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Abstract
Sewage sludge valorization must be the favored solution of management for a residue that does not present the desired 
improvement in terms of wastewater treatment. The objective of this research work was to study the dye fixation capacity of 
the adsorbents produced from sewage sludge. The dried sewage sludge (DSS) was used as an adsorbent to remove a cationic 
dye, methylene blue (MB), from an aqueous solution in a batch system, as a function of contact time, pH, temperature and 
initial concentration. The proposed adsorbent was characterized using several techniques such as scanning electron micros-
copy (SEM), Brunauer–Emmett–Teller (BET) analysis, X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy 
(FTIR). The adsorption equilibrium of MB was described using Langmuir, Freundlich and Sips equations. The equilibrium 
is perfectly adapted to the Langmuir model with a maximum adsorption capacity of 44.39 mg g−1 on a single layer. In order 
to study the adsorption mechanisms, first- and second-order kinetic models were used. The adsorbent produced from the 
sludge was capable of absorbing MB from the solution, with the expression of the second-order rate being preferred to that 
of the first order. In addition, the thermodynamic parameters were evaluated, demonstrating that the adsorption process is 
spontaneous and endothermic. Thus, this study convinced that the DDS proved to be an alternative, attractive, effective, 
economic, and environmentally friendly adsorbent for MB dye removal from aqueous solution.

Graphic abstract
Schematic illustration of the prepared dried sewage sludge adsorbent for the removal of methylene blue from aquatic samples
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Introduction

Sewage sludge a by-product of the wastewater treatment 
plants (WWTPs), is considered as a part of the urban or 
industrial waste [1]. Therefore, this type of waste can be 
recovered and reused in various fields including energy 
and agriculture [2–4]. From an economic and environmen-
tal point of view, any waste becomes less constraining if 
it can be reused, especially if there is an opportunity to 
recycle it, this helps in reducing water and air pollution 
as well as the consumption of energy and raw materials 
[5, 6]. Recently, as stated in international environmen-
tal standards, the amount of sewage sludge produced by 
WWTPs increase, which is mainly due to the demographic 
growth accompanied with a strong industrialization and 
urbanization [7–10]. According to the Moroccan environ-
mental policy, the amount of wastewater treated and sew-
age sludge (SS) produced in the country is systematically 
increasing [11, 12]. In fact, the implicit objectives of the 
National Program of Sanitation Liquid and Wastewater 
Treatment jointly by the Department of the Environment 
include the improvement of water quality in the natural 
environment and the possibility of reusing treated waste-
water [13]. Otherwise, they are focused on the objectives 
of protecting the environment and human health.

The treatment and recovery of SS are crucial points in 
the water cycle as well as in environmental protection. 
Therefore, the main sludge treatment routes are digestion, 
landfilling and incineration [14]. Moreover, several coun-
tries in the Mediterranean region are situated in semi-arid 
to arid climates, like North African countries, with a sig-
nificant water supply deficit [15–18]. The treated water 
obtained is reused for agriculture and irrigation after each 
treatment. In this regard, the development of adsorbents 
based on urban SS, economically profitable and efficient 
for the treatment of ecosystems, by the different processes 
of adsorption or photo catalysis are among the subjects 
of current research that arouse the interest of several 
researchers worldwide [19–21]. The direct or indirect 
discharge of wastewater containing organic compounds 
into the environment has increased with the fast develop-
ment of certain human and industrial activities such as the 
textile, tanning and pharmaceutical industries [22]. In this 
sense, the release of natural or synthetic pollutants such as 
laundry detergents, organic compounds dyes [23, 24], and 
antibiotics in the environment are tremendously increasing 
[25, 26]. It has been reported that approximately 10–20% 
of the dyes applied in textile activities are released directly 
into the environment in the form of aqueous effluents 
[27, 28]. In addition, these emerging pollutants are less 
or non-biodegradable. Indeed, their toxicological impact 
on the health and the environment is highly significant 

and very harmful [29, 30]. Hence, the development of 
new strategies for the removal of these toxic pollutants 
from wastewater is highly needed. The implementation 
of an efficient and reliable disposal technique becomes 
important to obtain treated water of appropriate quality 
for human activity and to protect environment. In this con-
text, several developed techniques have been employed 
and investigated for the removal of organic compounds 
dyes (MB as cationic model dyes), such as chemical pre-
cipitation, advanced oxidation process [31], ion exchange 
[32], membrane filtration [33, 34], photocatalytic degrada-
tion [35], and adsorption processes [36, 37]. However, the 
adsorption process is one of the effective methods among 
all the above-mentioned ones for the removal of MB from 
wastewater. This is due to their versatility and the grow-
ing availability of various types of eco-friendly and low- 
cost adsorbents like Grass waste, Papaya seeds and Water 
hyacinth [38].

