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a b s t r a c t
Ziziphus lotus is a wild plant that has recently become appreciated mainly due to the antioxidant 
and nutrient-rich properties of its fruits. The powder of the inedible leaves was investigated in 
this research in batch mode for its capacity to remove cadmium(II) and lead(II) ions as an eco-
friendly and cost-effective biosorbent. Leaves powder revealed the highest uptake rate at pH = 8 
and pH = 7 for Cd(II) and Pb(II), consecutively. The best metal adsorption rate is obtained with 
a temperature ranging from 25°C to 30°C, a contact time of 90 min, an initial ionic concentration 
of 100 mg/L, and a biosorbent dosage ranging from 3.5 to 5 g/L. The experimental kinetic data of 
the biosorption process for both heavy metal ions were fitted by the pseudo-second-order model. 
The equilibrium data fitted very well to the Langmuir model and Temkin model. The maximum 
monolayer biosorption capacities were 70.78 and 80.75 mg/g for Cd(II) and Pb(II), respectively. The 
main chemical groups which are involved in the trapping of Cd(II) and Pb(II) and which have been 
revealed by Fourier-transform infrared spectral analysis are: O–C, O=C, H–O, H–C, and N–C. The 
biosorption was endothermic (ΔH° = 7.33 kJ/mol for Cd(II), and 5.33 kJ/mol for Pb(II)). The reac-
tion was accompanied by a decrease in entropy (ΔS° = –19.87 J/K·mol for Cd(II), and –8.38 J/K·mol 
for Pb(II)). When the temperature increases from 293 to 333 K, the Gibbs energy (ΔG°) increased, 
indicating that biosorption was less feasible at higher temperatures. The present research con-
firms that Z. lotus leaves could be exploited as a low-cost and an effective biosorbent for the 
elimination of Cd(II) and Pb(II) ions from aqueous solution.
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1. Introduction

One of the great scourges that preoccupy the majority of 
industrial countries today is the impact of industrial activi-
ties on the ecosystem integrity of natural environments [1]. 
Several types of chemical substances are involved in alter-
ing the quality of natural environments and are qualified for 
this reason as pollutants [2]. Heavy metals form a range of 
chemical pollutants, which can alter environmental health 
and threaten life in many natural ecosystems [3]. Water is 
a main ingredient for the activity of several industrial sec-
tors integrating metallic substances in their processes such 
as metallurgical industry [4], mining activities [5], fossil 
fuel burning [6], alloy and solder [7], etc. Thus, wastewater 
from industrial effluents is the main vector of heavy metal 
pollution affecting natural environments. Several organisms 
express an important bioconcentrating character of heavy 
metals, which are thus accumulated in their tissues, and 
pass from one trophic level to another until they can threaten 
human health at the pyramidal summit of the trophic  
chains [8].

Water scarcity amplified by the effects of climate change, 
and the overexploitation of drinking water, has prompted 
scientists to investigate the various possible techniques capa-
ble of treating wastewater for its use, especially in industries 
[9]. Several techniques have been developed to purify pol-
luted water, including: reverse osmosis [10], adsorption [11], 
coagulation/flocculation [12], membrane filtration [13] and 
chemical precipitation [14].

Adsorption is one of the techniques that have given good 
results in the treatment of wastewater, including for heavy 
metals [15]. This technique consists of using a material called 
the adsorbent, characterized by a large specific surface and 
by the presence on its surface of chemical molecules capa-
ble of trapping ions or molecules which are thus qualified as 
adsorbate [16]. The adsorbent could be natural or composite. 
Thus, although composite materials are designed in such a 
way that they offer better adsorption potential, they often 
have a high cost and could affect environmental health. Thus, 
finding a natural material with a high adsorption capacity 
would be an alternative to the use of expensive materials 
that threaten environmental health during their degrada-
tion. Inspired by the circular economy and looking for less 
expensive and eco-friendly solutions, natural biomaterials 
have been widely examined to assess their potential for use 
in wastewater treatment [17]. Therefore, biosorption has 
demonstrated its effectiveness and cost-efficiency in replac-
ing conventional methods that are often expensive. [18].

