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Abstract
We present in this study a simple approach on the application of dried dewatered sewage sludge (D@DSS) generated from 
a local wastewater treatment plant (WWTP). The D@DSS can be considered as an alternative friendly and cost-effective 
adsorbent for malachite green (MG) dye removal from an aqueous solution using batch systems. This procedure did not 
require any modification of the adsorbent characteristics. D@DSS demonstrated an excellent retention capacity for MG at 
synthetic solutions, and in industrial wastewater. Moreover, the selectivity study of the adsorbent was performed against 
Methylene Blue and Red Congo shows better capability of this adsorbent towards cationic dyes. The D@DSS adsorbent 
characterization was carried-out using SEM, FTIR, Zeta potential, XRD and ICP. The results confirmed a rough and charged 
surface of the adsorbent with the presence of specific functional groups. The adsorption process fits well with the Jovanovic 
model isotherm and was adhered to the pseudo-second order kinetics. The process conditions were optimized using the 
response surface methodology, resulting in qe (78.10 mg g−1) for different values of the input variables, including pH (10), 
ionic strength (0.015 mg g−1), initial concentration (150 mg g−1), temperature (37.29 °C),contact time (58.25 min), adsorbent 
dose (0.05 g) and particle size (0.203 mm). Hence, the proposed D@DSS can be effectively applied as a low-cost adsorbent 
for MG elimination from different contaminated water samples and can be easily extended to remove other cationic dyes.
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1  Introduction

Water is considered an essential for the economic develop-
ment of the human civilization due to its use in many sectors, 
especially in industry and agriculture. This vital resource 
is well known for its great fragility. The main sources of 
its contamination are urban, agricultural, and industrial. 
Recently, the rapid increase of the industrialization involves 
an increase in the volume of dyes generated by these sectors, 
which, may lead to serious environmental threats. In such 
context, authorities and environmental activists are on the 
alert to deal with this problem. Malachite green (MG) as 
cationic dye is mainly used in the textile, silk, dyeing wool, 
paper, leather, cotton as well as a biocide and disinfectant [1, 
2]. Nowadays, treating MG dye contaminated wastewater is 
becoming an urgent environmental issue due to its toxicity 
that is creating a serious hazard to the aquatic system and to 
the human health [3, 4].

Due to the tightening of legislations related to industrial 
wastewater discharge, it is becoming mandatory to treat the 
MG used in industry as a raw material before discharging 
it into the environment. Many treatment techniques have 
been reported for the MG removal including electrochemi-
cal degradation [5], oxidation processes, [6] and photo-
catalytic degradation [7]. However, these methods present 
some drawbacks such as their high-cost and less efficiency to 
treat a plethora of dye wastewater. Recently, the adsorption 
method is widely used to remove pollutants from aqueous 
medium thanks to its outstanding features such as high effi-
ciency, simplicity of design, and cost-effectiveness [8, 9]. 
In fact, activated carbon is the most commonly used mate-
rial in adsorption [9]. However, high cost to prepare the 
activated carbon limits its application on a large scale [10, 
11]. To overcome this limitation, the recent research studies 
focus on finding/exploring natural adsorbents that might be 
used as potential alternatives to the activated carbon [12]. 
In this context, natural adsorbents are favorized due to their 
biodegradability, non-toxic nature, cost-effectiveness, and 
eco-friendly features [13]. As a result, several low-cost 
adsorbents for the retention of MG have been reported [15, 
19]. Cheng et al. [20] have reported the adsorption of MG 
using two adsorbents produced from sewage sludge (native 
anaerobic granular sludge and autoclaving anaerobic gran-
ular sludge that was prepared at 116 °C and 110 kPa for 
30 min). The kinetic studies have been performed using 
pseudo-first order (PFO) and pseudo-second order (PSO). 
Moreover, conventional models of Langmuir and Freundlich 
isotherms adsorption were used to investigate the adsorption 
data, then they found that the two adsorbents used have a 
higher adsorption capacity towards the removal of MG [20].

In this research work, the D@DSS was selected to inves-
tigate its potential use as an effecient adsorbent for MG 
dye removal in textile contaminated wastewater. Herein, 

the influence of different operating parameters on the MG 
adsorption onto D@DSS have been studied and optimized 
using response surface methodology. Indeed, the adsorbent 
dosage, the initial dye concentration, the effect of contact 
time, and ionic strength have been investigated. Thermody-
namics, kinetics, and isotherm studies were carried out to 
study the adsorption process efficiency. Also, the adsorbent 
was tested with two categories of dyes (Congo Red, Methyl-
ene Bleu). Lastly, the D@DSS was applied to remove MG in 
real wastewater, which confirm the efficiency and reusability 
of the adsorbent on a large scale.

