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a b s t r a c t
This work aimed to use Algerian Zean oak (AZO) sawdust in its raw state, without undergoing any 
physico-chemical treatment, to estimate its efficiency for removing methylene blue (MB), a cationic 
dye widely used in the textile industry. The physico-chemical properties of the biomaterial were 
characterized by scanning electron microscopy, Fourier-transform infrared, X-ray diffraction, and 
Brunauer–Emmet–Teller for measuring its specific surface area. The chemical characteristics of the 
AZO sawdust surface were further examined by the zero-charge point (pHPZC), iodine, MB numbers, 
and Boehm titration tests. The batch study was performed by varying parameters such as contact 
time, particle size, pH, temperature, adsorbent dose, and initial dye concentration. By optimizing 
these parameters, an adsorption capacity of 52.376  mg/g was attained, at pH  =  7 and room tem-
perature, using a dose of 1 g/L AZO at C0 = 20 mg/L for an equilibrium time of 45 min. The adsorp-
tion capacity of the MB is enhanced by increasing the initial dye concentration and the biosorbent 
dose. The kinetic data were modeled using the pseudo-first-order, pseudo-second-order, Elovich, 
and intraparticle diffusion models. The results reveal that the pseudo-second-order model better 
describes the experimental data. Furthermore, the adsorption isotherms well follow the Sips and 
Langmuir models. The thermodynamic study revealed that the adsorption process of MB on AZO 
sawdust is a spontaneous, exothermic, and favorable phenomenon. Therefore, AZO sawdust could 
be considered an efficient biosorbent and a preferred alternative to activated carbon to remove MB.
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1. Introduction

Environmental protection requires special attention to 
industrial activities that use chemicals in manufacturing. 
For example, many industrial processes, such as textiles, 

paper, pharmaceuticals, leather tanning, and cosmetics, 
use synthetic chemicals like dyes [1]. These are sometimes 
discharged into the receiving environment without prior 
treatment, leading to dangerous environmental toxicolog-
ical effects [2,3]. Moreover, due to their complex molecular 
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structures and high resistance to temperature, light, and 
various oxidizing agents, their bioaccumulation in living 
beings develops, leading to many harmful effects on human 
health [4]. Among these dyes, methylene blue (MB) is a 
cationic dye widely used, especially in the textile industry; 
it can also be used as a redox indicator, antiseptic to treat 
wounds, and a histological tracer [5].

Today, for removing dyes and reducing their impact on 
the environment, various methods are adopted including 
coagulation–flocculation [6], membrane filtration, and oxida-
tion processes [7,8], especially photocatalysis that has shown 
promising results and proven to be effective in remov-
ing organic pollutants and non-biodegradable substances 
from wastewater [9]. However, most of these methods are 
expensive, require a lot of energy, produce vast amounts of 
sludge, and generate wastes that are sometimes more toxic 
than the original products [10]. Adsorption remains the 
most effective method, which gives promising results [11]. 
As a result, over the past few decades, there has been an 
increasing emphasis on implementing new biomass-based 
adsorbents, many of which are agricultural by-products and 
gaining increasing attention in wastewater management 
due to their availability and low cost [12]. In addition, they 
have proven to be very effective in removing dyes. Several 
types of biomaterials have been used, such as Aloe vera [13], 
coffee husks [14], argan nutshell [15], and corn cob [16]. 
One of the most promising adsorbents is sawdust, which 
is widely used for removing various organic pollutants, 
such oils, dyes, and heavy metals [17–19]. A new natural 
biodegradable adsorbent-based Algerian Zean oak (AZO) 
sawdust has been developed in this context. It is a product 
rejected in huge quantities by sawmills and wood processing.

The main objective of this study is to valorize a natu-
ral material of recovery derived from a precursor of forest 
waste, namely the AZO sawdust, a by-product of wood 
industries very abundant in Algeria. It is an inexpensive 
waste, ecological, and primarily available. This biomaterial 
is used in its native state without any physical or chemi-
cal activation treatment to eliminate MB, a species found 
in large quantities in wastewater from the textile indus-
try, which can cause substantial environmental problems. 
The biocomponent was prepared and characterized using 
Fourier-transform infrared (FTIR) spectroscopy, X-ray dif-
fraction (XRD), scanning electron microscopy (SEM), and 
N2 adsorption–desorption isotherm (that is, Brunauer–
Emmet–Teller, BET) The parameters influencing this bio-
sorption were optimized, followed by the determination 
of MB removal kinetics, isotherm models, and thermody-
namic parameters. The high availability of these by-prod-
ucts makes them suitable for use as biosorbents, offer-
ing an economical, sustainable, and efficient biosorption 
material for the remediation of dye-laden effluents.

