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Abstract

Lemna minor biomass, a novel source of biosorbent, was found to exhibit high adsorption potential over a wide range of
concentrations of Pb>". The biosorbent was characterized by Fourier transform infrared (FTIR) spectrophotometry, scanning
electron microscopy (SEM), energy-dispersive X-ray (EDX) analysis, X-ray powder diffraction (XRD), and thermogravimetric
analysis (TGA). Biosorption experiments were carried out under the optimized parameters such as solution pH, biosorbent
amount, equilibrium time, and temperature. During the sorption, it has been observed that the above 85% removal of Pb>*
ions was achieved at acidic pH (4.5-5.1). Moreover, the maximum sorption was achieved using the 150 mg L™! biosorbent.
Equilibrium experiments were validated by the Langmuir, Freundlich, and Dubinin—Radushkevich isotherm models. From the
results, it has been noticed that the experimental data was best fitted to the Langmuir model (R?, 0.986 and 969.18 mmol g~ 1).
Standard enthalpy (AH°®), free energy (AG°®), and entropy (AS°) changes were calculated. Results showed that biosorption of
Pb** was spontaneous and endothermic. The biosorption mechanism was analyzed through pseudo-first-order and pseudo-
second-order kinetic models. The results demonstrated that the biosorption of Pb>* followed the pseudo-second-order kinetic
model. Adsorbate-adsorbent interactions were scrutinized by density functional theory (DFT).

Keywords Lemna minor biomass - Biosorption - Pb>* ions - Equilibrium models - DFT study - Thermodynamic study

1 Introduction parallel to global industrialization efforts. One of the con-
cerns involves heavy metal pollutants such as copper, lead,
Degradation of water quality by industrial pollutants has ~ chromium, cadmium, and mercury. Through the food chain,
been seen as a major obstacle to sustainable development  they have become detrimental agents to human health [1].
because it poses a serious threat to the globe. The main per- Lead is a common environmental toxic pollutant [2] as it
petrator of this challenge is the increase in population in  can accumulate in the body at elevated concentrations and
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cause anemia, infertility, hypertension, memory loss, miscar-
riage, kidney disorders, and mental retardation [3, 4]. Accord-
ing to USEPA guidelines [5], the safety limit of lead in drink-
ing water is 15 ug L™".

Removal of heavy metals from aqueous solutions with bio-
mass can be considered as an alternative process for industrial
wastewater treatment. In this respect, aquatic plants stand to
have a great potential for the removal of ionic pollutants from
aqueous environments [6, 7]. Among the plants studied, float-
ing macrophytes (macroalgae, duckweed, water hyacinth) offer
better advantages as they grow faster and are readily harvested
[7, 8].

Biosorption technology offers advantages such as low
operation costs, regeneration potential, minimized disposal
volumes, and high adsorption efficiency at very dilute con-
centrations. The use of dead, dried aquatic plants as a simple
biosorbent material for the removal of metals from industrial
waters has been increasing in recent years. This technology
is based on the ability of biological materials to sequester
heavy metals through metabolic activities or by purely physi-
cal-chemical removal pathways [9].

Selection of the most suitable aquatic plant species for
metal removal includes several factors such as biomass yield,
ease of growth, and harvesting [10]. The adsorption of heavy
metals can be mainly attributed to proteins, carbohydrates, and
phenolic compounds by virtue of their metal-binding carboxyl,
hydroxyl, sulfate, phosphate, and amino groups. Adsorption
through these functional groups often involves the exchange
of hydrogen ions with metal ions [11-14]. Aquatic plants are
organisms with high carbon content that are distributed all
over the world. Among them is Lemna minor (duckweed) [15].
They have strong adsorption capacity for heavy metals, such as
lead and cadmium, during their growth period [16—18]. This
plant can double its mass in a few days under suitable growing
conditions. It is usually found in shallow still-water bodies.
Its interaction with sediments contributes to its rapid growth
[19]. However, it is unknown whether biochar produced from
L. minor still has effective adsorption capacity for heavy met-
als [20-23].

Current study explores the novel application of Lemna
minor biosorbent for the removal of Pb** metal ions from
water under the optimized adsorption parameters such as
contact time, pH of solution, biomass amount, and initial
Pb?* concentration. Moreover, the SEM, EDX, FTIR, XRD,
and TGA techniques were used to characterize the biosorbent
and investigate possible mechanism of the biosorption reac-
tion. Furthermore, the DFT modeling was also applied to the
experimental findings.

