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Abstract
Metal ions can be eliminated from aqueous solutions using biosorbent, a substance made ORIGINAL SCIENTIFIC PAPER
from plant biomass. This study investigated the potential use of Arundo donax stems as a
cheap, natural biosorbent to remove cobalt ions (Co2*) from an aqueous solution. The
biosorbent was characterized by the chemical composition analysis (cellulose, hemicellulose,
and lignin), the point of zero charge (pHpzc), by scanning electron microscopy, energy Hem. Ind. 78(3) 253-264 (2024)
dispersive spectroscopy, X-ray diffraction analysis, and Fourier-transform infrared
spectroscopy. According to the experimental data of kinetic studies, the equilibrium
condition of Co?* adsorption was attained 360 min after the biosorption started. The pseudo-
first, pseudo-second, Elovich, and intra-particle diffusion models were used to model the
kinetic experimental data. The best compliance was obtained with the pseudo-first order
kinetic model, considering the highest value of the coefficient of determination R2 (0.996)
and the lowest chi-square (»?2) value (0.757). The findings of this study can be applied to the
design of batch biosorption systems for the removal of Co?* ions in real industrial systems.
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1. INTRODUCTION

The human population is faced with problems related to water pollution. Industrial systems generated large
amounts of wastewater and after processing, the contaminated water is discharged into a recipient, posing risks to
aquatic life as it contains many polluting substances. Among them, the presence of various harmful heavy metals (e.g.
iron, lead, nickel, silver, lead, cadmium, copper, manganese, etc.) is one of the largest environmental issues due to
moderate accumulation over time in organisms.

Cobalt can be found in the natural environment along with iron, nickel, silver, lead, copper, manganese, and other
elements [1]. It is also present in igneous and sedimentary rocks. It can also be often found in nuclear power plant
wastewater and wastewater from numerous other industries, including mining, metallurgical, electroplating, paints,
pigments, and electronic industries. The ecosystem is negatively impacted by cobalt as a harmful element. Numerous
health issues, including paralysis, diarrhea, lung irritation, and bone abnormalities, may be induced by high cobalt
levels [2]. Heavy metals could be removed from wastewater by using a variety of processes, including adsorption,
sedimentation and flocculation, coprecipitation, complexation, heavy metal uptake by wetlands, photo-catalysis,
solvent extraction, ion exchange, chemical precipitation, membrane separation techniques, oxidation/reduction, and
electro-remediation [3,4]. The use of bio-waste-derived adsorbents is recommended because of their superior
efficiency, low cost, and minimal environmental problems. One such cutting-edge technique is biosorption, which is
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based on development of biosorbents from a variety of readily available plant materials, including husks, leaves, peels,
stems, branches, and pods. There are significant efforts being made in this area to prepare innovative, low-cost bio-
waste-based adsorbents that are effective at removing heavy metals from wastewater [5].

Arundo donax (common name: Giant reed) is planted in many regions such as tropical Asia and the Mediterranean
and cultivation of this plant has a potential considering that it is a fast-growing invasive plant [6]. In Europe, this area
coversinland along the major rivers of the Iberian Peninsula and along the Mediterranean coast from Spain to Greece,
including the Adriatic coast. The plant may thrive on salty and arid soils [6]. Arundo donax is a very suitable source of
biomass because of its low cost and high production. It also contains large amounts of cellulose and lignin, which has
led to its widespread use globally for a range of applications such as production of energy, paper pulp, and wooden
building materials, among others. Research indicates that A. donax L. can withstand challenging environmental
conditions, such as the presence of toxic heavy metals [7]. Its ability to accumulate heavy metals in the tissues [8] led
to the use of this plant directly as a biosorbent [9,10].

This work aimed to estimate removal of Co2*ions from aqueous phase by unmodified powdered stems of A. Donax
in batch biosorption experiments. After detailed characterization of pulverized stems of Arundo donax, biosorption
kinetics was studied. Further, the experimental results were modeled using four differentkinetic models (pseudo-first,
pseudo-second, Elovich, and intra-particle diffusion model). The aim also was to examine the possibility of modelling of
cost-effective and environmentally friendly process for the removal of Co?* from the contaminated water system.

