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A B S T R A C T

Opuntia ficus indica cladodes (OFIC) particles were prepared from the raw material through a cost-effective 
treatment and used as an adsorbent for the removal of Pb2+ ions from aqueous solutions under different 
experimental conditions. The adsorbent was characterised by means of ATR-FT-IR spectroscopy, potentiometric 
titration, pHpzc, and SEM-EDX techniques. Based on preliminary single batch adsorption experiments at different 
pH values, kinetics and isotherm adsorption studies were carried out fixing the pH at 5.0. Both the adsorption 
kinetics and thermodynamics were studied in batch without ionic medium, and in the presence of NaNO3 and 
NaCl background salts at different ionic strengths, in the 278.15–318.15 K temperature range. The experimental 
conditions of the Pb2+ ions solution played an important role in both the affinity and the adsorption capacity of 
OFIC. Kinetic and isotherm adsorption data were tentatively subjected to regression analysis using diverse 
mathematical approaches. The pseudo second order and the Langmuir models provided satisfactory description 
of the kinetics and the isotherms adsorption data, respectively. Adsorption equilibrium was achieved within 
150–200 min. The highest qm value (121 mg g− 1) was reached at pH = 5.0, at T = 284.15 K. The adsorption 
process showed an activation energy of 24 kJ mol− 1, being endothermic and with a positive entropy change. The 
adsorption process was found to be reversible, and the adsorbent could be reused for at least 4 cycles, with a 
regeneration efficiency of 82.6 % at the fourth adsorption/desorption cycle. Breakthrough curves showed 
comparable adsorption behaviour under both equilibrium and non-equilibrium conditions.

1. Introduction

Pollution from toxic metal species represents a significant environ
mental threat due to their persistence in ecosystems and their tendency 
to bioaccumulate throughout the food chain [1,2]. Within this class of 
pollutants, lead (Pb) is particularly hazardous, as it exerts harmful ef
fects even at low concentrations. Lead exposure is linked to a variety of 
adverse health effects, including neurological damage, cardiovascular 
diseases, kidney failure, and developmental problems in children [3,4]. 
In addition, lead negatively affects plant growth by inhibiting seed 
germination and by activating stress responses in root meristematic cells 
[5].

Human activities are the primary source of lead pollution, with sig
nificant contributions from industrial processes such as smelting, min
ing, pesticide manufacturing, and battery manufacturing. Historical 
practices, including the use of lead-based paints and car fuel additives, 
have further worsened environmental contamination [4–6]. Further
more, untreated industrial effluents containing lead represent a major 
source of water pollution [7]. Wastewater streams, in which lead is 
usually present in its 2 + oxidation state, contain Pb2+ concentrations in 
the order of tens of mg L− 1 [5], depending on their origin. The Pb2+

concentration limits recommended in drinking and wastewater by the 
World Health Organization (WHO), the United States Environmental 
Protection Agency (US-EPA), and other national agencies and 
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organizations, range from tens of μg L− 1 to a few mg L− 1 [8].
To address the widespread and serious problems of toxic metal 

pollution, suitable wastewater management is needed. The purification 
process, in terms of toxicant removal, must be efficient enough to allow 
the release of the purified water directly into lakes, rivers and seas [9].

Currently, several conventional and advanced wastewater treat
ments such as chemical precipitation, coagulation, ion exchange, for
wards and reverse osmosis, and membrane filtration, electrodialysis, 
electrodeposition, and combined decontamination techniques have 
been developed [5,10]. Although these decontamination approaches are 
widely used, they often suffer from a series of critical side effects, such as 
high operating costs, toxic sludge generation, use of huge amounts of 
chemicals, requirement of skilled labor, and low efficiency at low metal 
concentrations [11,12]. Hence, research has been increasingly focusing 
on the development of more sustainable and environment-friendly al
ternatives. Among the most promising decontamination strategies, 
adsorption processes, and particularly those based on the use of waste 
biomasses from the agri-food industry, have gained considerable 
attention due to their high efficiency, cost-effectiveness, wide avail
ability of the natural adsorbent, and the possibility of recycling it 
[13–19].

Biomasses are usually used after simple, rapid and cheap chemical 
and physical processing, such as washing, grinding, sieving, or treat
ments with acids or bases. In other cases, the biomass is the precursor for 
the production of activated carbons or biochar. Massive literature on the 
topic demonstrates the versatility and effectiveness of these sorbent 
materials in mitigating the pollution of water contaminated by toxic 
metal ions [13,17,20–32]. It has been pointed out in several studies [25, 
26] that the adsorption capacity of biomasses for toxic metal ions is 
affected by various factors, including pH, ionic medium, and ionic 
strength of the pollutant solution, as well as the morphology and surface 
charge of the biomasses. Toxic metal ions can be adsorbed through two 
main processes: physisorption and chemisorption. Physisorption is 
driven by weak forces, such as Van der Waals interactions, whereas 
chemisorption involves the formation of stronger chemical bonds be
tween the metal ion and the binding groups of the adsorbent [33].

This study investigates the use of Opuntia ficus indica cladodes (OFIC) 
as adsorbent material for the removal of Pb²⁺ ions from aqueous solu
tions. Traditionally considered agricultural waste due to their invasive 
nature, Opuntia species are increasingly recognized as a versatile and 
valuable resource. The several properties of their components (cladodes, 
fruit peels, seeds, pulp and mucilage) offer innovative solutions in 
different fields [34]. Different parts of Opuntia ficus indica (OFI) plant 
have been successfully employed in decontamination processes of water 
polluted by organic and inorganic pollutants [6,20,35,36], in the 
extraction of bioactive compounds in the pharmaceutical industry [37], 
as a nutritional resource in the food sector [38], or as source of dye and 
fiber in the textile industry [39].

The chemical composition of OFIC has been the object of several 
studies [40–42]. The main constituents are mucilage, cellulose and 
hemicellulose, together with lignin and a significant presence of 
low-molecular-weight alkali-soluble polyphenol compounds [43]. 
Moreover, Opuntia mucilage is reported to be rich in galactose, gal
acturonic acid, xylose, rhamnose, and arabinose residues [42,44].

Despite the growing body of research on OFI, particularly in the 
context of wastewater treatment,

the study of the adsorption capacity and affinity of its cladodes to
wards lead ions is reported only in a few articles, in which maximum 
adsorption capacity values ranging from 62.89 to 116.8 mg g− 1 were 
reported [6,20,45]. In these works, the effects from interacting and 
non-interacting ionic media, the effect of ionic strength and other 
important aspects strictly related to the adsorption process like the Ca2+

ions release and the acid-base properties of the adsorbent materials 
remain unexplored. Moreover, the evaluation of the adsorption perfor
mance in continuous-flow fixed-bed columns has never been performed, 
despite this setup represents an important step towards the application 

of OFIC in large-scale water purification plants [46].
This work aims at filling these gaps through an in-depth adsorption 

study of Pb2+ - OFIC system. At first, the OFIC particles were extensively 
characterised (SEM-EDX and ATR-FTIR spectroscopy, ISE-H+ potenti
ometry) to assess their surface morphology and identify their functional 
groups, in terms of type, concentration, acid-base properties, and their 
involvement in the Pb2+ adsorption process. Then, batch kinetic and 
isotherm experiments were performed, under different experimental 
conditions, including the initial pH (2–6), the presence of ionic medium 
(NaNO3 and NaCl), and its ionic strength (0.1 – 0.5 mol L− 1), and the 
temperature (278.15 – 318.15 K) of Pb2+ ions solution. Three replicates 
of an isotherm experiment with different lots of OFIC particles and re
agents were carried out in different labs to verify the reproducibility of 
the adsorption data. Gibbs and van’t Hoff equations were used to 
calculate the ΔG0, ΔH0 and ΔS0 of Pb2+ ions adsorption. Furthermore, 
column experiments including breakthrough curves with different 
media and ionic strengths and adsorption-desorption cycles were per
formed to study the adsorption efficiency in continuous flow fixed bed 
columns and to assess the reusability of the adsorbent material. Several 
models were used to analyse data obtained by kinetic, isotherm and 
breakthrough curve experiments. The study was complemented by 
OFIC’s environmental impact and cost-effectiveness assessment.

