed in decontamination processes at large scale.

Keywords. Algae biomass, algae biochar, Zn(II) ions biosorption, isotherm modelling, kinetic
modelling.

1. Introduction

The contamination of the environment with heavy metal ions is a serious problem, which is mainly
caused by the rapid development of industrial activities, intensive use of chemicals in agriculture, as
well as incomplete treatment of waste [1, 2]. Such anthropogenic activities are responsible for the
accumulation of heavy metal ions in the environment, which, due to their persistence and toxicity, are
harmful to all life forms and significantly contribute to the decrease of ecosystems quality [3]. It is
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therefore necessary to reduce the concentration of heavy metal ions in effluents resulting from such
anthropogenic activities as much as possible, before they are discharged into the environment.

Currently, there are numerous physical, chemical and biological methods that can be used on an
industrial scale to remove heavy metal ions from aqueous media. Chemical precipitation, reverse
osmosis, biological/chemical oxidation, membrane processes, ion exchange, etc., [4-6] are just a few
representative examples. However, most of these methods have some important disadvantages (such
as high consumption of chemical reagents and energy, laborious operating conditions, generation of
secondary sludge that also requires further treatment, etc.) [7], which lead to a significant increase the
treatment cost. Unlike these methods, the biosorption of heavy metal ions is much more
technologically and economically viable. This is because biosorption allows the effective removal of
heavy metal ions in a wide range of concentration, in various experimental conditions, and the
operations required to carry out such process are simple and easy to use in practice [8]. Thus,
numerous natural materials, or industrial and agricultural waste and by-products have been tested in
the literature [9-12] for the removal of heavy metal ions, in order to highlight their potential
applications in the biosorption processes. Each time, the researchers focused on materials that could be
obtained as easily as possible and at the lowest possible cost, so that biosorption could be included in
the category off economical and environmental friendly methods [12].

Marine algae are an example of a solid material that has been shown to be useful and effective in
removing of heavy metal ions from aqueous media [13, 14]. Their high availability in many regions of
the world, ease of preparation, low number of practical applications, etc., have made the use of marine
algae as biosorbents a way to increase the economic potential of these materials [15]. However, one
problem remains that marine algae decomposed very easily in the air, and this reduces their efficiency
in biosorption processes. There are two ways to prevent this, namely: (i) immediately after harvest the
marine algae are dried in air at temperatures of 60-70 °C — this obtaining the algae biomass, or (ii)
after harvest the marine algae are calcined at temperatures of 300 — 500 °C, when the algae biochar is
obtained. Both methods make it possible to obtain materials with good biosorptive properties, which
can be used to retain heavy metal ions in aqueous media.

In this study, algae biomass and algae biochar were obtained by thermal treatment of marine green
algae (Ulva lactuca sp.) in air at 70 °C and 320 °C, respectively. The obtained materials were tested as
biosorbents for the removal of Zn(Il) ions from aqueous media, in batch systems. The choice of Zn(II)
ions for experimental studies was based on their industrial and economic importance. Based on the
experimental results, the isotherm and kinetic characteristics of the biosorption processes were
quantitatively evaluated and detailed discussed. These characteristics will be useful for evaluating the
applicative potential of these two materials obtained from marine algae in biosorption processes.

2. Experimental

2.1. Materials

Marine green algae (Ulva lactuca sp.) were collected from the Black Sea coast, in July 2018. After
washing several times with tap water (to remove solid impurities) and distilled water (to remove the
salts form the algae leaves), the algae sample was dried in air (70 °C, for 8 h), crushing and sieving,
until the granulation was less than 1.0 mm. Half of the obtained algae biomass was stored in a
desiccators and used as biosorbent, while the other half was calcined to obtain the algae biochar. The
calcinations of the algae biomass was done in a calcinations oven (Nabertherm LE4 type), in an
oxygen-poor atmosphere (to prevent the oxidation of biochar), at a temperature of 320 °C, for 8 h.
After calcinations, the obtained algae biochar was cooled (at room temperature), mortared for
homogenization, and stored in desiccators until use. FTIR spectrometry (FTIR Bio-Rad Spectrometer,
400 — 4000 cm! spectral domain; resolution of 4 cm™ , KBr pellet technique) and scanning electron
microscopy (SEM Hitach S3000N, 20 kV) were used for the characterization of these two materials.
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The chemical reagents used in experiments were of analytical grade, and were purchased from
Chemical Company (lasi, Romania). The stock solution of Zn(II) ions (10> mol/L) were obtained by
dissolving zinc nitrate in distilled water. This stock solution was then used to prepare all working
solutions used in the biosorption experiments. 0.1-0.3 mL of 10~ mol/L HNO3 solution was used to
adjust the initial pH (measured with a pH/ion-meter MM-743 type, combined glass electrode) of the
working solutions at 5.0.