Several biosorbents have been evaluated for their ability 
to sequester pollutants and particularly heavy metal ions, of 
which we cite: palm fruit bunch [19], orange peel [20], apple 
pomace [21], banana peel [22], coir pith [23], wheat straw 
[24], aquatic plants [25] and other materials. Plant biomass 
is coated on its surface with different chemical groups such 
as carboxyl groups, hydroxyl groups, and aromatic groups 
that enter into its biomolecular constitution [26]. Thus, sev-
eral of these electrically charged surface chemical groups 
enter into electrostatic interactions with other electrical 
charges, including those carried by the metal ions [27].

In addition to its reputation for cannabis cultivation 
in certain regions, the northern part of Morocco is also 

well-known for its rich floristic diversity [28]. Ziziphus lotus 
shrubs are among the wild plants that colonize various loca-
tions in northern Morocco [29]. These shrubs are exploited 
mainly for their fruit, small and rounded, which is eaten 
when ripe or sometimes used to make flour in a traditional 
culinary preparation [30]. The leaves of this plant, mentioned 
in the Koran, are used in certain spiritual practices such as 
Roqya [31]. Many studies have recently focused on Z. lotus to 
explore its possible nutritional and therapeutic virtues [32]. 
The biomass of Z. lotus was found to be rich in protein sub-
stances, carbohydrate substances, and lipid substances, as 
well as a richness in mineral salts [33]. On the other hand, 
Z. lotus has also been shown to be able to manifest an anti-
hyperlipidemic effect [34], an antiglycaemic effect [35],and 
treat some chronic inflammatory diseases [36]. In addition 
to its nutritional and therapeutic virtues, the biomass of 
Z. lotus has demonstrated its potential for environmental 
applications, serving as a biosorbent for various pollutants 
[37] or even as an anticorrosive [38]. The evaluation of the 
potential of a biosorbent is linked to the influence of cer-
tain parameters intrinsic to the biomass such as the parti-
cle size and the mass used, and to certain extrinsic param-
eters such as the pH and the temperature of the solution, 
the contact time [39]. Some studies additionally rely on the 
contributions of artificial intelligence in order to optimize 
the experimental conditions and maximize the efficiency of  
biosorption [40,41].

In this work, the potential of Z. lotus leaves powder (LP) 
as an ecofriendly biosorbent to remove two heavy metal 
ions, cadmium Cd(II) and lead(Pb), from an aqueous solu-
tion has been investigated. The biosorption capacity was 
evaluated under the effect of several parameters such as: 
biosorbent dosage, particle size, pH, initial ion concentration, 
contact time, and temperature. The biosorption kinetic data 
of the LP were tested by pseudo-first-order model, pseu-
do-second-order model, and Elovich model. The Langmuir, 
Freundlich, and Temkin isotherm models were used to study 
the equilibrium data. Moreover, the biosorption’s thermody-
namics were assessed.

2. Materials and methods

2.1. Biosorbent preparation

In September 2021, Z. lotus leaves were taken from fruit-
ing bushes in the west of Al Hoceima (Morocco). The samples 
were cleaned several times with distilled water to remove 
debris, and then dried in the sun before being dried at 60°C 
for 24 h using an electric oven. Samples were reduced to 
powder using an electric mixer. Then and without any prior 
treatment, the LP was placed in a glass beaker for later use.

2.2. Ionic stock solutions

Before utilization, all glassware had been cleaned with 
nitric acid and then rinsed with deionized water. An initial 
concentration of 1 g/L was prepared for both Cd(II) and Pb(II), 
after dissolving in distilled water 2.74 g of Cd(NO3)2·4H2O 
and 1.6 g of Pb(NO3)2, respectively. The different concen-
trations are obtained through a series of dilutions of the 
ionic stock solution.
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2.3. Batch biosorption studies

In a batch system, the biosorption experiments of Cd(II) 
and Pb(II) on the LP sample were evaluated. The biosorp-
tion process was studied in relation to pH, temperature, 
dosage of biosorbent, initial metal concentration, contact 
time, and size of biosorbent particles. In 300 mL Erlenmeyer 
flasks with continuous agitation, the biosorption tests were  
conducted.

2.3.1. pH

Using a HANNA instruments (pH 209) pH meter, the pH 
values were adjusted to preferred values with 0.1 mol/L HCl 
or 0.1 mol/L NaOH solution. For each experiment, freshly 
diluted solutions were applied. The chemicals used were 
all of the highest quality. Under the optimized condition, 
for the two ions, the pH was varied from 2 to 10.