2. MATERIAL AND METHODS

2. 1. Chemicals and materials

Sodium hydroxide, hydrochloric acid (37 %), and AAS cobalt (Co2*) standard solution (1000 mg dm-3) were supplied
from Merck, Germany. Dilute solutions (0.1 M NaOH and 0.1 M HCI) were used for pH adjustment and synthetic Co2*
stock solution was prepared with ultrapure water (Milli-Q system by Merck). The waste Arundo donax stems used in
this study were provided by the Institute for the Application of Nuclear Energy- INEP, Belgrade, Serbia. The leached
chernozem as soil type was used to cultivate Arundo donax.

2. 2. Preparation methods

Biosorbent from waste Arundo donax stems was prepared as follows: the sample was washed with deionized water
several times in order to remove the impurities, and then was chopped. Next, it was dried inan ovenat 70 °C for 12 h, and
the dried stems were chopped in a blender. The fraction with a particle size smaller than 0.5 mm was used in the
experiments. The prepared biosorbentis labelled as W-ADs and was stored in plastic containers in a desiccator until use.

2. 3. Characterization of W-ADs biosorbent

1.3. 1. Lignocellulose composition

The lignocellulose composition (cellulose, hemicellulose, and lignin) of the W-Ads biosorbent was determined in
compliance with standards 1SO016472:2006 and 1SO13906:2008 [11,12].

2. 3. 2. Structural and morphological characterization

Fourier-transform infrared spectroscopy in attenuated total reflectance mode (ATR-FTIR) of a sample W-Ads was
performed by using a Thermo Scientific Nicolet 6700 spectrometer (Thermo Fisher Scientific, USA) in the range of
wavenumbers 4000 - 500 cm™. The sample morphology was analyzed by field emission scanning electron microscopy
(FE-SEM), by using the instrument SEM FEI Scios2 Dual Beam System (Thermo Fisher Scientific, USA), after providing
conductivity by sputtering the sample with a thin golden layer. The energy dispersive spectroscopy (EDS) analysis was
performed by using an EDS detector integrated with the SEM FEI Scios2 Dual Beam System (Thermo Fisher Scientific,
USA). X-ray diffraction analysis (XRD) was used to determine the phase composition of the sample using Rigaku SmartLab
powder X-ray diffractometer (Rigaku, Japan) with Cu-Ka radiation, at room temperature.
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2. 3. 3. Determination of the point of zero charge

For determination of the point of zero charge (pHpzc), 100 mg of the biosorbent samples were shaken in 50 cm3 of
NaCl solution (0.01 M) for 24 h at 25 °C and at six different pH values (2, 4, 6, 8, 10, and 12). Afterward, the biosorbent
samples were separated from the solution by decantation. The solution pH values were measured by a WTW inolLab
730 pH meter (WTW, Germany,). The pHpzc value of the W-ADs biosorbent was obtained from the plot of the initial vs.
final pH value (pHfinal vs. pHinitiat). The intersection point of the curve obtained from this plot and the diagonal gave the
pHpzc value [13].

2. 4. Distribution of Co?* ionic species

A speciation diagram of Co2*ions in an aqueous solution as a function of pH was drawn using the Visual MINTEQ
software (version 3.1, Department of Land and Water Resources Engineering, Stockholm, Sweden).

2. 5. Biosorption experiments

A kinetic study in a batch system was performed with the goal to evaluate the performance of the W-ADs biosorbent.
The experiment was conducted by mixing the known biosorbent dosage (2 g dm=3) in 100 cm? Erlenmeyer flasks
containing 50 cm3 of a 100 mg dm-3of Co?* solution at 25 °C and pH 7. Samples (50 cm3) were taken at equal time
intervals. All experiments were conducted in triplicate. The Co?* solutions were filtrated by a nylon syringe filter
(0.22 um). The concentration of remaining Co?*ions in the solution was determined by using an AA spectrometer
(PinAAcle 900T-PerkinElmer, Massachusetts, USA).

