¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2022.29021

278 (2022) 117-128
December

Nonlinear modelisation of Cd(Il) and Pb(II) removal from aqueous solution by

Helichrysum arenarium

Pawet Staron*, Jarostaw Chwastowski

Department of Engineering and Chemical Technology, Cracow University of Technology, 24 Warszawska St., 31-155 Cracow, Poland,
Tel.: +48 12 628 20 92; Fax: +48 12 628 20 36; email: pawel.staron@pk.edu.pl (P. Staron) http://orcid.org/0000-0003-0814-4116,
Tel.: +48 12 628 21 17; email: jaroslaw.chwastowski@pk.edu.pl (]. Chwastowski)

Received 28 June 2022; Accepted 10 October 2022

ABSTRACT

The aim of the work was to establish the possibility of using dwarf everlast (Helichrysum arenarium)
as a natural sorbent for the removal of cadmium and lead ions. The research carried out allowed
to select nonlinear equilibrium and kinetic models. Additionally conducted experiments enabled to
perform tests for metal ions recovery from the surface of the sorbent. The material had a sorption
capacity equal to 80.1 mg/g for lead ions and 23.3 mg/g for cadmium ions. The Freundlich isotherm
model has the best fit for the lead ion sorption, while cadmium sorption is best described by the
Temkin, Freundlich and Langmuir isotherm models. The kinetic experiments showed that process
is of chemical nature and that the course of sorption is in accordance with the Elovich model for
both chosen elements. Desorption studies confirmed the possibility of recovery of cadmium and
lead ions at a level of ~76% and ~85% using acetic acid, respectively.
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1. Introduction

The development of industry worldwide has negative
consequences in the form of increased discharges of indus-
trial waste (including those containing heavy metals) into
rivers, lakes or other natural water reservoirs, from which
it can then flow into underground waters or other drink-
ing water resources. Unfortunately, water pollution, espe-
cially by heavy metals such as lead, cadmium, zinc, copper,
nickel or chromium, is a serious and continuing problem.
The struggle against environmental pollution by heavy
metals is still ongoing at many levels, due to their high sus-
tainability and their ability to accumulate in the environ-
ment and living organisms. The threat of heavy metals is
associated with their effects on living organisms, including
damage to the nervous system and internal organs, and the
capability of causing cancer [1-5].

* Corresponding author.

Cadmium is a naturally occurring heavy metal that
appears at low concentrations. It is widespread in rocks, soil,
water, plants and animals. Cadmium does not perform any
significant biological function, but can be toxic to humans,
animals, plants and soil in elevated quantities. Excessive
human and animal intake of cadmium can cause many dis-
eases, including renal tubular dysfunction and bone dam-
age. Elevated amounts of cadmium in the soil may contrib-
ute to its permeation to the plants. Additionally, there is a
possibility that with the rainfall it will penetrate surface
waters and groundwater, polluting them [6].

Lead is a waste with extremely high negative effects on
humans, plants and animals. The risk of exposure to lead is
related to the fact that it is a substitute for calcium in bone
tissues and it accumulates there. In humans, in smaller
quantities, it causes vomiting, malaise, while in larger
quantities it can cause anorexia, mental problems, damage
to the spine, anaemia, and finally death. One of the ways
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lead penetrates into living organisms is drinking water
consumption, which is why it is so important to control its
condition and seek methods to remove this metal from sew-
age and industrial waste water in order to reduce the risk
of lead penetration into drinking water [7].

There are many methods of removing heavy metals
from water and wastewater, however, many research-
ers have pointed out sorption processes that are based on
bonding metals to various natural and synthetic materi-
als. One of the types of sorption is the biosorption process,
that is, the use of material of biological origin as a sorbent.
Biosorption is a fast and reversible reaction of heavy met-
als with biomass. Waste from the production of biomateri-
als is used as biosorbent. Widely used biomass is made of
waste from the wood industry or waste from agricultural
production. Additionally, dead and live biomass is used as
biosorbents. Coconut fibre, peat or wool are used as a dead
biomass, whereas live parts of plants and various types of
microorganisms are used as living ones. Microorganisms
such as bacteria, fungi and algae have been studied and
successfully used as biosorbents to remove many pollutants
from wastewater [5]. The process of biosorption con-
sists of many mechanisms such as ion exchange, precip-
itation, sorption by physical forces, chelation, capillary
concentration in internal and pillar capillaries and struc-
tural spaces of lignin and polysaccharide networks [8,9].