2.3.2. Temperature

The influence of temperature, in the range of 15°C–60°C, 
was studied under optimal conditions. An isothermal shaker 
was used to regulate the temperature.

2.3.3. Amount of biomass

The optimum biosorbent dose was identified using a 
range of biosorbent dosages from 0.5 to 9 g/L.

2.3.4. Initial metal concentration

The range of metal ion concentrations was from 0.25 to 
100 mg/L.

2.3.5. Contact time

The adsorbate–adsorbent contact time ranged from 
10 to 90 min.

2.3.6. Biosorbent particle size

Changing the size of the biosorbent particles from less 
than 100 µm to more than 500 µm was utilized to study how 
particle size impacted biosorption process. The pH was 8 for 
Cd(II) and 7 for Pb(II), the temperature was 25°C, the ini-
tial metal concentration was 100 mg/L, and the biosorbent 
dosage was 1 g/L.

At 3,000 rpm for 10 min, the samples were centrifuged 
to separate the liquid phase from the solid phase at the 
end of each batch adsorption test.

2.3.7. Adsorption capacity qe (mg/g) and removal percentages 
(%R)

The adsorption capacity qe (mg/g) and removal percent-
ages (%R) of Cd(II) and Pb(II) from their aqueous solutions 
by the LP were calculated by Eqs. (1) and (2), consecutively, 
based on the quantification of the metal ions in the ionic 
solution before and after the adsorption process employing 
an atomic absorption spectrophotometry (GBC 932 plus).
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where Ci (mg/L) is the initial ions concentration, Ce (mg/L) 
is the equilibrium cations concentration after adsorp-
tion, while m (g/L) represents the mass of the biosorbent 
per litre of ionic solution.

2.4. Characterization of samples

2.4.1. Elemental analysis (C, H, N and O)

The elemental analysis of the LP was performed using 
Vario EL, Elementar, Germany.

2.4.2. Estimation of the specific surface area

The specific surface area (SSA) of LP was calculated 
by the adsorption isotherms of N2 at –196°C (77 K), using 
the BET (Brunauer–Emmett–Teller) method (ASAP 2020, 
Micromeritics, USA).

The samples of our study were degassed at 160°C for 
12 h before each test.

2.4.3. Fourier-transform infrared spectroscopy analysis

Using a Bruker ALPHA spectrometer, the Fourier-
transform infrared spectroscopy (FTIR) analysis was car-
ried out, in order to identify different functional groups in 
each sample. KBr discs were prepared with each containing 
1 mg of the sample and 100 mg of KBr. In the range 400–
4,000 cm–1 that FTIR spectra were generated with detector 
at 2 cm–1 resolution.

2.5. Kinetic study of biosorption

In seeking to characterize the kinetics that would be 
involved in the process of Cd(II) and Pb(II) ions seques-
tration by LP, the pseudo-first-order, pseudo-second-or-
der and Elovich models were adopted and the kinetic data 
were exploited based on the regression coefficient (r2) and 
the amount of Cd(II) and Pb(II) adsorbed per unit weight 
of FP. The pseudo-first-order kinetic model is expressed in 
Eq. (3), the pseudo-second-order kinetic model is given by 
Eq. (4), while Elovich model is given as shown in Eq. (5):
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where qe and qt (both in mg/g) are respectively the quanti-
ties of heavy metal ions adsorbed at equilibrium and at 
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any time “t” (min); K1 and K2 are the rate constants for 
the pseudo-first-order kinetic and pseudo-second-order 
kinetic models, respectively; α is the initial adsorption rate 
(mg/g·min) and β is the desorption constant (g/mg).

2.6. Biosorption isotherm

The obtained biosorption measurements were examined 
using the Langmuir model and Freundlich model. Thus, the 
Langmuir model is based on the assumptions of a homo-
geneous adsorption surface containing similar adsorption 
sites, and a single monolayer is formed when adsorption is 
maximal. Eq. (6) is a description of this model:

q q
K C
K Ce m

L e

L e

�
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where qe (mg/g) is the biosorbed quantity at equilibrium 
state, Ce is the equilibrium concentration of the metal ion 
(mg/L), KL represents the Langmuir equilibrium constant 
(L/mg), and qm is the maximum adsorption capacity (mg/g).