@ Springer

2 Materials and methods
2.1 Preparation of adsorbent and metal solutions

L. minor was collected from Lake Hafik (Sivas, Turkey) and
washed several times under tap water and then with deion-
ized water. It was powdered after drying in an oven at 60 °C
for 3 h [14].

Pb?* stock solution, 1000 mg L™!, was prepared from
analytical grade lead nitrate (Pb(NO;),;>99.0%, Sigma-
Aldrich). Deionized water was used for all dilutions. Pb>*
concentrations were measured at 503 nm (UV-Vis spectro-
photometer, T60, China).

2.2 Experimental procedure

2.2.1 Determination of pH and ion concentrations
after adsorption

Initial Pb>* solutions, 200 ppm and 10 mL, were prepared
within a pH range from 1 to 5.5, using 0.1 mol L~! HCI or
NaOH. Onto these solutions, adsorbent (0.3 g,0.05 g,0.1 g,
or 0.25 g) was added, and final sample was incubated for
24 hat 5, 25, or 40 °C. Final pH was measured, and the ion
concentration was checked periodically during biosorption
reaction.

2.2.2 Reusability (regeneration)

After adsorption, the solid phases were first regenerated
in 20 mL of 0.1 mol L™! HCI and then in 20 mL NaOH
(0.1 mol L™ and ethyl alcohol (0.1 mol L™1). Ion contents
were read. The adsorbent was washed with distilled water
before reuse.

2.2.3 PZC (the point of zero charge)

To determine the PZC values of the biosorbent, the pH of
KNO; (0.1 mol L1 was adjusted within a pH range, from
1 to 12, using HCI or NaOH (0.1 mol L™1). Fifty milligrams
of biosorbent was added. Initial pH values were then plot-
ted against ApH to obtain PZC [24]. Final pH values were
read after 24 h.

2.3 Details of DFT calculations

All calculations were performed using the Per-
dew—Burke—Ernzerhof (GGA-PBE) exchange—correlation
functional [25] and split valence polarization def2-SVP elec-
tronic basic set [26]. The dispersion corrections D3 proposed
by Grimme et al. [27] were also included to take into account
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the weak non-covalent interactions. So, the PBE-D3/def2-
SVP level of theory was applied, and graphics processor-
based TeraChem software [28-31] was used. Geometry
optimization was carried out with the efficient geometric
energy minimizer [32, 33].

3 Results and discussion
3.1 Characterization studies
3.1.1 FTIR analysis

Chemical structure of L. minor was investigated by FTIR
spectroscopy (4000—400 cm™") before and after biosorption
(Fig. 1). The main peaks seen indicated the following events:
An N-H stretching at 3277 cm™, caused by amino acids [34,
35]; C-H stretching from lipids at 2922 cm~'; O—H band at
1421 cm™!, from phenolics; A C=0 stretch from carbox-
ylic acids at 1615 cm™ ' C-O stretching at 1319 cm™!, and
C-O-C and O-H vibrations of polysaccharides and hemi-
cellulose at 1021 cm™!; at 875 cm_l, a Si—H bend; and the
peaks with a wavenumber lower than 800 cm™! were the
fingerprint region containing the phosphate and sulfur func-
tional groups [34-36]. These results indicated that functional
groups such as carboxyl group, hydroxyl group, polysac-
charide, and cellulose in L. minor participated in biosorp-
tion. As expected, the intensity of the peaks changed after
biosorption [37].

3.1.2 XRD characterization

The peaks in 14.9°, 24.4°,29.4°, and 36.1° specified the
crystal structure of the L. minor (Fig. 2) [38]. There were
mixed crystal and amorphous organic compounds in the
structure. The peak in 20 =24.4° was attributed to the
cellulose [39]. After biosorption, a significant decrease
occurred in the density of the peak at 260=29.5°. This peak
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Fig. 1 FTIR spectra of L. minor and Pb**-loaded L. minor
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Fig.2 XRD spectra in the absence and presence of Pb>*

was characteristic of L. minor and could be considered to be
occupied by Pb*.

3.1.3 TGA

A TGA curve demonstrating the percent weight loss in the
range from 25 to 900 °C before and after Pb** biosorption of
L. minor biosorbent was produced (Fig. 3). Thermal stability
of L. minor has reportedly been low [38]. Around 100 °C,
mass loss begins with the removal of free and bound water
[38], causing the indicated thermal decomposition of hemi-
cellulose and cellulose between 250 and 350 °C. Further
elevations decompose the remaining cellulose and lignin
[36]. The TGA curves of L. minor before and after biosorp-
tion were similar. However, a slight increase in thermal sta-
bility after biosorption might mean that biosorption process
improved the thermal stability of L. minor.