2.2. Biosorption experiments
All experiments were performed in batch systems, contacting 25 mL of Zn(II) ions solution (of known
concentration) with 0.1 g of biosorbent (algae biomass or algae biochar), at pH of 5.0 and room
temperature (22 + 1°C). The effect of the initial Zn(II) concentration on the biosorption efficiency was
examined in the concentration range of 12-160 mg/L, while the effect of contact time was studied in
the range of 5 — 180 min. At the end of each biosorption experiment, the two phases was filtrated, and
the concentration of Zn(II) ions in filtrate was analyzed spectrophotometrically (color reagent: xylenol
organge, A = 570 nm, 1 cm glass cell). The efficiency of the biosorption process was quantitatively
evaluated using: biosorption capacity (q, mg/g) and removal percent (R, %), calculated from
experimental data based on the following equations:
q= (Co - C) -V

m

C,—C
C0

where: ¢, and c are the initial and equilibrium concentration of Zn(II) ions in solution (mg/L), V is
volume of solution (L), and m is the mass of biosorbent used in each experiment (g).

Each measurement was done in triplicate, and the mean values of experimental results were used in
graphs and calculation. The standard deviation less than = 10 % was considered acceptable.

e

R=

-100 )

3. Results and discussion

3.1. Structural characteristics of biosorbents

For a biosorbent, the most important structural characteristics are the number and nature of the
superficial functional groups, as well as the morphological heterogeneity of its surface [16]. These
features can be easily highlighted by FTIR spectra and SEM images. In the case of algae biomass and
algae biochar, the FTIR spectra and SEM images recorded for each biosorbent are illustrated in Fig. 1.
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Fig. 1. FTIR spectra and SEM images of algae biomass (1) and algae biochar (2).
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It can be seen from Fig. 1 that both biosorbents contains in their structure hydroxyl and amine
groups (3406-3371 cm™), carbonyl and carboxyl groups (1637-1614 c¢cm™), and other oxygenated
functional groups (1112-1053 ¢m™). It should be noted, however, that in the case of algae biomass, the
absorption bands are more intense and more numerous that in the case of algae biochar. This shows
that the calcination of algae biomass at 320 °C only leads to a decrease in the number of superficial
functional groups, and not to their complete disappearance. Moreover, from the SEM images (inside-
Fig. 1) it can be seen that both biosorbents have an irregular morphology, which shows numerous
cracks and wrinkles. All these structural particularities are important in biosorption processes, and
highlight the potential applications of these materials.

3.2. Effect of initial Zn(Il) ions concentration and isotherm modelling

The effect of initial Zn(Il) concentration on the biosorption efficiency of algae biomass and algae
biochar was studied in a concentration range of 12 to 160 mg/L, at pH of 5.0, 4.0 g biosorbent /L and
room temperature (22 + 1 °C). These experimental conditions were established to be optimal in a
previous study [17]. The obtained values of the biosorption capacity and of the removal percent are
presented in Fig. 2.
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Fig. 2. Effect of initial Zn(II) concentration on biosorption efficiency ((a) — variation of biosorption
capacity; (b) — variation of the removal percent).

The increase of the initial Zn(II) ions concentration in the studied range determines an increase of
the biosorption capacity from 1.05 to 13.63 mg/g in the case of algae biomass, and from 0.62 to 36.63
mg/g in the case of algae biochar (Fig. 2a). These results clearly show that algae biochar is more
effective in the biosorption process of Zn(Il) ions compared to algae biomass, even if the number of
superficial functional groups is smaller (Fig. 1).

The higher efficiency of biochar obtained from biomass compared to the initial biomass has been
reported in many studies in the literature [18-20]. This behavior is most often attributed to the fact that
the functional groups of the biochar, although smaller, have a much great availability to interact with
metal ions in biosorption processes. This assumption can be easily verified by analyzing the variation
of the removal percent shown in Fig. 2b. Thus, if in the case of algae biomass, the increase of the
initial Zn(II) ions concentration leads to the decrease of the removal percent (from 62.70 to 50.34 %),
in the case of algae biochar it can be observed the increase of this parameter (from 19.37 to 94.39 %)
in the same interval of initial Zn(Il) ions concentration (Fig. 2b). In addition, at initial Zn(II) ions
concentration higher than 80 mg/L, the removal percent is higher than 90 %, and therefore the algae
biochar can be considered an effective biosorbent.