2. Materials and Methods

2.1. Reagents

Pb2+ ion solutions were prepared by weighing the Pb(NO3)2 (Sigma 
Aldrich, analytical grade) salt. NaNO3 (Sigma Aldrich, 99.0 %) and NaCl 
(Riedel-de Haën, 99.8 %) salts were dried in an oven at T = 383.15 K for 
2 h before use. HCl, HNO3 and NaOH used to adjust the pH of Pb2+ ion 
solutions, in potentiometric titrations, and in column adsorption/ 
desorption experiments were prepared by diluting the following stock 
solutions: HCl 0.975 N (Sigma Aldrich), HNO3 1 M (Fluka Analytical) 
and NaOH 1 M (Fluka Analytical) and standardised against Na2CO3 
(Merck, 99.9 %) and C₈H₅KO₄ (Merck, 99.5 %), respectively, previously 
dried in an oven at T = 383.15 K for 2 h. The HCl solution used to desorb 
the Pb2+ ions from OFIC in recycle experiments, was prepared by 
diluting concentrated Sigma Aldrich solution.

Standard solutions of Pb2+ (CertiPUR, Merck) and Ca2+ (Titrisol, 
Sigma Aldrich) 1000 mg L− 1 in 2 % HNO3 were properly diluted and 
used for the construction of calibration curves. All the solutions were 
prepared using freshly CO2 free ultrapure water (ρ ≥ 18 MΩ cm) and 
grade A glassware.

2.2. Adsorbent preparation and characterisation

The OFI cladodes were collected in November 2023 in the country
side on the northern coast of Sicily near Palermo (Italy; 38◦ 6’ 32.7’’ N, 
13◦ 31’ 49.7’’ E), roughly cut into small pieces, sun-dried for two weeks, 
washed thoroughly with tap water and then with ultrapure water until 
TOC measurements confirmed the absence of organic matter in the su
pernatant. The pieces of OFI cladodes were then dried in an oven at 
333.15 K for two days, ground using a domestic mill, and sieved with an 
Octagon Digital (Endecotts) sieve shaker. OFIC particles with size in the 
range 0.1 < x/mm < 0.2 were collected for the subsequent characteri
sation and adsorption experiments.

ATR-FT-IR spectra of OFIC particles, before and after the Pb2+ ions 
adsorption, were acquired on a PerkinElmer Spectrum Two instrument 
(Waltham, Massachusetts, USA) in the wavenumber range 
4000–450 cm− 1, with a spectral resolution of 16 cm− 1, and accumu
lating 100 scans; samples were previously grinded and dried at 383.15 K 
for 24 h.

The microstructure of the biomass before and after the Pb2+ ions 
adsorption was assessed by field-emission scanning electron microscopy 
(FESEM), JEOL model JSM-7610F Plus (JEOL Ltd. Tokyo, Japan) using a 
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15 kV voltage and a working distance of 15 mm. Samples were previ
ously coated with 5 nm layer of gold to increase conductivity. The mi
croscope was equipped with energy dispersive x-ray spectroscopy probe 
(EDXS, Oxford Instruments) for elemental analysis.

The acid-base properties of the active sites present on OFIC samples 
were investigated through automatic potentiometric titrations using a 
Metrohm 809 Titrando plugged to a computer and a combined “sure- 
flow” glass electrode purchased from Orion (8172BNWP model). The 
sure-flow electrode was chosen to avoid clogging of the junction. The 
Metrohm TiAMO 2.5 software was employed to control titrant delivery, 
data acquisition and e.m.f. stability. The estimated accuracies for e.m.f. 
and titrant volume readings were ±0.15 mV and ±0.003 mL, 
respectively.

Suspensions of 25 cm3 containing 0.12–1 g of material, strong inor
ganic acid (nitric or hydrochloric acid, cH = 0.01 mol L− 1) to fix the pH 
at ~ 2.0, and background electrolyte (NaNO3 or NaCl at I =

0.10 mol L− 1), were titrated with standard CO2-free sodium hydroxide 
solutions (cNaOH = 0.0997, 0.0965 mol L− 1) up to pH ~ 11.5 in ther
mostatted cells at T = 298.15 ± 0.1 K.

The pH of point zero charge (pHpzc) of OFIC was calculated in NaNO3 
0.1 mol L− 1. In details, 25 mg of adsorbent particles were placed in 
different 50 mL Erlenmeyer flasks containing 35 mL of aqueous solution 
in the pH range 2 – 10. Purified N2 gas was bubbled into each solution 
for 10 min. After sealing with parafilm, the suspensions were magneti
cally stirred for 24 h. The final pH of suspensions (pHf) was measured 
and plotted against the initial pH (pHi) calculating the pHpzc as the 
intersection with the blank curve. All the pH measurements were done 
with the same potentiometric apparatus previously described.

2.3. Procedures for batch and column adsorption experiments

Initially, a series of double batch adsorption tests of OFIC particles 
towards Pb2+ ions at pH = 2, 3, 5, and 6 were performed by placing ~ 
18 mg of the adsorbent in two Erlenmeyer flasks containing 20 mL of 
Pb2+ ions solution (cPb2+ = 160 and 135 mg L− 1), at T = 298.15 K. The 
suspensions were stirred at 180 rpm for 24 h using an orbital shaker 
(model M201-OR, MPM Instruments) and filtered through nylon syringe 
filters (SPHEROS, pore size = 0.45 μm) before measuring the Pb2+ ions 
concentrations in the supernatant.

Given the similar adsorption behaviour of OFIC particles in the pH 
range 3–6, the initial pH was fixed at 5.0 in all subsequent batch and 
column experiments.

The kinetics of Pb2+ ions adsorption onto OFIC particles was studied 
in NaNO3 aqueous solution, at I = 0.1 mol L− 1, in the temperature range 
288.15 – 308.15 K. The OFIC particles (ca. 20 mg) were suspended in 
40–75 mL of Pb2+ solution (cPb2+ = 18 – 25 mg L− 1) at pH = 5.0 in a 
thermostatted voltammetric cell under constant and regular stirring. 
The metal ion concentration in the suspension was measured by Dif
ferential Pulse Anodic Stripping Voltammetry (DP-ASV) at different 
contact times in the time interval 0 – 9 h. The voltammetric apparatus 
consisted of a Metrohm 663 VA stand combined with the Autolab 
potentiostat, coupled with an IME663 interface, and controlled by the 
NOVA v. 1.10 software. The VA stand was equipped with a three- 
electrode system, namely i) a Multi-Mode Electrode Pro (Metrohm, 
code 6.1246.120) working in the Static Mercury Drop Electrode (SMDE) 
mode, ii) a glassy carbon auxiliary electrode (code 6.1247.000), and iii) 
a double junction Ag/AgCl/KCl (3 mol L− 1) reference electrode (code 
6.0728.030). The DP-ASV measurements were performed after bubbling 
purified N2 gas into the solutions for 150 s.

The isotherm experiments were carried out with Pb2+ aqueous so
lutions at T = 298.15 K, both without an ionic medium and in two ionic 
media, namely NaNO3 and NaCl 0.1 mol L− 1. Additional isotherm ex
periments were carried out in NaCl 0.3 and 0.5 mol L− 1 to evaluate the 
effect of chloride concentration on the adsorption performance of OFIC 
particles. All isotherm experiments were performed in batch mode by 
placing different amounts of OFIC particles (18 – 25 mg) in different 

Erlenmeyer flasks containing 20 mL of Pb2+ solution (cPb2+ = 10 – 
150 mg L− 1). The suspensions were shaken for 24 h, filtered, and the 
supernatants were collected for the pH (pHf) and the equilibrium Pb2+

concentration (ce) measurements. In order to confirm that adsorption 
equilibrium had actually been reached, additional batch control exper
iments were performed, in which the suspensions were filtered after 
48 h. Since the adsorbent material tested in this work is a biomass, its 
inhomogeneity might possibly affect the replicability of the adsorption 
data. For this reason, three replicates of the isotherm with Pb2+ solution 
without ionic medium were carried out in different labs. In each repli
cate, the same OFIC mass/cPb2+ ratios were used, but different lots of 
OFIC particles and reagents were used. Moreover, in two of the three 
replicates, the Ca2+ concentrations in the supernatants were also 
measured to evaluate the possible ion exchange between Pb2+ and Ca2+

ions during the adsorption process.
The reuse and recycling of the adsorbent material was investigated 

by packing 20 mg of OFIC particles into a glass column (2 cm diameter, 
5 cm length). Glass beads were placed on top to prevent the adsorbent 
from moving during the experiment. Four adsorption – desorption cycles 
were performed. During each adsorption step, 15 mL of Pb2+ ions so
lution (cPb2+ = 65 mg L− 1 at pH = 5.0) was flowed through the column 
at reflux for 16 h at a flow rate of 6 mL min− 1 (the reaching of adsorption 
equilibrium was verified) using a peristaltic pump (Gilson, Minipuls 3). 
In each subsequent desorption step, 15 mL of HCl 0.1 mol L− 1 flowed 
through the column at reflux for 7 h at 6 mL min− 1. After each adsorp
tion and desorption step, the adsorbent was rinsed with 100 mL of ul
trapure water.