3.1.4 SEM-EDX characterization
Morphological structure of L. minor before and after

biosorption was presented (Fig. 4a, b). L. minor bio-
mass displayed an irregular, heterogeneous surface with

—— Lemna minor
= Pb loaded Lemna minor
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2

0 100 200 300 400 500 600 700 800 900

Temperature (°C)
Fig.3 TGA curves of empty and Pb**-loaded L. minor
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Fig.4 SEM images for Pb** biosorption of L. minor: a before, b after; and EDX spectra for Pb biosorption of L. minor: ¢ before, d after

differing particle sizes [38, 40]. This surface heterogeneity
lessened and agglomerations appeared after biosorption
[34]. EDX images and elemental analysis before and after
biosorption indicated that L. minor possessed C and O
densities (Fig. 4c, d). The C element density decreased
after biosorption. This result may indicate that C-contain-
ing functional groups in the structure interacted with Pb**
during biosorption. This notion gained further strength by
FTIR spectra.

@ Springer

3.2 Effect of pH

The biosorption seemed to have highly influenced by the pH
of the Pb>* solution, possibly through charge interactions
between the surface of sorbent and metal ion. The adsorp-
tion percentages versus pH were plotted at the acidic range
(Fig. 5). Above this pH range, Pb** precipitated. A maxi-
mum adsorption was obtained at pH 4.5, and the remaining
of the experiments was conducted at this pH. The effect of
pH can be described by considering the point of zero charge
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Fig. 6 Effect of adsorbent dosage on adsorption

of the biosorbent (pHpzc). The sorbent surface was posi-
tively charged below pH 3.2 and it negatively charged at pH
value above 3.2. Therefore, for the pH values below 3.2, the
adsorption was not favorable on account of the electrostatic
repulsions between the Pb>* and sorbent functional groups.

3.3 Effect of biosorbent amount

The adsorption percentage increased initially and then
attained the equilibrium at 88.4% with the biosorbent dose
of 150 mg L™! (Fig. 6). Adsorption increased with increasing
the biosorbent amount up to a certain point where further
additions caused negligible increases, and increasing the
adsorbent mass above 150 mg L™! had no noticeable change
in the adsorption percentage.

3.4 Adsorption isotherm models

The adsorption process was adjusted using different adsorp-
tion models. The adsorption models are helpful to describe
the adsorbent and analyte interactions. The analysis of the
adsorption isotherm data by different adsorption isotherm
models is the main step to find the appropriate model which

can be used for equilibrium study. Thus, to evaluate the fit-
ness of the equilibrium outcomes, determination of R? coef-
ficient, values of each model were analyzed. The Langmuir
model envisions a homogenous monolayer adsorption at
constant temperature (Eq. 1).

C, 1 C

e

Cads B @ * 5 (1)

where Q is the monolayer adsorption capacity (mol g~'); b
is the adsorption enthalpy (mol L™!); and C, and C,,, are
the equilibrium and adsorbed concentrations, respectively.
The Langmuir model was applied to the equilibrium data,
and a curve was produced by plotting the values of C, ver-
sus Ce/C,,, (Fig. 7). The Langmuir capacity Q (mmol LY
and b (mol L") were calculated from the slope and inter-
cept (Table 1). R?>=0.99, obtained from this model, clearly
demonstrated the suitability of the model. Furthermore, the
Langmuir isotherms also indicated that the biosorbent sur-
face had a good monolayer capacity which was identified by
dimensionless constant separation factor (R;) (Eq. 2).

1
Ro=—1
LT (1+bC) @

where C; is the initial Pb** concentration and R, indicates
whether adsorption is unfavorable: R; > 1; linear: R; =1;
favorable: 0 <R, <1; irreversible: R; =0. Our R, val-
ues resided between 0.34 and 0.89, indicating a favorable
adsorption (0 <R; <1, Table 1 and Fig. 8).

The Freundlich isotherm model is suitable when the
adsorbent surface is heterogeneous and the adsorption is
multilayered. In this study, the logarithmic Freundlich for-
mula was employed (Eq. 3).

log C 4 =logA + <l> log C, 3)
n
where C,_, is the Freundlich equilibrium capacity; log (4) is

the Freundlich adsorption constant; and # is the adsorption
intensity. The graph was plotted between InCads and InCe,
and the constant values were calculated from slope and inter-
cept (Fig. 7). The n values (n=1.66 and 1/n=0.60) suited
best the Freundlich model (Table 1) because these values,
between 1 and 10, indicated that the sorbent was heterogene-
ous and adsorption took place.