The biosorption capacity (ge/ mg g71), and removal efficiency of Co?* (Re / %), were calculated according to Equations
(1) and (2):

q.=(C,—C.)V/m (1)

R, =100(C,-C,)/C, (2)
where Co and Ce are Co?* concentrations before and after biosorption, respectively, V is the volume of solution, and m
is the mass of the W-ADs biosorbent.

The kinetics of the Co2* biosorption on the W-ADs was analysed, using the pseudo-first order, pseudo-second order,
Elovich, and intra-particle diffusion models [14] applied to the experimental data.

2.5.1. Pseudo-first order model

The pseudo-first order rate can be expressed by Equation (3):

In(g,-q, ) =Ing, -kt (3)
where, ge is the equilibrium biosorption capacity (contentof Co?* per mass of the biosorbent), gtis the biosorbed content
of Co?* per mass of the biosorbent at the time t, and k1 is the pseudo-first order rate constant.

2.5.2. Pseudo-second order model

The pseudo-second order model can be expressed by Equation (4):

t/a, =(ka’) +t/a, (4)
where k; is the equilibrium constant of the pseudo-second order reaction rate.
2.5. 3. Elovich model

The simplified equation of the Elovich model is described as follows, Equation (5):
g, =1/bin(ab)+1/b Int (5)

where a / mg g-1 min~1is the initial biosorption rate constant, and b / g mg™! is the desorption rate constant of the
Elovich model.
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2.5. 4. Intra-particle diffusion model
Possibility that the biosorption rate is controlled by intra-particle diffusion was tested by using the following
simplified Equation (6):
q, =k,t"” (6)

where kgqitis the intra-particle diffusion rate constant. For diffusion through a spherical particle, this model should be

applicable if the plot passes through the origin and follows a linear trend when the following condition is met q/g.<0.4
(i.e. in the early adsorption times until 40 % of the equilibrium amount is adsorbed) [15].

3. RESULTS AND DISCUSSION
3. 1. Lignocellulose composition of W-ADs biosorbent

Contents of cellulose, hemicellulose, and lignin for the W-Ads sample are represented in Table 1.

Table 1. Lignocellulose composition analysis of the W-ADs biosorbent

Component Content, wt.%, (dry basis)
Cellulose 36.60
Hemicellulose 25.44
Lignin 35.24

A review of the literature revealed that the contents of cellulose, hemicellulose, and lignin in Arundo donax vary.
Close values of cellulose (35.52 and 35.6 %) and hemicellulose contents (26.81 and 24 %) as in the present study (Table
1) are found in the literature [16,17]. Lignin content for raw milled material is much higher than that for processed
fibres, accounting for around 35 % [18] similarly as it was obtained in the present study (35.24 %). Some authors have
reported similar values for total lignin, approximately 33.65 % [19] and 30 % [20].

Differencesin the lignocellulose composition in Arundo donax samples are attributed to various factors such as plant
maturity, region, soil physiognomies, share of stem components, sample preparation techniques, etc. The comparative
analysis of stem composition showed some differences between nodes and internodes. The nodes have similar lignin

contents (~21 %) but they are richer in hemicelluloses (32.0 vs. 28.5 %) and poorer in cellulose (29.2 vs. 32.9% ), as
compared with internodes [21].