The fixed bed column experiments were carried out in a down flow 
system which mainly consists of a glass column (1.5 cm diameter. 18 cm 
length) filled with 90 mg of OFIC particles. The adsorbent bed was 
packed between the glass membrane at the bottom of the column and 
glass beads, which were used to prevent the adsorbent from rising into 
the solution. Air trapped between the absorbent particles was removed 
by passing ultra-pure water through the adsorbent bed before each 
experiment. A peristaltic pump (Dulabo Laborgerate, mod. PLP 380) was 
used to flow the Pb2+ ion solution (c0 = 5 mg L− 1) from the top of the 
column, while another peristaltic pump (Gilson, mod. Minipuls 3) was 
placed at the exit of the column to ensure a constant flow rate. A 120-po
sition fraction collector (BÜCHI, mod. C-660) was used to collect a 
volume of ~ 1.7 L of the output solution in equal fractions of 16.25 mL. 
The breakthrough curves experiments were carried out with Pb2+ so
lution at pH = 5.0, at T = 298.15 K, both without ionic medium and in 
the presence ofNaNO3 (0.1 mol L− 1) and NaCl (0.1 and 0.5 mol L− 1).

The concentrations of Pb2+ ions in the solutions collected during 
batch (isotherm) and column (reuse and recycling and breakthrough) 
experiments were measured by Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES) technique using a PerkinElmer Model 
Optima 2100 equipped with an auto sampler model AS-90. The Pb2+

emission intensities were measured at the wavelength 217.00 nm and 
each measurement was repeated three times.

The Ca2+ concentration was measured by flame atomic absorption 
spectroscopy (FAAS) using a PerkinElmer AAnalyst 200 spectropho
tometer. The Ca2+ absorption was measured at the wavelength 
422.67 nm and each measurement was repeated three times.

Calibration curves were built in the same experimental conditions 
and covering the metal ion concentration range of adsorption 
experiments.

The pH of the Pb2+ solutions, before and after contact with the OFIC 
particles, in the kinetic and isotherm experiments was measured with 
the previously described potentiometric apparatus.

2.4. Kinetic, isotherm, and column models for Pb2+ adsorption onto OFIC 
particles

The kinetic data of Pb2+ ions adsorption onto OFIC particles were 
tentatively fitted with several kinetic models. At first, the widely used 
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pseudo-first order (PFO) equation of Lagergren [47] (Eq. (1)) and the 
pseudo-second order (PSO) equation [48] Eq. (2) were tested: 

dqt

dt
= k1(qe − qt) (1) 

dqt

dt
= k2(qe − qt)

2 (2) 

where qt and qe represent the adsorption capacity of OFIC particles (mg 
g− 1) at time t and at the equilibrium, respectively; k1 (min− 1) and k2 (g 
mg− 1 min− 1) are the rate constants of adsorption in the PFO and PSO 
equations. The corresponding integrating non-linear equations under 
boundary conditions t = 0 to t = t and qt = 0 and qt = qt used in data 
processing are listed below: 

qt = qe (1 − e− k1 t) (3) 

qt =
q2

e k2 t
1 + qe k2t

(4) 

Moreover, considering the great number of different binding sites 
present in the OFIC particles and their possible involvement in Pb2+

adsorption, the general pseudo n order (PGO) model [49] was also 
tested. Its integrated form for the same boundary conditions is reported 
in the Eq. (5): 

qt = qe −
qe

(knq(n− 1)
e t(n − 1) + 1)

1
(n− 1)

with n ∕= 1 (5) 

where kn (min− 1 (g mg− 1)n− 1) and n are the rate constant and the gen
eral order of adsorption, respectively.

The equilibrium data of Pb2+ adsorption on OFIC collected through 
batch experiments were processed with Freundlich [50] (Eq. (6)) and 
Langmuir [51] (Eq. (7)) isotherm models: 

qe = KF c1/n
e (6) 

qe =
qm KL ce

1 + KL ce
(7) 

where qm (mg g− 1) is the maximum adsorption capacity of the OFIC 
particles, ce (mg L− 1) is the equilibrium concentration of Pb2+ in each 
solution; KF (L1/n g− 1 mg1–1/n) and KL (L⋅mg− 1) are the constants of 
Freundlich and Langmuir models, respectively.

The Pb2+ ions adsorption capacity at different contact times t (qt) and 
at equilibrium (qe) were calculated by the Eq. (8): 

qtorqe =
V (c0 − ct)

m
(8) 

where V (L) is the volume of the Pb2+ ion solution and m is the mass of 
OFIC particles (g); c0 and ct are the Pb2+ ion concentrations in the so
lutions (mg L− 1) at t = 0 and t = t, respectively. To calculate qe, in Eq. 
(8) ct was replaced with the equilibrium concentration (ce).

The kinetic constant values (in NaNO3 0.1 mol L− 1, pH = 5.0) in the 
temperature range 278.15–308.15 were used to calculate the activation 
energy of adsorption (Ea) (kJ mol− 1) by using Arrhenius equation (Eq. 
(9)): 

lnk2 = −
Ea

RT
+ lnA (9) 

where R is the universal gas constant 8.314 J mol− 1 K− 1, A is the 
Arrhenius coefficient or pre-exponential factor (g mg− 1 min− 1)

The Langmuir constant values (cPb
2+ in mol L− 1) [52] at different 

temperatures were used to calculate the thermodynamic parameters ΔG0 

(kJ mol− 1), ΔH0 (kJ mol− 1) and ΔS0 (kJ mol− 1 K− 1) by using Gibbs (Eq. 
(10)) and van’t Hoff (Eq. (11)) equations. The following assumptions 
were done: i) the adsorption is reversible, ii) the stoichiometry of 

adsorption does not change; iii) equilibrium condition is established 
during adsorption experiments [53,54]. 

ΔG0 = − RTlnKL (10) 

lnKL = −
ΔH0

RT
+

ΔS0

R
(11) 

where T is the temperature in K.
The Logistic (Eq. (12)), Gompertz (Eq. (13)) and Log-Gompertz (Eq. 

(14)) models in their nonlinear form[55] were used to fit the break
through curves of Pb2+ ions adsorption of OFIC particles: 

ct

c0
=

1
1 + exp(a − bt)

(12) 

ct

c0
= exp [ − exp(αG − βGt)] (13) 

ct

c0
= exp [ − exp(αLG − βLGlnt)] (14) 

where a, b (min− 1) are the parameters of the logistic model while αG, βG 
(min− 1) and αLG, βLG ((ln min)− 1) are the Gompertz and Log-Gompertz 
model parameters, respectively. The Eq. (12) corresponds to the 
simplified Bohart-Adams model [56] which is mathematically equiva
lent to both the Thomas and Yoon-Nelson models [55]. Therefore, a and 
b can be related to the parameters of those models as reported elsewhere 
[55]. While the simplified Bohart-Adams model and the Thomas and 
Yoon-Nelson models reduce to the same logistic function being derived 
from similar starting assumptions, the Gompertz and Log-Gompertz 
models have been proposed on largely empirical bases [57].

OriginLab suite software (OriginLab Corporation, Northampton, 
Massachusetts, USA) was used to fit kinetic, isotherm and breakthrough 
models to experimental data.

3. Results and discussion

3.1. Opuntia Ficus Indica Cladodes: chemical and morphological 
characterisation

The OFIC particles showed a pHpzc of 5.49 in NaNO3 0.1 mol L− 1 (see 
Fig. 1). This indicates that, under these conditions, the surface of the 
OFIC particles has a net positive or negative charge at pH values below 
or above 5.49, respectively. It can be reasonably assumed that nearly the 
same occurs also in other ionic media, even under different ionic 
strength conditions. The surface charge is the consequence of 

Fig. 1. pHpzc of OFIC in NaNO3 0.1 mol L− 1.

D. Lascari et al.                                                                                                                                                                                                                                 Journal of Environmental Chemical Engineering 13 (2025) 118686 

4 



protonation/deprotonation equilibria involving the functional groups of 
the adsorbent material that, as known, is a natural biomass containing a 
variety of macromolecules. Hence, the definition of its acid-base prop
erties is indeed a challenging task.

