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1. Introduction 
 

Many industries such as electroplating, battery 

manufacturing, mining, explosives manufacturing, 

electronics, metallurgy, pesticides, and petroleum refining, 

use heavy metals in the manufacture of their products. 

Consequently, these toxic and non-biodegradable metals 

will pollute the aquatic environment, the presence of these 

pollutants in the water, even in trace amounts, is highly 

undesirable (Rashed et al. 2018, Herawati et al. 2000), 

because they accumulate in the living tissues of the human 

body, causing diverse sickness and crucial physiological 

disorders such as damage to the central nervous system 

(Mohammadi et al. 2010, Axtell et al. 2003). Pb is one of 

the most common and toxic heavy metal pollutants (Hana et 

al. 2020) Ingestion, inhalation, or skin absorption of Pb ions 

causes acute poisoning and many serious problems such as 

edema, anemia, childhood learning disabilities, and kidney 

disease (Sreejalekshmi et al. 2009), therefore, the 

contamination of natural, industrial or wastewater by heavy 

metals is a topic that has attracted the attention of many 

environmental scientists around the world using a wide  
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variety of techniques including biological processes, 

membrane separation processes, chemical precipitation, ion 

exchange, electrodeposition, oxidation-reduction, complexation, 

reverse osmosis, etc. (Amarasinghe and Williams 2007)  

All of these methods are generally expensive, moreover, 

some processes such as precipitation and membrane 

filtration encounter enormous difficulties in removing 

heavy metals from water, as they are not effective at high 

concentrations of pollutants, hence, these methods have 

become less attractive and the development of new 

economical and environmentally friendly methods has 

become a priority (Ayyappan et al. 2005). From an 

economic and environmental point of view, adsorption has 

proven to be an excellent method for removing heavy 

metals from wastewater, due to its significant advantages 

such as low cost, efficiency, and ease of use, compared to 

traditional methods. (Crini and Badot 2010, Ö zcan et al. 

2006, Ponnusamy and Subramaniam 2013)  

Several mineral materials such as clays (Bouberka et al. 

2005, Georgescu et al. 2018), zeolites (Elboughdiri 2020), 

or organic such as synthetic polymers (Jeongmin et al. 

2020) and biopolymers (Chionyedua et al. 2019), or 

composites such as zinc nanoparticles (Kataria et al. 2016) 

have been tested on a laboratory scale.  

Activated carbons characterized by their high surface 

area and their microporous nature and due to their excellent 
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Abstract.  In the present study, we compared the adsorption capacity of Pb (II) from contaminated water of used cardboard 

(UC) and a commercial powdered activated carbon (PAC), the latter has been characterized by different techniques, namely 

X-ray diffraction (XRD), scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), wavelength 

dispersion x-ray fluorescence (WDXRF), infrared spectroscopy (IR) and surface area B.E.T analyzer. The effect of various 

parameters, such as the pH, the contact time, the amount of adsorbent, and the temperature on the adsorption of Pb (II) on both 

materials was investigated. The Pb (II) adsorptions are perfectly described by a pseudo-second-order model, while the 

intraparticle diffusion is a decisive step after the first minutes of contact. The fit to the Langmuir and Redlich-Peterson models 

seems perfect for these adsorption reactions. (PAC) showed a greater affinity for Pb (II) compared to (UC) and the adsorption 

of Pb (II) ions is strongly pH-dependent, on the other hand, the increase in temperature doesn’t have much influence on the 

two solids. This study showed that the capacity of (UC) to adsorb Pb (II) from an aqueous solution is greater than two-thirds 

of that of (PAC). 
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adsorption power are the most widely used as adsorbents.   

These very broad-spectrum materials are capable of 

interacting effectively with almost all pollutants, especially 

heavy metals. However, the processes using commercial 

activated carbon have drawbacks, namely their price, their 

rapid saturation, the problems of disposal after use, and 

their regeneration which is very expensive in energy, 

leading to real economic problems (Hashemian 2011, 

Shirsath and Shrivastava 2012). In recent years and a global 

context of a reduction in the volume of waste, the reuse of 

manufacturing co-products or of waste itself has been a 

priority in terms of sustainable development. Waste is an 

unused resource and, in many cases, poses serious disposal 

problems (Bharathi and Ramesh 2012). In this context, 

many studies have been conducted to preserve the 

environment, as well as to replace expensive adsorbents 

with other low-cost, environmentally friendly materials, 

called unconventional adsorbents such as peat, biomass, 

agricultural residues, chitin, chitosan, coconut, wheat bran, 

date stones, sawdust, and pistachio shells. (Sepulvida and 

Santana 2013, Mekhalef Benhafsa et al. 2018, Bai et al. 

2020, Obayomi et al. 2019, Boulaiche et al. 2019, Brião et 

al. 2020)  

This work aims at the possibility of using household 

waste from corrugated cardboard to eliminate a metallic 

element, Pb, in an aqueous solution, and to evaluate its 

adsorbance compared to the universal adsorbent, powdered 

activated carbon. Different experimental conditions 

influencing the retention phenomenon, such as contact time, 

sorbent dosage, pH, and temperature, were adjusted. Kinetic 

adsorption models, equilibrium isotherms models, and 

thermodynamic parameters were also evaluated. 