2 � Materials and Methods

2.1 � Preparation of Malachite Green Adsorbate

In this study, MG was chosen as a model dye because it 
is commonly used in the textile industry and in laboratory 
experiments, and it is highly toxic to aquatic life. The MG 
stock solution was prepared by dissolving 1 g in 1 L of 
deionized water (DI). All MG diluted solutions were pre-
pared using DI and were used to develop the standard curves 
using the Spectrophotometer UV1800 Ray Leigh. The ini-
tial pH was adjusted using HCl or NaOH solutions (0.1 mol 
L−1). pH measurements were performed with PHSJ-3F pH 
meter.

2.2 � Preparation and Characterization of D@DSS 
Adsorbent

Dehydrate sewage sludge (D@DSS) samples were col-
lected from Tamuda bay domestic WWTP (Mdiq-Fnideq/
Morocco).the sampling process carried out by taken about 
7 L of sample in polyethylene bottles, the raw material was 
dough a fresh and dark black colored. It was first dried at 
40 °C in furnace for 24 h, then crushed in a grinder and 
analyzed by particle size analysis (Endecotts Ltd, Lombard 
Road, London, SW, 93BR England, Telex: 929395) in order 
to obtain fine particles characterized by a diameter between 
0.2 and 2.5 mm. Further, the obtained D@DSS powder was 
packed into small boxes and stored in a desiccator contain-
ing silica gel until further use [21]. Then, to characterize 
the adsorbent, Fourier transformed infrared (FTIR) analyses, 
were performed using Thermo Vertex 70 spectrophotom-
eter before and after adsorption.1 mg grounded D@DSS 
was mixed with 200 mg of potassium bromide. Then, a high 
pressure (10 kg cm−3) was used to prepare a pellet from the 
sample. This sample was tested at 4 cm−1 resolutions (100 
scans) in the spectral reflectance range of 4000–400 cm−1. 
Scanning electron microscopy (SEM) prior and post adsorp-
tion was used to determine the morphological characteris-
tics of the D@DSS adsorbent. Hence, using the acceleration 
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voltage of 10 kV was acquired using a "Hirox SEM. The 
surface charge of the adsorbent was measured using zeta 
potential instrument (Malvern zetameter model Zetasizer 
Nano Z). Inductively ICP and X-ray fluorescence (Siemens 
D5000 automatic diffractometer) were used to determine the 
chemical composition of D@DSS.

2.3 � Batch Adsorption Studies

The adsorption of MG using D@DSS was conducted in batch 
experiments. The effect of process conditions, mass effect 
(0.05–1.5 g), contact time (0–90 min), pH effect (2–12), 
initial concentration, (5–50  mg L−1) and ionic strength 
(0.005–1 mol L−1) were evaluated. To assess the adsorption 
properties of the D@DSS, the adsorption isotherms were 
conducted by changing the initial MG concentrations from 5 
to 150 mg L−1. Once the experiment done, the obtained solu-
tion was centrifuged, and the MG amount was determined 
from the resultant supernatant which was measured using a 
Spectrophotometer regulated at λ equal to 618 nm. The MG 
amount adsorbed at equilibrium time qe (mg g−1) and the 
percentage of the MG removal (%) are expressed as follow:

where qe is the MG concentration adsorbed by D@DSS (mg 
g−1), Ci is the initial MG concentration (mg L−1); Ce is the 
MG concentration at equilibrium (mg L−1); V is the solution 
volume (L) and m is the mass of the D@DSS used (g). All 
batch experiments were performed in triplicate.

The kinetics of adsorption allow a better understanding 
of the adsorption and kinetic mechanism, which control the 
adsorption process and estimates the physical or chemical 
adsorption. Two adsorption models, PFO and PSO were used 
to investigate the adsorption data. The nonlinear regression 
kinetics PFO and PSO models expressed as follow [22, 23]:

where qt is the adsorbed amount of MG adsorbed of D@DSS 
(mg g−1) at time t, k1 (L min−1) is the PFO rate constant, k2 
(mg g−1 min−1) is the PSO rate constant for adsorption, qe 
(mg g−1) the amount of MG adsorbed at equilibrium and t 
is the contact time (min).

To evaluate the adsorption process efficiency, Langmuir, 
Freundlich and Jovanovic models, were used. The Langmuir 

(1)qe =
(Ci − Ce)V

m

(2)%Removal =
(Ci − Ce)

Ci

× 100

(3)qt = qe(1 − exp−k1t)

(4)qt =
k2q

2
e
t

1 + k2qet

model is defined as a monolayer adsorption upon the homo-
geneous surface of the adsorbent and follows the equation 
below [22]:

where qe is the adsorbed amount of MG per unit mass of D@
DSS adsorbent (mg g−1), kL is the Langmuir constant related 
to the adsorption capacity (L g−1), Ce is the equilibrium con-
centration of MG (mg L−1), qm is the maximum adsorption 
capacity per unit mass of D@DSS adsorbent (mg g−1).

