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Abstract

The presented study proposes a new potential biosorbent- Thymus serpyllum L. (wild thyme) plant, which
showed to be highly efficient in rapid adsorption of Cu(ll) and Pb(ll) ions with higher adsorption capacity
towards Pb(ll) ions. Apart from biochars, that are commonly used for adsorption, here we report the direct
use of native plant. The influence of different parameters (pH, contact time, adsorbent dosage) on the
adsorption process as well as the adsorption in a binary system of selected metal contaminants was
examined. The highest adsorption capacity for Cu(ll) ions (g, = 12.66 mg g~ ') was achieved after 10
minutes of adsorption at 16 g L™ adsorbent dosage at natural pH. The highest obtained adsorption
capacity for Pb(ll) ions was 53.13 mg g~ ' after 30 minutes at 12 g L™ ! adsorbent dosage at unadjusted
pH. The combination of characterization methods (SEM/EDX, TGA, FT-IR, XPS and Z-potential
measurements) were applied to estimate the removal mechanism during the adsorption of Cu(ll) and
Pb(Il) ions on the plant biosorbent surface. The characteristic shifts were observed in the
thermogravimetric curves and FT-IR spectra and together with the changes of pH during adsorption
process confirmed the combined adsorption mechanism consisting of the ion exchange at the lower
Cu(ll) and Pb(ll) concentrations and the complexation and chelation at higher contaminants’
concentrations.

1. Introduction

The contamination of drinking water and wastewaters by heavy metal ions is a very important
environmental issue as the intoxication with those substances can cause various health problems with
the central and peripheral nervous system, gastrointestinal, cardiovascular, hematopoietic and renal
systems being the most susceptible to damage (Ibrahim et al. 2006). Copper and lead belong to the most
common heavy metal contaminants (Mudhoo et al. 2012). Lead is a good example of a typical heavy
metal with a number of harmful effects when accumulated in the human body even at low
concentrations (Wan et al. 2010). The principal targets for lead toxicity are the central and peripheral
nervous systems, but bones and kidney are affected as well (Mudhoo et al. 2012). Moreover, lead inhibits
the biosynthesis of haem and accelerates the destruction of erythrocytes which causes anaemia (Moore
1988). Copper is generally considered less harmful than lead, although the Cu(ll) ions represent the most
toxic form of copper for aquatic species (Adriano 2001). The presence of Cu(ll) ions in drinking water can
cause diarrhoea, vomiting, abdominal pain, nausea, chronic disorders and kidney damage (Awual et al.
2013). When ingested at high concentrations, copper promotes oxidation and may be a risk factor for
cancer (Schmuhl et al. 2001). Cu(ll) ions are extremely dangerous for people with Wilson disease, which
is a genetic disorder that causes the accumulation of copper in different tissues and if left untreated, it
may damage the liver, central nervous system and in the worst case cause death (Guerrero-Jimenez et al.
2019). According to the DIRECTIVE (EU) 2020/2184, the maximum allowed concentration in water
intended for human consumption for Cu(ll) ions is 2.0 mg L™ . In relation to Pb(ll) ions, the parametric
value of 5 pg L™ shall be met, at the latest, by 12 January 2036. The parametric value for lead until that
date shall be 10 pg L™ (European Parliament and Council of the European Union 2020).
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Among the many available methods for water remediation (e.g. reverse osmosis, ion exchange,
electrodialysis, ultrafiltration), the process of adsorption and specifically biosorption has an inevitable
place and seems to be preferable because of low operation costs (Czikkely et al. 2018; Beni and Esmaeili
2020). The search for sustainable materials as adsorbents is one of the most developing areas of
research these days. Natural-based materials such as bacteria, algae, fungi, plants, biopolymers, the skin
of animals and fruits, or even natural waste materials have attracted increasing attention as biosorbents
for heavy metals owing to their renewable, biodegradable and environmentally friendly properties (Duan
et al. 2013; Chen et al. 2017; Balaz 2021).

Biosorbents derived from plants include a wide range of materials such as visible parts of plants (shoots,
bark and foliage) (Sert et al. 2008; Reddy et al. 2011), roots and seasonal parts (blossom, fruit, seeds,
stones, cones, hulls, husks etc.) (Elangovan et al. 2008; Oliveira et al. 2008; Witek-Krowiak et al. 2011).
Plant-derived materials consist of biopolymers, mostly various forms of lignocellulose (lignin, cellulose,
hemicellulose, etc.) and tannins that contain specific functional groups in their structure (e.g. hydroxyl,
carboxyl, carbonyl, thiol, amine and others) allowing binding of chemical compounds. The mechanism of
biosorption is very complex and consists of a number of physical and chemical processes such as
adsorption (physical, chemisorption), ion exchange, complexation or microprecipitation. Each biosorbent
has its own characteristics such as a chemical structure or porosity that affects its sorption capacity and
reactivity under given conditions. The physical and chemical parameters (pH, temperature, biosorbent
dosage, etc.) also influence the effectiveness of biosorption (Witek-Krowiak 2012).