The aim of the study was to check the possibility of using
the flower of the dwarf everlast (Helichrysum arenarium) as
a biosorbent in the sorption process of cadmium and lead
ions. The dwarf everlast belongs to the Asteraceae fam-
ily. This species is widespread in Europe, especially in the
countries of Central and Eastern Europe and are known in
traditional medicine in the treatment of various pathologies.
Flowers of the sand insects contain many compounds, such
as flavonoids, which belong to the group of polyphenolic
compounds, as well as hydrophobic compounds (chloro-
phyll, essential oils and tannins) [10]. The sorption process
was carried out in a dynamic system. Obtained test results
allowed to determine the maximum sorption capacity in
relation to the ions tested and the mechanism of sorption
process was determined using nonlinear equilibrium and
kinetic models. The novelty of the work is connected with
using a cheap and widespread biosorbent for removal of
the heavy metals including lead and cadmium. Use of the
novel sorbent as an alternative material for the removal of
metal ions has been studied. The characterization of dwarf
everlast before and after the sorption process have been
determined by scanning electron microscopy (SEM) and
Fourier-transform infrared spectroscopy (FTIR) analysis.

2. Materials and methods

The study used dried flowers of the dwarf everlast
(Helichrysum arenarium), purchased on the commercial
market. Fig. 1 shows a photo of the tested material.

The preparation has been properly prepared prior to
the actual work. For this purpose, the plant material was
crushed in a grinder to homogenize, then washed several
times with deionized water and dried at 60°C for 24 h. Next,
the research material was transferred and stored in an air-
tight container.

All reagents involved in the study were characterized
by high purity and came from Sigma-Aldrich. All solu-
tions were prepared using deionized water.

2.1. Sorption process

The process of sorption of heavy metal ions was con-
ducted in a dynamic bed system. To 50 c¢m?® containers,
0.2 g of the tested material was weighed with the accu-
racy of 0.0001 g, then 40 cm?® of the solution of individual
element were added and mixed at a constant rate at room
temperature for 60 min. After the process, the mixture was
filtered. The filtrate was analyzed on atomic absorption
spectrometer in acetylene-air flame (F-AAS). The amount of
absorbed metals on the adsorbent investigated was calcu-
lated from Eq. (1):

C,-C,)V
%=7( : mf) 1)

where g, — sorption capacity at given time (mg/g), C, — ini-
tial concentration (mg/dm?®), C, — metal concentration in
solution after time ¢t (mg/dm?), V - solution volume (dm?),
m — mass of the material (g).

In order to select the metal ions and the highest affin-
ity to the sorbent, a series of tests were carried out. Model
solutions of ions Pb(II), Cd(Il), Co(II), Ni(Il), Cr(VI), Zn(II)
and Cu(II) with a concentration of 500 mg/dm?® were used.

The obtained results are shown in Fig. 2.

From the graph showed above, one can see that lead
ions have the highest affinity for the dwarf everlast flower.
The sorption capacity for the remaining metals is signifi-
cantly lower and is arranged in the following order: Ni*
< Co* < Cu* < Cr® < Zn* < Cd* < Pb*. In the further part
of the work, only lead and cadmium ions were studied.

