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The objective of the present study is the characterization of an adsorbent plant material based on Hypericum
perforatum L. and the investigation of its feasibility for the removal of Cu 2+ ions from aqueous solutions. XRD,
TGA, FTIR, SEM and low-temperature nitrogen adsorption were used for the analytical characterization of the
material. Particle size distribution and slurry pH of the investigated material were also determined. The effect of
contact time, solution acidity and initial metal concentration on the adsorption of Cu(II) ions was studied by
means of the batch method. Desorption studies have also been performed. Equilibrium experimental data were
fitted to the linear Langmuir, Freundlich and Dubinin-Radushkevich isotherm models. The maximum adsorption
capacity was calculated and it was concluded that the material could be used as an effective biosorbent for the
removal of copper ions from aqueous media.
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INTRODUCTION
The search for new technologies to remove metals from wastewaters has directed attention to
biosorption. It is a good alternative compared with conventional wastewater treatment techniques. Its
major advantages are its low cost, high efficiency, minimization of chemical or biological sludge, and
the possibility to regenerate the biosorbents and to recover the metals. Plant materials, being economic
and ecofriendly due to their unique chemical composition and abundant availability, are frequently
used as biosorbents.1
It has been proved2,3 that lignocellulosics have ion-exchange capacity and general sorptive
characteristics, which are derived from their constituent polymers and structure. The polymers include
extractives, cellulose, hemicelluloses, pectin, lignin and protein. Biosorption of heavy metal ions can
take place via several mechanisms, including ion exchange, complexation, coordination, chelating,
physical adsorption etc.4,5 The degree and rate of biosorption depend on the properties of metal ions,
operating conditions, as well as the physical and surface properties of the biosorbent used. 6,7
On the other hand, copper and its compounds are widely used at an industrial level and there are
many potential sources of copper pollution. 8 Although copper is regarded as an essential element at
low concentrations, it becomes toxic at higher concentrations and therefore is classified in the second
group of toxicity of metal ions.9 The continued intake of copper by human beings leads to many
negative effects on their health.8,10 Thus, being a threat to living organisms and especially for humans,
copper has to be removed from industrial wastewaters before discharging them into the environment.
Hypericum perforatum L., known as St. John’s wort, is a flowering plant spread in temperate
regions worldwide as a cosmopolitan invasive weed. It is also grown commercially for use in
herbalism and traditional medicine. No data concerning the biosorption of copper ions on Hypericum
perforatum L. have been reported in the literature so far.
The present study investigates the utilization of a plant material based on Hypericum perforatum L.
(denoted as HP) as biosorbent for Cu2+ ions from aqueous solutions. HP is characterized in terms of
mineralogical and chemical composition, grain size distribution, thermal behaviour, slurry pH, and
texture parameters. The estimation of the optimal parameters influencing Cu(II) removal, such as
contact time, solution acidity, temperature and initial metal concentration, was performed by means of
the batch method. The possibility of regenerating the used biosorbent was also studied.