2. Materials and methods

2.1. Chemical reagents

All reagents and solvents used in this study were of 
high purity and analytical grade. MB, Na2CO3, and HNaCO3 
were purchased from Sigma-Aldrich (USA), NaOH and 
HCl (37%) were obtained from Merck Chemical Company 

(Germany). MB was chosen as an adsorbate model because 
of its availability and wide use in the textiles’ industry. It 
is a cationic dye supplied by Aldrich (chemical formula 
C6H12ClN3S, molecular weight 319.85 g/mol) and used with-
out further purification. Its different solutions were pre-
pared by dissolving the required quantities of MB in dis-
tilled water.

AZO sawdust was collected from northern Algeria’s 
Hadjout (Tipaza) sawmill. First, it was washed several times 
with tap and distilled water to remove any unwanted mate-
rial (dust, impurities) until pH ~ 7 was achieved. Next, the 
clean sawdust was air dried at room temperature for two 
weeks, then in an oven at 70°C until it attained a constant 
weight. Finally, the adsorbent material was crushed and 
sieved to obtain particles of different sizes. The fine pow-
der thus obtained was stored in small hermetically sealed 
boxes ready for adsorption studies.

2.2. Chemical analysis

The moisture content, H (%), was determined by dry-
ing the adsorbent in an oven at 105°C until its weight 
remained constant. Then, it was calculated using Eq. (1):

H
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where m0 (g) and m1 (g) are the adsorbent masses before 
and after drying, respectively.

The ash content C (%) was evaluated by the differ-
ence in the mass of the biosorbent before and after calcina-
tion at 800°C.

The pH of the zero-charge point (or pHPZC) representing 
the pH value for which the net charge of the adsorbent sur-
face is zero, was determined using the procedure described 
by Badis et al. [20]. The Boehm titration method was used 
to identify the number of acidic and basic functional groups 
on the biomaterial’s surface. For this purpose, 0.1 g of pow-
der was placed in a series of Mayer flasks containing 50 mL 
of 0.1  N Na2CO3, HNaCO3, NaOH, and HCl, to determine 
the nature of the surface functions (carboxylic, phenolic, 
lactone, and global primary groups) [21]. The iodine value 
(II) is a measure of the micropore content of a material. For 
this purpose, 0.05 g of AZO is placed in contact with 15 mL 
of I2 solution (0.1 N). The mixture was stirred for 4–5 min, 
filtered, and dosed with a 0.1  N sodium thiosulphate 
solution. Starch was used as a color indicator [22].

The MB index represents the adsorption capacity of 
medium-sized molecules (mesopores and macropores) [23]. 
This method was used to determine the specific surface 
of the biomaterial (SMB). It was calculated from the maxi-
mum amount of MB determined in the adsorption tests.

2.3. Instrument analysis

The morphology of AZO fine powder was visualized 
using scanning electron microscopy (SEM) (Quanta 650). 
The powder obtained from the AZO sawdust was char-
acterized using FTIR spectroscopy, which was used to 
determine the functional groups of the AZO sawdust. The 
analysis is performed in the range of (400–4,000 cm–1) on a 
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Bruker Alpha-T/P spectrometer. The AZO was also char-
acterized by X-ray diffraction (XRD) using a Bruker D8 
ADVANCE A25 Diffractometer to examine phases and crys-
tallinity. Finally, the specific surface area was determined 
by the BET method using a Quantachrome 11.0 Instrument.

2.4. Adsorption experiments

To optimize the conditions for dye removal by the bio-
material, batch adsorption experiments were performed. 
A precise volume of the solution of known MB concentra-
tion is introduced into Erlenmeyer flasks containing a mass 
of AZO sawdust. The mixture thus prepared was placed 
on a mechanical shaker agitation at 200  revolutions/min 
(rpm), adjusting the desired pH and temperature values. 
Samples taken at regular times were filtered. The concen-
tration of MB remaining in the supernatant solution was 
determined using an ultraviolet (UV)-visible spectrom-
eter, at the wavelength corresponding to the maximum 
adsorption (664.5  nm). The adsorbed amount of MB per 
mass unit of the adsorbent at a time t, Qads (mg/g), and the 
removal percentage of the dye R (%) were calculated using 
Eqs. (2) and (3), respectively:

Q
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where C0 (mg/L) is the initial concentration of MB, Ct (mg/L) 
is the dye concentration at time t, V (L) is the volume of the 
solution, and m (g) is the mass of the adsorbent.

To estimate the suitability of the kinetic and isothermal 
models used in this study, error analysis was evaluated by 
determining the correlation coefficient (R2), the adjusted 
determination coefficient [R2

Adj, Eq. (4)], the chi-square 
[χ2, Eq. (5)] [24], and the normalized standard deviation 
[Δ (%), Eq. (6)] [25], using Origin Software (Version 18):
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where n refers to the number of experimental data, p is 
the number of parameters of the fitted model, and Qe,exp 
(mg/g) and Qe,th (mg/g) are the experimental and calculated 
amounts of adsorbed dye at equilibrium, respectively.