2.2. Sorption studies

Lead sorption tests were performed at concentrations:
500; 750; 1,000; 1,250 and 1,500 mg/dm?. In order to carry
out the sorption of metal ions, 0.2 g of the material was
weighed with an accuracy of 0.0001 g into containers of
50 cm?® capacity. 40 cm?® of starting solutions of various con-
centrations were added to the material and stirred at room

Fig. 1. Dried flowers of dwarf everlast (Helichrysum arenarium).
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Fig. 2. Sorption capacity of Helichrysum arenarium for used
metal ions.

temperature for a specified time. Then the mixture was sep-
arated and lead content in the filter on atomic absorption
spectrometer (F-AAS) was determined. The contact times
were: 0.5, 1, 3, 5, 8, 15, 30 and 60 min.

Analogously, cadmium adsorption tests were carried out
from the solutions with concentrations: 300, 400, 500, 600
and 700 mg/dm?®.

Parameters of all conducted equilibrium and kinetic
processes were:

* pH 4.5 for all used metal ion solutions,
* temperature was equal to 25°C.

2.3. Desorption

The desorption process is carried out in order to deter-
mine the possibility of regenerating the sorbent for its.
Desorption also creates opportunities to recover lost
metals in the production process.

Approximately 2 g of Helichrysum arenarium were
weighed into the beaker and 400 cm? of solution containing
1,500 mg/dm?® of lead was added and stirred for 60 min on
a stirrer. The contents of the vessel were then separated on
a filter. The filtrate was analysed for the presence of Pb(II)
ions. Filtered sorbent was placed in a dryer and dried
at 60°C for 24 h.

In the next stage, to 0.2 g of dried material contain-
ing metal ions, 40 cm® of desorbent was added and stirred
for 60 min. Acetic acid — 0.1 mol/dm? sodium chloride
- 0.1 mol/dm? and deionized water were used as eluents.

After the desorption process, the sorbent was sepa-
rated from the solution by filtration. Eluates were tested
for Pb(II) ions.

Cadmium desorption was examined in the same way.
In this case the initial solution of Cd(II) had a concentration
of 700 mg/dm>.

Parameters of desorption have been carried out in the
same manner as equilibrium/kinetic experiments (pH = 4.5,
T=25°C).

2.4. Statistical analysis of the fitted models

The estimation of parameters in equilibrium and
kinetic models was made using the nonlinear regression
method. Statistical analysis was performed in STATISTICA
Statsoft® software (the 12 version). The determination coef-
ficient (R? and the average relative error (ARE) were used
to compare quality of the results [11,12]

R2=1- - 2
21 (qcxp - qcxp )

ARE — @z Gexp ™ Dpred 3)
no Jexp

where n — number of experimental points, g —experimental

sorption_capacity (mg/g), 4,,., — predicted sorption capacity
(mg/g), 4., — the mean of experimental sorption capacity

(mg/g).

2.5. Equilibrium studies

In general, the process of adsorption does not take
place over the entire surface of the adsorbent, but in some
places, called active centres. One or more layers of adsor-
bate molecules may form on the surface of the sorbent.
This phenomenon continues until a state of thermody-
namic equilibrium is established, which is described by
the sorption isotherms. There are many models describing
the adsorption equilibrium, but generally two are used:
Langmuir, Freundlich. Temkin’s and Dubinin-Radushkevich
(D-R) models are also often used to determine the bal-
ance. It is particularly important to assign experimental
data to a specific model of adsorption isotherms when
conducting sorption studies. The interpretation of the
obtained results enables to learn about the mechanism of
the process and interactions between adsorbate and adsor-
bent. Table 1 shows the equations of applied equilibrium
models.