Recently, many materials have been investigated to deter-
mine their adsorption capacity for cationic methylene blue 
(MB) dye, such as, natural phosphate, zeolite, clay miner-
als (naturel, modified and extruded) [39], lignite [40] and 
activated carbon [20]. In this context, several sludge-based 
activated carbons has been also successfully reported to 
eliminate MB and other cationic dyes in wastewater [41]. 
Therefore, the major drawback of this kind of adsorbents is 
their high-cost, and difficulties of reusability. However, the 
development of cost-effective and reusable sorbent materials 
with greater efficiency for the removal of aquatic contami-
nants is highly needed. Therefore, in this study we aimed to 
investigate an effective, easy and rapid approach to valorize 
the sewage sludge into environmentally friendly adsorbents. 
Then, the adsorption efficiency of cationic methylene blue 
(MB) dye on a dried sewage sludge (DSS) was evaluated in 
a batch study. Indeed, the influence of adsorbent dosage, pH 
value, ionic strength, contact time and temperature effect. 
The kinetic and isotherm equilibrium models were combined 
with thermodynamic parameters to further explore the inter-
action adsorption mechanisms.

Otero et al. have reported the adsorption of MB using dif-
ferent adsorbent produced from sewage sludges. The kinetic 
studies have been carried out using conventional models of 
Langmuir and Freundlich isotherms. Their results showed 
that DSS demonstrated high adsorption capacity towards the 
removal of MB [42]. In the same context, Dhaouadi et al. 
reported the use of sewage sludge as a textile vat dye adsor-
bent. Their adsorbent exhibited an excellent performance 
with a good dye retention capacity that varies from 60 to 
75 mg/g following both Langmuir and Freundlich isotherm 
models [43].’

In this research work, the MB was selected taking into 
account the extensive literature reported on the use of 
this cationic dye in liquid phase adsorption studies, using 
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different adsorbent materials. Furthermore, it was also cho-
sen for its significant presence in wastewater from the local 
Moroccan textile industry. Certainly, other dyes could also 
be interesting to adsorb, such as Crystal violet, Rhodamine 
B, Congo red, among others. However, MB is the most stud-
ied, due to its widespread use in many industries.

Experimental

Preparation and characterization of adsorbent

In this study, the raw sludge samples were collected during 
the summer, from the WWTP Tamuda bay (Mdiq-Fnideq/
Morocco). 7 L of Sample which about 6.70 kg of the sample 
carried out in PVC recipients are inert to sludge, resistant 
to moisture and impervious to water and dust. The sam-
ple taken was a fresh solid has a dark black colour. It was 
dried at 40 °C in an oven for overnight, then crushed in a 
mortar then analysed using granulometry analysis grain size 
(Endecotts Ltd, Lombard Road, London, SW, 93BR Eng-
land, Telex: 929395) to obtain fine particles of DSS, char-
acterized by a diameter between 0.5 mm ≤ d < 3 mm. After 
that, the DSS powder obtained is packaged in small boxes 
and stored in a desiccator until further use.

In order to identify the crystalline structures, the powder 
X-ray diffraction (XRD) pattern was performed in a Bruker 
diffractometer (Phillips Xpert-pro model), using Cu Kα 
λ = 1.54051 Å radiation with a step of 0.017°/1 s. In addi-
tion, a semi-quantitative analysis of the mineralogical com-
position was performed using the Powder Cell 2.4 software 
D8 Advance 500 model.

Fourier transform infrared (FTIR) spectroscopy (Thermo 
Vertex 70 spectrometer) was used to analyse the functional 
groups of DSS adsorbents and their changes after the MB 
adsorption. About 1 mg of sample DSS was mixed with 
approximately 200 mg of dried KBr to get pellets. Meas-
urements were taken over the range 4000–400  cm−1 in the 
absorbance mode, with a spectral resolution of 4  cm−1.

SEM images and EDX compositional data of the DSS 
powder were acquired using a "Hirox scanning electron 
microscopy equipped with an Energy Dispersive X-ray 
analysis system.