3. Results and discussion

3.1. Chemical analysis

All surface chemical characteristics of AZO sawdust 
are shown in Table 1. The iodine value (II) and specific 

surface area (SMB) suggested elevated porosity and good 
surface area of the raw AZO sawdust. Furthermore, the 
analysis of acidic and basic functional groups showed the 
acidic nature of the biomaterial surface with more car-
boxylic function (35.21%), thus favoring the adsorption of 
cationic dyes such as MB. pHPZC (Fig. 1) was found to be 
equal to 6.28 (i.e., slightly acidic); so, at pH < 6.28, the sur-
face of the sawdust was assumed to be positively charged, 
while at pH  >  6.28 the surface was negatively charged. 
As the dye is cationic, it will be readily adsorbed in this 
pH range (i.e., pH > 6.28) [26,27].

3.2. SEM, FTIR, XRD and BET surface area analysis

In the SEM images obtained before and after adsorp-
tion (Fig. 2), cavities can be observed on the surface of the 
sawdust, indicating an irregular, porous, and strongly wavy 
structure. This structure is filamentary due to lignin and cel-
lulose fibers, constituting large adsorption active sites and 
allowing the dye to be adsorbed. Moreover, it is clear that 

Table 1
Chemical characteristics of Algerian Zean oak biosorbent

Parameters

Acidic functions groups (mmol/g)

Carboxylic 2.15
Lactonic 1.10
Phenolic 1.14
Total acidic 4.39
Total basic 1.52
Humidity content (%) 2.23
Ash content (%) 4.2
pHPZC 6.28
II (mg/g) 342.63
SMB (m2/g) 128.21
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Fig. 1. Determination of the zero-charge point (pHPZC) of 
Algerian Zean oak biosorbent.
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after adsorption, the surface of the adsorbent has under-
gone modifications, which implies that the adsorption has 
indeed taken place [28].

The FTIR spectra of AZO sawdust before and after 
adsorption (Fig. 3) showed several peaks, indicating that 
the biomaterial has several functional groups that form 
bonds with MB. The peak at 3,335 cm–1 is due to the stretch-
ing of the –OH group, mainly present in cellulose [29]. The 
band at 2,920 cm–1 corresponds to the stretching of the –CH 
bending band of the aliphatic groups (lignin, hemicellu-
lose, and cellulose) [30], while the band around 1,730  cm–1 
could be due to the C=O stretching of aldehydes, carboxylic, 
and esters or ketone in the lignin [19].

The peak at 1,595  cm–1 is attributed to the elongation 
vibration of the aromatic ring [31], while the attenuated band 
at 1,232  cm–1 may be due to the stretching of the phenolic 
group. The pronounced band at 1,025  cm–1 is attributed to 
the C–O and C–O–C groups of the ethers present in the cel-
lulose [32]. The bands between 900 and 800  cm–1 are due 
to C–H vibrations. A faint peak at 897  cm–1 is observed, 
which is assigned to the vibrational nature of the glyco-
sidic bonds owing to the presence of polysaccharides [33]. 
The broad bands that appear between 700 and 400 cm–1 are 
generally representative of the C–H group of cellulose [34]. 
After adsorption, the spectrum of the charged MB showed 
a broadly similar appearance to that of the crude sawdust. 
However, by looking closely at both spectra, shifts in some 

peaks and changes in the intensity of others were noted. 
The peaks at 1,025 and 1,367  cm–1 are shifted to 1,034 and 
1,379  cm–1, indicating the contribution of the methoxy and 
C–H groups of alkanes to the MB removal, respectively. 
Moreover, the peaks at 1,108; 1,507 and 1,730 cm–1 altered in 
intensity, implicating the aromatic and carboxylic groups in 
the MB adsorption process. The slight shift of the peak from 
1,156 to 1,162  cm–1 can be explained by the participation 
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Fig. 2. Scanning electron micrograph of the Algerian Zean oak biosorbent: (a,b) before and (c,d) after methylene blue adsorption.
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Fig. 3. Fourier-transform infrared spectra of Algerian Zean oak 
biosorbent before and after methylene blue adsorption.



237L. Sadoun et al. / Desalination and Water Treatment 294 (2023) 233–246

of stretchable C–O of alcohols, esters, and carboxylic  
acids [35].

All the changes recorded in the spectrum of the dye-
loaded sawdust suggest the implication of these functional 
groups in the adsorption process of the MB on the bio-
material [4].

The results of XRD analysis of AZO sawdust before and 
after adsorption of MB are shown in Fig. 4a. The diffracto-
gram of the raw sawdust shows peaks characterizing the 
semi-crystalline structure of cellulose and hemicellulose 
at 2q  =  16°, 22.5° and 34.7° [36]. After treatment with MB, 
these peaks were shifted towards the higher 2q, indicating 
the implication of the dye in the adsorption process [35].