2.6. Kinetic studies

The optimal time for adsorption is determined by the
process kinetics. Based on the results obtained, it is possi-
ble to assess the sorption capacity of the tested material,
as well as to learn its mechanism. Two kinetic models are
most popular in adsorption processes: a pseudo-first-order
model, also called Lagergren’s model, and a pseudo-second-
order model, invented by Ho [17]. In addition, the Elovich
and Weber Morris models can also be used. These equa-
tions take into account the sorption capacity of adsor-
bents and are presented in Table 2. From the graphs, it is
possible to determine the row of responses, the rate con-
stant and the most appropriate response time. The most
effective removal of metals from the solution occurs at
the moment of establishing the balance of the adsorption
process.
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Table 1
Nonlinear equilibrium model equations
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Isotherm models Equations References Equations
. 1,K,C
Langmuir = L e
8 715K C, [13] )
Freundlich q, =K. C" [14] 5)
Temkin g, =BInK,C, [15] (6)
q, =q,exp(-K & 7
Dubinin—-Radushkevich ! ( ¢ ) [16] E 8;
€=RT ln[l + 1J
Cé’
Table 2
Nonlinear kinetic equations
Kinetic models Equations References Equations
Pseudo-first-order 1, =9 (1 —exp (_klt)) [18] )
Pseud d-ord q t
seudo-second-order =T 19 10
L (U kg)+(ta,) 1ol 10
. 1
Elovich q,= B1n(1+oth) [20] (11)
Weber-Morris g, =K t+1 [21] (12)

3. Result and discussion

The surface of the dwarf everlast before and after the
sorption process was examined using a scanning electron
microscope (Hitachi TM-3000 equipped with an X-ray
microanalyzer EDS) energy-dispersive X-ray spectros-
copy. The obtained SEM-EDS micrographs are shown in
Fig. 3A-C.

In the microphotography, fragments of material of dif-
ferent sizes are visible, which are characterized by high
heterogeneity and high diversity of particles. Comparing
the images before and after the sorption process, one can
see that the structure of the material is deformed. The dif-
ferences also occur in the elemental composition before and
after the sorption process (Fig. 3D-F). The main elements
present on the surface of the blanket are oxygen, carbon,
potassium and calcium, which indicates the biological ori-
gin of the material. After the sorption process, the presence
of cadmium (Fig. 3E) and lead (Fig. 3F) was additionally
observed on the surface of the blanket, which indicates the
process of bonding of these elements on the surface of the
studied material.

The surface of the sand blanket was also examined using
FTIR infrared spectroscopy on Nicolet iS5 with ATR iD7
from Thermo Scientific (Fig. 4). The analysis showed a dif-
ference in the chemical structure, the nature of the bonds
and the interactions between the materials. Differences
are observed in the frequencies and intensity of the bands,
especially for material before sorption and material after

Pb sorption. The most intense broad band in the range
2,960-3,500 cm™ corresponds to the stretching vibrations
of the hydroxyl groups -OH [22], 3,020 cm™ corresponds
to the C-H stretching region [23], peaks near 2,970 cm™ are
assigned to bending vibrations N-H [24], in the range 2,920-
2,851 cm™ asymmetrical vibrations CH, and tensile vibra-
tions of groups C-H occur [25], peak at 2,361 and 2,150 cm™
represents CO, and CO, which are present in the environ-
ment [26,27], tensile vibrations of carbonyl (~C=0) occur at
1,734 cm™ [28], aliphatic C-H stretching in methyl and phe-
nol alcohols are present at 1,366 cm™ [29], for C-N binding
of aliphatic amine compounds the area of 1,218-1,020 cm™
is responsible, the strong band at 1,038-1,026 cm™ corre-
sponds to C-O stretching caused by glycosidic bonding,
OH groups in sugars or C-O-C stretching vibrations in lig-
nin or hemicellulose, ® C-H bonding of aromatic ring, S=O
stretching, moreover, the relative intensity of the 1,033 cm™
band increases markedly after the adsorption process
[30-32], the vibrations in the N-H position are present
in the band 895-655 cm™, within the band 600-400 cm™
there are vibrations from CNC deformation [33].

3.1. Effect of time and initial concentration on metal ion sorption

To determine the time after which the sorption pro-
cess reaches equilibrium, its effect on the sorption capacity
of metals is examined. Initially, a rapid increase in ion con-
centration is observed on the surface of the sorbent. Over
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TM3000_2732

Fig. 3. Microphotography of a dwarf everlast 250x: (A) before sorption, (B) after sorption Cd, (C) after sorption Pb, SEM-EDS:

(D) before sorption, (E) after sorption Cd, and (F) after sorption Pb.
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Fig. 4. Results of FTIR analysis for Helichrysum arenarium before
and after sorption process.

time, the process slows down until constant values are
obtained. From the results obtained it was established that
the equilibrium state is reached after 60 min for both ele-
ments (Fig. 5). The highest instantaneous increase in sorp-
tion capacity is observed in the first 5 min of the process.