For the quantitative evaluation of the studied biosorption processes, the experimental data were
modeled using the Langmuir and Freundlich isotherm models. The linear equations of these two
models are the following [21, 22]:
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(a) Langmuir model: 1 = ; . 1
q qmax : K|_ C

(b) Freundlich model: logq =log K + 1 logc 4)
n

where: ¢ is the biosorption capacity at equilibrium, (mg/g); gme is the maximum biosorption capacity,
(mg/g); K; is Langmuir constant, (L/g); ¢ is equilibrium concentration of Zn(Il) ions in solution,
(mg/L); Kr is Freundlich constant, (L/g); n is the heterogeneity factor.

The linear representations of the Langmuir and Freundlich isotherm models for the biosorption of
Zn(II) ions on algae biomass and algae biochar are illustrated in Fig. 3, while the obtained values of
the characteristic parameters for each model are summarized in Table 1.
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Fig. 3. Linear representations of Langmuir (a) and Frendlich (b) isotherm models for Zn(II) ions
biosorption on algae biomass and algae biochar.

Table 1. Isotherm parameters obtained for Zn(II) ions biosorption on algae biomass and algae biochar.

Model Parameter Algae biomass Algae biochar
R? 0.9991 0.9275
Langmuir Qmax, ME/g 31.06 62.89
Ky, L/g 0.007 0.012
R? 0.9975 0.9603
Freundlich n 1.13 1.26
Kr, L/g 3.89 1.05

Although each of the two isotherm models acceptably describes the experimental data, the
Langmuir model is more relevant because it corresponds to a higher regression coefficient (R?> 0.99).
This means that the biosorption of Zn(Il) ions takes place mainly on the external surface of the
biosorbents until a monolayer coverage is obtained. The maximum biosorption capacities (max, Mg/g)
calculated from the Langmuir isotherm model (Table 1), are much higher than the experimentally
obtained values, suggesting that both biosorbents can be successfully used to remove high
concentrations of Zn(I) ions from aqueous solution. Moreover, the almost double value of the
maximum biosorption capacity obtained in the case of algae biochar compared to algae biomass shows
that this biosorbent is much more efficient in the biosorption processes of metal ions. The superior
biosorptive performance of algae biochar compared to algae biomass is also supported by the values of
the Langmuir constants (K, L/g). The much higher value of this parameter (by an order of magnitude)
(Table 1) suggests that the retention of metal ions on the surface of algae biochar involves more
interactions, which are stronger (probably ion-exchange type), than in the case of algae biomass.
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The values of heterogeneity factor (n), calculated from the Freundlich isotherm model, is higher
than 1, indicating that both biosorbents have heterogeneous surfaces, on which the active sites are
located on different geometric planes. However, the retention of Zn(Il) ions takes place on the surface
of the biosorbents, which means that some of the active sites will remain unoccupied, but inaccessible
to interactions with metal ions. This is most likely the reason why the values of the biosorption
capacities obtained experimentally and those calculated from the Langmuir model are so different.

3.3. Effect of contact time and kinetic modelling

The influence of contact time on the Zn(II) ions biosorption on algae biomass and algae biochar was
examined at an initial Zn(Il) ions concentration of 55 mg/L, pH of 5.0, biosorbent dosage of 4.0 g/L
and room temperature (22 £+ 1 °C). The obtained experimental results are illustrated in Fig. 4.

—— algae biomass
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Fig. 4. Effect of contact time on Zn(II) ions biosorption efficiency on algae biomass and algae biochar.

As can be seen from Fig. 4, under the mentioned experimental conditions, the biosorption
capacities of both biosorbents increase with the increase of the contact time over the entire studied
interval. On the other hand, the variations illustrated in Fig. 4 shows that: (i) the biosorption capacities
obtained in the case of algae biochar are higher than those obtained in the case of algae biomass, over
the entire contact time interval, and (ii) for both biosorbents, the biosorption efficiency increases
significantly up to 60 min, after which this increase is much slower, indicating that the biosorption
processes have reach the equilibrium. The first observation shows once again that algae biochar is a
much more efficient biosorbent for retaining Zn(Il) ions from aqueous solution, and this is consistent
with the experimental results presented in the previous section. The second observation indicates that
in the initial stage of contact between the two phases, due to the large number of free active sites on
biosorbents surface, the biosorption process is very fast. As contact time increases, the number of
unoccupied sites decreases, making metal ions binding more difficult and, as a result, the rate of
biosorption processes becomes much slower. This is a typical behavior for biosorption processes in
which the binding of metal ions from aqueous solution occurs predominantly through electrostatic
interactions [23]. Under these conditions, a contact time of 60 min can be considered sufficient for the
quantitative removal of Zn(Il) ions by biosorption on algae biomass and algae biochar, since the
values of removal percent are higher than 90 %. In addition, reaching equilibrium in such a short time
highlights the applicative potential of these biosorbent for large-scale systems.