3. 2. Structural characterization by FTIR spectroscopy

The FTIR spectrum of a W-ADs sample is presented in Figure 1. It was used for the analysis of surface functional
groups, providing insights into the nature and composition of the biomass. As expectedin similar plant cultures made
of lignocellulose, the FTIR spectrum of a tested sample, confirmed the presence of hemicellulose, cellulose, and lignin.
These three components are considered as three major components of lignocellulosic materials [22].
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Figure 1. FTIR spectrum of a W-ADs sample
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The broad band between 3400-3600 cm™ was attributed to the stretching vibration of the hydrogen-bonded hydroxyl
groups originating from cellulose. Bands at 2917 and 2849 cm-! were assigned to C-H stretching vibrations from -CHz and -
CHs components in cellulose and hemicellulose [23]. Besides the absorption band at 1732 cm™! originating from a C=0
stretchingvibration [23] of acetyl groups in hemicellulose, the band presentat 1234 cm-! could also indicate a presence of
hemicellulose i.e. its acetyl ester units [24]. Also, according to Galletti et al. [25], a small peak at 1732 cm™ may indicate
the presence of C=0 ester bonds of ferulic and/or p-coumaric acids, which are bonded together with hemicellulose.
According to Fiore et al. [23], the peak with a maximum cantered at 1506 cm™ could be attributed to C=C stretching
vibrations of the benzene ring of the lignin molecule. Bands between 1450 and 1200 cm-! could be assigned to C-H
vibrations of the CH2 and CHs groups. In the region between 1200 and 850 cm™ absorption bands typical for cellulose
are noticed, as well as, in the region between 1550 and 1300 cm-! corresponding to bands related to lignin [25]. It is
known that materials of plant origin among other components contain polysaccharides, and bands indicating the
presence of polysaccharides molecules are presentin the spectral region 1000-1200 cm™ corresponding to C-O-C, C-C
and C-O vibrations [25]. The characteristic C-H and C-O bending vibrations of the aromatic ring in polysaccharides are
observed at 1369 and 1324 cm™?, respectively.

3. 3. SEM analysis of W-ADs biosorbent microstructure

The surface morphology of a W-ADs sample obtained by SEM is presented in Figure 2 showing a rough, corrugated
surface layer with decreased porosity, clear gaps, and cracks. Furthermore, moderately developed surface of W -ADs
can be observed with, certain impurities that are typical for raw natural materials.
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» iﬂ.ﬂﬂ kV 50pA ETD SE 1500x 138pm 7.0 mm
Figure 2. SEM micrographs of a W-ADs sample at different magnifications

S50pA ETD SE  250x 829pym 6.9 mm

3. 4. Energy dispersive spectroscopy analyses

EDS spectra of the biosorbent (Fig. 3) showed the presence of C and O as the major constituents, and Si to a lesser
extent. The presence of Si (1.596 wt. %) indicates the existence of bilobate phytoliths in the material [26]. Besides the
EDS elemental mapping for O, C and Si (Fig. 3b-d), values of the mass percentage of these elements in the tested area
are shown in Figure 3e.
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Figure 3. SEM image of W-ADs a) corresponding EDS elemental mapping for O, C and Si (b-d) and element composition e)

3. 5. XRD analysis

X-ray diffraction was applied to determine the presence of amorphous and crystalline phases in the W-ADs
biosorbent (Fig. 4). the obtained peak of the strongest intensity between 22 and 23° 20 with slightly weaker reflections
at 26 ~20.5 and ~34.5°, corresponds to cellulose I. Broad peaks indicate amorphous structure of Arundo donax. It is a
consequence of the presence of other amorphous components such as hemicellulose, lignin and disordered cellulose,
which together contribute to the amorphous phase signal of the W-ADs sample.
700 4
600+
500 4

400

300 -

Intensity, a.u.

200

100

0

0 10 20 30 40 50 60
28/°
Figure 4. XRD pattern of a W-Ads sample

3. 6. Point of zero charge

Figure 5 shows determination of the point of zero charge (pHrzc) value, which was estimated as 6.89.Generally, itis a
well-known factthat a biosorbentsurface is positively charged when the solution pHis lower than the pHpzc value, and on
the contrary, when pH is higher than the pHpzc value, the biosorbent surface is negatively charged. Considering the
determined value of 6.89, it can be concluded that higher pH values Favor biosorption of positively charged Co 2*ions. In
addition to this value, when choosing the pH value for operating conditions, influence of Co2* ion precipitation in aqueous
solutions should be considered as it is pH dependent. Thus, this process was also analysed as shown in Figure 6. At a pH
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value of 7.2, only very weak precipitation of Co(OH)* occurs (0.26 %) while at pH 8.2 somewhat more significant
precipitation occurs yielding the distribution of biosorbed cobalt speciesas 97.1 % Co?*, 2.6 % Co(OH)*,and 0.3 % Co(OH)>.
With the intention to avoid the influence of precipitation on biosorption and considering the pHpzc value (6.89) above which
biosorption of Co?*is favoured, a pH value of 7 was chosen for conduction of biosorption experiments.
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Figure 5. Determination of pHp:c of the W-ADs biosorbent  Figure 6. Speciation diagram for Co?* aqueous solution as a function of pH