For a better understanding of the results, three-dimensional
surface diagrams were made for graphical interpretation of
the relationship between process variables (the experimen-
tal data were analysed using 12" version of STATISTICA
Statsoft® software). It was confirmed that in the initial stage
rapid sorption of both ions on the surface of the dwarf ever-
last was achieved due to the higher number of active sites
available on the surface. A further increase in process time
slowly increased the sorption capacity until equilibrium was
achieved. The highest value of sorption capacity was indi-
cated in red. The obtained three-dimensional graph is char-
acterized by an elliptical shape, which indicates a significant
interaction between the two factors. Additionally, it can be
observed that the sorption curves of lead ions are character-
ized by a more vertical course than that of cadmium ions,
which indicates a higher process speed in the first stage of
sorption. The difference in the speed of the sorption process
is related to an increase in the mass transfer force above the
mass transfer resistance of the ions between the surface of
the dwarf everlast and the metal ions, which results from
the difference in the initial concentration between the metal
ions (lead ions were 1.66-2.14 times higher than cadmium
ions). The higher content of ions additionally increases
the number of collisions between them and the active sites
on the surface of the studied material, which is confirmed
by a higher sorption rate for lead ions and an increase in
sorption capacity of the sorbent in relation to the studied
ions is observed together with an increase in the initial
concentration [34]. Above 5 min a decrease in the sorption
process is observed as a result of a decrease in the number
of free active sites on the sorbent surface and, as a conse-
quence, the equilibrium between metal ions and sorbent
is established. In Fig. 5 showing the degree of removal of



122

Fig. 5. 3-D surface plots of sorption capacity, time and ions concentration, sorption capacity in time depending on the initial concen-
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tration and the degree of metal removal from model solutions: (A) cadmium and (B) lead (pH =4.5; T = 25°C).
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metal ions Re, it can be seen that the degree of removal of
metal ions decreases with increasing initial concentration.
This is due to the number of active sites on the sorbent sur-
face in relation to the total amount of ions in the solutions.
The resulting number of collisions affects the degrees of
removal, for cadmium ions we observe the highest differ-
ence between concentrations 500 and 600 mg/dm? (5.4 p.p.),
for lead ions the difference between 500 and 750 mg/dm?
is 12 p.p. a 750-1,000 mg/dm® 11.2 p.p. For the remaining
concentrations, a reduction in Re is observed below 3 p.p.
on average. Maximum sorption capacities for Cd ions was
equal to 23.3 mg/g and Pb ions equal to 80.1 mg/g. In liter-
ature one can find information about sorption capacities of
other natural biosorbents against Cd ions like bamboo shoot
(7.03 mg/g) [35], crab shell (3.43 mg/g) [36], oyster shell
(29.5 mg/g) [37] and Pb ions like turmeric leaves (36.4 mg/g)
[38], tomato waste (108 mg/g) [39], Citrullus lanatus peels
(25.7 mg/g) [40].