Dubinin—Radushkevich (D-R) isotherm estimates the
mean free energy of sorption system (Eqs. 4-6).

InCpy = InX,, — pe* €

g:RT1n<1+Ci> )

e
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Fig.7 The Langmuir, Freundlich, and D-R equilibrium models for
the adsorption

Table 1 Adsorption constant values for the Langmuir, Freundlich,
and D-R models

Parameters Langmuir Freundlich D-R
Q (mmol g™ 969.18 _ _
b 1.91 _ _
R, 0.34-0.91 _ _
A (mmol g~ _ 261.75 _
1n _ 0.60 _
n _ 1.66 _
X, (mmol g1 _ _ 3.48
E (KJ mol™) _ _ 9.05
R? 0.986 0.980 0.99

@ Springer

E= —

V=2 ©
where ¢ is the Polanyi potential, X,, is the monolayer sorption
capacity (mmol g~'), and E is the mean energy (kJ mol™}).
The curve was obtained using InCads against ¢ (Fig. 7). E
(kJ mol™") values lied between 8 and 16 kJ mol™", indicating
that biosorption involved a chemical reaction through ion-

exchange events (Table 1).

3.5 Thermodynamic study

Thermodynamic studies helped us examine the temperature
effect on the adsorption Pb>*. The temperature effect on the
biosorption of Pb>* ion was experienced at 278, 298, and
313 K°. To understand whether the biosorption was endo-
thermic or exothermic, AH®, AS°, and AG®° were calculated
using Eqgs. 7 and 8.

—AH AS

Ink, = ——
Nke=—pr+t% )

AG = —RT Ink, 8)

where k, is the thermodynamic equilibrium constant, 7T is
the absolute temperature (K°), and R is the gas constant.
AH° and AS° were computed from the slope and intercept
of linear plot of In k, versus 1/T (Fig. 9) that described the
pathway of Pb*" ions sorption (Table 2). Negative AG
pointed to a spontaneous and thermodynamically favorable
adsorption, while the AS values suggested that the random-
ness increased at a given temperature at the solid biosorbent
interface (Table 2).

3.6 Kinetic study

The biosorption rate constants for the sorption of Pb>* were
calculated using the pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic models. The PFO for Pb>* ions
sorption was calculated by using the Eq. 9.

In(g,— q)=In g,— kit 9)

where g, is the mg mol~' Pb** adsorbed per unit mass of
biosorbent at equilibrium; g, is the amount of Pb?* adsorbed
at a given ¢ time; and k; is the rate constant of PFO kinetic
model. The values of k; and g, were calculated from
slope and intercept of the linear plot of In (g, —¢g,) versus
t (Fig. 10). The linear plot of In (g, —q,) versus t showed a
poor correlation coefficient value (R?, 0.77). The pseudo-
second-order (PSO) rate equation was used to define the
chemisorption concerning the valence forces by sharing/
exchange of electrons between the sorbent and analyte
(Eq. 10).
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Fig.9 Effect of temperature on the Pb>* adsorption

Table 2 Thermodynamic parameters of Pb** adsorption

AH (K mol™) AS (&I mol™) AG (kJ mol™)

278 K 298 K 313K
0.0049 0.0230 1.15 1.17 1.90
InKc=0.5 [nKc=0.7 I[nKc=0.7

t ot 1
i () (2) w

where k, is the rate constant of PSO for the sorption of Pb**.
The values of k, and g, were calculated from the slope and
intercept of the linear plots of #/q, versus t (Fig. 10). The
straight line with correlation coefficient values (R?%, 0.99)
indicated the applicability of the PSO model (Table 3). By
comparing the constant values of PFO and PSO, it became
clear that the biosorption fitted the PSO model.

3.7 Computational study

As hemicellulose, galactoglucomannan (GGM), the com-
monest softwood hemicellulose, was used. Similarly, a lignin
polymer, made up of ether bonded coniferyl alcohol resi-
dues, was chosen. In addition, galacturonic acid (GA) was
preferred as the main component of pectin (Figs. 11, 12, and
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Fig. 10 PFO and PSO kinetic models for Pb** adsorption

13). The ion-containing GA/Pb** complex was envisaged
as a singlet and a triplet, while the other lignin/Pb>* and
GGM/Pb** complexes were analyzed as triplets (Table 4).
The adsorption energy was determined as follows (Eq. 11):

Eqs = E(molecule) + E (Pb2+) —-E (molecule/Pb“) (11)

It should be noted that, for all the considered complexes,
the lead ion tended to form strong covalent bonds with oxy-
gen atoms (Figs. 14, 15, 16, and 17).