 

 

2. Materials and methods 
 

2.1 Materials 
 

The used cardboard (UC) used in this study was 

obtained from the market, in the form of packaging waste of 

certain products, it is corrugated cardboard, its walls are 

made of sheets of corrugated paper glued to one or between 

several cardboard sheets. After being cut into small pieces 

and removing the printed parts, the (UC) was air-dried, then 

pulverized and sieved to extract particles with a diameter of 

fewer than 200 μm. The selected fraction was dried at 80°C 

for 48 h, then cooled in a desiccator, and finally stored in 

sealed plastic bags. 

The fine powdered activated carbon  (PAC) with a 

diameter of fewer than 45 μm was purchased from Sigma 

Aldrich, the material was washed with continuous stirring 

for one hour with distilled water, then allowed to stand, and 

the precipitate was collected after one hour. The process 

was repeated 5 times. Finally, the sample was dried at 80°C 

for 24 hours, then cooled and stored in a desiccator to 

prevent moisture absorption. 

Lead nitrate Pb (NO3)2 (99,5%), sodium hydroxide 

pellets NaOH (97%) a nitric acid HNO3 (≥ 65%) were 

purchased from AnalaR Analytical reagent, Panreac, and 

Honeywell chemicals respectively. 

2.2 Characterization 

 

The microstructural analysis of the materials was carried 

out using a Quanta 250 type scanning electron microscope, 

coupled with a complete EDS microanalysis analytical 

system of the EDAX AMTEK brand and the Octane Pro 

type. The sample is bombarded by an electron beam with an 

energy of around 20 keV. The spatial resolution of the 

analysis and the depth analyzed are in the order of 10 µm. 

Fourier transform infrared spectra (FTIR) were recorded 

from 400 to 4000 cm-1 using a BRUKER α ALPHA-T 

FT-IR spectrophotometer. 

XRD powder patterns were collected on a BRUKER D8 

ADVANCE diffractometer using the monochromatic 

Kalpha1 radiation of copper (Cu Kα-radiation) (λ = 1.5406 

Å , voltage 40 KV, and current 40 mA), the diffraction angle 

(2θ) varied from 5° to 100° with a step width of 0.04°. 

The elemental composition of (UC) was analyzed by 

wavelength dispersion x-ray fluorescence spectrometer 

(ZSX Primus II by Rigaku) with Rhodium anticathode. 

Before the analysis, the powdered (UC) was transformed 

into a pellet of 30 mm in diameter by applying a force of 10 

KN by a SPECAC compressor. 

The specific surface of the used cardboard was carried 

out by a Micromeritics ASAP 2020 device, based on the 

application of the BET model to a type II isotherm, the 

samples were degassed for 6 hours at 80°C. 

The pH measurement was effectuated using an ISKRA 

MA laboratory digital pH meter, calibrated with buffer 

solutions of pH 4 and pH 7. 

The point of zero charges (pHpzc) can be defined as the 

pH of the suspension at which a surface has a net zero 

charge (Sparks 2003). To determine the pHpzc value of (UC) 

aliquots with 50ml of 0.01 M NaCl solution were prepared 

in different vials and the initial pH was adjusted from 2 to 

12 by adding 1N solution of NaOH or HCl, 0.15 g of 

adsorbent sample was added to each flask and the 

suspensions were then stirred for 48 hours at room 

temperature. The curve of the final pH versus the initial pH 

was plotted, the pHpzc value is the intersection point of this 

curve with the line pHfinal = pHinitial (Singh 2011). 

The determination of the Pb (II) ions concentration was 

carried out by atomic absorption spectrophotometry using 

an Agilent AA 240FS model flame atomic absorption 

spectrophotometer. 

 

2.3 Adsorption experiments 
 

The adsorption experiments of Pb (II) onto the two 

solids and the influence of various parameters were realized 

using the batch technique. For each experiment, a given 

quantity of the adsorbent was brought into contact with 100 

ml of solutions at an initial concentration C0 of Pb (II) ions. 

Using a magnetic stirrer, the mixture was stirred for 

well-established intervals of time at a speed of 600 rpm at a 

temperature of 25 ± 2°C. Finally, the adsorbent was 

separated from the contaminated solution by filtration, and 

Pb (II) ions concentration from the filtrate was determined 

by atomic absorption spectrophotometer. 

The adsorption percentage and the adsorbed amount of 
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metal ions were calculated by Eqs. (1) and (2) respectively. 

% adsorption =
(C0 − Ce)

C0

× 100 (1) 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)𝑉

𝑊
 (2) 

where C0 is the initial concentration of the Pb (II) ions 

solution in (mg∙L-1). Ce is the equilibrium concentration of 

the Pb (II) solution in (mg∙L-1). V is the volume of the 

solution in (L), W is the mass of adsorbent in (g), and Qe is 

the amount adsorbed in (mg∙g-1). 