To determine the specific surface area, pore volume, and 
pore size distribution of the AZO material, the BET method 
of nitrogen adsorption–desorption isotherms at 77  K was 
used. As shown in Fig. 4b and according to the IUPAC 
classification (International Union of Pure and Applied 
Chemistry), the adsorption–desorption isotherm of the raw 
sawdust is characterized by a combination of types I and 
II isotherms, revealing a variety of microporous and mes-
oporous structures [37]. The results show that AZO has a 
surface area equal to 10.17  m2/g and an average pore size 
of 22.2 Å; this last value confirms the mesoporosity of the 
biomaterial [38].

3.3. Adsorption tests

The adsorption tests of MB on AZO sawdust were car-
ried out by varying different experimental parameters.

3.3.1. Effect of contact time and particle size

Knowledge of the equilibrium time is necessary to 
establish the adsorption kinetics. Therefore, as a function 
of time, the adsorption tests were carried out in a discon-
tinuous regime by putting in contact with 100  mL of MB 

solution at 20 mg/L with a mass of 0.1 g of AZO sawdust at 
different sizes (0.1, 0.5, and 1 mm).

The results (Fig. 5a) show that the MB adsorption effi-
ciency increased rapidly in the first few minutes to 19.13, 
17.61, and 15.47 mg/g, for sizes 0.1, 0.5, and 1 mm and for 
times of 45, 70, and 80 min, respectively. Then, it remained 
constant, indicating an equilibrium state. The adsorption 
equilibrium of the dye was very fast, and then it slowed 
down progressively.

This can be explained by the fact that initially, the adsorp-
tion sites of the sawdust were vacant and thus easily acces-
sible to MB. However, the adsorption becomes less due to 
the slower diffusion of dissolved species through the pores 
of the adsorbent [39]. It is also noted that the adsorption 
efficiency was inversely proportional to the particle size. 
The finer the particle size, the more the specific surface 
area increases; consequently, the adsorption also increases 
[40]. Thus, the size of 0.1 mm is chosen for the rest of this  
study.

3.3.2. Effect of adsorbent dose

To evaluate the ideal amount of biosorbent to be added 
to the colored solution to remove MB, adsorption tests 
were performed by varying the mass of the adsorbent 
(from 0.1 to 4 g) using 100 mL of MB solution at 20 mg/g.

According to Fig. 5b, it was found that the percentage of 
MB removal depends significantly on the adsorbent mass 
removal percentage of MB removal as it increased propor-
tionally with the mass of the adsorbent, going from 95% 
to 99.5% when the mass of the adsorbent increased from 
0.1 to 5  g. But, then, it remained constant even when the 
amount of adsorbent was increased. This is due to the 
increase in the biomaterial surface area and the availabil-
ity of high number of vacant active adsorption sites on 
this surface. Similar behavior was reported in MB removal 
onto palm bark and sugarcane bagasse [41]. In contrast, 
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Fig. 4. (a) X-ray diffraction spectra and (b) N2 adsorption–desorption isotherms of Algerian Zean oak biosorbent.
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increasing the biosorbent dose decreased the absorbed 
amount, which could be explained by the non-saturation 
of the adsorption sites [42].

3.3.3. Effect of initial dye concentration

The initial dye concentration notably influences any 
adsorption study. Therefore, the process was performed 
to study the effects of MB concentration on adsorption 
capacity, with initial MB concentration ranging from 
10 to 60 mg/L.

It can be observed that the amount of adsorbed dye 
increased with increasing the initial MB concentration 
(Fig. 5c).

After 100  min, the adsorbed amount increased from 
18.69 to 45.6 mg/g when the initial concentration increased 
from 20 to 60 mg/g. This phenomenon can be explained by 
the fact that at high dye concentrations, the driving forces 
for mass transfer become sufficiently essential to overcome 
the mass transfer resistances of all adsorbent molecules 
between the aqueous and solid phases [24].

3.3.4. Effect of solution pH

The initial pH of the colored solutions is a very influ-
ential parameter in controlling the adsorption process. It 
directly impacts the quantity adsorbed as it can play on sev-
eral parameters, such as the adsorbent surface charge, the 
adsorbate ionization degree, and the dissociation state of 
functional groups of the active adsorbent sites [33]. The pH 
effect was studied in the range of 1–11, using a 0.1 g mass of 
sawdust in 100 mL of 20 mg/L of MB solution.