The textural characterization of the adsorbent was deter-
mined by means of  N2 physisorption at − 196 °C using an auto-
matic Autosorb IQ (Quantachrome) analyzer. The DSS sam-
ples was degassed at 150 C° for 2 h. The generated isotherms 
were used to calculate their specific surface area (SBET), micro- 
and mesoporosity. Pore size distribution and the average pore 
were examined by the Barrett–Joyner–Halenda (BJH) method 
from the desorption branch of the isotherms. Additionally, the 

point of zero charges (pHPZC) of DSS adsorbent was deter-
mined by solid addition method [39].

Batch adsorption study

The adsorption experiments were launched by stirring 0.2 g 
of DSS adsorbent that prepared with 100 mL of the MB dye 
solution in an orbital shaker (IKAKS control 4000I), control-
ling the temperature and agitation. Then, all the MB adsorp-
tion tests on the DSS were conducted in triplicate. Samples 
were taken every 10 min within 240 min, and the suspensions 
were centrifuged at 5000 rpm for 5 min and filtered through 
0.45 μm membrane filters (Durapore®-Millipore).The meas-
urements of adsorbate concentrations are made by UV–visible 
spectrophotometer (Varian Cary® Type 50) at a maximum 
wavelength of 664 nm. The adsorption capacity of MB uptake 
at equilibrium (Qe) was calculated by using Eq. (1).

where Qe is the amount of MB adsorbed by the sorbent mg 
 L−1, Ci is the initial liquid-phase concentration of MB mg/
L−1, Ce is the liquid-phase concentration of MB mg  L−1 at 
equilibrium, V is the solution volume (L) and m is the mass 
of the adsorbent used (g).

Adsorption kinetics and adsorption isotherms

Cationic MB dye adsorption kinetics was performed using 
the batch equilibration system, from 5 to 240 min, for a dye 
concentration from 2.5 mg  L−1 to 50 mg  L−1 at 20 °C. Differ-
ent mathematical models (nonlinear regression, PFO and PSO 
kinetic equations) were using for the fitting of the experimental 
data. The mathematical expressions of these two kinetic mod-
els have been expressed as follows (2), (3).

Pseudo first-order model

where qt is the amount of MB adsorbed per unit mass of 
adsorbent mg  g−1 at time t, k1 is the PFO rate constant L 
 min−1, and t is the contact time (min) [43].

Pseudo second-order model

where k2 g (mg min)−1 is the rate constant for adsorption, 
qe mg  g−1 the amount of MB adsorbed at equilibrium and qt 
mg  g−1 is the amount of MB adsorbed at time t [43].

(1)Qe =

(
Ci − Ce

)
× V

m

(2)qt = qe(1 − e−k1t)

(3)qt =
q2
e
k2t

1 + qek2t
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Langmuir isotherm

The Langmuir isotherm assumes that homogeneous mon-
olayer adsorption occurs on the surface of the adsorbent can 
be expressed as set out in the Eq. (4)

In the non-linear equation above, the KL  (Lg−1) is the 
Langmuir equilibrium constant and qm (mg  g−1) is about 
the maximum monolayer saturation capacity obtained 
from the theoretical Langmuir model. Whilst, qe (mg  g−1) 
is the adsorption capacity of MB and Ce is the MB concen-
tration remaining in solution at equilibrium respectively, 
in all the equations listed [43].

Freundlich isotherm model

The Freundlich isotherm model described the adsorption on 
the heterogeneous surface of the adsorbent and this through 
a multilayer adsorption mechanism. As well, the non-linear 
form of Freundlich model is expressed as follows Eq. (5).

KF (mg/g  (L/mg)0.1/n) is the Freundlich constant and n 
is the heterogeneity factor indicating the adsorption inten-
sity [43].

Sips isotherm model

The Sips model is the implementation of a combination 
of the Langmuir and Freundlich models, used to predict 
adsorption in heterogeneous systems.

where qm the Sips maximum adsorption capacity (mg  g−1), 
 KS the Sips equilibrium constant (L  mg−1) and n the Sips 
model exponent describing heterogeneity [39].

The essential feature of the Langmuir isotherm can 
be expressed in terms of a dimensionless constant called 
separation factor RL, also called equilibrium parameter, 
which is defined by the Eq. (7):

where C0 (mg  L−1) is the higher initial adsorbate concentra-
tion. The value of RL indicates the shape of the isotherms to 

(4)qe =
qmKLCe

1 + KLCe

(5)qe = KFC
1∕n
e

(6)qm =
qsKsC

�

e

1 + KsC
�

e

(7)RL =
1

(1 + kLC0)

be either unfavourable (RL > 1), linear (RL = 1), favourable 
(0\RL\1) or irreversible (RL = 0).