For example, it has been demonstrated that, in the case of a synthetic 
polyelectrolyte such as polyacrylic acid [58], the acid-base properties 
can be interpreted in terms of dissociation degree, under the assumption 
that the deprotonation of a carboxylic group may influence the depro
tonation of a vicinal carboxylic group and so on, or, alternatively, that 
the polyelectrolyte can be considered as a discrete bicarboxylic acid 
units.

Here, acid-base properties of OFIC particles were studied by poten
tiometry in a wide pH range (2.0–11.5) both in NaCl and NaNO3 ionic 
media. The analysis of the potentiometric titrations was performed by 
means of the BSTAC software (version 4.0) [59], varying the pH range, 
but also considering monoprotic and diprotic functional groups. 
Together with the acidic constants, the site density (OFICi, mmol g− 1) 
was estimated by multiplying the refined site concentration (cOFICi, 
mmol L− 1) during the titration analysis by the volume of the titrand 
solution (L) and dividing the resulting mole amount by the mass of OFIC 
used in the titration (g) as in Eq. 15. The site density (not the site con
centration) should, in principle, be independent of the amount of OFIC 
used in each titration, so that this calculation was used as a measure of 
the reliability of the data analysis. 

Site density (OFICi, mmol g− 1) = cOFICi, (mmol L− 1) Volume (L) / OFIC 
mass (g)                                                                                      (15)

A detailed description of the results obtained, in terms of protonation 
constant models, by processing the potentiometric data of the entire pH 
range investigated is reported in Tables S1 – S4 and Figures S1 and S2 of 
Supplementary Materials.

Due to dissolution phenomena that involve the adsorbent particles at 
alkaline pH, the most reliable results were obtained for the adsorbent 
sites titrated in the pH range 2 ≤ pH ≤ 6 [60]. Under these pH condi
tions, biomasses like the one used in this work are generally used for the 
recovery of metal cations. Most likely, the proton donor sites in this pH 
range, indicated hereinafter by the acronym OFIC1, are carboxylic 
groups. The dissociation constants and the concentrations of OFIC1 sites 
refined in both ionic media are summarized in Table 1. The dissociation 
constant obtained in NaCl(aq) is apparently lower than that in NaNO3(aq). 
The site density obtained considering all titrations is OFIC1 = 0.39 
± 0.06 mmol g− 1 (95 % C.I.).

Morphological characterisation of the OFIC biomass was achieved by 
SEM Techniques. The micrographs of OFIC particles at 1000x magnifi
cation, before and after adsorption of Pb2+ ions, are shown in Fig. 2, 
together with the relevant EDX spectra. The biomass consisted of par
ticles with irregular shapes, a corrugated and wrinkled surface and a 
variable size in the range of 0.1–0.2 mm. The adsorption of lead ions 
does not cause significant changes on the material surface.

The elemental composition of OFIC calculated in % (w/w) by the 
EDX spectra registered before and after the toxic metal ion adsorption is 
reported in Table 2. Although these results are only semi-quantitative, it 
can be noticed that the adsorption of lead ions is accompanied by a 
release of calcium, suggesting an adsorption mechanism based at least in 
part on ion exchange.

Interesting and useful information regarding the interaction between 
the biomass and the Pb2+ ion can be suitably achieved by ATR-FTIR 
spectroscopy. The spectrum of OFIC (Fig. 3) features various signals, 
accounting for the different components present in the plain biomass. 
Detailed signal attributions can be confidently done based on literature 
reports [43,44,61], and are summarized in Table 3 for reader’s conve
nience. Along with the wavenumber regions 3700–2700 cm− 1, 
(featuring the O-H, N-H and C-H stretching vibrations) and 
1200–900 cm− 1 (polysaccharide fingerprints), the most interesting sig
nals are those around 1612 (carboxylate stretching), 1315 (-OH in-plane 
bending) and 780 (galactose ring vibration) cm− 1.

The adsorption of the metal ion causes some significant spectral 
changes in the fingerprint region, which can be clearly evidenced by 
calculating the difference spectrum before and after the adsorption 
experiment (green line in Fig. 4). In particular, it is easy to notice a 
significant shape modification of the carboxylate signal at 1612 cm− 1, 
which reveals, upon deconvolution analysis, the superimposition with a 
new signal centered at 1569 cm− 1. The latter value is reasonably close to 
the one found for lead acetate trihydrate (namely, 1559 cm− 1) [62], 
providing unambiguous evidence for the interaction between the Pb2+

ion and the carboxylate groups present in the biomass, likely those in the 
galacturonic acid residues of the mucilage component. Furthermore, 
two new signals appear at 1288 and 772 cm− 1, i.e. in the –OH bending 
and galactose ring vibration regions, which suggest the occurrence of a 
significant interaction between the metal ion and the hydroxyl groups of 
the various biomass polysaccharides.

3.2. Kinetics of Pb2+ ions adsorption onto OFIC

The kinetics of Pb2+ ions adsorption onto OFIC particles was studied 
at pH = 5.0, in NaNO3 0.1 mol L− 1 in the temperature range 278.15 – 
308.15 K. For each temperature, two or three kinetic experiments were 
carried out with small changes in the OFIC-to-cPb2+ ratio (see Section 2.3
for experimental details). The acid-base properties of OFIC particles (see 
Section 3.1) suggested the possible involvement of different binding 
sites, mainly carboxylic groups, during the adsorption process and the 
possibility of a kinetic adsorption process of order higher than two. For 
this reason, the experimental data were processed with the most used 
PFO and PSO kinetic equations and also with the PGO model. The latter 
one has already been used by several authors [49,63,64] and provides a 
non-predetermined adsorption order (n).

At first, all datasets were individually processed with the three ki
netic models. Considering the negligible differences in refined parame
ters values (k1, k2, kn, n) from datasets at the same temperature, they 
have also been subjected to a simultaneous multiparameter fitting pro
cedure, providing the refinement of a unique common kinetic constant 
value and, in the case of the PGO model, a single n value at each tem
perature. The resulting optimized parameters values and the relevant 
fitting statistics for the three kinetic models are reported in Table S5 of 
Supplementary Materials.

The goodness of fit increases moving from PFO to PSO model sug
gesting a reaction order higher than one. Although the adjusted R2 

values obtained with the PGO model were slightly larger, the kinetic 
equation chosen as the best model was the PSO (see Table 4). Indeed, the 
slight improvement in the goodness of fit of the PGO model was 
attributed to the fact that the PGO is the only three-parameter model 
among those considered. Furthermore, the data fit with the PGO model 
produced anomalous and trendless values for both the kinetic constant 
(kn) and the reaction order (n), which makes the PGO model unreliable.

The kinetic data at the four temperatures investigated are depicted, 

Table 1 
Summary of the results of the data analysis of the potentiometric titrations of 
OFIC in NaCl(aq) and NaNO3(aq) ionic media at T = 298.15 K, pH range: 2 – 6, 
assuming only one acid-base functional group (OFIC1).

Medium Mass(g) logKH cOFIC1
a [H]T

b MDfit
c

​ 0.1518 ​ 2.54 8.0
NaCl 0.2025 3.49 ± 0.01 3.76 8.4 0.56
​ 0.2996 ​ 4.91 8.7
​ 0.1293 ​ 3.03 9.4
NaNO3 0.4998 3.67 ± 0.01 7.83 8.6 1.04

0.7009 9.13 8.3
​ 1.0010 ​ 12.31 9.1

a in mmol L− 1

b analytical concentration (mmol L− 1) of proton obtained by the acid-base 
titration

c mean deviation of the fit (in mV).
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together with the fit curves of the three kinetic models, in Fig. 5
(T = 278.15 K) and in Fig. S3 of Supplementary Materials. The adsorp
tion equilibrium was reached within 150/200 min, with small differ
ences at the different temperatures. The kinetic constant (k2) values 
increase with increasing of temperature going from 1.026 ⋅ 10− 3 g mg− 1 

min− 1 at T = 278.15 K to 2.711 10− 3 g mg− 1 min− 1 at T = 308.15 K (see 
Table 4). From the obtained k2 data, the activation energy (Ea) of the 
adsorption process was easily retrieved by applying the Arrhenius 
equation (Fig. 6). In adsorption studies, the activation energy represents 
the boundary energy that must be overcome for a specific adsorbate to 
be adsorbed on the surface of a specific adsorbent. Hence, its value can 

Fig. 2. SEM micrographs at 1000x magnification and EDX spectra of OFIC particles before (a) and after Pb2+ ions adsorption (b).