 
2.3.1 Effect of adsorbent amount  
The effect of the amount of each material was studied 

for the adsorption of Pb (II) ions from a 20 mg∙L-1 solution 

at different doses of adsorbent ranging from 0.01 to 0.19 

g/100ml. The mixture was stirred for one hour at a 

temperature of 25 ± 2°C and an initial pH of 5.3. After the 

separation of the solids from the solution, the filtrates were 

analyzed to determine the quantities of residual Pb (II). 

 

2.3.2 Effect of the initial pH of the solution  
The influence of pH on the adsorption of Pb (II) ions on 

used cardboard and powdered activated carbon separately, 

was studied at an initial concentration of Pb (II) ions of 20 

mg∙L-1 and 0.14 g of used cardboard and 0.08 g for the 

powdered activated carbon. The initial pH of the polluted 

solutions was adjusted with HNO3 (1N) and NaOH (1N) to 

reach values from 2 to 12. 

 
2.3.3 Effect of contact time and kinetics  
The effect of contact time on the adsorption process was 

investigated at varied times between 0 and 240 min at initial 

pH (5.6) using 100 mL Pb (II) ions solutions with initial 

concentrations of 20 mg∙L-1 and 0.14 g of (UC) and 0.08 g 

for the second adsorbent (PAC) at a temperature of 25 ± 

2°C with stirring at a speed of 600 rpm. The variation of the 

concentrations of the Pb (II) solutions was checked at the 

given time intervals. The mixtures were then filtered to 

remove adsorbent particles and their Pb (II) concentrations 

were determined by atomic absorption spectrophotometry 

(AAS) at λ = 217 nm.  

Three kinetic models were applied for the experimental 

data in this study, namely pseudo-first-order, pseudo- 

second-order, and intraparticle diffusion. 

The pseudo-first-order kinetic model of Lagergren 

(1898) is expressed by the Eq. (3): 

𝒍𝑜𝑔(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑜𝑔𝑄𝑒 −
𝑘1

2,303
𝑡 (3) 

where, Qt and Qe in (mg∙g-1) are the amounts of adsorbate 

extracted at times t and at equilibrium, respectively, k1 

(min-1) is the pseudo-first-order rate constant. 

The linearized pseudo-second-order Eq. (4) is calculated 

according to Ho and Mckay (1999), as follows: 

𝑡

𝑄𝑡

=
1

𝑘2𝑄𝑒
2

+
1

𝑄𝑒

𝑡 (4) 

where, Qt and Qe expressed in (mg∙g-1) are the amounts of 

Pb (II) ions extracted at times t and at equilibrium, 

respectively, k2 (mg∙g-1.min-1) is the pseudo-second-order 

rate constant. This equation is based on the sorption 

capacity of the solid phase and this model assumes that 

chemisorption can be the flow control step in adsorption 

processes (Simonin 2016). 

The intraparticle diffusion model was also tested to 

verify what is the limiting step of the adsorption process 

(Weber and Morris 1963), the intraparticle diffusion rate 

constant (Kid) is determined using Eq. (5). 

𝑄𝑡 = 𝑘𝑖𝑑𝑡
1

2⁄ + C (5) 

where Kid (mg∙g-1∙min-1/2) is the intraparticle diffusion rate 

constant and C (mg∙g-1) is a constant which may indicate 

the thickness of the boundary layer, the higher the constant 

C, the greater the boundary layer effect (El-Ashtoukhy et al. 

2008, Kanan and Sundaram 2001). Moreover, if the 

graphical representation of Qt as a function of t1/2 gives a 

straight line, the sorption process will be controlled by 

intraparticle diffusion only. However, if the data shows 

multi-line graphs, two or more steps influence the sorption 

process (Srivastava et al. 2006). 

 

2.3.4 Effect of temperature  
The influence of temperature on the elimination of Pb 

(II) ions from water polluted by the two adsorbents was 

studied between 25 and 55°C using volumes of 100 ml of 

lead nitrate solution concentrated at 20 mg∙L-1 of Pb(II) at 

the initial pH of solutions and 0.14 g of used cardboard for 

each experiment and 0.08 g of adsorbent in the case of 

powdered activated carbon. After stirring to equilibrium and 

filtering the supernatants, an absorbance reading 

corresponding to each solution was taken by an atomic 

absorption spectrophotometer calibrated to the Pb excitation 

wavelength of 217 nm. 

 

2.3.5 Adsorption isotherm models  
The purpose of this study is to determine the maximum 

adsorption capacity of 1 g of solid and subsequently to 

identify the type of adsorption, it was carried out by adding 

0.14 g of (UC) and 0.08 g of (PAC) in vials containing 100 

mL of Pb(II) solutions with initial concentrations between 9 

mg∙L-1 and 65 mg∙L-1 for (UC) and between 10 and 90 

mg∙L-1 for (PAC), these flasks were kept stirred at 600 rpm 

at a temperature of 25 ± 2°C and initial pH = 5.  

A contact time of 10 minutes for (UC) and 20 minutes 

for (PAC) was respected. 

After treatment, the residual concentration of Pb (II) 

ions in the solution at equilibrium (Ce) was measured by 

atomic absorption spectrophotometry and the adsorption 

capacity (Qe) was determined using Eq. (2). 