When selecting the appropriate plant for biosorption, the most common ones are the best choice. Thymus
serpyllum L. (wild thyme) is an aromatic flowering plant belonging to the Lamiaceae family, which is
widely used for medicinal as well as food seasoning purposes. Thymus serpyllum L. contains high levels
of essential oils and polyphenolic compounds, which are either phenolic acids (e.g. chlorogenic, caffeic
and rosmarinic acids) or flavonoids (e.g. luteolin and apigenin glucuronide) that are responsible for high
radical scavenger potential and anti-inflammatory properties (Jovanovic et al. 2017). This plant has
already been used for the removal of antimony ions in (Littera et al. 2011) but more complex studies
regarding the adsorption of more heavy metals or the discussion of the adsorption mechanism have not
been published until now.

The aim of the presented paper was to investigate the adsorption of Cu(ll) and Pb(ll) ions on the native
Thymus serpyllum L. (wild thyme) plant from the model solutions in detail, including the assessment of
the adsorption mechanism by employing a combination of diverse characterization methods. Such a
study has never been reported.

2. Materials And Methods
2.1. Materials
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Thymus serpyllum L. (wild thyme) plant (SER) was purchased from a local company, Agrokarpaty, s.r.o.,
Slovakia, concerned with a cultivation of medicinal plants. The plant was milled in a kitchen mixer and
sieved to reach the particle size < 1 mm. Copper nitrate trihydrate Cu(NO3),.3H,0, lead nitrate Pb(NO;)s,,
cadmium nitrate tetrahydrate Cd(NO3),.4H,0, zinc nitrate hexahydrate Zn(NO3),.6H,0, iron nitrate
nonahydrate Fe(NO3)3.9H,0, aluminum chloride hexahydrate AICl3.6H,0 and cobalt chloride hexahydrate
CoCl,.6H,0 were used as chemicals without further purification for a preparation of model solutions. All

chemicals were purchased from Merck KGaA, Germany, and ITES Vranoy, s.r.o., Slovakia, and were of
analytical grade.

2.2. Methods

X-ray diffraction (XRD) patterns of the samples after adsorption were obtained using a D8 Advance
diffractometer (Bruker, Billerica, MA, USA) with CuKa radiation of 0.15407 nm wavelength at 40 kV
accelerating voltage and 40 mA electric current. The samples were scanned over a 15°-70° range of
diffraction angle (26).

The concentration of copper(ll), lead(Il), cadmium(ll), zinc(ll), iron(lll), aluminium(lll) and cobalt(ll) ions in
the initial and residual adsorption solutions as well as the concentration of calcium(ll), magnesium(ll),
potassium(l) and sodium(l) in a filtrate after washing of pure SER plant were determined by atomic
absorption spectrometry (AAS) using an atomic absorption spectrometer SPECTRAA L40/FS (Varian,
Crawley, UK).

The morphology of the samples and elemental distribution were studied by the scanning electron
microscope (SEM) Lyra3 (Tescan, Czech Republic) equipped with an energy-dispersive X-ray
spectroscopy (EDX) unit X-Max 50 (Oxford Instruments, United Kingdom). The SEM/EDX examination
was carried out in back-scattered electron (BSE) and secondary electron (SE) modes using an
acceleration beam voltage of 10 keV. The EDX mapping spectra were analysed using AZtec software
(Oxford Instruments NanoAnalysis, United Kingdom). Prior to SEM/EDX examination, each dry SER
sample was placed on double-sided adhesive carbon tape and coated with a 20 nm thick carbon layer
using a sputter coater Leica EM ACE600 (Leica Microsystems, Germany).

Simultaneous TG/DTG and DTA analysis of the studied compounds were carried out using STA 449
Jupiter thermal analyzer (Netzsch, Germany). A 30 mg of sample was placed in Al,04 crucible and heated

from 25°C up to 1300°C at linear heating rate 5°C min~ " in synthetic air (N, 80%,0, 20%) combined with
argon atmosphere.

FT-IR spectra were recorded using a Tensor 29 infrared spectrometer (Bruker, Germany) using the ATR
method in the range 4000-650 cm™ .