The Freundlich isotherm model assumes that the adsorp-
tion surface is heterogeneous. It is a model which can be 
used to describe the multilayer adsorption, and for which 
the following equation provides a description Eq. (7):

q K Ce F e
n= 1/  (7)

where KF (mg1–1/n/g·L1/n) represents the Freundlich con-
stant and n represents a heterogeneity factor. While the KF 
constant is associated to adsorption capacity, the 1/n value 
is associated to the intensity of biosorption. Based on the 
correlation coefficients (r2) values obtained, the best model 
that fits with experimental data was chosen.

By studying the different adsorbent/adsorbate inter-
actions, the Temkin model suggests that the heat of the 
adsorption of the molecules of the layer decreases lin-
early with the coverage because of the repulsive molecu-
lar interactions. Eq. (8) expresses the nonlinear form of the  
Temkin model:

q RT
B

ACe e� � �ln  (8)

3. Results and discussion

3.1. Biosorption studies

3.1.1. pH effect

The efficacy of the adsorption during the wastewater 
treatment process is influenced by pH solution. The distinc-
tive adsorption sites of the biosorbent could be impacted by 
any change affecting the pH of the solution [42]. The influ-
ence of pH on the biosorption of Cd(II) and Pb(II) by LP 
was evaluated over a pH range of 2–10 as shown in Fig. 1. 
Thus, the elimination of both Cd(II) and Pb(II) from ionic 
solution has proved to be strongly linked to the variation 
of the pH solution. In highly acid medium, the capacity to 
trap metal ions was limited, and gradually increases with 
the increase in the pH value before starting to decrease when 

the pH of the medium exceeds certain values for both Cd(II) 
and Pb(II). Over the pH range from 2 to 8, the adsorption 
capacity increases from 5.3 to 70 mg/g and from 12.1 to 
80.7 mg/g for Cd(II) and Pb(II), respectively. From pH = 8, 
this same capacity of LP to adsorb metal ions progres-
sively decreases to reach 64.2 and 76.8 mg/g for Cd(II) and 
Pb(II), respectively, in pH = 10.

When the pH is low, the environment contains a lot of 
H+ protons, which interact with the negative charges of the 
biosorbent, and thus could explain the low capacity of the LP 
to adsorb the two metal cations in an acidic medium. When 
the pH gradually increases, the surface of the biomaterial 
becomes more and more negative which increases gradually, 
through the electrostatic interactions, the adsorbed quan-
tity of the two metallic species charged positively [43]. For 
pH values higher than 8, the reaction medium is enriched 
with OH– ions that can form complexes with the Cd(II) 
and Pb(II) cations, which could explain the progressive 
decrease in the adsorption capacity beyond pH = 8 [44].

3.1.2. Biosorbent dosage effect

The efficiency of both Cd(II) and Pb(II) removal as a 
function of LP dosage was evaluated. The results are illus-
trated in Fig. 2. The dosage of biosorbent was adjusted from 
0.5 to 9 g/L, while the other study parameters (temperature, 
pH, initial ion concentration, contact time, and particle size) 
were kept constant. The LP elimination efficiency increased 
from 40.56% to 84.30% and from 48.56% to 97.30%, when 
the dosage of biosorbent was increased from 0.5 to 9 g/L, 
respectively for Cd(II) and Pb(II). The results obtained 
show that, as the dosage of the biosorbent increases the effi-
ciency of the elimination also increases. This trend could 
be explained by the increase in the number of metal ion 
adsorption sites on the surface of the biosorbent when its  
dosage increases [45].