The R2 analysis was used to fit experimental data with 
adsorption kinetic and isotherm. The fit appreciation was 
assessed by the coefficient of determination R2, which is 
given by the Eq. (8).

where qexp (mg  g−1) is equilibrium capacity from the experi-
mental data, qavr (mg  g−1) is equilibrium average capacity 
from the experimental data and qmod (mg  g−1) is equilibrium 
from model. So that R2 ≤ 100, the closer the value is to 100, 
the more perfect is the fit.

Results and discussion

Characterization of adsorbent

The SEM micrograph examination (Fig. 1a) of the DSS sam-
ples showed that the structure was relative compact with 
some concavity and there are virtually no pores of the mate-
rial. The obtained results were in correlation with previously 
reported works [20, 44]. The Energy Dispersive ED X-ray 
spectrometer (Fig. 1S), revealed the presence of oxygen, sili-
cium, carbon and calcium minerals as major components. 
(Fig. 1b) collects the  N2 adsorption–desorption isotherms 
obtained of DSS. As can be seen a typical type II isotherm 
indicates the macro porous characteristics of the adsorbents 
according to the IUPAC classification. The surface area of 
the DSS is 24.42  m2  g−1 found it by using BET method. With 
the Barrett–Joyner–Halenda (BJH) method, we found that 
the cumulative pore volume was about 0.059  cm3  g−1and 
Micropore volume is 0.001  cm3  g−1. (Table 1 and Fig. 1b). 
The organic matter fraction of the DSS is about 30 wt. %, 
(7.48% Moisture, 31.64% Volatiles matter and 60.88% Ash). 
The Bulk density is 0.65 g  mL−1, and 6.7 for pHpzc (Fig. 2).

The obtained FTIR spectra before and after adsorption 
of MB onto DSS is given in Fig. 1c that shows many func-
tional groups present on the adsorbent surface. There are 
intense, readable and individualized adsorption bands at 
2850  cm−1 and 2920  cm−1 that can attributed to the C-H in 
methyl and methylene groups, respectively. The weak band 
at 1650  cm−1 related to C=O stretching of ketones, alde-
hydes, lactones or carboxyl groups; which becomes mod-
erately intense after MB adsorption. The vibration band of 
C=C at 1430  cm−1 become small after MB adsorption. The 
most intense bands are perfectly observed at 1050  cm−1 in 
the spectra of DSS can be attributed to Si–O–Si or Si–O–C 

(8)R2 = 100

⎛
⎜⎜⎜⎝
1 −

���qexp − qmod
���
2

���qexp − qavr
���
2

⎞
⎟⎟⎟⎠
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structures, which is associated with the silicon content of 
the sewage sludge as confirmed by the ED-X-ray spec-
tra. According to Li et al., (2020), only the intensity of 
the peak changed before and after the adsorption, indi-
cating that the adsorption of MB is a physical adsorp-
tion [45]. However, in our study although the intensity of 
the peak changed before and after the adsorption, some 
peaks appear after MB adsorption such as 1451   cm−1 
and 1384  cm−1 indicating that the adsorption of MB is a 
chemical adsorption.

XRD patterns of the DSS (Fig. 1d and Fig. 0.3S) shows 
that quartz  (SiO2) and calcite  (CaCO3) are the two phases 
identified in the majority, with the presence of other 
minority phases. Then, Quartz (Ref. Code:01-083-2468) is 
identified by its characteristic peaks at d = 4.25 Å; 3.34 Å; 
2.45 Å (very intense) and 1.81 Å. Carbonates are rep-
resented by aragonite (4.67 Å; 3.28 Å) and magnesium 
calcite (Ref. Code: 01-089-1306) at (3.83 Å).