The X-ray photoelectron spectroscopy (XPS) of the pure SER plant and after Cu and Pb adsorption was
performed in XPS — Kratos Axis Supra apparatus (Manchester, UK) working with a monochromatic Al-Ka
radiation at an emission current of 15 mA. Wide and high-resolution spectra were acquired with a pass
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energy of 80 eV and 20 eV, respectively. The spectra were calibrated setting the C1s emission at 284.7eV.
The deconvolution and fitting of the interested elements, i.e., Cu2p, Pb4f, C1s, and O1s, were carried out
using the CasaXPS software (version 2.3.22) by applying a Spine-Shirley background and a
Gaussian/Lorentzian (70/30) fitting for the individual high-resolution spectra peaks.

The zeta potential (¢-potential) measurements were conducted using a Zetasizer Nano ZS (Malvern, UK).
Prior to measurements, 20 mg of each sample was sonicated in 10 mL of 10 mM NaCl solution for 10
minutes. NaCl solution was used to maintain a minimum level of conductivity. ¢-potential values were
obtained by applying the Smoluchowski equation built into the Malvern Zetasizer software. The
measurements were repeated 3 times for each sample.

2.3. Adsorption studies

All adsorption experiments were performed at laboratory temperature in a batch mode in Erlenmeyer
flasks on the orbital shaker.

Preliminary experiment. At first, the adsorption potential of SER plant was investigated in a model
solution prepared from a corresponding mass of chemically pure Cd(NO3),.4H,0, Zn(NO3),.6H,0,
Cu(NOs3),.3H,0, Pb(NO3),, Fe(NO3)3.9H,0, AICl3.6H,0 and CoCl,.6H,0 dissolved in distilled water to

obtain the concentration 20 mg L™ for each element in the final solution. Such a low concentration was
selected because the 100% adsorption of metal ions from the solution was expected. The mass of
adsorbent (SER sample) was 0.12 g, the volume of model solution was 0.06 L and the contact time was 2
hours. These conditions were applied according to the literature data (Kong et al. 2014).

Based on the preliminary experiment mentioned above, we chose Cu(ll) and Pb(ll) for the consecutive
experiments to scrutinise the adsorption potential of SER. As a first step, we studied the adsorption of
Cu(ll) and Pb(ll) at three different concentrations (c = 20, 200 and 1000 mg L™ ). Higher concentrations
were chosen to investigate selective adsorption to study competitive adsorption. The adsorption was
performed in the same way as had already been mentioned, but the contact time was 5, 10, 15, 30, 45, 60,
90 and 120 minutes. The mass of adsorbent was reduced to 0.06 g and the volume of copper/lead nitrate
solution was 0.03 L, which means the adsorbent dosage remained unchanged.

Adsorbent dosage. Thereafter, the subsequent experiments were concerned with determining the optimal
adsorption parameters. The experimental conditions were maintained as a mass of adsorbent 0.06 g and

volume of copper/lead nitrate solution 0.03 L with concentration 200 mg L™ . During the experiment for

defining the best adsorbent dosage, the concentrations 0.4,0.8, 1,2, 3,4, 8,12, 16,20 and 24 g L™ were
examined.

pH investigation. The dependence of the adsorption capacity on pH was analysed in the pH range from 1
to 5 for Cu(ll) ions and from 1 to 6 for Pb(ll) ions. The pH values of Cu(NO3),.3H,0 and Pb(NO3),
solutions were adjusted by adding appropriate amount of 0.1 M NaOH or 0.1 M HNO; solutions.
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Kinetic studies. To study the adsorption kinetics of Cu(ll) and Pb(ll) ions, SER sample with concentration
2gL™1(0.06 gin 0.03 L) and metal-containing model solutions with concentration 200 mg L™ were
stirred for 1, 3, 5,7, 10, 15, 30 and 60 minutes. In order to find the optimal kinetic model for the studied
process, the experimental data were fitted to Lagergren’s pseudo-first (Lagergren 1898) and Ho's pseudo-
second (Ho et al. 1996) order kinetic models.

Isotherms modelling. The adsorption isotherm investigations were performed in the concentration range
10-1000 mg L™ " at the optimal adsorption conditions determined by previous experiments for Cu(ll) and
Pb(ll) ions, respectively. The adsorption isotherm data were processed by the linearised forms of
equations for Langmuir and Freundlich isotherm models and the appropriate parameters were calculated
(Freundlich 1906; Langmuir 1916; Yankovych et al. 2021).

Competitive adsorption. To investigate the influence of metal ions coexistence on the adsorption, the
binary solution of both metals was prepared. The binary solution contained Cu(NO3),.3H,0 and Pb(NO;),

with the concentration 200 mg L™ for each heavy metal (to achieve competitiveness), the mass of
adsorbent was 0.48 g, the volume of binary solution was 0.03 L, the agitation time was 30 minutes and
pH was natural.