3.1.3. Effects of biomaterial particle size/contact time

The adsorption kinetics of Cd(II) and Pb(II) were stud-
ied for different sizes of LP particles ranging from less than 

 
Fig. 1. pH effect on Cd(II) and Pb(II) biosorption by leaves 
powder: Ci = 100 mg/L, size of particles <100 µm, m = 1 g/L, 
T (°C) = 25°C, and contact time = 90 min.
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100 µm to more than 500 µm, and as a function of contact 
time. The results are illustrated in Fig. 3. The data obtained 
indicate that the biosorption kinetic depends on both the 
contact time and particle size of the biosorbent. The best rate 
of Cd(II) and Pb(II) adsorption by LP, is obtained by parti-
cles smaller than 100 µm. Generally, with increasing contact 
time, the biosorption process slows down before stagnating 
beyond 80 min. With a particle size less than 100 µm, the 
amounts adsorbed at equilibrium are 66.35 and 78.36 mg/g, 
respectively for Cd(II) and Pb(II). It was clear that the bio-
sorption efficiency increases with the decrease of the bio-
sorbent particle size. This result could be explained by the 
increase in the SSA of the biosorbent particles when they 
decrease in size [46], as indicated in Table 1. Thus, in order 

to examine the impact of various parameters on the biosorp-
tion process, particles smaller than 100 µm were utilized 
because they are the most efficient at removing metal ions.

3.1.4. Preferential cation trapping

The intrinsic properties of metal ions affect the ability 
of their adsorption on the biosorbent surface. Thus, Cd(II) 
is a soft Lewis acid with a lower electronegativity (1.69), 
whereas Pb(II) is a hard Lewis acid with a higher electro-
negativity (2.33). Furthermore, the hydrated radius of Cd(II) 
(0.426 nm) is greater than that of lead Pb(II) (0.401 nm) [47]. 
All these factors could explain the preferential adsorption 
of lead compared to that of cadmium on the biosorbent 
surface [48].

3.2. Characterization of samples

3.2.1. Elemental analysis (C, H, N and O)

To comprehend the metals’ binding mechanism to the 
biomass, it is crucial to determine the composition and 
structure of the biosorbent. The elementary analysis of the 
LP is shown in Table 2. Thus, results showed that LP is com-
posed of 50.51% ± 1.42% carbon, 5.01% ± 0.22% hydrogen, 
1.05% ± 0.10% nitrogen, and 42.45% ± 1.02% oxygen.

 
Fig. 2. Biosorbent dosage effect on Cd(II) and Pb(II) biosorp-
tion by leaves powder: Ci = 100 mg/L, size of particles <100 µm, 
T (°C) = 25°C, pH = 8 for Cd(II)/pH = 7 for Pb(II), and contact 
time = 90 min.

  
(a)                                                                              (b) 

Fig. 3. Effect of biomaterial particle size/contact time on Cd(II) (a) and Pb(II) (b) biosorption by leaves powder: Ci = 100 mg/L, 
m = 1 g/L, T (°C) = 25°C, and pH = 8 for Cd(II)/pH = 7 for Pb(II).

Table 1
Particle-size groups and specific surface area of leaves powder

Particle-size groups Specific surface area (m2/g)

<100 µm 3.031
100–300 µm 2.484
300–500 µm 1.940

>500 µm 1.493
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3.2.2. FTIR analysis

To determine the main biochemical groups contained in 
the biosorbent, and which have been involved in the pro-
cess of cationic trapping highlighted, the FTIR spectra was 
utilized as a qualitative analysis. Fig. 4 shows the infrared 
spectra (400–4,000 cm–1) of LP. The appearance of any FTIR 
spectra is intimately linked to the phytochemical com-
position of the biosorbent biomass [49,50]. The broad and 
intense absorption peak at 3,421 cm–1 for FP indicates the 
presence of O–H groups (phenols, alcohols, and carboxylic 
acids) characteristic of pectins, lignin, and cellulose [51]. 
The observed peaks at 2,920 cm–1, would have been gener-
ated by the C–H stretching vibrations of aliphatic acids. A 
stretching vibration of the C=O bond would be due to the 
carboxylic groups and their esters, which had probably 
given the peak at 1,732 cm–1. The peak at 1,159 cm–1 would 
result from stretching of the C–O antisymmetric bridge of 
LP biomass’s cellulosic components. An absorption band, 
at around 1,062 cm–1, due to –O–CH3 group, indicates the 
presence of lignin in the LP samples. An intense band at 
621 cm–1 would be generated by the bending modes of the 
aromatic compounds. Additionally, the same Fig. 4 shows 
that for LP loaded with heavy metals (Cd and Pb), the inten-
sities of the peaks corresponding especially to the hydroxyl 
and carboxyl groups decrease or slightly shifted after the 
ionic adsorption process. The FTIR spectra reveal that the 
hydroxyl and carboxyl groups, abundantly present in LP 

biomass, contribute significantly in the adsorption of Cd(II) 
and Pb(II) by involving electrostatic interactions.