3. 7. Biosorption kinetics

The kinetics of Co2* biosorption onto the W-ADs biosorbent over time is presented in Figure 7. The biosorbed Co?
amount increased until reaching a maximum value, as expected. The obtained results indicate that the equilibrium was
achieved within 360 min. This occurrence is a result of Co2* ions binding to active sites on the biosorbent surfaceAfter
about 360 min, saturation of W-ADs functional groups has occurred, and apparent equilibrium was reached.

The experimental results were modelled by using four different models (pseudo-first, pseudo-second, Elovich, and
intra-particle diffusion model). For preliminary assessment, the experimental data were fitted by the modelsin linear forms
(Fig. 8). The coefficients of determination (R?) for the best fits of pseudo-first order model, pseudo-second order model,
Elovich and intra-particle model were 0.977,0.964, 0.901 and 0.930, respectively, showing apparently good agreements
with the experimental data except for the Elovich model, which clearly deviated from the experimental data.
Weaknesses of linear correlations can be observed when the experimental data were fitted with models in non-linear
forms. Certain values of the coefficient of determination for a model in linear and non-linear form can quantitatively
show the difference [13].
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Figure 7. Biosorbed amount of Co?* per the W-ADs biosorbent content over time
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Figure 8. Kinetic plots for linear modelling of experimental biosorption data (symbols) for: a) pseudo- first order model, b) pseudo-
second order model, c) Elovich model, and d) intra-particle diffusion model applied for the initial biosorption period up to q:/qe < 0.4

Considering this fact and the close values of the coefficient of determination obtained by applying the pseudo-
second order, pseudo-first order, and the intra-particle diffusion model, these models were applied in non-linear forms
as more precise. The results of modelling in non-linear forms are shown in Table 2. It can be seen that the linear and
non-linear regression methods yielded different values of model parameters (Fig. 8 and Table 2). The coefficients of
determination obtained by applying non-linear forms of the pseudo-first and pseudo-second order model were higher,
while that of the intra-particle diffusion model was lower, which clearly shows how using only the linear form of a model
can lead to erroneous conclusions. In order to determine the best model for biosorption kinetics it is recommended to
observe the value of chi-square (¥?) obtained by the non-linear regression method along with R? values [27,28]
presented also in Table 2. The obtained kinetic parameters for the pseudo-first order, pseudo-second order, and the
intra-particle diffusion models revealed that the pseudo-first order kinetic model provided the best agreement with
experimental data, with the highest coefficient of determination and a lowest chi-square value. Additionally, this can

be seen by comparison of the model predictions with the experimental data indicating the pseudo -first order model as
the best (Fig. 9).

Table 2. Kinetic parameters obtained by non-linear regression analyses of different kinetic models applied to the experimental data
for biosorption of Co?*ions onto W-ADs biosorbent

Pseudo-first order model

ge/ mg gl ki / mint i 7
29.48 1.46x1072 0.996 0.757
Pseudo-second order model
ge/ mg gl k2 / g mglminl i 72
33.83 5.24x10* 0.991 0.851
Intra-particle diffusion model
Kair / mg gt min-05 R2 7
1.52 0.741 15.86
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Figure 9. Biosorption experimental data and best model predictions obtained by non-linear fitting for the pseudo-first order (PFO),

pseudo-second order (PSO), and intra-particle diffusion model (IPD)

Comparative kinetic data and equilibrium biosorbent capacities assessment for Co2*ions removal using Arundo
donax and various biomass biosorbents is given in Table 3.