3.2. Equilibrium studies

Balance and kinetic research is carried out towards
understanding the nature of the process. On the basis of
these studies it is possible to design, model and optimize
processes introduced on a larger scale. In order to find out
the mechanism by which the adsorption of elements takes
place on the studied material, four isothermal models have
been calculated for the obtained equilibrium states. The
sorption isotherms of Langmuir, Freundlich, Temkin and
Dubinin—-Radushkevich were considered. On the basis of
obtained data the isothermal parameters were calculated.
Fig. 6 and Table 3 show the results obtained graphically and
numerically respectively. The average relative error ARE
and the correlation coefficient R? calculated on the basis
of nonlinear regression allow concluding that the type of
sorbed element influences the course of the sorption pro-
cess. In case of lead ions, Freundlich’s isotherm (ARE = 2%,
R?>0.96) was characterized by the highest matching param-
eters. The calculated parameter 1/n of 0.1734 (below 1)
indicates that the material under study easily absorbs lead
ions, which makes it possible to conclude that the dwarf
everlast is a suitable sorbent for lead ions. Furthermore,
on the basis of parameter 1/n, it can be concluded that at
lower equilibrium concentrations the sorption capacity is
slightly suppressed. Freundlich’s isotherm is a model of
multilayer adsorption, which does not predict that sorbate
saturates the surface of the material (it foresees infinite sur-
face coverage) [41]. Additionally parameter n = 5.77 shows
the favourable conditions of the sorption process (1 = 1-10)
[42]. For cadmium ions, it can be observed that the high-
est R? fit coefficients were found in Temkin’s, Freundlich’s
and Langmuir’s isotherms (above 0.96), while the aver-
age relative error ARE was 2.18% for Temkin’s, 2.21% for
Langmuir’s and 2.37% for Freundlich’s isotherms. From the
results obtained we can conclude that all three isotherms
describe the process of cadmium ion sorption on adwarf
everlast in an improved way and the differences between
the models are insignificant. Similarly as in the case of
lead ions, sorption has a favourable course, which can
be concluded from the n and 1/n parameters (1/n < 1 and
n=2.57).
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Fig. 6. Graphic representation of sorption isotherms for the
process of ions adsorption: (A) Cd and (B) Pb (pH = 4.5;
T =25°C; t =60 min).

Similar conclusions can be drawn from the separa-
tion coefficient R, (R, = 1/1 + K,C), calculated from the
Langmuir isotherm. The value of this coefficient for lead
sorption ranged between 0.36-0.12 and 0.40-0.22 for cad-
mium. Therefore, it follows that the process of cadmium
and lead sorption had favourable conditions for each
concentration [16].

3.3. Kinetic studies

The rate of sorption can be influenced by many phys-
icochemical factors. However, the greatest influence is
exerted by interactions between the ion and the sorbent.
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Table 3

Parameters of sorption isotherms models (pH = 4.5; T = 25°C; ¢ = 60 min)

Isotherm model Parameters
ARE (%) R q, (mg/g) K, (dm*/mg)
Langmuir cd 2.21 0.9630 31.524 0.0042576
Pb 3.08 0.8967 84.352 0.0099872
ARE (%) R2 KF (mgl—(l/n) (de)l/n g—l) 1/1’1
Freundlich cd 237 0.9660 1.89598 0.3895
Pb 2.00 0.9625 23.42087 0.1734
ARE (%) R? K, (dm¥/g) B
Temkin cd 2.18 0.9660 0.0361935 7.389
Pb 2.23 0.9514 0.6743728 11.879
ARE (%) R? K, (mol’/kJ?) q, (mg/g)
D-R cd 2.41 0.9569 0.05694855 28.333
Pb 3.23 0.8807 0.03272589 82.778

Deposition of metal ions on the external surface of the
tested material or their penetration into the pores may limit
the process speed.

Observing the results of the sorption process of cad-
mium and lead, it can be seen that with the increase in
the initial concentration, the ratio of the increase in the
sorption capacity between the first and last measure-
ment decreases. For cadmium ions, the increase in sorp-
tion capacity decreases from 2.58 times (300 mg/dm?) to
2.26 times (700 mg/dm?), while for lead ions, the decrease
was 2.64 times (500 mg/dm?®) to 2.03 (1,500 mg/dm?). The
reduction in the sorption capacity increase ratio is related to
the amount of ions in the solutions. In the beginning, there
are fewer ions, as a result of which filling the free active
spots on the sorbent surface is associated with less driving
force through fewer active collisions between the ions and
the sorbent. For higher concentrations, on the other hand,
the amount of ions increases, resulting in more effective col-
lisions between the ions and the sorbent causing a higher
initial sorption capacity [34]. Additionally, it was observed
that the sorption capacity for lead ions increased by 28.8%
(between 500 and 1500 mg/dm?), while for cadmium ions it
increased by 54.4% (between 300 and 700 mg/dm?), due to
the fact that lead ions are much better sorbed on the sur-
face of the dwarf everlast, thus a smaller increase in sorp-
tion capacity is observed. The results obtained were used
to calculate the kinetics of adsorption of lead and cadmium
ions on the Helichrysum arenarium. These data allowed to
develop four kinetic models: pseudo-first-order, pseudo-
second-order, Elovich and Weber—Morris models.