To model the adsorption isotherm, we have adopted four 

well-known models: that of Langmuir (1918), Freundlich 

(1907), Elovich and Larionov (1962), and Redlich and 

Peterson (1959) whose linear equations can be written 

respectively as follows: 

𝐶𝑒

𝑄𝑒

=
1

𝑄𝑚

𝐶𝑒 +
1

𝐾𝐿𝑄𝑚

 (6) 
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(a) 400-times magnification Wind speed profile 

 
(b) 5000-times magnification 

Fig. 1 SEM image of used cardboard 
 

 

𝑙𝑛 𝑄𝑒 = 𝑙𝑛 𝐾𝐹 + (
1

𝑛
) . 𝑙𝑛 𝐶𝑒 (7) 

𝑙𝑛 (
𝑄𝑒

𝐶𝑒

) = 𝑙𝑛(𝐾𝐸)𝑄𝑚 −
𝑄𝑒

𝑄𝑚

 (8) 

𝐶𝑒

𝑄𝑒

=
1

𝑄𝑚𝐾𝐿

+
𝐾𝐿

𝑛−1

𝑄𝑚

𝐶𝑒
𝑛 (9) 

 

 

3. Results and discussion 
 

3.1 Used cardboard characterization 

 

Morphological analysis of (UC) by a scanning electron 

microscope (SEM) showed that this material has a 

filamentary structure resulting from the presence of 

cellulosic fibers made up of a series of D-glucose molecules. 

These filaments are both short and long and relatively wide 

and thick. They are arranged randomly revealing cavities and 

channels Fig. 1. 

The FT-IR spectrum of used cardboard recorded 

between 400 and 4000 cm-1 (Fig. 3) shows the characteristics 

of cellulose (Hospodarova et al. 2018), including the 

broadbands between 3320-3330 cm-1 resulting from the 

elongation vibration of the O–H bond. Those observed at 

872 and 659 cm-1 are characteristic of the shear deformation 

of the C–H bond in the aromatic ring. The absorption band 

 
Fig. 2 EDX spectrum of used cardboard 

 

 
Fig. 3 FTIR spectrum of used cardboard 

 

 
Fig. 4 XRD spectrum of used cardboard 

 

 

due to the deformation vibration of water molecules can be 

attributed to that observed around 1580 cm-1. The vibrations 

of the C-C bond of the aromatic ring are distinguished by 

the absorption band at 1425 cm-1. The characteristic bands 

associated with the O–C–C stretching vibration appear at 

1158 and 1160 cm-1. 

Fig. 4 illustrates the XRD spectrum of the (UC). The 

result obtained from this analysis shows that 57.1% of our 

material is in an amorphous state and 42.9% is in a 

crystalline state. The low crystallinity of (UC) does not 

allow it to develop a large specific surface. The XRD  
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Table 1 WDXRF analysis of (UC) elementary composition 

Elements Weight (%) Elements Weight (%) 

C 37.2696 Cr 0.0058 

O 53.8808 Mn 0.0053 

Na 0.1368 Fe 0.2489 

Mg 0.3637 Ni 0.0012 

Al 1.1915 Cu 0.0041 

Si 1.9391 Zn 0.0087 

P 0.0156 Br 0.0008 

S 0.1725 Sr 0.0043 

Cl 0.0608 Y 0.0004 

K 0.0893 Zr 0.0019 

Ca 4.5274 Pb 0.0021 

Ti 0.0694   

 

 
Fig. 5 Effect of the adsorbent dosage on Pb (II) removal 

from aqueous solution (C0 = 20 mg∙L-1, m(UC) = 0.14 g, 

m(PAC) = 0.08 g, V = 100 mL, t = 1 h, v = 600 rpm, 

pHinitial = 5.3, T = 25±2°C) 
 

 
Fig. 6 Effect of initial pH of the solutions on Pb (II) ions 

extracted amounts (C0 = 20 mg∙L-1, m(UC) = 0.14 g, 

m(PAC) = 0.08g, V = 100 mL, t = 1h, v = 600 rpm, T = 

25±2°C) 
 

diffractogram of the sample shows several characteristic 

peaks of cellulose, calcite, and ammoniacal cellulose, the 

content of which is respectively equal to 50.0, 36.5 and 

13.4%.  

The specific surface of (UC), determined at the relative 

pressure p/p0 = 0.296026227, is equal to 1.0192 m2∙g‑1. The 

total volume of pores with a diameter of less than 187.21 

nm, determined at p/p0 = 0.989661564, is 0.003640 cm3∙g-1 

and the average pore width is 14.28481 nm. The average 

particle size is around 5.886 μm. 

Table 1 shows the WDXRF analysis results, the weight 

fractions of the various elements present in the (UC), it can 

be seen in this table that the majority of the elements are 

oxygen and carbon. 

The determined pHpzc value is 7.93, so at pH < 7.93, the 

surface of the (UC) has a net positive charge, while at pH > 

7.93 the surface has a net negative charge. 