Table 2 
Elemental composition of OFIC particles before and after Pb2+ adsorption from 
EDX spectra analysisa.

Samples Elemental composition (w/w %)

C O Ca Pb

OFIC 15.0 ± 1.8b 51.9 ± 1.6b 33.1 ± 3.3b -
OFIC-Pb2+ 49 ± 15 36.0 ± 6.8 9 ± 8 6.0 ± 1.9

a the percentages are the average of five EDX analysis
b
± std. dev.

Fig. 3. Complete ATR-FTIR spectrum of plain OFIC (4000–500 cm− 1).
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help to assess the adsorption mechanism. Indeed, it is recognized that an 
activation energy value lower or higher than a threshold value estimated 
in the range of 40 [65–67] to 50 [68–71] kJ mol− 1 indicates an 
adsorption process based mainly on physisorption or chemisorption, 
respectively. Therefore, considering the Ea value of 24 ± 2 kJ mol− 1 

obtained in this work for the Pb2+ ions adsorption onto OFIC particles, 
the adsorption process can be considered a physisorption process in 
which the toxic metal ions are adsorbed through ionic interactions of 
different strength (van der Waals, ion exchange, etc.) with the binding 
groups of OFIC which are more or less protonated or salified with Ca2+

ions depending on the solution pH (see the results of OFIC characteri
sation reported in Section 3.1).

3.3. Adsorption equilibria of Pb2+ onto OFIC

Some preliminary batch adsorption tests were carried out with Pb2+

aqueous solutions at pH = 2.0, 3.0, 5.0, and 6.0 and at T = 298.15 K. 
The experiments were performed at the same OFIC mass to cPb2+ ratios 
corresponding to the adsorbent saturation conditions (right side of 
isotherm, qe → qm). The results obtained in terms of qe vs. pH are re
ported in the histogram of Fig. 7. Surprisingly, the adsorption capacity of 
OFIC at the same OFIC mass to cPb2+ ratios had a high and constant value 
over a fairly wide pH range (3 – 6), decreasing only at pH = 2.0, i.e. 
under conditions providing a strong competition between H+ ions and 
Pb2+ ions for the binding sites of the adsorbent material.

No significant pH variation was found for batch experiments at pH 
= 2.0 and 3.0. When the same amount of OFIC particles is put in water at 
pH 5 or 6, the protonation of OFIC1 sites (see acid-base properties of 

OFIC in section 3.1 and in Supplementary Materials) of the material 
causes an increase in pH values up to 6.1 and 6.4, respectively. At the 
same initial pH, when Pb2+ ions are added to the solutions, the pH at 
adsorption equilibrium was 5.1 and 4.8, respectively. These findings 
indicate that the Pb²⁺ ions adsorption involves an ion exchange between 
the protons of OFIC1 sites and the metal ion.

Then, pH 5.0 was chosen to study the thermodynamics of Pb2+ ions 
adsorption, carrying out several isotherm experiments in batch with 
toxic metal ion solutions without ionic medium, in NaNO3 0.1 mol L− 1 

and in NaCl at different concentrations (0.1, 0.3 and 0.5 mol L− 1), and in 
the temperature range 284.15 – 318.15 K. Relevant data were processed 
with the Langmuir and Freundlich isotherm models. Fitting parameter 
values are collected in Table 5, together with the mean pH value 
measured in the suspensions at the adsorption equilibrium (pHf), the 
effective maximum adsorption capacity (qm exp) and the statistical 

Table 3 
Attribution of ATR-FTIR signals.

Signal (cm¡1) Attribution

3419, 3333, 3250 -OH str., -NH2 str.
3057 Aromatic CH str.
2927, 2851 Aliphatic CH str.
1612 Asymm. –COO- str.
1315 Cellulose/hemicellulose -OH in-plane 

bend.
1151 Cellulose C-O-C glycosidic bond asymm 

str.
Several superimposed bands around 

1027
Cellulose/hemicellulose C-OH str.

780 Mucilage galactose ring vibration

Fig. 4. Section of the ATR-FTIR spectra (1700–700 cm− 1) of OFIC before (blue line) and after (red line) the interaction with Pb2+ ions, and difference spectrum (after 
suitable baseline correction and normalization, green line).

Table 4 
Parameters of PSO kinetic equation for Pb2+ adsorption onto OFIC particles in 
aqueous solution containing NaNO3 0.1 mol L− 1, at pH = 5.0, and at different 
temperatures in the range 278.15 ≤ T / K ≤ 308.15.

T / K OFICa cPb2+
b Vc qe

d k2
e adj. R2

278.15 18.3 20.35 50 34.0 
± 0.1

(1.026 ± 0.014) 
10− 3

0.9974

18.5 17.91 40 34.6 
± 0.1

​

25.3 24.98 40 36.6 
± 0.1

​

288.15 20.2 21.34 50 33.9 
± 0.2

(1.313 ± 0.032) 
10− 3

0.9916

18.4 21.26 50 33.3 
± 0.2

​

298.15 25.2 20.44 75 35.2 
± 0.3

(2.033 ± 0.079) 
10− 3

0.9873

18.3 20.53 50 39.4 
± 0.3

​

308.15 18.0 17.95 50 25.7 
± 0.1

(2.711 ± 0.060) 
10− 3

0.9940

20.9 19.11 50 26.1 
± 0.1

​

a mg of OFIC particles
b in mg L− 1

c in mL
d mg g− 1, ± std. dev.
e (g mg− 1 min− 1), ± std. dev.
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parameter R2. The experimental data plot (qe vs ce) and the fitting curves 
obtained with the two isotherm models are depicted in Fig. 8 and in 
Fig. S4 of Supplementary Materials. Better fitting quality was achieved 
with the Langmuir equation. The suitability of the Langmuir model was 
also confirmed by the agreement between the qm exp values and the 
theoretical qm values calculated from the isothermal model (see Table 5) 
[72]. According to this isotherm model, the Pb2+ ions were adsorbed by 
OFIC through equivalent sites, presumably the carboxylic groups, which 
form a monolayer on the surface of the adsorbent material after 
saturation.

Beyond the general speculations on the adsorption mechanism, 
related to the empirical isotherm model that best fits the experimental 
data, the analysis of the fitting parameters of the Langmuir isotherm was 
very useful to predict and optimize the adsorption process at the 
experimental conditions of the pollutant solution. In particular, the 
highest adsorption ability of OFIC particles was found with Pb2+ solu
tion at low ionic strength, and at T = 284.15 K (qm = 121 mg g− 1). By 
increasing the temperature, the adsorption capacity decreases down to 

the value of 88 mg g− 1 at 318.15 K. This trend of the qm can be attrib
uted to a change in the adsorbent texture, which makes some sites of the 
material incapable of binding the metal ion [73]. The addition of NaNO3 
0.1 mol L− 1 to the Pb2+ solution causes a decrease in the qm value (to 
92 mg g− 1) that can be ascribed to the shielding effect of the ions present 
in the ionic medium dissociation, and to the competition of Na+ ions for 
the binding sites of the adsorbent. In the presence of NaCl, at the same 
ionic strength, the adsorption ability of OFIC undergoes a further 
decrease because the above-mentioned effects are combined with the 
interaction of the Pb2+ ions with the chloride ions from the ionic me
dium dissociation. This results in the formation of chlorinated species of 
the Pb2+ ion (PbCl+, PbCl2, PbCl3- ) having different size and charge, and 
thus different ability to interact with OFIC particles. The latter conclu
sion is supported by the particularly low qm value found in NaCl 
0.3 mol L− 1. It is interesting to notice that, by further increasing the 
NaCl concentration up to 0.5 mol L− 1, a modest increase in the 
adsorption capacity of OFIC can be observed remains at low values but 
slightly higher than that observed in NaCl 0.3 mol L− 1. In order to 
rationalize the effect of chloride, the trends of the qm, KL, and of the 
formation percentages of the Pb2+ species vs. cCl- were depicted in 
Fig. 9a and b. The formation percentages of the Pb2+ species were 
calculated from the distribution diagrams constructed with formation 
constants from the literature [74]. The highest qm value occurs when 
100 % of the lead is present as Pb2+ aquo ion (low ionic strength), and 
qm decreases with the same trend as the sum of the formation percent
ages of positively charged lead species (Pb2+ and PbCl+). The slight 
increase of qm in NaCl 0.5 mol L− 1 may be tentatively attributed to the 
formation of the PbCl3- species, the only negatively charged lead species, 
that reaches 12.4 % and is able to electrostatically interact with the 
OFIC surface, which is positively charged at pH = 5 (pHpzc = 5.49).