EXPERIMENTAL
Materials and methods
The commercially available fresh leaves and blossoms of Hypericum perforatum L. (denoted as HP) were
washed several times with distilled water to remove surface-adhered and water-soluble particles, and dried at 60
°C in an electric oven for 48 h. The material was then milled in an electric grinder. No other physical or
chemical treatment was performed on the material thus obtained.
The grain size distribution was determined on a Dynamic Image Analyzer Camsizer XT, X-Dry (Retsch
Technology, Germany). For pH determination, sample suspensions (0.5 g of sample in 50 mL of deionized
water) were prepared in stoppered 100-mL glass bottles. The mixtures were stirred for 24 h on a mechanical
stirrer and after filtration, the pH values of the aqueous solutions were measured on a pH meter model 211,
Hanna Instruments (Germany).
X-ray diffraction (XRD) patterns were obtained on a D8 Advance System from Bruker Inc. (Germany), using
CuKα radiation (40 kV and 40 mA; λ = 1.5404 nm).
Moisture and ignition losses were measured by differential thermal analysis (DTA), and thermogravimetric
analysis (TGA). DTA was performed on a Setaram Labsys Evo 1600 system, in the temperature range from
room temperature up to 700 °C, at a heating rate of 10 °C/min in air atmosphere.
The Fourier transform infrared (FTIR) spectra were measured on a Thermo Nicolet 6700 FTIR spectrometer.
Spectra were collected in the mid-infrared region (4000-400 cm-1). The samples were prepared by the standard
KBr pellet method.
The surface morphology of the biosorbent was observed on a scanning electron microscope (SEM) – a
Tescan Lyra I XMU FIB SEM.
The porous structure of the studied material was investigated by low-temperature (-196 °C) nitrogen
adsorption, using Quantachrome Nova 1200 apparatus (Quantachrome Instruments, USA). Before nitrogen
adsorption, the samples were degassed at 80 °C for 3 h. The specific surface area was calculated on the basis of
the Brunauer–Emmett–Teller (BET) equation; the pore size distribution was calculated according to the Barrett–
Joyner–Halenda (BJH) method. The total pore volume was estimated in accordance with the rule of Gurvich at a
relative pressure of 0.99.
Adsorption studies
Batch experiments were carried out to determine the adsorption properties of the plant material. Experiments
were performed using stoppered 50-mL Erlenmeyer flasks containing about 0.2 g of sample and 20 mL of
aqueous solution of Cu2+ ions. The mixture was shaken at room temperature (20 °C) by an automatic shaker. The
initial solution pH was adjusted using 0.1 M HCl or 0.1 M NaOH. After the experiment, the biomaterial was
removed by filtration through a Millipore filter (0.2 μm). The initial and equilibrium copper concentrations were
determined by inductively coupled plasma optical emission spectrometry (ICP-OES) on a Prodigy 7 ICP-OES
spectrometer (Teledyne Leeman Labs, USA).
The amount of adsorbed copper ions Qe was calculated using the following relationship:
Qe = (Co – Ce) * V/m
(1)
-1
where Co = initial concentration (mg L ), Ce = equilibrium concentration (mg L-1), m = mass of adsorbent (g),
and V = solution volume (L).
Deionized water and analytical grade reagents were used throughout. Working standard solutions of Cu 2+
ions with concentrations of 50-500 mg L-1 were prepared by stepwise dilution of a stock solution with the
concentration of 1 g CuL−1 (CuCl2 in H2O), Titrisol® Merck (Darmstadt, Germany).

RESULTS AND DISCUSSION
Sample characterization
After sample pretreatment, the resulting grain size distribution was found to be at a maximum of
about 100 μm average particle size and more than 90% of the particles were below 160 μm. From the
grain size distribution data, we suppose that the sample pretreatment ensures the representativeness
and the homogeneity of the investigated material for the following experiments and measurements.
The XRD pattern of the sample HP is presented in Figure 1. The peak at around 22o 2θ is assigned
to the crystalline form of cellulose I.11,12 The range between 15o and 25o 2θ corresponds to amorphous
phases of lignin, hemicelluloses and cellulose. 13-15
The thermal behaviour of HP is presented in Figure 2. It is seen that, during the pyrolysis process,
the phases containing different hydrocarbon compounds are removed, leaving a solid carboncontaining residue. The first region (20 to 100 °C) depicts the separation of moisture and adsorbed
water. This region is not clearly distinguished, owing to the preliminary drying of the HP sample at 60
°C in an electric oven for 48 h. The second region (100 to 200 °C) is related to the evaporation of