On the basis of the obtained results it was found that
Elovich’s model is the best fitting model (based on R*> 0.95
and ARE < 5.1) for cadmium and lead ions. Elovich’s
kinetic model was developed by Zeldowitsch [43], assum-
ing that the real solid surface of the adsorbent is energet-
ically heterogeneous and does not apply to interactions
between adsorbed species. Elovich’s o and B coefficients
represent the initial adsorption rate and desorption coef-
ficient. The a factor is also related to the extent of surface

coverage and the energy of chemisorption activation.
A higher value of o than B indicates a higher adsorption
rate than desorption, which showed the superiority of the
adsorption process [44]. The higher the initial ion concen-
trations, the greater the impact on the sorbate removal
process the diffusion driving forces have, which in turn
causes the lower initial concentration to be more conducive
to chemical adsorption and intramolecular diffusion pro-
cesses. Thus, for higher initial concentrations, the chemi-
cal activation energy is higher and there is more chemical
adsorption, which tends to gradually increase the value of
sorption capacity[45]. Additionally,comparing pseudo-first-
order and pseudo-second-order models, it was found
that cadmium and lead adsorption are best represented
by a pseudo-second-order model. On this basis, it can be
concluded that the sorption of cadmium and lead ions
on the inflorescence of the dwarf everlast has a chemical
character. The results obtained are shown in Fig. 7 and
Table 4.

3.4. Desorption

The process of desorption of cadmium and lead ions
from the surface of the dwarf everlast was carried out to
determine the possibility of recovery of the tested ions
from the sorbent. The results for selected eluents are pre-
sented in Table 5.

From the eluents used, the greatest ability to remove lead
and cadmium ions from the surface of the sorbent was shown
by acetic acid, respectively almost 85% and 75.5%. The reason
for this is the fact that it belongs to the group of organic acids
with chelating properties and as an organic acid it has a high
ability to form various types of complexes. Additionally, it
was observed that acetic acid removed more lead ions from
the Helichrysum arenarium than cadmium. Sodium chloride
solution, on the other hand, removed cadmium from the
surface of the material at a level of ~63%, a much higher
value compared to lead ~23%. During the desorption pro-
cess with NaCl solution, Cd* or Pb* ions absorbed on the
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Fig. 7. Graphic representation of sorption kinetic models for the process of ions adsorption: (A) Cd and (B) Pb (pH =4.5; T = 25°C).
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Table 4
Parameters of sorption kinetic models for the sorption process
Cd and Pb ions (pH =4.5; T =25°C)

Table 5
Degree of ion removal from sorbent by eluents (pH = 4.5;
T =25°C; t = 60 min)