Table 3. Comparison of kinetic modeling results (pseudo-first order (PFO) and pseudo-second order (PSO), and equilibrium
biosorbent capacities of Co?*ions removal using different types of biosorbents

Biosorbent Kinetic model R2 Rate constant ge/ mg gt Ref.
Aspergillus flavus biomass PSO 0.999 k/gmglminl 0.0270 12.47 [29]
Pre-treated 2-Hypnea Valentiae algae biomass PSO 0.980 k/gmglmintl 0.0072 10.98 [30]
Cocos nucifera L. leaf powder PSO 0.997 k/gmglminl 0.1238 1.430 [31]
Modified corn silk PSO 0.997 k/gmglminl 0.0867 9.164 [32]
Saccharum bengalense (SB) PSO 0.903 k/gmglminl 0.0184 4.62 [33]
Alginate extracted from marine red algae .

biimass (Callithamnion corymbosum fp.) PSO 0.999  k2/gmg*min?  0.0291 13.64 [34]
Lignocellulosic biosorbent-coir pith PSO 0990 k»/gmglminl 0.0200 8.540 [35]
Spent coffee (SC) PSO 0999 k/gmglminl 0.1340 3.741 [36]

Arundo donax stems W-ADs biosorbent PFO 0.977 ki/ mint 0.0141 29.48 This study

According to the data in Table 3, the pseudo-first order and pseudo-second order kinetic models were used for
describing the biosorption kinetics of Co%* ions by biosorbents derived from different biomass sources, the pseudo-
second order being the best in all cases, except for this study. By comparing the equilibrium capacities for Co ions for
different biosorbents it was shown that biosorbent used in this study (W-Ads) is better than others.

4. CONCLUSION

Biosorbents derived from plant biomass can be promising materials for the removal of metal ions from aqueous
solutions. This work investigated the possibility of using Arundo donax stems (W-Ads) as a natural, and inexpensive
biosorbent to eliminate Co?* ions from an aqueous solution. The biosorbent was characterized by using chemical
composition analysis, the point of zero charge (pHpzc) determination, SEM, EDS, XRD, and FTIR analyses. The conducted
kinetic studies demonstrate the biosorbed amount of Co?2* increased with time until reaching a maximum value after
approximately 360 min. In this research, the experimental kinetic data were analyzed using four differentkinetic models
(pseudo-first, pseudo-second, Elovich, and intra-particle diffusion model). The pseudo-first kinetic model provided the
best agreement with experimental data confirmed with the highest coefficient of determination R2=0.996, and a lowest
2% =0.757. The results obtained in this study can be used for scale-up in the design of batch biosorption systems for
cobalt removal from aqueous solutions.
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(Naucéni rad)

Izvod Kljucne reci: biosorbent; Co2* joni;
Joni metala se mogu eliminisati iz vodenih rastvora kori§éenjem biosorbenata, materijala dobijenih iz karakterizacija Arundo Donax; kine-
biljne biomase. U ovoj studiji, istrazivana je potencijalna upotreba Arundo donax stabljike kao jeftinog, ticko modelovanje

prirodnog biosorbenta za uklanjanje jona kobalta (Co%) iz vodenog rastvora. Arundo donax stabljika je
karakterisana analizom hemijskog sastava (u pogledu sadrZaja celuloze, hemiceluloze i lignina), tacke
nultog naelektrisanja (pHez), skeniraju¢com elektronskom mikroskopijom (SEM), energetskom disper-
zionom spektroskopijom x—zraka (EDS), rendgenskom difrakcionom analizom (XRD) i infracrvenom
spektroskopijom sa Furijeovom transformacijom (FTIR). IstraZivanja kinetike su pokazala da se vezana
koli¢ina Co2*jona na Arundo donax stabljici povecavala sa poveéanjem vremena kontakta dostizuci
stanje ravnoteZe posle 360 min. Primenjeni su kineticki modeli pseudo-prvog reda, pseudo-drugog reda,
Elovicev model i model unutrasnje difuzije za opisivanje eksperimentalnih podataka. Najbolja
predvidanja su dobijena primenom kinetickog modela pseudo-prvog reda uz najvecu vrednost
koeficijenta determinacije R = 0.996, i najmanju vrednost y?> = 0.757. Nalazi ove studije mogu se
primeniti na projektovanje Sarznih biosorpcionih sistema za uklanjanje jona kobalta iz vodenih rastvora.