@ Springer
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Table 3 Pseudo-first- and
second-order constant values for

Pseudo-first-order

Pseudo-second-order

the adsorption of Pb** Pb** K, (min™!) g, (mmol g1 R? K, (min~Y) g, (mmol g~! min1) R?
2.86 996 0.830 0.382 150.45 0.998
! I' = — Eyomo (12)
A=-Eymo (13)

(b)

Fig. 11 GA: atomic structure (a), HOMO (b), and LUMO (c) [28-31]

The interactions of the dominant species in the studied
plant extract with Pb>* were also examined theoretically. For
this aim, important quantum chemical parameters were cal-
culated and presented in Table 4. According to Koopmans’
theorem [41], ground state ionization energy and electron
affinity of any molecular system can be calculated from fron-
tier orbital energies as [42]:

@ Springer

In conceptual DFT, chemical hardness () is calculated
as [43]:

n=1-A (14)

1= Erumo — Enomo (15)

Chemical hardness is reported as the resistance against
electron cloud polarization of chemical systems. First elec-
tronic structure principle about chemical hardness concept
is hard and soft acid—base (HSAB) principle [44]. Accord-
ing to HSAB principle, “hard acids prefer the binding to
hard bases and soft acids prefer the binding o soft bases.”
Softness (o) is given the inverse of the hardness as o= 1/5.
Second electronic structure principle about the hardness is
maximum hardness principle stating that “It seems to be
a rule of nature that molecules arrange themselves so as
to be as hard as possible” [45]. In HSAB classification,
Pb** is among soft acids. For that reason, this ion interacts
more powerful with the molecules of low chemical hard-
ness (Table 4). Calculated adsorption energies and chemical
hardness values are in good agreement and our data supports
the HSAB principle.

4 Comparative study

The Lemna minor biosorbent has been compared with pre-
viously used sorbent for the removal of metal ions. Table 5
shows that the biosorbent has comparable adsorption effi-
ciency with other reported adsorbents.

5 Conclusion

Lemna minor powder displayed an excellent potential for
Pb** sorption in aqueous media and a maximum sorption
could be possible at pH 4.5. Experimental findings fitted best
the Langmuir model (R2, 0.98; 969.18 mmol g~"). Thermo-
dynamic parameters indicated that the biosorption of Pb**
was spontaneous and endothermic. The kinetic suited better
to PSO model, confirming that chemisorption took place.
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Fig. 12 Lignin: atomic structure
(a), HOMO (b), and LUMO (c¢)
[28-31]
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Fig. 13 GGM: atomic structure

(a), HOMO (b), and LUMO (c)

[28-31]

(b)

Table 4 Calculated electronic Name Dipole moment ~ HOMO (V) LUMO (eV) Gap (V) E, (V)

characteristics of unsubstituted (Debye)

GGM, lignin, GA, and their

complexes with Pb** GA 5.331 ~5910 ~0.868 5.042 -
Lignin 5.557 —-4.280 —2.057 2.223 -
GGM 8.794 —5.298 -1.760 3.538 -
GA/Pb>* (S) 5.746 —13.268 -10.934 2.335 7.76
GA/Pb** (T) 15.514 —10.003 -9.690 0.313 14.72
Lignin/Pb>* 3.709 —8.479 —7.869 0.610 18.16
GGM/Pb** 6.001 —-7.973 —17.497 0.476 18.20
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(©)

Fig. 14 GA/Pb.2* (S): atomic structure (a), HOMO (b), and LUMO

(c)

(b)

(©)

Fig. 15 GA/Pb.2* (T): atomic structure (a), HOMO (b), and LUMO

(©
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Fig. 16 Lignin/Pb.>*: atomic
structure (a), HOMO (b), and
LUMO (¢)
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Fig. 17 GGM/Pb.>*: atomic
structure (a), HOMO (b), and
LUMO (c)

Table 5 Comparison of
functionalized silica resin with
reported adsorbent

Adsorbent Metal ions Sorption capacities References
Banana peel Cd*" ions and Pb**  93.2 and 83.78%, respectively [46]
ions
Rice husk ash Pb”* ions 75% [47]
Bagasse biochar Pb”* ions 75.4% [48]
Lemna minor Pb** ions 769.23 mg g~! Current study

@ Springer
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