Estimation of the adsorption mechanism. In order to determine whether the ion exchange process is
involved in the adsorption of Cu(ll) and Pb(ll) ions, we measured the content of alkali- Na(l), K(l) and
alkaline earth- Ca(ll), Mg(ll) elements released into the aqueous solution from pure SER plant as
described in (Martinez et al. 2006) and the total content of released cations was expressed in mEq g™ .
Afterwards, the adsorption of Cu(ll) and Pb(ll) ions on the SER biosorbent after washing and drying was
performed under the optimal conditions identified by the previous experiments. Namely, for the
adsorption of Cu(ll) ions 0.48 g SER and 10 minutes contact time was used and for the adsorption of
Pb(Il) ions 0.36 g SER and 30 minutes contact time was applied. In both cases, the ionic concentration of
750 mg L™ " was used, as the maximum adsorption capacity for both target metals was reached at this
point.

The adsorption capacity (or uptake) at equilibrium g, or at time t g, (mg g~ ') of the adsorbent and the

removal percentage of the adsorbed heavy metals were calculated according to the Equations 1 and 2
described in (Zou et al. 2015; Cui et al. 2021):

e/t = m
1
Co_ Ct
R= . * 100%

o
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2

where C, (mg L™ ") is the initial concentration, C, or C, (mg L™ ") is the concentration in equilibrium or at
time t, respectively, V (L) is the volume of the adsorbate solution and m (g) is the mass of the adsorbent.

3. Results And Discussion
3.1. Preliminary adsorption experiments
3.1.1. The experiment with model solution

According to the preliminary experiment with a model solution containing a combination of various ions
(see Table S1 in the Supplementary information), Thymus serpyllum L. plant (SER) showed the best
adsorption potential towards Fe(lll), Cu(ll) and Pb(ll) ions as the concentration of these three ions
decreased markedly in comparison with the other four tested ones. In agreement with the obtained
results, we chose to focus on the adsorption of Cu(ll) and Pb(ll) in the following experiments. We did not
study the adsorption of Fe(lll) ions further because at pH > 4.0 Fe(lll) ions precipitate in a form of Fe(OH),
and therefore very acidic conditions are required for their adsorption (Bhattacharyya and Sen Gupta 2006;
Ucer et al. 2006) and some structures of the plant adsorbent would most probably decompose under
such conditions. Moreover, Cu(ll) and Pb(ll) ions are more toxic and more dangerous in lower
concentrations than Fe(lll) ions.

3.1.2. Adsorption performance at different concentrations

The adsorption capacity values (q;) for the adsorption of Cu(ll) and Pb(ll) ions at three different

concentrations (c = 20, 200 and 1000 mg L™ ") showed the most consistent results at c=200 mg L™ (see
Figure S1 and S2 in the Supplementary information), thus we worked with this concentration in the
subsequent experiments.

3.2. Determination of the optimal adsorption parameters
3.2.1. The effect of pH

The pH is one of the most important parameters affecting the adsorption of metal ions because the
surface charge of an adsorbent could be modified by changing the pH of the solution and partly due to
the fact that hydrogen ions are strong competing sorbates (Cruz-Olivares et al. 2010). In order to discover
the influence of this parameter on the adsorption of Cu(ll) and Pb(ll) ions, the metal solutions with
different pH values ranging between 1 to 6 were prepared due to the precipitation of metals in a form of
insoluble substances at higher pH values. At very acidic pH (1 and 2) the uptake of Cu(ll) and Pb(ll) ions
was very low and with increasing pH, uptake for both ions raised (Fig. 1a). The best results for Cu(ll) ions
were achieved at pH =4 and for Pb(ll) ions, the uptake in the pH range from 4-6 was approximately the
same. Considering that the natural pH of both nitrate solutions was in the optimal pH range, we
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continued with following experiments at natural pH. The study by Littera et al. (Littera et al. 2011)
concerned with the adsorption of Sb(lll) ions on the same plant revealed that the Sb(lll) removal was the
highest in the pH range 3.3-4.6, however the authors selected pH 5.6 for further experiments.

3.2.2. The effect of contact time

To study the appropriate contact time for the adsorption of Cu(ll) and Pb(ll) ions, the kinetic experiments
were performed (Fig. 1b). The initial uptake after the first minute was quite high for both ions (g; = 8.5 mg

g 'and 34.7 mg g~ for Cu(ll) and Pb(ll) ions, respectively) and later slowed down which was more
prominent in case of Cu(ll) adsorption. The uptake for Cu(ll) ions was pretty constant after 10 minutes (q,

=11 mg g ") and in the case of Pb(ll) ions after 30 minutes (g, = 49.4 mg g~ '), therefore these contact
times were selected in further experiments.