 

3.2 Effect of adsorbent dosage   
 
The effects of the concentration of (UC) and (PAC) on 

the percentage of Pb (II) ions adsorbed from the solution are 

shown in Fig. 5. The results show that by increasing the 

dosage of (UC) from 0.01 to 0.14 g and (PAC) from 0.01 to 

0.08 g, the percentage of elimination of Pb (II) ions 

increased from 26.26% to 97.86% and from 13.37% to 

99.22% respectively, this could be attributed to the increase 

in the adsorbent surface and the availability of more 

adsorption sites (Alshameri et al. 2014, Shaban et al. 2018, 

Battas et al. 2019, Xia et al. 2018). It was observed that 

there was no significant increase in the percentage of 

elimination beyond 0.14 g of (UC) and 0.08 g of (PAC). 

Therefore, 0.14 g of (UC) and 0.08 g of (PAC) in 100 ml of 

Pb (II) solution were used for subsequent adsorption 

studies. 

 

3.3 Effect of initial pH  
 
The solution pH is an important variable governing the 

adsorption process, it influences not only the degree of 

ionization of the adsorbate but also the surface charge of the 

adsorbent particles present in the solution. The effect of pH 

on the adsorption of Pb (II) ions onto the (UC) and the 

(PAC) is presented in Fig. 6, which shows the variations in 

the Pb (II) quantities extracted (Qe) as a function of the 

initial pH of solutions. In the initial pH range between 2 and 

4, there is a strong improvement in the adsorption process 

as the pH increases, with better adsorption efficiency at pH 

between 4 and 6. The retention rate of Pb (II) ions increases 

with the increase in pH to reach a maximum elimination of 

97% towards a pH of 5 with an extracted quantity of Pb (II) 

of the order of 12.75 mg∙g-1 for the (UC) and 99.3% with an 

extracted quantity of 26 mg∙g-1 for (PAC). At low pH, the 

adsorbents used are positively charged since the pH is 

below isoelectric points. Therefore, the electrostatic 

repulsive forces between H30+ and Pb (II) reduce the 

removal yields of Pb (II) ions (Hameed 2009). At higher pH 

values, the adsorbent's surfaces become negatively charged 

due to deprotonation, causing strong electrostatic attraction 

which promotes high absorption of Pb (II) (Nejadshafiee  
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Fig. 7 Effect of contact time and the nonlinear fitting curves 

of Pseudo-second-order kinetics (C0 = 20 mg∙L-1, m(UC) = 

0.14 g, m(PAC) = 0.08g, V = 100 mL, v = 600 rpm, pHInitial = 

5.6, T = 25±2°C) 
 

 
Fig. 8 Adjustment of Pb (II) ions adsorption onto (UC) 

and (PAC) to the intra-particle diffusion model 
 

Table 2 Kinetic parameters of Pb (II) ions adsorption on 

(UC) and (PAC) 

Kinetic models Kinetic parameters 

Kinetic parameters values 

Used 

cardboard 

Powdered 

activated 

carbon 

Pseudo-first 

-order 

K1 (min-1) 0.00260 0.02501 

Qe (cal) (mg∙g-1) 0.10 1.14 

r2 0.02671 0.79572 

Pseudo-second

-order 

K2 (g∙mg-1∙min-1) 0.78330 0.08764 

Qe (cal) (mg∙g-1) 13.43 25.74 

r2 0.99999 1 

Intra-particule 

diffusion 

Kid (mg∙g-1∙min-1/2) 0.01596 0.02711 

C (mg∙g-1) 13.25 25.33 

r2 0.96722 0.9854 

Experimental 

data 
Qe(exp) (mg∙g-1) 13.43 25.69 

and Islami 2019). The curve records a decrease in the 

quantities extracted at pH greater than 6, this can be 

explained by the precipitation of Pb (II) ions in the form of 

lead hydroxide Pb(OH)2, basic nitrates: Pb(NO3)2·Pb(OH)2 

and Pb(NO3)2·5Pb(OH)2. Therefore, pH 5 was chosen as the 

optimum pH. 

 
3.4 Effect of contact time and Adsorption kinetics 

study 
 
The effect of contact time on the adsorption capacity of 

Pb (II) ions was studied to establish equilibrium time and 

adsorption kinetics. The adsorption of Pb (II) ions against 

time onto the (UC) and (PAC) is shown in Fig. 7.  

The adsorption on the (UC) is very high in the first 

minutes; 97% of Pb (II) ions were adsorbed after only 2 

min. This is mainly attributed to the electrostatic attraction 

between the Pb (II) ions and the surface of (UC), and the 

sufficient availability of free active sites at the initial period, 

which causes efficient adsorption. On the other hand, the 

fixing of Pb (II) ions on (PAC) seem to be slower compared 

to (UC) in the first minutes of contact where the percentage 

retained was 97% after 10 minutes of stirring. Over time, 

the retention becomes slow and regular, and because of the 

greater chemical interactions and interionic forces which 

slow the movement of the ions, the remaining vacant sites 

become difficult to be occupied by the Pb (II) ions. We 

retain at these times that one gram of (UC) can fix 13.33 mg 

of Pb (II), approximately half of the quantity fixed by the 

(PAC) which is 25.46 mg which represents about 99% 

elimination for both solids. The experimental data can 

confirm that the Pb (II) transfer takes place in two stages, 

the external or superficial diffusion which is expressed 

more particularly during the first minutes of contact 

between the liquid and solid phase. During this step, the Pb 

(II) ions attach themselves to the outer surface of the (UC) 

and (PAC) particles, and then a slow step corresponds to the 

diffusion of the Pb (II) ions inside the pores of the solid 

particles. Maier and Schure (2018) showed that the 

effective diffusion coefficient is high near the shell of the 

particle, which is widely open to the interstitial flow and 

decreases with depth in the particle.  