3.3. Kinetic study of biosorption

The pseudo-second-order kinetic model, the pseu-
do-first-order kinetic model and Elovich model were used to 
interpret the experimental data in order to understand the 
mechanism that controls the adsorption process. Nonlinear 
regression was used to estimate the parameters of both 
models. Table 3 presents the obtained data and correlation 
coefficients (r2). The kinetic parameters of Cd(II) and Pb(II) 
adsorption onto Z. lotus LP indicate that the correlation 
coefficients (r2) are closer to 1 for the pseudo-second-or-
der kinetic model compared to the correlation coefficients 
given by the pseudo-first-order kinetic model. Moreover, 
the calculated values (qe,cal) which were predicted by the 
pseudo-second-order kinetic model are nearer to the experi-
mental values (qe,exp), contrary to the values predicted by the 
pseudo-first-order kinetic model, which are different and far 
from the values obtained experimentally. We can conclude 
that Cd(II) and Pb(II) adsorption onto LP of Z. lotus appears 
to be more pseudo-second-order kinetic, suggesting a pre-
dominant chemisorption process.

Furthermore, according to the Elovich kinetic model’s 
high correlation coefficients (r2), the kinetic process of Cd(II) 
and Pb(II) biosorption onto LP can be properly described 
by this model. The Elovich model’s applicability suggests 
that the active sites of the LP are diverse in nature and 
thus exhibit a range of chemisorption activation energies.

Similar results were reported on Cd(II) and Pb(II) bio-
sorption by Leucaena leucocephala [52], Caragana korshinskii 
[53], and Lactarius scrobiculatus [54].

3.4. Biosorption isotherm

The biosorption capacities of LP for cadmium Cd(II) 
and lead Pb(II) were investigated for different initial metal 
concentrations as shown in Figs. 5 and 6. According to 
the experimental data, the biosorption capacity increases 
with the increase in the ionic concentration in the reaction 
medium. Strong driving forces for mass flow could explain 

Table 2
Elemental composition of leaves powder

Biosorbent Elemental analysis

Leaves 
powder

C % H % N % O %

50.51 ± 1.42 5.01 ± 0.12 0.95 ± 0.02 43.45 ± 1.02

 
Fig. 4. Fourier-transform infrared spectroscopy analysis of fruits 
powder (leaves powder): spectra of leaves powder-unloaded, 
spectra of Cd-loaded, and spectra of Pb-loaded.

Table 3
Kinetic parameters of Cd(II) and Pb(II) uptake by leaves powder

Model Kinetic 
parameters

Metals

Cd Pb

qe,exp 66.35 ± 1.01 78.36 ± 1.17
Pseudo- 
first-order 
model

qe,cal (mg/g) 56.15 ± 1.23 67.76 ± 1.11
K1 (min–1) 0.0651 ± 0.0005 0.0655 ± 0.005
r2 0.989 0.995

Pseudo- 
second-order 
model

qe,cal (mg/g) 66.47 ± 1.98 80.11 ± 2.02
K2 (g/mg·min) 0.0010 ± 0.0002 0.0008 ± 0.0004
r2 0.9975 0.9970

Elovich 
model

α (mg/g·min) 6.433 ± 0.851 7.799 ± 0989
β (g/mg) 0.062 ± 0.009 0.051 ± 0.008
r2 0.987 0.981
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the tendency of an increase in adsorption capacity with the 
increasing of metal ions concentration [55].

A high concentration of dissolved ions in solution implies 
a high quantity of these ions will be adsorbed on the sur-
face of the biosorbent. Therefore, the initial metal concen-
tration determines the biosorption capacity.

According to Giles categorization, the obtained isotherms 
form was type L. Generally, this type of isotherm is charac-
teristic of adsorption with little competition between the 
adsorbate and the molecules composing the solvent.