The modeling of the kinetic data obtained in the case of Zn(Il) ions biosorption on algae biomass
and algae biochar was performed using pseudo-first order and pseudo-second order kinetic models.
The linear equations of these two models are [23, 24]:

(a) Pseudo-first order model: log(q, —q,) = logq, —k, -t (5)
(b) Pseudo-second order model: t_ % + t (6)
q; k2 0 Qe

11



TechHub Journal Voal. 1, No. 2 pp.6-14 (2021)
|SSN: 2810-2800
www.techhubr esear ch.com

where: g., g, are biosorption capacity at equilibrium and at time ¢, (mg/g); k; - rate constant of pseudo-
first order kinetics model, (1/min); &, - pseudo-second order rate constant, (g/mg min).

In Fig. 5 are presented the linear representations of these two models for the biosorption of Zn(II)
ions on algae biomass and algae biochar, while the kinetic parameters are summarized in Table 2. And
in this case, the most appropriate kinetic model to describe the experimental data was selected based
on the values of the regression coefficients (R?), obtained from the statistic.
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Fig. 5. Linear representation of (a) pseudo-first order model and (b) pseudo-second order model for
the biosorption of Zn(II) ions on algae biomass and algae biochar.

Table 2. Kinetic parameters obtained for Zn(Il) ions biosorption on algae biomass and algae biochar.

Model Parameter Algae biomass Algae biochar
g, mg/g 4.0781 7.4124
R? 0.8909 0.9972
Pseudo-first qe, mg/g 0.6281 2.8721
order ki, 1/min 0.0169 0.0177
R? 0.9999 0.9999
Pseudo- qe, mg/g 4.1288 7.5815
second order ko, g/mg min 0.1118 0.0353

The values of regression coefficients (R?) indicate that the experimental data are best fit by the
pseudo-second order kinetic model (Table 2), for both biosorbents. This observation is also supported
by the close values of biosorption capacity calculated from model equation and obtained
experimentally (Table 1). Therefore, the biosorption of Zn(Il) ions on algae biomass and algae biochar
involves chemical interactions, probably ion exchange type, and the binding of metal ions on the
surface of biosorbents requires two binding sites in favourable geometric positions.

On the other hand, the values of the rate constants of the pseudo-second order kinetic model
indicate that the biosorption of Zn(Il) ions from aqueous solution take place easily on algae biomass
compared to algae biochar. The significant difference between the values of the rate constants (of one
order of magnitude) shown that if in the case of algae biomass, most of functional groups are located
at the external surface of the biosorbent, in the case of algae biochar, the metal ions must also
penetrate inside the pores to interact with the functional groups. This leads to higher biosorption
capacities in the case of algae biochar compared to algae biomass, as seen in the previous section.

Based on these observations, two important practical consequences can be deduced, namely: (i)
algae biochar obtained from algae biomass is a much more efficient biosorbent in the metal ions
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retention processes, and (ii) in this case the biosorption processes occur predominantly trough an ion
exchange mechanism, which will allow the quantitative recovery of the retained metal ions.

4. Conclusions

In this study, algae biomass (Ulva lactuca sp.) and the algae biochar (obtained from this biomass) were
used as biosorbents for the removal of Zn(Il) ions from aqueous media. Under optimal experimental
conditions (initial pH of 5.0, 4.0 g biosorbent /L, 180 min of contact time and room temperature), the
removal efficiency of Zn(Il) ions is up to 63 % for marine algae biomass and up to 94 % for algae
biochar. However, the isotherm and kinetic modelling of the experimental data have shown that algae
biochar is more effective biosorbent compared with algae biomass. Thus, the maximum biosorption
capacity, calculated from Langmuir model, was 2.1 time higher in the case of algae biochar than in the
case of algae biomass. The analysis of the kinetic parameters shows that if in the case of algae
biomass, most of functional groups are located at the external surface of the biosorbent, in the case of
algae biochar, the metal ions must also penetrate inside the pores to interact with these. The
experimental results included in this study show that algae biochar obtained from algae biomass is a
much more efficient biosorbent in the metal ions removal processes, and that the biosorption processes
occur predominantly trough an ion exchange mechanism, which will allow the quantitative recovery of
the retained metal ions.
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