To study the mechanism controlling adsorption 

processes, the kinetic data collected in this study were 

adapted to three two-parameter kinetic models.  

According to the calculated values of k1, Qe, and the 

correlation coefficient (r2) given in Table 2, it turns out that 

the pseudo-first-order model does not reflect well the 

reaction of Pb(II) ions adsorption by (UC) and (PAC), the 

Qe values calculated by applying this model are equal to 

0.10 mg∙g-1 for (UC) and 1.14 mg∙g-1 for (PAC), they are 

very far compared to the quantities set at equilibrium 

recorded experimentally which are of the order of 13.43 

mg∙g-1 and 25.69 mg∙g-1, respectively. 

The kinetic parameters fitted to the pseudo-second-order 

graph shown in Fig. 7 for the removal of Pb (II) ions by 

(UC) and by (PAC) at 25 ± 2°C are presented in Table 2. 
The pseudo-second-order kinetic model best matches 

the kinetic data for the two adsorbents with a correlation 
coefficient (r2) very close or equal to unity. The calculated 
Qe values are of the order of 13.43 mg∙g-1 for (UC) and  
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Fig. 9 Temperature effect on the adsorption of Pb (II) 

ions onto (UC) and (PAC) (C0 = 20 mg∙L-1, m(UC) = 0.14 

g, m(PAC) = 0.08 g, V = 100 mL, t(UC) = 10 min, t(PAC) = 

20 min, v = 600 rpm, pHinitial = 5.6). 
 

 
Fig. 10 Variation of RL as a function of C0 for used 

cardboard 
 

 

25.74 mg∙g-1 for (PAC), they are very close to those 
obtained experimentally which are respectively 13.43 
mg∙g-1 and 25.69 mg∙g-1. This order of reaction suggests 
chemisorption, the intraparticle diffusion of which may play 
an important role in the control of this process. 

The plot of Qt versus t1/2 is shown in Fig. 8. The Kid 

values, as well as the correlation coefficients r2, are given in 

Table 2. It is easy to see from Fig. 8 that the experimental 

points are organized in two lines, the first, during the first 

minutes, can be attributed to the effects of diffusion in the 

boundary layer or the effects of external mass transfer 

(Mckay et al. 1980). The second line, which appears after 

the first 7 minutes of stirring for (UC) and after the first 11 

minutes for (PAC) and persists throughout the process, 

represents diffusion into micropores (Allen et al. 1989). 

This latency can be explained by the movement of Pb (II) 

ions in the micropores of the carbon and the channels of the 

cellulosic fibers of the used cardboard, before arriving at the 

surface where they will be arranged in layers along the 

fibers. The deviation of the lines from the origin may be due 

to the difference in the rate of mass transfer at the initial and 

final stages of adsorption. Also, such a deviation of the 

straight line from the origin indicates that pore diffusion is 

not the only step in controlling the rate of mass transfer 

(Ghibate et al. 2021). 

 

3.5 Effect of temperature on metal retention and 
thermodynamics study 

 
The adsorption equilibrium of Pb (II) on the (UC) and 

(PAC) adsorbents was studied in the range of 25 to 55°C, 

shown in Fig. 9. The result revealed that the adsorption 

capacity of Pb (II) ions onto the (UC) slightly decreases 

from 13.45 mg∙g-1 to 13.28 mg∙g-1 by increasing the 

temperature of the solution from 25°C to 55°C, thus 

indicating that the process of removing Pb (II) ions by (UC) 

is exothermic (∆H < 0).  

The effect of the adsorption heat of Pb (II) ions on (UC) 

and (PAC) was determined using thermodynamic parameters, 

namely free energy change (ΔGo), The entropy change 

(ΔS°) and enthalpy charge (ΔH°) and were determined 

using Eqs. (10) and (11). 

𝑙𝑛𝐾𝑑 = ((∆𝑆°)/𝑅) − ((∆𝐻°)/𝑅)  1/𝑇 (10) 

∆𝐺° = −𝑅𝑇𝑙𝑛𝐾𝑑 (11) 

where (Kd=Qe/Ce) in (L∙g-1) is the distribution constant or it 

is the ratio between the amount of adsorbate retained per 1g 

of solid and the concentration of adsorbate at equilibrium; R 

(J∙mol-1∙K-1) is the ideal gas constant and T(K) is the 

absolute temperature. 