Fig. 1.  a SEM image of DSS; b Nitrogen adsorption/desorption Iso-
therm plot of DSS and Pore sizes distribution of the sample given 
with BJH method; c FTIR spectra corresponding to the powdered 

DSS sample, before and after BM adsorption; d X-ray diffractogram 
of the deride sewage sludge used

Table 1  Textural data of the investigated sample as estimated from 
N2 physisorption

Sample SBET  (m2/g) Total pore volume 
 (cm3/g)

Micropore volume 
 (cm3/g)

DSS 24.420 0.059 0.001
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Fig. 2  Point of zero charge of DSS
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Batch adsorption studies

Effect of adsorbent amount

The effect of DSS adsorbent amount on the adsorption effi-
ciency was studied. The variation of adsorbent amount in 
the range (0.05–8 g) at a fixed MB concentration (10 mg 
 L−1) for MB removal by DSS is shown in (Fig. 3a).The 
results show that initially, a rapid increase in the adsorption 
capacity, with the increase in adsorbent amount. This can be 
attributed to the greater surface area and the high number 
of activated sites available. After the critical concentration, 
(0.2 g, at which is about 90% of the dye becomes adsorbed) 
the adsorption rate is progressively reduced until the maxi-
mum value of about 97% adsorption is reached in the DSS 
sample.

Effect of contact time and initial concentration

The contact time is an important issue in adsorption, which 
is mainly an equilibrium process, and determining the 
equilibrium time. The effect of contact time and the initial 

concentration on removal of MB (2.5, 5, 10, 20, 30 and 
50 mg  L−1) into DSS are shown in (Fig. 3b). The results 
of the contact time effect have been shown that the adsorp-
tion capacity increased with the increase of contact time 
and reach equilibrium in 150 min for all concentrations. The 
adsorption was rapid within the first 100 min then contin-
ued at a low speed until it reached equilibrium. The rapid 
initial phase was probably due to the abundance or presence 
of active sites, could be due to physical adsorption or ion 
exchange on the surface of the adsorbent [46]. The adsorp-
tion became less effective at the slowest stage due to the 
decrease in active sites on the surface of adsorbent.

Effect of pH

The pH of the solution is one of the most important factors 
influencing the adsorption capacity of an adsorbent. In addi-
tion to its effect on the degree of deprotonation and specia-
tion of the surface functional groups on the absorbent, it 
can also affect the state of the adsorbate. This subsequently 
leads to a shift in reaction kinetics and equilibrium char-
acteristics of adsorption process. The effect of pH value 
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Fig. 3.  a Effect of adsorbent dosage on retention of MB by DSS sam-
ple; b Effect of contact time and initial concentration of MB adsorp-
tion onto DSS (V = 100 mL, T = 20 °C, shaking speed = 150 rpm 
and 0.2 g of DSS). c Effect of initial pH on MB removal, using 0.2 g 

of DSS,  [MB]i = 10 mg/ L and 30 mg/ L and zeta potential of DSS as 
function of pH. d The effect of particle size to the adsorption rate of 
MB on DSS using 0.2 g of DSS,  [MB]i = 10 mg /L, V = 100 mL, T = 
20 °C, pH=6,9, shaking speed =150 rpm
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on sorption experiments was examined over a range of pH 
from 2 to 12 at MB initial concentrations of 30 mg  L−1 and 
10 mg  L−1. As shown in Fig. 3c, it is clear that MB removal 
efficiency increased significantly in the pH range between 2 
and 7. Then the behavior changed insignificantly, it becomes 
considerably constant in the pH range from 8 to 12. This 
adsorption behavior is consistent with several works cited 
in the literature [47, 48]. The highest adsorption capacity 
was observed at pH 9 for DSS. Indeed, the pH-dependent 
adsorption behavior of MB can be explained with respect 
to the point of zero charge (pHzpc) of adsorbent. The point 
zero charge (pHzpc) of DSS was found at pH equal to 6.9 
(Fig. 2). It is remarkable that at low solution pH, the DSS 
surface protonated and acquired a positive charge, which 
is confirmed by the zeta potential measurement. Thus an 
electrostatic repulsion occurred between the cationic MB 
dye and the positively charged active sites of the adsorbent, 
leading to a reduction of the adsorption capacity. However, 
at solution pH value was greater than pHzpc, the DSS sur-
face becomes more deprotonated and acquired a negative 
charge, as well as a strong electrostatic attraction between 
the cationic MB dye and the negatively charged active sites 
of the DSS adsorbent, which led to an increase in adsorption 
capacity of MB.

Effect of particles size

In general, the adsorption capacity is affected by the particle 
size of adsorbent. The adsorption kinetics has been stud-
ied for the different powder granules ranging from 0.5 mm 
to more than 3.15 mm. Figure 3d Shows that the amount 
adsorbed of MB increases as the particle size decreases. This 
is explained by the fact that the finer the particle size, the 
greater the specific surface area, the greater the adsorption 
[49, 50].