3.2.3. The effect of adsorbent dosage

The dosage of adsorbent is another important parameter affecting the adsorption ability of the studied
biosorbent. The Fig. 1c displays that we examined 11 different SER concentrations (starting from 0.4 g
L= up to 24 g L™ ") in our experiments. The removal rate for both heavy metal ions raised gradually and
the plateau was reached at 16 g L™ " with 55.7% removal for Cu(ll) ions and at 12 g L™ " with 86.1%
removal for Pb(ll) ions. Further increase in the adsorbent dosage did not result in higher removal of the
studied pollutants. The adsorbent dosage 16 g L™ ' was found to be optimal for adsorption of Sb(lll) ions
when using the same plant in the paper by Littera et al. (Littera et al. 2011).

3.2.4. The binary system adsorption

To explore the combined adsorption onto SER biosorbent, the adsorption experiment with a binary metal
system containing both Cu(ll) and Pb(ll) ions was performed. The results presented in Fig. 1d showed
that the removal efficiency was higher for Pb(ll) ions and was not affected by the presence of both metal
ions in the solution as the removal 61.5% and 90.1% for Cu(ll) and Pb(ll) ions, respectively, was very
similar to the results presented in Fig. 1c thus suggesting that different functional groups are involved in
the adsorption process of these two ions.

3.3. Adsorption kinetics

In order to analyze the adsorption kinetics of the studied metals, pseudo-first and pseudo-second order
equations were applied and the obtained kinetic parameters are summarised in Table 1. According to
these results, the adsorption of Cu(ll) and Pb(ll) ions follows the pseudo-second-order model as the
correlation coefficients are close to 1 (R?=0.9997 and 0.9961, respectively). Littera et al. (Littera et al.
2011) also achieved higher correlation coefficient for the pseudo-second-order model during the
adsorption of Sh(lll) ions. This suggests that the chemisorption of Cu(ll) and Pb(ll) ions is the rate-
determining step of the adsorption process and involves the chemical interaction such as ion exchange
or chelation between Cu(ll) and Pb(ll) ions and polar functional groups on the adsorbent surface (Huang
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et al. 2016). The better fit of the pseudo-second-order model also indicates the existence of two types of
active adsorption sites on the adsorbent surface (Yankovych et al. 2021).

Table 1
Kinetic parameters for adsorption of Cu(ll) and Pb(ll) ions onto Thymus serpyllum plant

Metals Pseudo-first order Pseudo-second order

In(Qeqy) =INge-kq t g, = 1/(k; 9.2) +Y/q,

kq e, cal R2 ky e, cal R2 Qe exp
Cu(ll 0.0016 1.87 0.0051 0.29575 21.98 0.9997 12.66
Pb(ll) -0.0464 16.61 0.9172 0.00893 50.51 0.9961 53.13
Notes: Qg cal, e, exp (MY g™ the calculated and the experimental adsorption capacity at equilibrium
time, respectively, g, (mg g') the adsorption capacity at time t, k; (min) and ky (g mg™ min™) the
kinetic rate constants of the pseudo-first-order and pseudo-second order models, respectively, R?
correlation coefficient

3.4. Adsorption isotherms

The main adsorption characteristics were analysed by fitting the experimental results of adsorption
isotherms (Fig. 2) using two mostly used models (Langmuir and Freundlich isotherm model) and the
obtained parameters are summarised in Table 2. The Langmuir equation is valid for the monolayer
adsorption onto a surface of the adsorbent with a finite number of identical sites (Huang et al. 2007). In
our case, the Langmuir model suited better for the adsorption of Cu(ll) ions, which implied that the
adsorption of Cu(ll) was limited to one molecular layer and the maximum monolayer adsorption capacity-
Q,, was calculated to be 14.64 mg g~ '. This model was also found to be suitable for the adsorption of

Sb(ll) ions in (Littera et al. 2011), and the observed adsorption capacity therein was 8.77 mg g~ '. In the
case of Pb(ll) ions adsorption in our study, the value of correlation coefficient was higher for Freundlich
isotherm model which suggests that the adsorption occurred on the heterogeneous surface of the
adsorbent. The favourability and capacity of the adsorbent/adsorbate system are related to the
magnitude of 1/n and the higher fractional values of 1/n suggest that the system has strong adsorption
forces (Liu et al. 2019a).
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Table 2
Adsorption isotherms parameters for Cu(ll) and Pb(ll) ions adsorption on Thymus serpyllum plant

Metals Langmuir model Freundlich model

C/qe = 1/(K *Q,,,) +C/Q,y, Inge=InK:+(1/n) *In C,

K Qm Qe exp R2 Kr 1/n n R?
Cu(ll) 7 3%10-3 14.64 12.66 098 807 081 1.23 0.9
Pb(l) 1.82%10-2 27.40 53.13 086 379 114 088 098

Notes: K, (L mg ~ ") the Langmuir adsorption equilibrium constant, Q,, (mg g ') the maximum
monolayer adsorption capacity, Qe exp (Mg g 1) the experimental adsorption capacity at equilibrium
time R2 correlation coeficient, Ke (L g™ ) the Freundlich constant indicating the adsorption capacity, n
(g L™ ") the Freundlich constant representing the adsorption intensity

According to (Bayo 2012) the difference in selectivity and adsorption capacity of Cu(ll) and Pb(ll) ions
onto an adsorbent can be associated with the physicochemical properties of these two ions such as the
differences in ionic radius, electronegativity, hydrated radius and atomic weight.