The obtained results (Fig. 6a) showed that adsorption 
is low for acidic pH values (between 2 and 5), and then it 
increases to a pH of 7. Indeed, when an increase from 2 to 7 
occurred in the pH, the capacity of MB adsorption increased 
significantly from 7.49 to 18.36  mg/g, respectively. The 
adsorbed amount of MB then slightly decreased for basic 
pH values. This leads to the conclusion that the adsorp-
tion of MB by the AZO biomaterial is favorable in a neutral 
medium. At low pH values, there is competition between 
excess H+ ions and MB cations, which does not promote 
adsorption [43]. As the pH increases (from 5 to 7), the H+ ions 
concentration decreases leading to good interaction between 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

0 50 100 150 200
0

5

10

15

20

 0.1 mm
 0.5 mm
 1 mm

 Q
ad

s 
(m

g/
g)

Time (min)

(a)

 

0 10 20 30 40 50 60
0

10

20

30

40

50

Q
ad

s 
(%

)

C0 (mg/L)

(c)

0.0 0.5 1.0 1.5 2.0

70

80

90

100

m (g)
lavo

me
R 

B
M 

%

0

40

80

120

 Q
 a

ds
 (

m
g/

g)

(b)

 

 

Fig. 5. Influence of: (a) contact time, (b) adsorbent mass and (c) initial methylene blue concentration on the adsorption of methy-
lene blue on Algerian Zean oak biosorbent.



239L. Sadoun et al. / Desalination and Water Treatment 294 (2023) 233–246

the dye cations and the active sites on the adsorbent surface 
[44]. On the other hand, knowing that the biomaterial has 
a pHPZC = 6.28 and the dye has a pKa = 5.28 [45], the influ-
ence of pH on adsorption can be interpreted by the attraction 
between the negatively charged solid surface (pH < pHPZC) 
and the positively charged cationic dye in a neutral medium 
(pH > pKa), with a decrease in the concentration of H+ pro-
tons in the solution, thus enhancing the adsorption of 
the MB. At pH  <  6.28, the material’s surface is protonated, 
adversely affecting the removal of the dye [46].

3.3.5. Effect of temperature

The temperature of the medium has a significant effect 
on the adsorption process. It is directly associated with the 
thermodynamic variables, enabling the determination of 
the adsorption nature. To determine its influence on the 
adsorption capacity, tests were carried out at optimal oper-
ating conditions (pH = 7, t = 60 min, C0 = 20 mg/L), varying 
the temperature [from 298 K (25°C) to 353 K (80°C)] (Fig. 6b).

The obtained results show that the MB adsorbed amount 
decreased from 19.65 to 6.684  mg/g when the temperature 
increased from 298 to 353 K, revealing that the adsorption of 
MB is exothermic and is accompanied by a release of heat. 
This is the case with most adsorption processes, where high 
temperatures provoke displacement reverses of the adsorp-
tion equilibrium, thus facilitating desorption [47]. On the 
other hand, this can be explained by the weaker adsorp-
tion forces between the dye molecules and the active sites 
of the biosorbent [48]. Therefore, the effect of temperature 
was given as the last parameter. Moreover, 298  K is the 
most common working temperature.

3.4. Modeling adsorption kinetics

Adsorption kinetics describes the decrease in the adsor-
bate concentration in the solution as a function of the con-
tact time with the adsorbent. It provides information about 

the adsorption mechanism and the mode of transfer of the 
solutes from the liquid to the solid phase. In this study, 
the adsorption kinetics is described by some commonly 
used models, namely the first and pseudo-second-order, 
Elovich, and intraparticle diffusion.

The linear form of the pseudo-first-order kinetic model 
is expressed by Eq. (7) [18]:

Ln LnQ Q Q
K

te t e�� � � � 1

2 303.
	 (7)

where Qe (mg/g) and Qt (mg/g) are the amounts of adsorbed 
dye at equilibrium and at a time t, respectively; t is time 
(min); K1 (min–1) is the pseudo-first-order adsorption rate 
constant.

Pseudo-second-order rate equation is given in the lin-
earized form as [49]:

t
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where K2 (g/mg·min) is the adsorption constant of the pseu-
do-second-order, which is determined by drawing the 
graph t/Qt = f(t) (Fig. 7b).

Elovich model is represented by Eq. (9) [50]:
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where a (mg/g·min) is the initial adsorption rate, 
while b (g/mg) is the desorption constant.

To identify the diffusion mechanism, the kinetic results 
were then examined using the intraparticle diffusion model. 
According to Weber and Morris [51], the kinetic expres-
sion for intraparticle diffusion is often presented by:
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Fig. 6. Influence of: (a) pH and (b) temperature on the adsorption of methylene blue on Algerian Zean oak biosorbent.
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where Ki is the intraparticle diffusion rate constant. The 
value of the intercept C (mg/g) indicates the boundary 
layer thickness.

The different kinetic parameters for MB adsorption 
onto the AZO are regrouped in Table 2.

For the pseudo-first-order model, it is noted that the 
adsorbed amount is very low compared to the experimen-
tal one (Table 2). Estimating the different error parameters 
(R2, R2

Adj, and Δ (%)) predicts that the pseudo-first-order 
model does not correspond well to the experimental results. 
In parallel, the adsorbed quantity calculated by the pseu-
do-second-order (Fig. 7b) is closer to that determined by 
the experiments, which is proved by the high value of the 
correlation coefficient R2 (0.999) and the value of R2

Adj (0.999) 
and the lower normalized standard deviation Δ (%).