The KL value decreases with increasing chloride concentration, 
showing a trend very similar to that of the aquo ion of the metal ion (see 
Fig. 9b). This indicates the greater affinity of OFIC particles towards the 
aquo ion, the lead species with the highest positive charge. The appre
ciable affinity of OFIC towards the toxic metal in NaCl 0.5 mol L− 1 is 
attributable to the high formation percentage of the other positively 
charged lead species (PbCl+), which, together with the negligible per
centage of aquo ion reach the 46 % (see Fig. 9b).

As hypothesized on the basis of the kinetic results, the mechanism of 
Pb2+ ions adsorption onto OFIC is a physical adsorption based on ion 
exchange between the Pb2+ ions (or other positively charged lead spe
cies) and the Ca2+ ions of OFIC particles (see semi-quantitative 
elemental analysis of the material obtained from EDX spectra) and on 
weak electrostatic interactions between the metal ion and the carboxylic 

Fig. 6. Arrhenius plot for the Pb2+ ions adsorption onto OFIC particles from 
aqueous solutions containing NaNO3 0.1 mol L− 1, at pH = 5.0 in the temper
ature range 278.15 – 308.15 K.

Fig. 7. qe values of Pb2+ adsorption onto OFIC particles in aqueous solution at 
pH = 2.0, 3.0, 5.0, and 6.0. Experimental conditions: ~ 18 mg of OFIC particles 
in 20 mL of Pb2+ solution (cPb2+ = 160 and 135 mg L− 1) at T = 298.15 K.

Fig. 5. Dependence of qt (mg g − 1) on contact time for the Pb2+ ions adsorption 
onto OFIC particles from solution containing NaNO3 0.1 mol L.1, at pH = 5.0, at 
278.15 K. Data are fitted with PFO (dashed line) PSO (continuous line), and 
PGO (dotted line) kinetic equations.
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and hydroxyl groups of the adsorbent (see ATR-FTIR spectra of OFIC 
acquired before and after Pb2+ ions adsorption). To confirm the Ca2+ - 
Pb2+ ion exchange mechanism proposed, the Ca2+ ions released from 
OFIC particles during Pb2+ adsorption were monitored in two replicates 
of the adsorption isotherm experiments at pH = 5.0 and at 
T = 298.15 K. The qe values of the Pb2+ adsorbed and Ca2+ released 
(both in mmol g− 1) by OFIC vs. ce of Pb2+ (mmol L− 1) are reported in 
Fig. S5 of Supplementary Materials. The adsorption of Pb2+ ions by OFIC 
particles is actually accompanied by a gradual release of Ca2+ ions. In 
particular, the mole amount of Pb2+ ions adsorbed per gram of OFIC 
particles is slightly higher than the Ca2+ released in all the isotherm (qm 

(Pb2+ adsorbed) = 0.56 ± 0.02 mmol g− 1 and qm (Ca2+ released) = 0.41 
± 0.01 mmol g− 1). This finding confirms that the mechanism of Pb2+

adsorption is physisorption, mainly based on ionic exchange. The dif
ference between Pb2+ adsorbed and Ca2+ released correspond to the 
Pb2+ adsorbed by weak electrostatic interactions between the toxic 
metal ion and the adsorbent surface.

Further confirmation of the adsorption mechanism comes from the 
pHf values (average pH of solutions at adsorption equilibrium) measured 
for each adsorption isotherm experiment and in lead-free aqueous so
lutions at initial pH = 5.0 after contact with the same amounts of OFIC 
particles of isotherm experiments. The highest pHf was found in lead- 
free solutions (6.1) followed by the pHf values of solutions coming 
from adsorption isotherm experiments in NaCl (5.9, 5.8 and 5.4), in 
NaNO3 0.1 mol L− 1 (5.2) and without ionic medium (5.1). The lower the 
amount of Pb2+ ions adsorbed by OFIC particles the higher the pHf is 
(higher H+ - Ca2+ ionic exchange between solution and OFIC particles) 
and, consequently, the higher the amount of Pb2+ ions adsorbed by OFIC 

Table 5 
Freundlich and Langmuir isotherm parameters for the Pb2+ ions adsorption onto OFIC particles at pH = 5.0, without ionic medium (I → 0 mol L− 1), in NaNO3 
0.1 mol L− 1 and in NaCl 0.1 – 0.5 mol L− 1, and in the temperature range 284.15 – 318.15 K.

Langmuir Model Freundlich Model

Ionic medium I (mol L¡1) pHf
a T / K qm exp

b qm
c KL

d adj. R2 KF
e n adj. R2

none I → 0 5.2 284.15 114 ± 3 121 ± 6 0.26 ± 0.07 0.9549 43 ± 4 4.0 ± 0.4 0.9682
​ ​ 5.1 298.15 107 ± 3 113 ± 4 0.33 ± 0.04 0.9615 41 ± 3 4.0 ± 0.3 0.9552
​ ​ 5.1 318.15 90 ± 3 88 ± 3 0.42 ± 0.07 0.9777 34 ± 3 3.9 ± 0.5 0.9581
NaNO3 0.1 5.2 298.15 80 ± 2 92 ± 2 0.08 ± 0.01 0.9843 19 ± 2 3.0 ± 0.3 0.9172
NaCl 0.1 5.9 298.15 71 ± 2 72 ± 2 0.25 ± 0.03 0.9875 22 ± 3 3.9 ± 0.4 0.9708
NaCl 0.3 5.8 298.15 35 ± 1 35.7 ± 0.8 0.19 ± 0.02 0.9932 13.0 ± 0.9 4.2 ± 0.4 0.9872
NaCl 0.5 5.4 298.15 46 ± 1 48 ± 1 0.15 ± 0.02 0.9943 16 ± 3 4.4 ± 0.8 0.9651

a mean pH value at adsorption equilibrium
b effective maximum adsorption capacity (last experimental qe value on the right side of the isotherm)
c mg g− 1

d L mg− 1

e L1/n g− 1 mg1–1/n.

Fig. 8. Adsorption isotherms of Pb2+ onto OFIC particles from aqueous solution 
at pH = 5.0, without ionic medium (three replicates indicated with black, red 
and green symbols) and with the addition of NaNO3 or NaCl salts at different 
concentrations, and T = 298.15 K. Experimental data were fitted with 
Freundlich (dashed lines) and Langmuir (continuous lines) models.

Fig. 9. Trend of qm values and of formation percentages of Pb2+ species as a function of chloride concentration in solution (9a); trend of KL values and of formation 
percentages of Pb2+ species as a function of chloride concentration in solution (9b).
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the higher the Pb2+ - Ca2+ ionic exchange is (lower amount of H+

bounded to OFIC).

3.4. Reproducibility of isotherm adsorption data

Although the material preparation and the isotherm experiment 
protocols were carefully followed, the intrinsic inhomogeneity of bio
masses as well as random errors related to solutions preparation, di
lutions, and so on may cause differences in the obtained experimental 
results (i.e., biased ce and qe values). Therefore, to verify the reproduc
ibility of the obtained results three replicates of the adsorption isotherm 
experiment at low ionic strength, at pH = 5.0 and T = 298.15 K, namely 
PA1, ME2 and ME3, were carried out. In detail, the experiments were 
performed in two different labs (Palermo and Messina, Italy), taking care 
that each experiment was totally independent of the other in terms of 
reagents and lot of OFIC particles used. The experimental data collected 
were independently and simultaneously analysed using the Langmuir 
model, and the corresponding parameter values are reported in Table S6
of the Supplementary Materials. Welch t-test was conducted to compare 
the qm and KL values across the three replicates by using the eq. S1 (see 
Supplementary Materials) with a null hypothesis (H0) that there is no 
significant difference between the sets and an alternative hypothesis 
(H1) that there is a significant difference between them (e.g., H0: qm 
(PA1) = qm (ME2); H1: qm (PA1) ∕= qm (ME2)). In each comparison, both 
the experimental t-value (texp) for qm and KL were lower than the critical 
t-value (tcrit) at a 95 % confidence level, indicating that there were no 
statistically significant differences among the independent replicates.

Furthermore, when the results from the individual replicates were 
compared with those obtained through a global fitting approach, using a 
simultaneous multi-parameter fitting procedure that refined a single 
common qm and KL value for all three replicates, the statistical analysis 
confirmed that the parameters calculated from the individual replicates 
did not significantly deviate from those obtained from the global fit. 
Hence, from this statistical perspective, the adsorption capacity of the 
OFIC particles is primarily determined by the intrinsic properties of the 
material rather than by the specific lot. This result is particularly 
important considering that the sorbent used in this work is a waste 
biomass. As a result, the tested material exhibited robust reproduc
ibility. A summary of the comparisons is provided in Table S7 of the 
Supplementary Materials.