3.5. Possible mechanism of Cu(ll) and Pb(ll) ions
adsorption onto Thymus serpyllum L.

The investigation of adsorption mechanism is a very important issue with the potential to predict and
control the adsorption process. Therefore, the available advanced methods like SEM/EDX, TGA, FT-IR,
XPS and ¢-potential measurements were utilized to estimate the removal mechanism during the
adsorption of Cu(ll) and Pb(ll) ions on the SER surface. Previous studies have revealed that the
elimination of these contaminants can be realised by different processes, among which the complexation
with surface carboxylic groups, the chelation with nitrogen moieties with formation of a coordinate bond
between the lone pair of nitrogen and d-orbitals of heavy metals and the ion exchange are the most
common (Mahaninia et al. 2015; Forgionny et al. 2021; Xu et al. 2021).

In order to prove the adsorption process as well as to estimate the distribution of the adsorbed ions on
the biosorbent surface, the SEM/EDX observations were done. As illustrated in Fig. 3, the adsorbed Cu(ll)
and Pb(ll) ions are evenly distributed on the SER surface in the form of precipitates, as small spheres and
particles with indefinite shape for Cu and Pb adsorption, respectively (Fig. 3c and f). The EDS mapping
has shown the inhomogeneous distribution of Cu and Pb elements (Fig. 3b and e). The amount of lead in
the selected region in Fig. 3e is much higher than that of Cu in Fig. 3b.

To determine the nature of the precipitates, the XRD measurements of the metal-laden adsorbents were

performed. However, no crystalline phases could be identified on the diffractograms (see Figure S3 in
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Supplementary information). Hence, it can be suggested that the available amount of crystalline phase
cannot be detected because of the interfering effect of the plant matrix (this might be the reason in the
case of Cu(ll) ions adsorption) or because the precipitates most probably have an amorphous nature (this
might be the case of Pb(ll) ions adsorption).

To better understand the processes present during the adsorption of Cu(ll) and Pb(ll) ions on SER surface,
the thermogravimetric analysis of the samples was performed. Figure 4 represents the thermogravimetric
curves of TG-DTG/DTA analysis of the samples. As can be seen from the Fig. 4a, there are three
exothermic peaks at 90°C, 324°C and 480°C on the thermogram of native SER plant. The mass loss at
90°C includes the loss of moisture present in the sample (~ 10.6 wt.%). Next, the fast weight losses at
324°C (~ 53.1 wt.%). and 480°C (~ 33.5 wt.%). were detected. These two processes can be considered as
the decomposition of the chemical groups on the SER surface. According to (Shafeeyan et al. 2010), the
first exothermic peak can be related to the decomposition of the carboxylic groups and the second peak
can be assigned to the decomposition of the N-containing chemical moieties. The residual mass after the
complete burning of the SER plant was near 0.8 wt.%.

In the case of SER sample loaded with Cu(ll) ions (Cu-SER sample) in Fig. 4b, the peaks that are related to
the carboxylic and N-containing surface groups are shifted on thermogravimetric diagram. The DTA peak
related to carboxylic surface groups is shifted to 310°C and the peak associated with N-containing
groups is moved to 413°C. This fact indicates the formation of chemical bonds between the Cu(ll) ions
and these moieties. Moreover, the additional small endothermic peak at 1009°C was detected. It can be
suggested that this peak corresponds to the Cu2+ — Cu + reduction process or melting of metallic copper
(Luiz and Nunes 2020). The residual mass after burning was near 5.9 wt.%. The similar situation is
observed for Pb-SER sample (SER sample loaded with Pb(ll) ions) in Fig. 4c. The peaks that are assigned
to the carboxylic and N-containing surface groups are shifted on thermogravimetric diagram: for COOH
groups from 324°C to 350°C and for N-containing groups from 480°C to 439°C. The mass of unburned
residue was ~ 11 wt.%, that was much higher than obtained after complete burning of the raw SER plant
adsorbent and twice as high as after the adsorption of Cu.