(ΔH°) and (ΔS°) were obtained from the slope and 

intercept of Van’t Hoff’s plot of lnKd versus 1/T as shown 

in Fig. 9. (ΔG°) was calculated at different temperatures 

(25, 35, 45 and 55°C) using Eq. (11). The negative values 

of the three parameters (ΔH° = -9.72 kJ∙mol-1), (ΔG° = 

-9.62, -9.74, -9.63 kJ∙mol-1 for T = 298, 308 and 328 k 

respectively) and (ΔS° = -0.17 j∙mol-1) in the case of (UC) 

indicate that the adsorption process of Pb (II) ions is 

spontaneous, exothermic and that the order of distribution 

of the Pb (II) ions on the (UC) is important compared to that 

in the solution. Furthermore, an examination of the standard 

enthalpy value of adsorption (ΔH° < 40 kJ∙mol-1) shows that 

it is a physisorption mechanism. The negative (ΔS°) value 

shows that the adsorption occurs with increasing order at 

the solid-solution interface.  

For (PAC), the calculation of standard adsorption free 

enthalpies (ΔG°) gave negative values in all cases 

indicating spontaneous adsorption. It was also noted that the 

use of the distribution coefficient (Kd) for the calculation of 

(ΔH°) and (ΔS°) is not appropriate, which gives a plot with 

a very low correlation coefficient (r2 = 0.18901). 

Similar observations have been reported by Tran and 

you (2016) in their study on the adsorption of cadmium ions 

on orange peel and by Alnajrani and Alsager (2020) in their 

work on the elimination of antibiotics from the water by an 

intrinsic microporosity polymer. 

 
3.6 Adsorption isotherm models  
 
The results obtained by plotting the curve giving the 

variation in the quantity of Pb (II) retained per gram of  
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(a) Linear forms 

 
(b) Nonlinear forms  

Fig. 11 Adsorption isotherms of Pb (II) ions on used 

cardboard 
 

Table 3 Isotherm models applied for Pb (II) ions adsorption 

on (UC) and (PAC) 

Isothermal 

models 
Parameters 

Parameter values 

Used 

cardboard 

Powdered 

activated 

carbon 

Freundlich 

n 5.1156 8.2980 

KF 

[mg∙g-1(L∙mg-1)1/n] 
18.3153 29.9811 

r2 0.98825 0.99261 

Langmuir 

Qm (mg∙g-1) 28.64 41.70 

KL (L∙mg-1) 2.0208 2.2859 

r2 0.99971 0.99953 

Elovich 

Qm (mg∙g-1) 4.86 3.70 

KE (L∙mg-1) 4.02427 22.97924 

r2 0.99227 0.99475 

Redlich – 

Peterson 

Qm (mg∙g-1) 27.52 35.48 

n 0.99 0.97 

KL (L∙mg-1) 2.2965 5.37929 

r2 0.99973 0.9997 

 

 

adsorbent as a function of the concentration of Pb (II) ions 

in solution at equilibrium, allowed us to obtain the 

adsorption isotherm of Pb (II) on the two solids used. 

To obtain the best fitting isotherm, the equilibrium data 

were analyzed using Langmuir, Freundlich, Elovich, and 

Redlich-Peterson. 

Qm, KL, 1/n, KF, Qe values were obtained by linear 

regression of the four models adopted to choose the one that 

can best express the results obtained experimentally and 

also describe the adsorption equilibrium characteristics of 

the Pb (II) ions on the (UC) and the (PAC). The validity of 

a theoretical model concerning the experimental results is 

based mainly on the regression coefficient r2 closest to the 

unit and Qe closest to that found experimentally. 

The essential characteristics of the Langmuir equation 

can be expressed in terms of a dimensionless constant, 

called the equilibrium parameter RL which is in direct 

relation with the initial concentration of Pb (II) ions and 

which indicates whether the adsorption is favorable or not 

according to this model. The RL parameter is expressed by 

Eq. (12): 

𝑅𝑳 =
𝟏

𝟏 + 𝑲𝑳𝑪𝟎

 (12) 

where KL is the Langmuir constant (indicates the nature of 

the adsorption and the shape of the isotherm); C0 represents 

the initial concentration in (mg∙L-1). 

The value of RL indicates whether the type of isotherm 

observed is favorable (0 < RL < 1), unfavorable (RL ˃ 1), 

linear (RL = 1) or irreversible (RL = 0) (Koswojo et al. 

2010). 

Fig. 10 represents the variation of RL as a function of C0 

brought into contact with 0.14 g of (UC). It is noted that the 

calculated values of RL, for all the initial concentrations 

involved for the study of the adsorption isotherm of Pb (II) 

on (UC) were located in the interval 0 < RL < 1, which 

corresponds to a favorable adsorption process. 

The adsorption is considered favorable for the 

Freundlich model, when 0.1 < 1/n < 1 (Karthikeyan et al. 

2005), and the higher the values of 1/n better is the 

favorability of adsorption. 

For the Redlich-Peterson isotherm model, Eq. (9) is 

reduced to the Freundlich isotherm with low surface 

coverage and the Langmuir isotherm with high adsorbate 

concentration (Milenkovic et al. 2013). The exponent n of 

Eq. (9) is between 0 and 1, for n = 1, the equation is 

reduced to the Langmuir isothermal model and for n = 0, it 

is reduced to the Henry equation (Kazak et al. 2015). 