3.5. Thermodynamic parameters of Pb2+ adsorption onto OFIC

The thermodynamic parameters ΔG0, ΔH0 and ΔS0 of Pb2+ ions 
adsorption have been calculated by applying Gibbs and van’t Hoff 
equations to the adsorption data recorded at pH = 5.0, without an ionic 
medium, at temperatures ranging from 284.15 to 318.15 K. In the 
chosen temperature range, the adsorption capacity of OFIC particles 
slightly decreases with the increasing of temperature, in agreement with 
Barka et al. [20]. An opposite trend was found for KL values. The plot of 
ln KL vs. − 1/RT is reported in Figure S6 of Supplementary Materials, 
while the thermodynamic parameters values are collected in Table 6. 
The Pb2+ adsorption was a spontaneous process with -ΔG0 values in the 
range 25.7 – 30.1 kJ mol− 1. These values fall within the typical range 

(20–80 kJ mol− 1) of an ion-exchange based adsorption mechanism [75]. 
The adsorption process was endothermic, with a ΔH0 value of 
10.5 kJ mol− 1. ΔH0 values lower than 40 kJ mol− 1 are typical of a 
physical adsorption [54,76,77]. The positive entropy variation (ΔS0 =

0.13 k J mol− 1 K− 1) indicates an increasing degree of freedom of Pb2+

ions in solution and a dissociative mechanism of adsorption, probably 
due to the desolvation of lead ions, typical of physisorption [54,78]. The 
thermodynamic parameter values are in agreement with those found by 
Abrha et al. for the same adsorbent [45].

3.6. Comparison with literature data

The adsorption capacity and affinity of OFIC particles towards Pb2+

ions have been compared with those of several biomasses from literature 
[6,13,20–24,28,31]. The best-fit isotherm equation for the Pb2+

adsorption onto all the biomasses was the Langmuir model, whose 
parameter values are collected in Table S8 of the Supplementary Ma
terials together with the relevant experimental conditions. In terms of 
maximum adsorption ability, the Diospyros kaki fallen leaves (DKFL) 
(qm = 256 mg g− 1 at pH = 5 and T = 303.15) [23] and the orange peel 
(OP) (qm = 209.8 pH = 5 and T = 298.15 K) [21] have the highest qm 
values, followed by six biomasses with qm values in the range 110 – 
150 mg g− 1 [13,21,31], including OFIC particles (qm = 113 mg g− 1 at 
pH = 5 and T = 298.15 K) (see Fig. 10a). The qm value of OFIC here 
reported is comparable to that obtained by Lavado-Meza et al. who used 
Opuntia ficus indica treated with NaOH 0.1 mol L− 1 (qm = 116.8 mg g− 1 

at pH = 4.5 and T = 293.15 K) [6]. For the same adsorbent, Abrha et al. 
found a qm value of 62.89 mg g− 1 at pH = 4 and T = 298.15 K. The 
lower qm value is probably attributable to the different origins (Northern 
Ethiopia) and the use of the of larger OFIC particles up to 1.25 mm [45].

The choice of the best adsorbent material for the decontamination of 
polluted waters must be done by evaluating its adsorption capacity in 
the experimental conditions of the wastewater to be treated and, in 
particular, the pH, the ionic medium, the ionic strength, and the initial 
concentration (c0) of the pollutant. In practice, waters polluted by toxic 
metal ions do not contain high concentrations of the metal [5] such as 
those usually reached in adsorption isotherm studies in which some 
authors use initial metal concentrations up to 1 g L− 1 and in few cases 
higher [79]. For this reason, rather than relying on the qm value, it is 
considered more useful to choose the most suitable adsorbent material 
on the basis of the qe value corresponding to a c0 value typical of polluted 
waters which usually does not exceed tens of mg L− 1 (calculated using 
the values of the adsorption isotherm parameters). With this in mind, in 
Table S8 are also reported the adsorption abilities (qe) of the biomasses 
for c0 = 10 mg L− 1. At this Pb2+ concentration the best adsorbents are 
the Diospyros kaki fallen leaves DKFL (qe = 9.9 mg g− 1 at pH = 5 and 
T = 303.15 K) followed by OFIC with qe = 9.71 mg g− 1 at the same pH 
and at T = 298.15 K (see Fig. 10b). Also at this initial Pb2+ concentra
tion the qe value of OFIC is comparable with that obtained by 
Lavado-Meza et al. for the same adsorbent material treated with NaOH 
0.1 mol L− 1 (qe = 9.74 mg g− 1 at pH = 4.5 and T = 293.15 K) [6].

3.7. Breakthrough adsorption curves for the Pb2+ ions adsorption onto 
OFIC particles

Fixed-bed column experiments were carried out using Pb2+ aqueous 
solution at pH = 5.0, T = 298.15 K, without the addition of ionic me
dium, in NaNO3 0.1 mol L− 1, and in NaCl 0.1 and 0.5 mol L− 1 (see 
Section 2.3 for experimental details). The collected data (ct /c0 vs t) were 
subjected to regression analysis by logistic (Eq. (12)), Gompertz (Eq. 
(13)) and Log-Gompertz (Eq. (14)) models. The results are shown in 
Fig. 11 and Figs. S5 – S7 of the Supplementary Materials together with 
the best fit curves of the three breakthrough models. The relevant fitting 
parameters are collected in Table S9 of Supplementary Materials
together with the breakthrough times at ct /c0 = 0.5 (BT0.5) calculated 
from best fit curve model. Moreover, other relevant design parameters 

Table 6 
Thermodynamic parameters ΔG0, ΔH0 and ΔS0 for the Pb2+ adsorption onto 
OFIC from aqueous solution at pH = 5, in different ionic media, ionic strengths 
and temperatures.

T (K) -ΔG0a ΔH0a ΔS0b

284.15 25.7 ± 0.5 10.5 ± 0.7 0.13 ± 0.01
298.15 27.6 ± 0.5 ​ ​
318.15 30.1 ± 0.5 ​ ​

a kJ mol− 1

b kJ mol− 1 K− 1
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for fixed-bed systems such as mass transfer zones (MTV), retardation 
factors (R), saturation points (BT0.95), adsorption capacity under dy
namic conditions (qd), and adsorbent utilization (U%) [80–82] were 
calculated. The definition of these parameters is reported in the Sup
plementary Materials (Table S10) as well the obtained values 
(Table S11).

Irrespective of the experimental condition of Pb2+ solution, the metal 
ion is initially adsorbed by OFIC and, due to its progressive saturation, 
the breakthrough curve tends towards the unit value. The classic almost 
symmetric S-shaped breakthrough curve (Fig. 11) sometimes gives way 
to a strongly asymmetric S-shaped curve (Fig. S7) or to a monotonically 
increasing curve (Figs S8 – S9), approaching ct /c0 = 1, with a curvature 
depending on the experimental conditions.

The best breakthrough model, in terms of goodness of fit of experi
mental data, was the Log-Gompertz except for the breakthrough curve in 
NaNO3 0.1 mol L− 1 for which the Gompertz model showed the highest 
adjusted R2 value (see Table S9).

Although the empirical nature of these models does not allow to 

make considerations based on the values of their parameters, by 
choosing the best model for each data set, it is possible to calculate the 
parameter BT0.5, i.e. the breakthrough time at which ct/c0 = 0.5 as well 
the other relevant design parameters for fixed-bed systems reported in 
Table S11. These parameters are useful both for a comparison between 
the various column experiments and for correlating the results of the 
column and batch adsorption experiments.

In particular, the BT0.5 value is strongly influenced by the back
ground salts, as well as their nature and concentration. The highest BT0.5 
value was obtained in the absence of an ionic medium. By adding an 
ionic medium at the same concentration (0.1 mol L− 1), NaCl reduces the 
BT0.5 value to a greater extent than NaNO3. When the NaCl concentra
tion is increased to 0.5 mol L− 1, the BT0.5 value is further reduced. The 
dependence of BT0.5 and qm on ionic strength and ionic medium is 
comparable (see Fig. 12), confirming that the adsorption behaviour of 
OFIC particles under equilibrium (batch experiments) and non- 
equilibrium (column) conditions is comparable.