To shed more light on the functional groups potentially involved in the adsorption process, the FT-IR
spectra of native SER adsorbent and the Cu-SER and Pb-SER samples were recorded (see Fig. 5). As can
be seen, the stretching vibrations of hydroxyl surface groups in native SER plant (v(-OH)ponqdeq @t 3322
cm™ ) are shifted to v(-OH)},ongeq @t 3290 cm™ " and 3274 cm™ " in Pb-SER and Cu-SER samples,

respectively. The surface carboxylic groups possess their stretching vibrations at v(-C=0) =1730 cm™'
and v(-C-0) = 1510 cm™ " in bare SER plant adsorbent. A shift to v(-C = 0) =1735 cm™ " and no shift for v(-

C-0) = 1508 cm™ ! in the Pb-SER sample confirms the participation of surface carboxylic groups in the
elimination of Pb(ll) ions. There is no shift in the stretching vibrations of v(-C = 0) and v(-C-0) for Cu-SER
sample which demonstrates the absence of interactions between these moieties and the Cu(ll) ions. In
the case of N-containing surface groups, the large shift in bending vibrations of aminogroups (§(NH,) =

1600cm™",1629 cm™ " and 1614 cm™ ! for SER adsorbent and Pb-SER and Cu-SER samples, respectively)
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can be observed. The bending vibrations of hydroxyl surface groups in the native SER adsorbent 6(C-OH)
at 1024 cm™ " can be related to plant polysaccharide components and are shifted during the adsorption:
for Pb-SER sample 6(C-OH) = 1014 cm™ " and for Cu-SER sample 6(C-OH) = 1016 cm™". Therefore, this
verifies the interactions between the hydroxyl moieties of plant components and the Pb(ll) and Cu(ll) ions.
To sum up the observations from FT-IR, the interactions of carboxylic, hydroxyl and amino surface groups
play an important role in the adsorptive removal of targeted heavy metals (Lu et al. 2012).

To investigate the surface chemistry of the pure SER and the corresponding metal-laden samples after
the adsorption, XPS method was applied. Namely, the XPS spectra of C 15,0 1s, Pb 4f and Cu 2p have
been recorded (Fig. 6) and the changes of binding energies of target elements are shown in Table S2 in
the Supplementary information.

The surface chemical composition of the SER biosorbent powder before and after the ionic adsorption
was revealed by the XPS spectrum in Fig. 6a, where the carbon-based compounds of the organic SER
plant and the adsorbed Cu and Pb peaks are present in the corresponding loaded samples. The bare SER
plant showed the presence of impurities such as fluorine and silicon, which were washed out after the
adsorption experiments. Despite the presence of the mentioned impurities, the SER biosorbent plant
revealed its organic nature by the characteristic C 1s and O 1s peaks in Fig. 6b and Fig. 6c, respectively.

The core-level spectra decomposition of the C 1s (Fig. 6b) for pure SER plant was fitted in 4 main peaks
positioned at 284.7 eV, 286.4 eV, 287.9 eV, and 288.9 eV, which are generally assigned to C-C, organic -C-
0-,-C=0, and -C-F/COO species, respectively (Smith et al. 2016). Similarly, C 1s spectra of the SER
biosorbent after the Cu and Pb adsorption was decomposed into 4 peaks, which binding energies were
close to the ones detected for the pure plant. Interestingly, the peak attributed to the -C-O- group increased
its intensity at the binding energy of 286.2 eV.

The decomposition of the O 1s spectrum (Fig. 6¢) suggested that for pure SER biosorbent the presence of
oxygen is only attributed to organic C-O or C = 0 compounds (binding energy, BE = 532.5 eV) (Smith et al.
2016; Wang et al. 2017). After the adsorption, the O 1s core-level spectra of both Cu-SER and Pb-SER
samples were broadened by lateral bumps with deconvoluted peaks around 531.2 eV and 533.7 eV, which
are assigned to metal carbonates or oxides and alcohol groups, respectively (Wang et al. 2017).

The analysis of the Pb 4f (Fig. 6d) spectrum revealed the presence of the characteristic doublet with the
4f,,, and 4f5,, spin-orbital levels distanced by 4.8 eV, suggesting the presence of Pb(ll) species, which,
after analysing the O 1s peak, can be connected to oxidized compounds such as Pb(OH), or PbO (Taylor
and Perry 1984; Rondon and Sherwood 1998). However, it is difficult to determine the nature of the

adsorbed lead substances, as almost all oxygen-containing lead compounds have a peak in this BE range
(Laajalehto et al. 1993).

In the case of Cu adsorption, the characteristic doublet of the Cu 2p core-level spectrum (Fig. 6d)
presented the spin-orbital levels positioned at 933.3 eV and 953.2 eV, attributed to the Cu 2p;3,, and Cu
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2p4 o spin orbitals with a ABE of 19.9 eV. The presence of weak intensity satellite features between 938
and 946 eV suggests the presence of Cu(l) species, such as Cu,0, rather than Cu(ll) compounds
(Biesinger 2017; Li et al. 2018; Liu et al. 2019b).