highly volatile compounds present in the sample. The shape of the third region (200 to 400 °C)
corresponds to the thermal degradation of hemicelluloses, cellulose and some lignin fractions. The
region above 400 °C is assigned to the decomposition of the rest of lignin. 11,16
Knowledge of the textural parameters of the sorbents is important for understanding their potential
in the adsorption process. Figure 3 shows the nitrogen adsorption–desorption isotherm and pore size
distribution curve of the studied biosorbent. It exhibits a type IV isotherm, with an H3 type hysteresis
loop, namely, typical hysteresis loops of mesoporous materials. A relatively narrow pore size
distribution of about 4 nm can be observed in the Barrett–Joyner–Halenda pore size distribution curve,
which further demonstrates the existence of mesopores. The specific surface area of the studied
material is 0.8 m2g-1, with a mean pore volume of 0.001 cm3 g-1. The slurry pH values indicate that the
HP sample exhibits acidic reaction (pH about 4.6).
Adsorption studies
Effect of pH
The pH of the aqueous solution has a significant impact on the adsorption of metal ions on the
adsorbents. The adsorption efficiency of the studied material as a function of the initial solution pH is
presented in Figure 4. As expected, the removal of copper ions strongly depends on the acidity of the
initial solutions. Upon increasing the pH value, the amount of adsorbed ions increased and the
optimum pH range was found to be about 4.0. The adsorption can be explained on the basis of
competitive adsorption of H+ and OH− ions, on the one hand, and the copper ions on the other. The
removal of Cu(II) ions could, therefore, be the combined result of ion exchange and surface
complexation phenomena occurring on the surface of the investigated material.

Figure 1: X-ray diffraction pattern for HP

Figure 2: Differential thermal analysis and
thermogravimetric analysis curves for HP

Figure 3: Nitrogen adsorption–desorption isotherm and pore size distribution of HP

Figure 4: Adsorption efficiency of HP as a
function of initial solution pH

Figure 5: Effect of contact time on Cu2+ adsorption
onto HP

Figure 6: Experimental adsorption isotherm for HP

Effect of contact time
The effect of contact time was studied at pH 4.0 and initial Cu2+ concentration of 200 mg L-1.
Figure 5 shows the dependence of contact time on the adsorption capacity Qe (mg g-1) of Cu2+ ions for
HP. It was observed that the adsorption capacity increased rapidly with increasing agitation time and
reached equilibrium after 12 min, which shows a very fast adsorption rate. The short time for reaching
equilibrium indicates that the biosorbent has high affinity towards Cu2+ ions.
Adsorption isotherms
The adsorption isotherm describes the distribution of the adsorbed species between the liquid and
solid phases in equilibrium state. The elucidation of isotherm data by fitting them to different isotherm
models is a substantial step in the adsorption study. The experimental isotherm of the investigated
material is presented in Figure 6.
The adsorption data were also analyzed with the linearized forms of Langmuir, Freundlich and
Dubinin–Radushkevich isotherm models.5
Langmuir isotherm
The linear form of the Langmuir isotherm is expressed by the following equation:
Ce/Qe =1/KLQ0+Ce/Q0
(2)
where Ce is the concentration of metal ions in the equilibrium solution (mg L-1), Qe is the amount of
ion adsorbed (mg) per unit mass of adsorbent (g), Q0, the maximum adsorption capacity (mg g-1); KL
is the Langmuir constant related to enthalpy of the process.
The Langmuir model supports the following hypothesis: the adsorbent has a uniform surface –
absence of interactions between solid molecules; the sorption process takes place in a single layer.
Freundlich isotherm
The linear form of the Freundlich model is expressed by the following equation:
lnQe = lnkF +(1/n) lnCe
(3)