Effect of ionic strength

Industrial wastewater contains significant amounts of salts, 
several studies on dye adsorption have shown that the abil-
ity to adsorb dyes is strongly influenced by the nature and 
concentration of electrolytic ionic elements added to the dye 
bath. The effect of inorganic salt (NaCl) on adsorption rate 
of MB on DSS was examined by adding concentration of 
NaCl in the range of 0.1–0.005 mol  L−1,the obtained result 
is presented in Fig. 4), as seen the presence of NaCl salt has 
influenced the adsorption capacity of MB. The dye adsorp-
tion lightly decreases with the increasing of salt concen-
tration. This result is in coherence with those reported by 
other authors [47, 51]. Therefore, the salt screens the elec-
trostatic interaction of opposite changes of the surface and 
the dye molecule, the adsorbed amount should decrease with 

increase of NaCl concentration. Our results contradict those 
obtained by other author [52].

Effect of temperature

In order to determine the optimal temperature of the process 
the adsorption of MB into DSS the experiments were car-
ried out at 20, 30, 40 and 50 °C, the results of these experi-
ments are shown in (Fig. 5) It was observed that as the tem-
perature increased, the adsorption capacity also increased 
and the optimal temperature it 50 °C. The enhancement in 
adsorption with temperature may be due to the increase in 
the dye mobility required to penetrate the sample pores at 
high temperatures, the increase in the chemical interactions 
between the adsorbate and the surface functionalities of the 
adsorbent, the change in chemical potentials, related to the 
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solubility of the adsorbate species. Therefore, as the tem-
perature increases, the solubility increases and the chemical 
potential decreases. Thus, both the effects, the solubility and 
the normal temperature effects, work in the same direction. 
The adsorption reaction at any interface between two phases 
can be regarded as an equilibrium process. This suggests that 
the adsorption process is endothermic in nature [53].

Kinetics study

The kinetic study presents a high important in the adsorp-
tion study, which gives an idea of adsorbate uptake rate 
and efficiency of adsorption. The mechanism of adsorption 
depends upon the physical and chemical characteristics of 
the adsorbent as well as the mass transfer process. The kinet-
ics of adsorption of MB dye onto DSS was performed by 
withdrawing and analysing the samples at the time interval 
of every 5 min for the first 10 min and later at every 10 min 
until the consecutive residual dye concentrations became 
closer. The kinetic experiments were carried out separately 
for six different initial dye concentrations such as 2.5, 5, 
10, 20, 30 and 50 mg  L−1 for the particle size 0.5 mm of 
adsorbent, at 293 K. The experiments were carried out by 
adjusting the initial pH of the solutions at 6.9. Experiments 
with increasing contact times, ranging from 5 to 250 min, 
were carried out.

The adsorption kinetics data are fitted to the PFO and 
PSO using non-linear regression. The experimental equi-
librium data and the predicted theoretical kinetics for the 
adsorption of MB onto DSS are presented in Fig. 6. From 
these results (Table 2), the PSO model is more adapted to 
describe the adsorption dynamics of the cationic dye MB 
on the DSS due to the good correlation parameters calcu-
lated by the model with experimental data (R2 = 0.99), this 
suggested that boundary layer resistance was not the rate 
limiting step [54]. The rate of adsorption may be controlled 
largely by a chemisorption process, in conjunction with the 
chemical characteristics of the adsorbent and dye molecules.

Adsorption isotherm

Figure 7 shows MB adsorption experimental data together 
with values predicted by the three adjustment models used. 
Equations  (4), (5) and (6) represent Langmuir, Freun-
dlich and Sips models and their respective parameters for 
this study are shown in Table 3, along with determination 
coefficients.

In this study, regarding the isotherms fittings for data of 
sample considered, as seen in Table 3, quite high correlation 
coefficients (R2 > 0.9) were found for both models; neverthe-
less, Langmuir model seems to provide slightly better fit-
tings than the Freundlich one. The Langmuir model is used 
in MB adsorption with Red-clay and Rhassoul-clay [55], in 

all cases, adequate adjustment was obtained for experimental 
data. In our study Langmuir model represented DSS adsorp-
tive process with quality.