All these observations suggest the feasibility of the 
pseudo-second-order model on MB adsorption in this 
study. On the other hand, the low values of R2 (0.428), 
R2

Adj (0.396), and the inflated value of Δ (%) indicated the 
non-applicability of the Elovich model to the adsorption of 
MB on AZO (Table 2).

For the intraparticle model, the intercept did not pass 
through the origin (Fig. 7d), indicating that intraparticle 

diffusion was not the rate-controlling step. Thus, it can be 
concluded that intraparticle diffusion is not the determin-
ing mechanism of MB adsorption on the AZO adsorbent; 
it exists but occurs together with different diffusion mech-
anisms. The presence of two distinct regions is revealed. 
The first stage involves the diffusion of molecules into the 
solid. Generally, this is the longest stage. The second stage 
represents adsorption, where the reaction occurs. Moreover, 
the rate constant K1 of the first step was higher than that of 
the second, and MB was adsorbed rapidly by the external 
surface. Once this surface was saturated, the dye molecules 
diffused into the pores of the inner surface, where the dif-
fusion resistance increased, reducing the diffusion rate [52].

3.5. Adsorption isotherm

The parameters obtained from isotherm modeling pro-
vide essential information on the adsorption mechanism, 
surface properties, and adsorbent–adsorbate affinities [53]. 
Among the most commonly used models are the Langmuir, 
Freundlich, Sips, and Redlich–Peterson models.

Langmuir isotherm model is widely used. It describes 
most adsorption reactions. This model assumes that the 
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Fig. 7. Kinetic models applied to methylene blue adsorption on Algerian Zean oak biosorbent: (a) pseudo-first-order, 
(b) pseudo-second-order, (c) Elovich, and (d) intraparticle diffusion.
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adsorbed species is fixed on a single well-defined site, each 
site is only able to fix one adsorbed species, the adsorp-
tion is a monolayer, the surface is homogeneous and there 
is no interaction between the adsorbed molecules [18,54]. 
The Langmuir isotherm is given as:

Q
Q K C
K Ce

m L e

L e

�
�1

	 (11)

where Ce (mg/L) is the equilibrium concentration of the 
adsorbate, while Qm (mg/g) is the maximum adsorbed 
amount and KL (L/mg) is the Langmuir constant related to 
the adsorption energy. A plot of Ce/Qe vs. Ce (Fig. 7a) allows 
calculating the parameters Qm and KL from the intercept 
and the slope, respectively. An essential characteristic of the 
Langmuir isotherm can be expressed in terms of a dimen-
sionless constant RL called separation factor. It is defined 
by Eq. (12) [55]:

R
k CL
L

�
�
1

1 0

	 (12)

where C0 is the initial concentration of MB (mg/L) and RL 
values indicate if the adsorption is unfavorable (RL  >  1), 
linear (RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0).

Freundlich model represents non-ideal adsorption on 
heterogeneous surfaces as well as multilayer adsorption. 
Its empirical formula is given by Eq. (13) [56]:

Q K Ce F e
n=
1

	 (13)

where KF and n are Freundlich constants. KF is an indica-
tion of the adsorption capacity of the material, n represents 
the adsorption intensity and indicates whether adsorption 
is feasible. If n  =  1, adsorption is linear; if n  <  1, adsorp-
tion is chemical; and if n  >  1, adsorption is then physical 
and favorable [55].

Redlich–Peterson (R-P) model is applied considering 
the limits of both Langmuir and Freundlich models [57]. 
It incorporates the characteristics of the isotherms of both 
models in a single mathematical equation, which is applied 
in homogeneous and heterogeneous systems due to its 
versatility. The R-P model equation is expressed as:

Q
K C
C

R P
ae
e

e

�
�
�

1
	 (14)

where KR-P, b, and a are the Redlich–Peterson constants, 
a must be in the range [0–1]; if a  =  1, the isotherm is 
Langmuir; if a = 0, the isotherm is then Freundlich [58].

Sips model is an equation based on Langmuir and 
Freundlich isotherms at the same time [57]. It describes het-
erogeneous surfaces well. The equation can be written as:

Q Q
K C
K Ce m
S e

S e

n

n�
�1

	 (15)

where KS (L/mg) is the Langmuir–Freundlich constant 
related to the energy of the adsorption.

Temkin isotherm model contains a factor that explicitly 
takes adsorbate–adsorbent species interactions into account. 
It also assumes that the adsorption heat of all molecules 
decreases linearly with the coverage involved in this inter-
action [58]. The Temkin model equation is expressed as 
follows:

Q B K Ce T e= ln 	 (16)

B RT
bT

= 	 (17)

where KT (L/mg) and bT (J/mol) are the Temkin constants; 
KT corresponds to the maximum binding energy, while 
the constant B is related to the adsorption heat.