The same considerations can be made by using, instead of BT0.5, the 
retardation factor R, as R is defined by the ratio between the BT0.5 and 

Fig. 10. Comparison of qm and qe (adsorption abilities of 1 g of the biomasses placed in 1 L of aqueous solution containing Pb2+ ions at concentration 10 mg L− 1) of 
literature biomasses.

Fig. 11. Breakthrough curve of Pb2+ ions adsorption onto OFIC (90 mg) in 
aqueous solution at pH = 5.0, T = 298.15 K, c0 = 5 mg L− 1 and flow rate 
3.25 mL min− 1. Experimental data were fitted to logistic (dot line), Gompertz 
(dashed line) and Log-Gompertz (continuous line) models.

Fig. 12. Trend of the qm and BT0.5 parameters as a function of the ionic me
dium and ionic strength of the Pb2+ ions solutions in the batch and column 
experiments.
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the constant quantity t0 (i.e. the time of residence of non-retarded spe
cies). Looking at qd and U% parameters, the sensitivity of these pa
rameters to the background salt is more complex. In particular, qd 
ranged from 64 mg g− 1 in water to a value of approximately 20 mg g− 1 

in the presence of 0.1 mol L− 1 of background salt, regardless of its na
ture, and was further reduced to 5.7 mg g− 1 in 0.5 mol L− 1 of NaCl.

3.8. Recycling and reuse of OFIC

The possibility of reusing the same adsorbent material multiple times 
proportionally reduces the costs of the decontamination process. For this 
reason, recycle and reuse experiments with OFIC particles have been 
carried out, performing four adsorption/desorption cycles (see Section 
2.3 for experimental details). The adsorption and desorption qe (mg g− 1) 
values found for the four cycles are depicted in the histogram of Fig. 13. 
The OFIC particles showed satisfactory reusability. In the first cycle, the 
qe of adsorption and desorption reached the same values within the 
experimental uncertainties. In the three subsequent cycles, the adsorp
tion ability of the adsorbent underwent a slight decrease, which did not 
exceed 15 % at the fourth cycle, and with complete desorption of the 
adsorbed toxic metal ion. The equilibrium adsorption capacity (qe) 
values found in the four cycles, show that the regeneration efficiency 
slightly decreases from 89.3 % in the second cycle to 82.6 % in the 
fourth cycle. The complete desorption across the four adsorption 
/desorption cycles is a further experimental indication of the phys
isorption mechanism.

3.9. Adsorption mechanism of Pb2+ adsorption onto OFIC particles

Characterisation data, as well as adsorption results from batch and 
column experiments, outline a physical adsorption mechanism mainly 
based on electrostatic interactions of different strengths, and on ion 
exchange. In detail, SEM micrographs evidenced no significant changes 
on the surface of the material after Pb2+ adsorption. The toxic metal ion 
adsorption by OFIC was confirmed by semi quantitative analysis coming 
from EDX spectra that also showed a simultaneous release of Ca2+ ions. 
Considering the ATR-FTIR spectra, the new signals centered at 1569, 
1288 and 772 cm− 1 after Pb2+ adsorption unambiguous evidenced the 
interaction of the Pb2+ ions with the carboxylate groups and, to a lesser 
extent, with the hydroxyl groups of the biomass. The adsorption equi
librium was reached within 150/200 min with the kinetic well described 

by the PSO model. The activation energy Ea = 24 kJ mol− 1 is typical of 
physisorption. The Langmuir equation provided a better fitting of the 
adsorption isotherms at under every experimental condition. According 
to the isotherm model, the Pb2+ ions were mainly adsorbed by OFIC 
through equivalent sites, likely the carboxylic groups, that were satu
rated forming a monolayer on the surface of the adsorbent particles. The 
Ca2+ - Pb2+ ion exchange was confirmed by the gradual release of Ca2+

ions observed during two Pb2+adsorption isotherm experiments 
(Fig. S5). The adsorption process was spontaneous (25.7 ≤ -ΔG0 / kJ 
mol− 1 ≤ 30.1) and endothermic (ΔH0 = 10.5 kJ mol− 1). The almost 
complete desorption of Pb2+ ions in the four cycles of recycling and 
reuse experiments confirms the weak Pb2+ - OFIC interactions typical of 
the physisorption-based mechanism.

3.10. Environmental impact and cost effectiveness of OFIC

Biosorption is widely acknowledged as a viable and eco-friendly 
approach for wastewater treatment. However, the scalability of the 
process depends not only on the adsorption performance of the adsor
bent, but also on the economic feasibility, environmental impact, and 
the scalability of its production. Among these factors, the cost of the 
adsorbent is one of the key parameters, determining the overall sus
tainability of the process, as it is consistently highlighted in techno- 
economic assessments [83]. The possible production cost for 1 kg of 
OFIC, under laboratory conditions, can be roughly estimated at € 8.33 
(see Table S12 of Supplementary Materials). Possible costs kept into 
account include the collection of agricultural waste (free of charge), 
168 h of solar drying, a two-step washing process with tap water 
(~100 L) and deionized water (~20 L), respectively, 1.5 h of mechani
cal shaking, 48 h of oven drying at 333.15 K, and final grinding. The 
major cost contributors are oven drying (€ 6.48) and deionized water 
usage (€ 1.20), whereas the use of solar drying in the initial dehydration 
stage significantly reduces energy consumption and associated costs. 
Electricity costs were calculated based on the current average rate for 
non-domestic, low-voltage supply in Italy (€ 0.30 / kWh) [84]. When 
compared to more engineered materials, such as chemically modified 
adsorbents (e.g., biochar, acid/base-treated biomasses), which often 
exceed € 10–15/kg due to reagent costs, process complexity, and high 
energy demand, OFIC falls into a moderate-cost range. For instance, 
tangerine peel modified with sodium hydroxide has been reported to 
cost up to $ 18.51/kg, nearly three times higher than its unmodified 
counterpart ($ 5.26/kg) [85]. Similarly, adsorbents prepared from ba
nana peel modified with surfactants have shown production costs of 
around $ 41/kg [86], both significantly higher than the market price of 
commercial activated carbon ($ 1.8–2.8/kg) [87]. The cost of OFIC is 
further justified by its favourable sustainability profile. No cultivation, 
harvesting, or chemical reagents are required, as Opuntia ficus indica 
cladodes are abundantly available as agricultural waste in Mediterra
nean area. Additionally, the production protocol avoids the use of haz
ardous substances, thereby reducing the environmental burden 
associated with treatment and disposal. Although the current estimated 
costs are based on the lab-scale production with no industrial-scale 
optimization, OFIC seems to be a promising adsorbent owing to its 
competitive cost and low environmental impact.

4. Conclusions

The Opuntia ficus indica particles have been successfully used as 
adsorbent material of Pb2+ ions. The adsorption equilibrium was 
reached within 150/200 min with a kinetic of adsorption well described 
by the PSO model. The activation energy value of 24 kJ mol− 1 fell 
within the range typically associated with a physical adsorption mech
anism based on ionic interactions of different strength and on ionic 
exchange with Ca2+ ions of the adsorbent. The adsorption capacity of 
OFIC was strictly dependent on the experimental conditions of the 
polluted water to be treated (ionic medium, ionic strength, pH, 

Fig. 13. qe values of adsorption/desorption steps of Pb2+ ions onto OFIC par
ticles. Experimental details: amount of OFIC ≈ 20 mg; Pb2+ ions solution: V 
= 15 mL, cPb2+ = 65 mg L− 1, pH = 5.0 and T = 298.15 K; extractant solution: 
15 mL of HCl 0.1 mol L− 1.
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temperature) and it was explained in terms of chemical speciation of 
Pb2+ ions, shielding effect and competition of the ions derived from 
background salts dissociation and protonation/deprotonation of binding 
sites of the adsorbent. ATR-FTIR spectra indicated a Pb2+ interaction 
with carboxylic and hydroxyl groups of OFIC. The adsorption isotherms 
were well described by Langmuir equation. The highest maximum 
adsorption capacity was found in solutions at pH = 5.0, I → 0 mol L− 1 

and T = 284.15 K (qm = 121 mg g− 1). The adsorption process was 
spontaneous, endothermic and characterised by a positive entropy 
change. Fixed-bed column experiments showed a comparable adsorp
tion behaviour of OFIC particles under equilibrium and non-equilibrium 
conditions. The OFIC particles showed an excellent reuse capacity with a 
slightly decrease of the regeneration efficiency that was 82.6 % after 
four adsorption/desorption cycle. OFIC also has a competitive produc
tion cost (€ 8.33/kg) and a low environmental impact.
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