The changes of pH that occurred at each point of Cu(ll) and Pb(ll) adsorption isotherms are illustrated in
Fig. 7. The calculation was done by subtracting the final pH after adsorption from the pH of the starting
solution at the beginning of the adsorption (pH¢-pHy). As demonstrated, both curves have negative and
positive ranges. At the beginning of the adsorption isotherms (namely, at low concentrations of target
ions), the changes of pH are negative, meaning that pHg is lower than pH;. This can be explained by the
release of alkali and alkaline earth metals (see Table S3 in Supplementary information) that increased
the pH. This release is related to the ion exchange mechanism of total adsorption process (Cui et al.
2016). Other parts of the curves showed the positive changes of pH, implying that pHy is higher than pHs.
This can be interpreted as the release of additional hydrogen cations from the reactive carboxylic, amino
and hydroxyl groups on the SER surface. It can be concluded that at higher Cu(ll) and Pb(ll)
concentrations, the complexation and chelation are involved in the adsorption. Therefore, the adsorption
of target metals consists of the ion exchange at the lower Cu(ll) and Pb(ll) concentrations and the
complexation and chelation at the higher contaminants’ concentrations.

The measurements of ¢-potential for the bare SER plant and the samples Cu-SER and Pb-SER after
adsorption showed the decrease of the negative charge after the adsorption processes (Table 3). This
can be explained by the binding of negatively charged surface groups (mainly carboxylic) with metal
ions.

Table 3

The Z-potential and pH values
changes of the point of zero
charge of the native SER plant
and samples after adsorption

Sample C-potential pH

SER 254 5.9
Pb-SER -18.1 5.2
Cu-SER -18.1 5.2

4. Conclusions

The proposed research work was dealing with the adsorption of Cu(ll) and Pb(ll) ions on the eco-friendly
plant biosorbent- Thymus serpyllum L. (wild thyme). The best adsorption parameters for both ions in
terms of pH, contact time and adsorbent dosage were established. Good adsorption ability was
evidenced despite the fact that the plant was used in its native state (no biochar was produced). The

combined adsorption in the binary metal system showed very high removal efficiency for Pb(ll) ions
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(90.1%). The adsorption kinetics was found to be very rapid and followed the pseudo-second-order model
with the correlation coefficients 0.9997 and 0.9961 for Cu(ll) and Pb(ll) ions, respectively. According to the
isotherm modelling, the Langmuir model described the adsorption of Cu(ll) ions better, which implied that
the adsorption of Cu(ll) ions was limited to one molecular layer. The adsorption of Pb(ll) ions was better
defined by the Freundlich isotherm model, which suggested that the adsorption occurred on the
heterogeneous surface of the biosorbent. The highest experimentally obtained adsorption capacity was

12.66 mg g~ " after 10 minutes of adsorption at 16 g L™ ! adsorbent dosage for Cu(ll) ions and 53.13 mg

g~ ! after 30 minutes of adsorption at 12 g L™ ' adsorbent dosage for Pb(ll) ions. The biosorbent was
characterized by the combination of various methods including SEM/EDX, TGA, FT-IR, XPS and
measurement of ¢-potential. The TGA and FT-IR results revealed that the hydroxyl and amino surface
groups played an important role during the adsorption of both metal ions and for Pb(ll) ions also the
carboxylic groups were involved. The XPS analysis of the samples after adsorption revealed that Cu(ll)
ions were adsorbed in the form of Cu(l) species (most probably Cu,0) and Pb(ll) ions as oxidized

compounds such as Pb(OH), or PbO. The determination of the adsorption mechanism showed the

complexity of the adsorption process consisting of the ion exchange at lower Cu(ll) and Pb(ll)
concentrations and the complexation and chelation at higher concentrations of targeted heavy metals.
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Figure 3

SEM micrographs and EDX mapping of Thymus serpyllum biosorbent surface after the adsorption of (a-
c¢) Cu(ll) and (d-f) Pb(ll) ions; (a, d) surface morphology overview (SEM-BSE); (b, €) EDX layered map, (c,
f) surface detail (SEM-SE)
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TG/DTG and DTA curves of (a) native Thymus serpyllum biosorbent and Thymus serpyllum biosorbent
loaded with (b) Cu(ll) and (c) Pb(ll) ions after adsorption
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XPS spectra of pure SER biosorbent before and after Cu and Pb adsorption. a) survey spectra; b) high-
resolution spectra and deconvolution of C 1s peak; c) high-resolution spectra and deconvolution of O 1s
peak; and d) high-resolution spectra and deconvolution of the adsorbed Cu and Pb elements for the Cu 2p

and Pb 4f peaks, respectively
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Figure 7

The changes of pH during the adsorption of Cu(ll) and Pb(ll) ions
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