In the Freundlich isotherm model, the value of n indi-
cates the type of isotherm. When 0 < 1/n < 1, the adsorption 
is favourable; when 1/n = 1, the adsorption is irreversible; 
and when 1/n > 1, the adsorption is unfavourable. In this 
study, the 1/n value is 0, 53 less than 1, so condition for 
removal of MB into DSS. Indeed, we used the Sips equa-
tion, since parameter ns indicates favourable how much the 
adsorbent surface is heterogeneous as it deviates from unity. 
Nethaji et al. used Sips equation in cationic and anionic dyes 
adsorption onto carbonaceous particles prepared from Jug-
lans Regia shell biomass and obtained good fitting [56]. For 
DSS, the ns value gets closer to unity, indicating a surface 
approximately homogeneous.

Adsorption thermodynamics

In the adsorption process the thermodynamic parameters, 
such as the change in enthalpy (ΔH°), entropy (ΔS°) or 
Gibbs free energy (ΔG°), are important, as indicators for the 
practical application of a process [57]. The values of these 
parameters provide information regarding the spontaneity 
and viability of a system. According to the latest estimates 
and suggestion of Eder-Lima et al. (2019) for improving 
the correct way to determine thermodynamic parameters for 
adsorption equilibrium [39, 58].

The ΔH° and ΔS° values can be determined from the 
slope and the intercept of the ln Ke° against 1/T (Fig. 8), 
where ke◦ = 1000⋅ KL ⋅ molecular weight of adsorbate ⋅[adsorbate]◦ , (Ke° 
is the thermodynamic equilibrium constant that is dimen-
sionless, KL is the Langmuir isotherm constant, [adsorbate]° 
is the standard concentration of the adsorbate(1 mol/L mol 
 L−1), and γ is the activity coefficient which is unitary for 
very diluted or ideal solutions). The ΔG° value can be deter-
mined from Eq. (10).

In this study, the experiments were carried out at four 
temperatures (293, 303, 313 and 323 K), with eight systems 
containing different concentrations of MB dye, generating 
four Ke° values to be inserted into Eq. (9) in order to plot ln 
Ke° versus 1000*T−1.

As can be seen in Table 4, the negative ΔG° value indi-
cates that the process spontaneous with increasing tempera-
ture, the ΔH° value is positive confirming the endothermic 
nature of the adsorption process. Hence, the positive value 

(9)Ln ke◦ = −
ΔH◦

RT
+

ΔS◦

R

(10)ΔG◦ = ΔH◦ − TΔS◦
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Fig. 6  PFO and PSO nonlinear for DSS with initial concentration 2.5 mg/L (a), 5mg/L (b), 10 mg/L (c), 20 mg/L (d), 30 mg/L (e) and 50 mg/L 
(f)

Table 2  Non-linear regression 
kinetic model parameters for the 
studied dsye

PFO PSO

C0 mg/l Qe,exp Qe,calc K1 (1/min) R2 (%) Qe K2 (g/mg*min) R2 (%)

2.5 1.19 1.14 0.058 94 1.24 0.071 97
05 1.99 1.84 0.081 86 1.99 0.067 94
10 4.73 4.80 0.026 94 5.58 0.005 94
20 9.65 9.43 0.037 95 10.57 0.004 96
30 13.00 12.78 0.033 97 14.54 0.003 98
50 24.73 24.49 0.026 99 29.25 0.001 99
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of ΔS° indicates an irregular increase in randomness at the 
DSS-solution interface during adsorption [59]. Our results 
similar with those published by other authors in recent paper 
who reported positive values for both ΔH° and ΔS° in the 
case of the adsorption of MB onto some clays (Red clay 
and Rhassoul-clay) [55]. On the contrary, our results appear 
differently in relation to those detailed for similar process 
over other adsorbents, [60, 61]. In anyway, it is necessary 
to see it that building up a connection between thermody-
namic and the mineralogical nature of the adsorbents of the 
adsorption process is not surely a simple undertaking task. 
In a relatively recent article, in which both endo-or exother-
mic characteristics could be observed for the same type of 
mineral category.