The four isotherms are modeled graphically in Fig. 11(a) 

and the parameters are mentioned in Table 3. Fig. 11(b) 

shows the comparison between the isothermal form found 

experimentally with the nonlinear forms of the equations 

corresponding to the applied models.  

Examination of the results indicates that the Langmuir 

and Redlich-Peterson isotherms corresponded more 

precisely to the experimental results of the Pb (II) ions 

adsorption on (PAC) than the Freundlich and Elovitch, 

isotherms, this is due not only to the high regression 

coefficient greater than 0.999 but also to the Qm calculated 

very close to the quantity recorded experimentally (41 

mg∙g-1). 

According to the curves obtained from the nonlinear 

shapes (Fig. 11(b)), the isotherms data can be fitted well 
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with two models of nonlinear regression adsorption 

isotherms. The applicability of the Langmuir and Redlich- 

Peterson nonlinear equations can produce consistent results, 

even though the parameter values are not the same. The 

three-parameter equation (Redlich-Peterson) offers a better 

fit, similar to that obtained with the nonlinear two- 

parameter Langmuir equation, which is because the 

parameter n is very close to unity (0.97) which reduces the 

Redlich-Peterson equation to the Langmuir isothermal 

model. Consequently, the possible hypotheses linked to the 

phenomenon of Pb (II) ions retention by the (PAC) are 

those of the Langmuir model, which provides for mono- 

layer adsorption on energetically homogeneous active sites 

and without interaction between the adsorbed cations of Pb. 

For (UC), we notice from the results obtained by the 

linear forms of the applied isotherms that the Langmuir 

(monolayer adsorption) and Redlich-Peterson (multilayer 

adsorption) models have comparable correlation 

coefficients (r2 = 0.99971 and r2 = 0.99973, respectively). 

On the other hand, the adsorption capacities (Qcal max = 

28.64 mg∙g-1 and 27.52 mg∙g-1) are almost identical to that 

determined experimentally (Qexp max = 28 mg∙g-1). 

For the curves obtained for nonlinear shapes, and 

especially for low concentrations, it is observed that more 

than one model can be valid to express the mode of 

retention. 

The nonlinear forms of two models equations (Langmuir 

and Redlich-Peterson) pass through the majority of the 

experimental points, which suggests that the adsorption is, 

perhaps, not reflected by either of these models. All these 

results lead us to suppose that the retention mechanism in 

the (UC) which is characterized by a certain moderate 

surface area (S = 1.0192 m2∙g-1) and low crystallinity, 

follows a certain distribution that remains to be elucidated. 
 

 

4. Conclusions 
 
The Pb (II) ions adsorption onto the used cardboard and 

powdered activated carbon were the main focus of this 

study. The results obtained showed that the two solids used 

are effective materials for the retention of Pb (II), with 

optimal doses of 1.4 g∙L-1 and 0.8 g∙L-1 for powdered 

activated carbon and used cardboard respectively for an 

initial concentration of 20 mg∙L-1 in Pb (II) ions. The 

optimum pH for the retention of Pb (II) ions is around 5 for 

both adsorbents. The kinetics study indicates that the 

surface reaction is very fast with the used cardboard and the 

optimal time needed to reach equilibrium would be 10 

minutes, and 20 minutes for powdered activated carbon. 

The thermodynamic parameters obtained indicate that the 

adsorption process is exothermic for the used cardboard 

with relatively weak interactions characteristic of a 

physisorption mechanism. For powdered activated carbon, 

the use of the distribution coefficient (Kd) gave a plot with a 

very low correlation coefficient which does not allow the 

calculation of (ΔH°) and (ΔS°). Of all the kinetic models 

tested on the experimental data, only the pseudo-second 

-order model describes all of our results. This study shows 

that Pb (II) sorption on the used cardboard and the 

powdered activated carbon is accompanied by intraparticle 

diffusion and therefore by the contribution of active sites 

inside the pores, especially for powdered activated carbon. 

The adsorption isotherms seem to be well described by the 

Langmuir and Redlich-Peterson isotherms with n very close 

to 1 for both sorbents. 

The adsorption of Pb (II) ions is significant on 

powdered activated carbon (41 mg∙g-1) compared to used 

cardboard (28 mg∙g-1). The adsorption efficiency of (PAC) 

highly depends on its textural properties. Indeed, it has a 

BET specific surface equal to 53.980 m2∙g-1 much higher 

than that of (UC) which is of the order of 1.0192 m2∙g-1, and 

total volume of pores whose diameter is less than 363.8 Å  

equal at 0.05249 cm3∙g-1, very large compared to that 

recorded with the used cardboard which is 0.003640 

cm3∙g-1. 

The retention capacity/equilibrium time ratio is 

interesting for used cardboard (2.8 mg∙g-1∙min-1) and then 

the powdered activated carbon (2.02 mg∙g-1∙min-1). 

Finally, despite the adsorption capacity of the used 

cardboard was not so impressive although its use has an 

advantage in terms of recirculation of resources, its 

availability in large quantities as the most abundant free 

waste in nature, can make this material an adsorbent 

suitable for large-scale use in the treatment of water 

polluted by heavy metals, after having studied the potential 

difficulties encountered with the manipulation of this 

material on the economic burden. 
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