The isotherm parameters calculated for the adsorption 
of MB by AZO sawdust are summarized in Table 3. These 
results show that the experimental data are very coherent 
with the Langmuir model (Fig. 8a). This hypothesis is con-
firmed by the high values of the correlation coefficients R2 
(0.985), adjusted determination coefficients R2

Adj (0.982) 
and lower values of chi-square χ2 (4.121) and Δ (%) (3.9). 
Moreover, a maximum adsorbed quantity of 52.376 mg/g is 
obtained, which is very close to the experimental value of 
51.75  mg/g. The separation factor RL, which could indicate 

Table 2
Kinetic parameters for methylene blue adsorption onto Alge-
rian Zean oak biosorbent

Kinetic model Parameters

Pseudo-first-order

C0 (mg/L) 20
Qe,exp (mg/g) 19.13
Qe,th (mg/g) 0.868
K1 (min–1) 0.017
R2 0.133
R2

Adj 0.085
Δ (%) >50

Pseudo-second-order

Qe,th (mg/g) 18.72
K2 (g/mg·min) 5.7
R2 0.999
R2

Adj 0.999
Δ (%) 2.53

Elovich

b (g/mg) 0.0035
a (mg/g·min) 1.065
R2 0.428
R2

Adj 0.396
Δ (%) >50

Intraparticle diffusion

Ki1 (mg/g·min1/2) 0.496
C1 16.416
R1

2 0.963
R2

Adj,1 0.945
Ki2 (mg/g·min1/2) 0.033
C2 19.081
R2

2 0.882
R2

Adj,2 0.873
Δ (%) 2.3
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adsorbent-dye affinity, showed favorable dye adsorption 
[0.093–0.033] for all initial concentrations of MB (20–
60 mg/L), respectively. The applicability of this model (i.e., 
Langmuir) revealed the chemical nature of the adsorption, 
which is mainly monolayer. The surface of the AZO adsor-
bent is energetically homogeneous with monomolecular 
adsorption. The R2, R2

Adj, χ2, and Δ (%) obtained with the 
Freundlich model (Table 3) suggested that this model is 
not suitable for the adsorption of MB on AZO biomaterial. 
However, the higher value of n (3.787) could well mean that 
the biosorption of MB on the surface of AZO is favorable. 
The MB adsorption isotherm experimental data were also 
fitted using the Redlich–Peterson model (Fig. 8a). Regarding 
the compatibility of the results, the rather high values of R2, 
R2

Adj and the low value of χ2 (Table 3) gave a very satisfactory  
result.

Further, the value of n (0.946) is very close to 1 confirming 
that the Langmuir model described better the MB adsorp-
tion isotherm than the Freundlich model [59]. Isotherm 
modeling of the two models Sips and Temkin is shown in 
Fig. 7b. The Sips model seems to fit the adsorption isotherm 
well, with a good correlation coefficient (R2 = 0.989) and low 
values of χ2 and Δ (%). Moreover, the maximum value of 
the calculated adsorbed quantity, which is very close to the 
experimental value (Table 3), also suggests that this model 
clearly describes the data obtained in this study, com-
pared to Temkin’s model in which all the results acquired 
to confirm the lack of agreement of this model with the 
adsorption of MB by AZO.

By comparing the maximum MB amount adsorbed by 
AZO sawdust with other materials (Table 4), the results 
highlighted that this biosorbent achieved a very satisfying 
adsorption performance.

3.6. Thermodynamic studies

The analysis of the thermodynamic parameters is nec-
essary for predicting the phenomenon of adsorption. Gibbs 
free energy ΔG° (kJ/mol), enthalpy ΔH° (kJ/mol), and 
entropy ΔS° (kJ/mol·K) are determined using Eqs. (18)–(20):

K
Q
Cc
e

e

= 	 (18)

Table 3
Isotherm parameters for methylene blue adsorption onto 
Algerian Zean oak biosorbent

Isotherm model Parameters

Langmuir

Qesp (mg/g) 51.750
Qmax (mg/g) 52.376
KL (L/mg) 0.487
RL 0.093 (C0 = 20 mg/L)
R2 0.985
R2

Adj 0.982
χ2 4.121
Δ (%) 3.9

Freundlich

KF 20.651
n 3.787
R2 0.901
R2

Adj 0.887
χ2 27.113
Δ (%) 28.83

Redlich–Peterson 
(R-P)

KR-P 30.408
b 0.695
a 0.946
R2 0.988
R2

Adj 0.984
χ2 3.707
Δ (%) 5

Sips

Qm 55.826
KS 0.470
n 0.839
R2 0.989
R2

Adj 0.986
χ2 3.25
Δ (%) 2.9

Temkin

KT (L/g) 7.768
bT (kJ/mol) 0.266
R2 0.973
R2

Adj 0.969
χ2 7.768
Δ (%) 6.9
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Fig. 8. Isotherm models applied to methylene blue adsorption on Algerian Zean oak biosorbent: (a) Langmuir, Freundlich and 
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lnK H
RT
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where: Kc (L/g) is the equilibrium constant at different tem-
peratures. ΔH° and ΔS° are determined from the slope and 
intercept of the plot of lnKc vs. (1/T) using the van’t Hoff 
plot (Fig. 9). The different thermodynamic parameters are 
gathered in Table 5.