The experimental biosorption isotherms obtained were 
compared with the biosorption isotherm models. The 
Langmuir, Freundlich and Temkin sorption parameters 
obtained from the isotherms as well as the correlation coef-
ficients are indicated in Table 4. The table shows that the 

Langmuir model and Temkin model, with a r2 value close 
to 1, generated the best fit of experimental data. This result 
suggests that Cd(II) and Pb(II) are homogeneously adsorbed 
on a monolayer surface of the biosorbent.

The maximum monolayer adsorption capacities are 
higher for Pb(II) than for Cd(II) and this with the following 
order:

q qm m

LP

Pb
mg/g

LP

Cd
mg/g�� � � �� �

�
�
�

��

�
�
�

��
80 75 70 78. .

The obtained biosorption capacity of LP was compared 
with the results obtained from previous studies on the 
sequestration of Pb(II) and Cd(II) by plant biomass.

The biosorbent potential of Z. lotus LP has been 
revealed by the present study to be clearly superior to that 
of several biosorbents cited in the literature, as shown in  
Table 5.

4. Elution and regeneration

The capacity to regenerate during the several adsorp-
tion–elution–regeneration cycles determines the efficacy of 
utilizing materials to remove pollutants from wastewater. 
using hydrochloric acid (0.10 M) as eluent, LP was regener-
ated as a natural biosorbent of Cd(II) and Pb(II) ions for 5 
consecutive cycles. Although experimental data have shown 
that the removal capacity of the two heavy metals grad-
ually decreases after reaching 5 consecutive cycles, LP can 
be used for several cycles and thus constitute a natural and 
efficient biosorbent for the removal of Cd(II) and Pb(II) from 
polluted ionic solutions.

5. Temperature effect and thermodynamic study

The influence of temperature on the biosorption of Cd(II) 
and Pb(II) onto LP was studied in the temperature range of 
15°C–60°C as shown in Fig. 7. For both Cd(II) and Pb(II), the 
adsorption capacity increases with the increase in the tem-
perature of the medium. This capacity reaches its optimum 
value at 25°C, and beyond which it gradually decreases. For 

 
Fig. 5. Langmuir, Freundlich, and Temkin isotherms of Cd(II) 
biosorption on leaves powder: biosorbent dosage = 1 g/L, size of 
particles <100 µm, pH = 8, T (°C) = 25°C and contact time = 90 min.

 
Fig. 6. Langmuir, Freundlich, and Temkin of Pb(II) biosorption 
on leaves powder: biosorbent dosage = 1 g/L, size of particles 
<100 µm, pH = 7, T (°C) = 25°C and contact time = 90 min.

Table 4
Isotherms constants (Langmuir, Freundlich and Temkin) that 
describe the sorption of Cd(II) and Pb(II) onto leaves powder

Isotherms Metal

Cd Pb

Langmuir 
parameters

qm (mg/g) 70.78 ± 1.12 80.75 ± 1.09
KL (L/mg) 0.269 ± 0.011 0.181 ± 0.028
r2 0.997 0.983

Freundlich 
parameters

KF (mg1–1/n/g·L1/n) 19.43 ± 1.23 19.84 ± 1.11
n 3.331 ± 0.012 3.137 ± 0.038
r2 0.911 0.950

Temkin 
parameters

A (L/g) 4.567 ± 0.854 4.419 ± 0.799
B 11.98 ± 1.00 13.16 ± 1.06
r2 0.989 0.992
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both Cd(II) and Pb(II), the adsorption capacity increases with 
increasing medium temperature. This capacity reaches its 
optimum value at 25°C, before gradually decreasing when 
the temperature exceeds its optimum. When the temperature 
of the medium increases the molecular agitation increases, 
which explains the increase in the biosorption capacity. 
The decrease in this capacity beyond 25°C would be due 
to the weakening of the interactions between the ionic spe-
cies and the adsorbent.

Considering the results of how temperature affects the 
biosorption of the two heavy metals, the measurement of 
some thermodynamic parameters, such as entropy (ΔS°), 
enthalpy (ΔH°) and free energy (ΔG°) was carried out to 
describe the thermodynamic behavior of the biosorption of 
Cd(II) and Pb(II) on LP, using the following equations:

K
q
Cd
e

e

=  (9)

� � �G H T S� �  (10)

lnK S
R

H
RTd � �

� �  (11)

where Kd is the distribution coefficient (mL/g), ΔH° is the 
enthalpy change (kJ/mol), ΔS° is the entropy change (J/
mol·K), ΔG° is Gibbs free energy change (kJ/mol), T is the 
temperature (K), and R is the universal gas constant (8.314 J/
mol·K). The thermodynamic parameters given in Table 6 
were calculated by taking use of the slopes and intercepts of 
linear regression of lnKd = f(1/T).