Comparison of adsorption capacity of DSS 
adsorbent with other available adsorbents

Adsorption capacity of DSS was correlates with other avail-
able adsorbents are indicated in Table 5. The comparison 
clearly showed that the adsorbent developed is much more 
effective for the removal of MB dye from aqueous solu-
tion compared to some adsorbents previously reported. 
Although, there are many reported adsorbent with higher 
adsorption capacity towards MB, they need complicated 
processes for the activation using acids and corrosives and 
are time consuming. It is important to note that the prepara-
tion of our DSS adsorbent required less energy and has not 
undergone any chemical modification. Indeed, compared 
to other adsorbent such as activated lignin-chitosan pellets, 
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Fig. 7  Langmuir, Freundlich and Sips nonlinear regression for dried 
sewage sludge adsorbent

Table 3  Parameters of adsorption isotherm models for MB adsorp-
tion by the DSS sample

Langmuir model Freundlich model Sips model

Qm 44.39 – – Qm 39.8
KL 0.039 1/n 0.52 KS 0.032
RL 0.33 KF 3.61 nS 1.14
R2 (%) 99.05 R2 (%) 94.8 R2 (%) 99.1
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Fig. 8  Thermodynamic study for the MB adsorption on the DSS sam-
ple, performed through fitting of the experimental data to the linear 
form of van’t Hoff equation

Table 4  Thermodynamic parameters of the adsorption process of MB 
onto the DSS adsorbents

ΔG° (KJ.mol−1) ΔH° (KJ.
mol−1)

ΔS° (J.mol−1.
K1)

293 K° 303 K° 313 K° 323 K° 19.90 145.26
 − 22.66  − 24.11  − 25.56  − 27.01

Table 5  Comparison of maximum adsorption capacities of various 
types of adsorbents for MB removal

NR Not reported

Adsorbents qm (mg  g−1) SBET  (m2  g−1) References

Red-clay 18.83 22.4 [55]
Raw Coal fly ash 5.06 8.3 [62]
Activated lignin-chitosan 

pellets
36.25 80.77 [63]

Raw kaolin 13.99 24 [64]
Raw-ball clay at 30 C° 25 10 [65]
Natural zeolite 19.9 24.59 [66]
Nature cactus 3.44 NR [67]
Dried Cactus 14.04 NR
Palm kernel fiber 5.4 NR  [68]
Fe3O4@SiO2-(CH2)3-IL/

Talc
6.23 NR [69]

KMgFe(PO4)2 22.83 NR [70]
Grass waste 457,64 NR [38]
Papaya seeds (PS) 555,557 NR [38]
Water hyacinth 462,9 NR [38]
DSS 44.39 24.42 This work
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which require a chemical modification, by acetic acid fol-
lowed by other physics at high temperature that reach 600 °C 
for 2 h. Another advantage of the developed DSS material is 
its low-cost as well as it is an environmental friendly. Hence, 
Activated lignin-chitosan pellets, and the adsorption capac-
ity of DSS 44.39 mg  g−1 much better than this for Activated 
lignin-chitosan pellets 36.25 mg  g−1.

Real wastewater test

For more advanced valorization of the studied DSS, the 
adsorption of a real wastewater effluent containing MB as 
main dye was studied to evaluate the treatment efficiency. 
The characteristic of the real wastewater before test are given 
in Table 1S (Supplementary materials). Adsorption studies 
were carried out using 50 mg  L−1 of MB for 3 h reaction 
time at 25 °C in the presence of 200 mg of DSS. As can 
be seen in Fig. 9, the after-treatment measurement shows 
that 35% of MB is adsorbed. In addition, the removal rate 
is reduced when comparing the two solutions (synthetic 
solution and real wastewater solution), which is normal, 
especially since there are several other elements in the real 
wastewater solution that causes the inhibition of the adsor-
bent pores of DSS. This is consistent with the salt effect 
study mentioned above in Fig. 7.

Conclusions

To conclude, the study of the sorption properties of MB dye, 
DSS adsorbent were carried out in batch system. Hence, 
we found that the DSS adsorbent has a good dye retention 
capacity. The adsorption of MB into DSS was spontane-
ous and endothermic. The values of the ∆H and the ∆S are 

19.90 kJ/mol and 145.26 J/mol K, respectively. The results 
obtained indicate that the Langmuir model fitted well with 
the experimental data and was used to estimate the model 
parameters. Adsorption kinetics followed the PSO model. 
The DSS from domestic treatment plant showed a good MB 
adsorption capacity compared to other clay adsorbents and 
can be easily prepared without any physical and/or chemical 
treatment. Adsorption of the cationic MB dye on the sludge 
surface can be considered as a simple, fast and economical 
method for its removal from aqueous solutions. Therefore, 
the DSS material can be successfully applied in WWTPs at 
a large scale for the removal of the MB. In addition, the DSS 
can be easily extended for other organic pollutants removal 
applications.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41204- 021- 00111-6.
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