The adsorption of MB onto AZO sawdust is exother-
mic, confirmed by the negative value of ΔH (Table 5). The 
negatively decreasing of ΔG with increases in temperature 
from 298 to 353  K revealed the spontaneity of the adsorp-
tion process. The negative entropy value indicated the 
increase in the randomness of the solid–liquid interface 
[65], reflecting the low affinity of the biosorbent for the dye 
during the adsorption process. Similar results have also 
been reported by Fayoud et al. [61].

4. Proposed adsorption mechanism

According to the results illustrated in this study, the pri-
mary mechanisms responsible for the adsorption of MB dye 
molecules on the AZO biomaterial have been highlighted. 
Indeed, the data suggest that physical forces and chemical 
interactions may be involved in these mechanisms (Fig. 10). 
FTIR analysis (Fig. 3) and chemical characteristics of the 
AZO surface (Table 1) showed a structure rich in oxygen-
ated groups (carboxylic and hydroxyl) that may interact 

via hydrogen bonds (also known as dipole–dipole bonds) 
with MB molecules [66]. In this case, as hydrogen donors, 
the hydroxyl groups of the adsorbent will interact with the 
nitrogen and oxygen (H-acceptor) to create these interac-
tions. These mechanisms may also involve physical interac-
tions other than hydrogen bonding involving the carboxyl 
group. They include electrostatic interactions between the 
negative sites of the carboxyl functional groups and the 

Table 4
Comparison of methylene blue capacity onto various adsor-
bents materials comprising Algerian Zean oak sawdust that is 
investigated in this work

Adsorbents Qmax (mg/g) References

Orange and banana peels 13.9 [60]
Wood ash 50 [61]
Pyrophyllite 4.2 [62]
Eucalyptus grandis sawdust 32 [63]
Pomegranate peel activated carbon 5.03 [24]
Ginkgo biloba leaves 48.07 [39]
Ultrasonic modified chitin 26.7 [64]
Carboxyl-functionalized magnetic 
nanoparticle

43.15 [45]

Eucalyptus globulus sawdust 6.6 [7]
Fungal biomass 16.67 [46]
AZO sawdust 52.376 This work

Table 5
Thermodynamic parameters for methylene blue adsorption onto Algerian Zean oak biosorbent

ΔH (kJ/mol) ΔS (kJ/mol·K) ΔG (kJ/mol)

298.15 K 303.15 K 313.15 K 333.15 K 353.15 K

–56.41 –0.168 –106.5 –107.34 –109.02 –112.38 –115.75

 

 

Fig. 10. Possible interactions between Algerian Zean oak 
sawdust and methylene blue molecules.
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cationic N+ and S+ groups of the MB [63,67]. Further, n–π 
interactions between the (–COO––) groups of the sawdust 
as n-donors and the n-acceptor sites of the aromatic ring of 
the MB could also occur. On the other hand, aromatic rings’ 
impact on the chemical structure of sawdust and MB dye 
may also promote π–π interactions [12,29,51].

5. Conclusion

The present study successfully evaluated Algerian Zean 
oak (AZO) sawdust to prepare a new, natural, available, 
and inexpensive adsorbent for removing methylene blue 
(MB). After the characterization of the biomaterial with sev-
eral techniques, the morphology of AZO by SEM indicated 
a structure consisting of large active sites offering a great 
possibility of dye adsorption. FTIR analysis revealed the 
involvement of several functional groups in the adsorption 
process, such as carboxyl and hydroxyl groups. Experiments 
in the batch mode were carried out to obtain the opti-
mum adsorption parameters of the MB. The kinetic study 
showed that adsorption is rapid; equilibrium is reached 
after 45  min. AZO powder with a porosity of 0.1  mm was 
the most effective in removing methylene blue dye from 
aqueous solutions. The optimal biomaterial dose for MB 
biosorption is 1  g/L, and the best degradation occurred at 
neutral pH, room temperature, and 20 mg/L dye concentra-
tion. The pseudo-second-order kinetic model well described 
the adsorption mechanism. The adsorption isotherms of 
MB on the biomaterial are in good agreement with the Sips 
model, followed by Langmuir, confirming a chemical and 
monolayer adsorption on the homogeneous surface of the 
adsorbent. The negative value of Gibbs free energy changes 
(–106.5  kJ/mol) indicates the spontaneous nature of the 
adsorption, while the negative value of enthalpy suggests 
an exothermic process (–56.41 kJ/mol). Moreover, the nega-
tive entropy value indicated the increase in the randomness 
of the solid–liquid interface (–0.168 kJ/mol·K). At the end of 
this study, it is concluded that AZO sawdust will make an 
alternative, natural, available, and inexpensive means for 
the adsorption and removal of MB from aqueous solutions.
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