The results obtained are presented in Table 6. The pos-
itive enthalpy values for the biosorption of the two heavy 
metals (ΔH° = 7.33 kJ/mol for Cd(II), and 5.33 kJ/mol for 
Pb(II)) suggest that the chemical process is endothermic. 
The negative entropy value (ΔS° = –19.87 J/K·mol for Cd(II), 
and –8.38 J/K·mol for Pb(II)) indicates a reduction in ran-
domness at the solid/liquid interface during the biosorption. 
When the temperature increases from 293 to 333 K, the Gibbs 
energy (ΔG°) increased, indicating that biosorption was 
less feasible at higher temperatures.

6. Conclusion

This study shows that powdered Z. lotus leaves powder 
is an effective biosorbent for the removal of Cd(II) and Pb(II) 
ions from aqueous solutions. The biosorption capacity was 
strongly dependent on biosorbent dosage, Temperature, 
pH, contact time, initial metal concentration, and particle 
size. The characterization of the material by the BET method 
revealed that particles whose size is less than 100 µm have 
the highest SSA and can be selected for better metal ions 
adsorption.

The kinetic biosorption of the obtained results show that 
the process is well described by the pseudo-second-order 
kinetic model. The Langmuir model and the Temkin model, 
among the tested isotherm models, accurately describe the 
experimental results for the sequestration of Pb(II) and 
Cd(II). Thus, the values of the maximum biosorption capac-
ity, obtained from the Langmuir model, were: 70.78 and 
80.75 mg/g for Cd(II) and Pb(II), respectively.

 
Fig. 7. Temperature effect on Cd(II) and Pb(II) biosorption by 
leaves powder: Ci = 100 mg/L, size of particles <100 µm, m = 1 g/L, 
pH = 8 for Cd(II)/pH = 7 for Pb(II), and contact time = 90 min.

Table 5
Comparison of maximum biosorption capacity of Ziziphus lo-
tus leaves powder for Cd(II) and Pb(II) with other environ-
mentally friendly biosorbents

Biosorbents qm (mg/g) 
Cd(II)

qm (mg/g) 
Pb(II)

References

Lactarius scrobiculatus 53.1 56.2 [54]
Eichhornia crassipes 12.55 12.60 [56]
Flammulina velutipes 8.43 18.34 [57]
Brewery yeast 14.3 48.9 [58]
Grape bagasse 23.20 14.40 [59]
Cladophora biomass 12.07 20.65 [60]
Banana peel 5.71 2.18 [61]
Eucalyptus leaf residue 15 45 [62]
Ulva lactuca 29.1 – [63]
Pokeweed – 13.19 [64]
Ziziphus lotus (leaves) 70.78 80.75 Present study

Table 6
Thermodynamic parameters estimated for the biosorption of 
Cd(II) and Pb(II) by leaves powder

Heavy 
metal

T (K) Kd ΔG° ΔH° ΔS°

(J/mol) (kJ/mol) (J/K·mol)

Cd(II)

293 1.702 13.158

7.335 –19.872
303 1.892 13.357
313 1.551 13.555
323 1.380 13.754
333 1.267 13.953

Pb(II)

293 3.032 7.791

5.336 –8.381
303 3.329 7.875
313 2.921 7.959
323 2.570 8.043
333 2.472 8.127
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All these considerations reflect that the biosorption 
method using Z. lotus leaves, as an inexpensive and as 
an environmentally friendly biosorbent, could be used in 
industrial treatment processes for the elimination of Cd(II) 
and Pb(II), and also offering an alternative to conventional 
processes. The maximum adsorption capacities of the two 
metal ions decrease with increasing temperature, and the 
thermodynamic parameters indicate that the process of 
biosorption is endothermic and less feasible at higher tem-
peratures. Moreover, it was shown that the ionic elimination 
process could be effective even after five adsorption– 
elution–regeneration cycles.
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