where kF is a constant related to the adsorption capacity and n is an empirical parameter related to the
intensity of adsorption.
The Freundlich model is valid for heterogeneous surfaces and predicts an increase in the
concentration of the ionic species adsorbed onto the surface of the solid when increasing the
concentration of certain species in the liquid phase.
Dubinin–Radushkevich isotherm
The Dubinin–Radushkevich isotherm reveals the adsorption mechanism based on the potential
theory. The linear form of the Dubinin–Radushkevich isotherm is described by the following equation:
lnQe = lnQm− βε2
(4)
where Qe is the amount of metal ion (mg) adsorbed per unit mass of adsorbent (g), Qm is the maximum
adsorption capacity (mg/g), β is the adsorption energy constant (mol2 J-2), and ε is the Polanyi
potential, described as:
ε = RT ln(1+1/Ce)
(5)
-1 -1
where R is the gas constant (J mol K ) and T is the temperature (K). The mean adsorption energy E
(KJ mol-1) can be calculated using the parameter β as follows:
E = 1/(−2β)1/2
(6)
The calculated isotherm constants and the correlation coefficients for the three models discussed
above are presented in Table 1. From the correlation coefficient r 2 (greater than 0.95), it is clear that
both Langmuir and Dubinin–Radushkevich models are adequate in describing the adsorption
processes. The linear fit to the Langmuir model is not as good for the investigated material, as
compared to that to the Dubinin–Radushkevich model (correlation coefficients r2 0.9564 for Langmuir
and 0.9858 for Dubinin–Radushkevich model, respectively). As the coefficient of correlation r 2 for the
Dubinin–Radushkevich model is the highest from all the models applied and the saturation/maximum
capacity seems to be reached (Fig. 6), the equilibrium adsorption capacity was calculated from the
Dubinin–Radushkevich isotherm model and it was found to be 16.94 mg g-1 for HP. This adsorption
capacity is compared with those reported in the literature10,17-22 (Table 2). It is evident that the material
HP displays reasonably good adsorption capacity for Cu(II) and it could be used as potential adsorbent
for the effective removal of these ions from contaminated aqueous solutions. The Dubinin–
Radushkevich isotherm model gives information about the adsorption energy. The calculated mean
free energy E is 0.07 kJ mol-1 for HP, indicating mainly a physisorption process.
SEM analysis
SEM was used for the characterization of the morphology and structure of the HP biosorbent
before and after Cu2+ adsorption. The SEM micrograph of the initial material (Fig. 7 (a)) indicates that
the biomass has rough and heterogeneous morphology, containing a large number of pores of different
size, which enables the sorption of various metal ions into the different parts of the biosorbent. The
SEM micrograph of the HP biosorbent loaded with copper is shown in Figure 7 (b). The porous
cavities occupied by the adsorbed copper are visible as dots on the SEM image. As can be seen, the
adsorbed copper ions are distributed homogenously on the biosorbent surface.
Table 1
Isotherm constants and correlation coefficients for the three models for Cu2+ adsorption onto HP
Langmuir parameters
Q0
K1
r2
(mg g-1) (L mg-1)
20.67
0.019
0.9564

Freundlich parameters
kF
n
r2
(mg1-nLn g-1)
(L mg-1)
1.24
2.03
0.7597

Dubinin-Radushkevich parameters
Qm(0)
E
r2
(mg g-1)
(kJ mol-1)
16.94
0.07
0.9858

Table 2
Comparison of adsorption capacities with respect to Cu(II) ions in the present study with
those reported in the literature
Biosorbent
Rape straw powders
Eichhornia crassipes
Persimmon leaves
Amaranthus spinosus L.
Chestnut shell
Lagenaria vulgaris shell
Solanum nigrum L.
Sugarcane bagasse
Banana peels
Watermelon rind
Hypericum perforatum L.

qmax (mg/g)
32.00-70.06
22.7
19.42
13.1
12.56
12.15
9.68
9.48
8.24
5.73
16.94

Reference
Liu et al.10
Zheng et al.17
Lee et al.18
Chen et al.19
Yao et al.20
Stanković et al.21
Chen et al.19
Liu et al.22
Liu et al.22
Liu et al.22
Present study

b)
a)
Figure 7: Scanning electron micrographs of the surface of HP before (a) and after (b) Cu2+ adsorption