Kinetic Cadmium ion concentration C, (mg/dm?) Eluents Degree of desorption (%)
model 300 400 500 600 700 cd Pb
Pseudo-primary model H,0O 4.98 12.03
g, (mg/g) 13563 15110 16027 18.027 19.645 NaCl 62.92 22.65
k, (min) 1.0990 09538 11103 1.0629 0.9471 CH,COOH 75.51 84.76
R? 08796 0.7721 0.7238 0.7297  0.6671
ARE (%) 6.67 1154 1102 1173 13.69 surface of the sorbent are replaced with Na* ions. The dif-
Pseudo-secondary model ference in desorption values results from the solubility
of lead chloride, which is much lower than for cadmium
7 (mg/ 8) 14622 16572 17441 19573 21.546 chloride. As a result, the process of desorption of lead ions
k, (min™) 0.0993 0.0694 0.0787 0.0694  0.0537 from the surface of the sorbent is difficult [46]. Due to the
R? 0.9394 09261 0.9049 09119 0.8756 type of sorption (chemisorption) and thus the high energy
ARE (%) 4.09 6.93 7.10 6.55 8.58 needed to remove the sorbate from the sorbent, the water is
) able to desorb the ions examined to a negligible extent.
Elovich’s model
B (g/mg) 05638 04462 04507 04050 03466 4. Conclusion
o (mg/g min) 252.8 132.0 224.1 261.3 184.7 A It of th b it b tuded that th
) s a result of the research, it can be concluded that the
R o 09576 09635 0.9925 09901 0.9928 objective of the research has been achieved. It was found that
ARE (%) 7.9 511 2.05 217 1.98 Helichrysum arenarium can be used as a sorbent to remove
Weber—Morris model cadmium and lead ions from aqueous solutions. The SEM-
EDS tests confirmed the presence of the tested ions on the
[ 8.6656 87853  9.7945 11.0496 11.3727 sorbent surface after the sorption process. The material tested
Ky 10329 13659 1.3811 15264 1.8143 had a higher affinity for lead ions than for cadmium, the
R? 0.6665 07803 0.8382 0.8246  0.8610 sorption capacity was 80.1 mg/g for Pb ions and 23.3 mg/g
ARE (%) 14.31 12.59 9.75 10.35 9.47 for Cd ions. The studies have shown that the sorption pro-
Kineti Lead i tration C Jdm? cess of lead ions is performed according to Freundlich’s
et ead ion concentration C, (mg/dm’) isotherm (R? > 0.96, ARE = 2%), whereas for cadmium ions
model 500 750 1,000 1,250 1,500 the process is described by Temkin’s, Freundlich’s and
Pseudo-pri del Langmuir’s isotherms (R? > 0.96, ARE < 2.37). The calculated
seudoprimary mode parameter 1/n for both elements below 1 indicates that the
q, (mg/g) 54.182 57.805 60.510 64.303 70.179 tested material easily absorbs the tested ions, which allows
k, (min™) 0.6499 0.6285 0.8135 0.7957 1.2101 to conclude that Helichrysum arenarium is a suitable sorbent
R2 0.7787 07731  0.6876 0.6994 0.7316 f?lr Cadcrinium imd liad iorés.lThe.e ﬁin}?tii testifpg Iof Lhe }}:rocess
ARE (% 14.05 14.02 14.63 14.67 11.00 allowed to select the model with the best tit. In both cases,
(%) the model with the highest fitting (R* > 0.95 and ARE < 5.1)
Pseudo-secondary model was Elovich. Calculated parameters o than  showed higher
4, (mg/g) 50089  63.093 66556 70.635 75.611 adsorption rate than desorption. The studies on the recov-
K. (min-) 00149 00139 00153 00143 00211 ery of cadmium and lead from the surface of the sorbent
o : : : : : showed that the solution of acetic acid as an eluent was
R 09368 05300 08877 08352 09143 characterized by the highest degrees of ion recovery, which
ARE (%) 7.57 744 9.21 8.97 6.12 is related to its chelating properties and the ability to form
Elovich’s model complexes.
Bgmg) 01171 01104 01079 01020 012D o e eting interest
o (mg/g min) 283.9 305.4 4223 452.6 1714.0
R2 09867 09835 09918 0.9864 0.9840 The authors declare that they have no known com-
ARE (%) 274 312 1.94 238 259 peting financial interes.ts or personal relationship§ thét
could have appeared to influence the work reported in this
Weber-Morris model paper.
I 28.5444 30.3750 33.4719 35.6859 45.3822
K, 52374 55636 58045 6.0894 5.4604 Compliance with ethical standards
R 0.8181 0.8190 0.8571 0.8382  0.8018 Conflict of interest
ARE (%) 13.03 13.01 10.16 10.88 10.10

The authors declare that they have no conflict of interest.
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