Figure 8: FTIR spectra of HP before and after Cu2+ adsorption

FTIR analysis
The plant materials mainly consist of cellulose, hemicellulose and lignin. They contain many
functional groups, such as hydroxyl, carbonyl, carboxyl and amino groups, with characteristic
chemical structures. To determine the surface functional groups responsible for the adsorption
properties of the studied plant, the FTIR spectra before and after Cu2+ adsorption in the range of 4000400 cm−1 were recorded and shown in Figure 8, and the bands where significant shifting is observed,
are presented in Table 3.
A very broad band between 3700 and 3000 cm-1 is attributed to the stretching vibrations of the
multitude of the hydroxyl groups in phenolic and aliphatic structures, also aromatic and aliphatic NH
groups, all influenced by hydrogen bonding and overlapped by stretching vibrations of water
molecules. The group of bands around 2850 cm-1 belongs to the asymmetric and symmetric stretching

C-H vibrations in methoxyl, methyl, methylene and methylylidene groups in the side chains of
aromatic and aliphatic structures. The bands and shoulders observed around 1730 cm-1 were attributed
to carbonyl groups from the structures of ketones, aldehydes, esters, acids, etc. The intensive band
around 1620 cm-1 is the result of contributions from the stretching modes of C=C double bonds
(isolated and conjugated), ring-conjugated C=O bonds and CO bonds in carboxylate groups.23,24
Looking at the spectra, band shifting and possible involvement of hydroxyland/or amino groups
around the broad peak at 3400 cm−1 may be noticed. The peak at about 2850 cm−1 is also shifted. Little
change is observed in the carboxyl band at 1738 cm−1 and an increase in the asymmetric C=O band at
1614 cm−1 indicates some carboxyl binding. If the shift is less than instrument resolution (4 cm−1), it is
not taken into account and cannot be discussed reliably. From the spectra, it appears that carboxyl,
hydroxyl and amino groups are involved in Cu binding to the HP, which is in accordance with
Khormaei et al.24 Probably, this plant contains components with functional groups, which are readily
available for coordination. The involvement of functional groups, containing hydrogen and oxygen
atoms in the adsorption of Cu(II) ions is a proof that the process of copper retaining is a combination
of ion exchange and surface complexation, which is in accordance with the findings of the pH study.
Table 3
FTIR results showing the bands with significant shifting after Cu2+ adsorption on HP
(wavenumbers presented in cm-1)
Sample
HP before adsorption
HP after adsorption

-OH and –NH
groups
3365
3408

CH, CH2 and CH3
groups
2853
2845

C=O from carboxylic,
ester etc. groups
1738
1730

C=C, C=O and
CO bonds
1614
1626

Desorption studies
The Cu2+ ions adsorbed onto the investigated biosorbent were eluted with 0.1M HNO3, 1M HNO3
and 0.1М EDTA. Diluted HNO3 could not be used for desorption of Cu2+ ions (about 50% desorption).
Both eluting agents 1M HNO3 and 0.1М EDTA showed higher, almost equal recovery efficiency,
more than 95%.
CONCLUSION
The adsorption properties of a material based on Hypericum perforatum L. (denoted as HP)
towards Cu2+ ions was investigated. XRD patterns revealed peaks of cellulose I and amorphous phase
due to lignin, hemicelluloses and amorphous cellulose. TGA plots showed four regions, corresponding
to the elimination of moisture and adsorbed water from the sample and thermal decomposition of
hemicelluloses, cellulose and lignin. The FTIR spectra of HP before and after adsorption indicated that
carboxyl, hydroxyl and amino groups were involved in Cu(II) binding.
SEM analysis after metal loading revealed that the copper ions were distributed homogenously on
the biosorbent surface. The linear Langmuir, Freundlich and Dubinin–Radushkevich models were
used to analyze equilibrium experimental data and it was established that the Dubinin–Radushkevich
isotherm most adequately described the adsorption process. The maximum adsorption capacity was
found to be 16.94 mg g-1, which proved the good potential of the investigated material as a biosorbent
for the removal of copper ions from aqueous solutions.
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