Freundlich model suggests a multilayer adsorption upon 
the heterogeneous surface of sorbent material and presented 
as Eq. (6) [24]:

where 1/n and KF (mg g−1) (L mg−1)n are the Freundlich 
constants related to adsorption capacity and adsorption 
intensity, respectively.

The model of Jovanovic presented in Eq. (7) has some 
similar features as the one considered by Langmuir with 
small difference, that Jovanovic model suggests the possi-
bility of mechanical contact between the adsorbing and the 
desorbing molecules [25].

where, qm (mg g−1) is the Jovanovic maximum adsorp-
tion capacity and KJ (L mg−1) is the Jovanovich isotherm 
constant.

3 � Results and Discussion

3.1 � Characterization of D@DSS Adsorbent

Regarding the surface chemistry quantification, the results of 
the total surface acidity of 3.864 meq g−1 and total surface 
basicity of 1.71 meq g−1 confirmed that the studied D@
DSS predominantly possess an acidic nature. The Beumer-
Emmet-Teller (BET) characterization technique confirmed 
the surface area for D@DSS adsorbent to be ranging from 
24.42 to 18.00 m2 g−1 for a particles size varying from 0.4 to 
2.5 mm (Table S1, supplementary information), without any 
chemical or thermal process is satisfactory [21].

The chemical composition of the used adsorbent was 
performed to prevent some toxic elements like heavy metals 
during its application in aqueous solutions. The analysis of 
heavy metals, total hydrocarbons, and nitrogen in the D@
DSS is presented in Table 1. The obtained results showed that 
the sludge has trace amounts of heavy metals, making it safe 
and suitable to use it as an adsorbent in aqueous solutions.

(5)qe =
qmKLCe

1 + KLCe

(6)qe = KFC
1∕n
e

(7)qe = qm
(
1 − e−KJCe

)
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Therefore, the examination of the results obtained by 
X-ray fluorescence shows that the D@DSS is rich in calcite 
40.8%, iron 25.08% and in silica 11.9% (Fig. 1A). Table 1 
and Fig. 1A indicate that D@DSS can be used as a natural, 
low-cost substitute for some commercial adsorbents.

Figure 1B shows FTIR spectra of D@DSS before and after 
the MG adsorption. The results obtained for D@DSS before 
adsorption showed peaks located at 3694, 3324, 2921, 2852, 
1659,1548, 1436, 1031, 536, and 467 cm−1 (Fig. 1B). The 
bands at 2852 cm−1 and 2921 cm−1 can be attributed to the 

C–H in methyl and methylene groups, respectively. The band 
at 1659 cm−1 related to C=O stretching of carboxyl groups. 
The most intense bands are perfectly observed at 1031 cm−1 
in the spectra of D@DSS can be attributed to Si–O–Si or 
Si–O–C structures, which is associated to the presence of sili-
con in the sewage sludge as confirmed by the FL-X-ray spec-
tra (Fig. 1A). After MG adsorption, the slight shift of peaks 
was at 3700, 3317, 2929, 2850, 1650, 1439 and 1430 cm−1 
(Fig. 1B). A slight shift of frequency and a slighter decrease 
in intensity of some peaks could be attributed to MG ions 

Table 1   Chemical composition 
of D@DSS before MG 
adsorption

Hg Cd As Cr T Pb CN THC TkN NH4 NO3 NGL

mg/kg (dried base)
 0.548 0.893 0.45 27.6 43.9 11.6 3201 52.3 5.96 0.0003 57.9

Limit values according to the Moroccan legislation (mg/kg dried base)
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Fig. 1   A Major elements in (%) present in the D@DDS Before MG adsorption. B FTIR spectra of D@DSS adsorbent before and after MG 
adsorption. C Zeta potential of D@DDS samples. D. Typical SEM micrograph of D@DSS particle (100 magnification): (a) before MG ad



363Chemistry Africa (2022) 5:359–373	

1 3

adsorbed onto D@DSS adsorbent. The FTIR spectroscopic 
study after adsorption confirmed that the MG has a binding 
ability with the surface of D@DSS adsorbent.

Figure 1C shows that the zeta potential of D@DSS at 
the pH range from 3 to 12, is negatively charged. Thus, this 
suggests that the D@DSS could be used to remove cationic 
dyes like MG in this pH mediums.

According to (Fig. 1Da), the D@DSS before MG adsorp-
tion process exhibited an irregular surface with considerable 
rough and porous layers that offer high adsorption capabil-
ity for the adsorption of dye molecules [26]. Therefore, 
the SEM image of D@DSS after the adsorption of MG 
(Fig. 1Db) approves the smoother surface characteristics 
with apparent reduced pore structures, showing the high 
uptake and entrapment of MG by the accessible porous sites. 
Figure 1Db proves the entrapment of MG onto D@DSS that 
can be attributed to the presence of carboxylic group within 
D@DSS, as evidenced by the FTIR spectral (Fig. 1B), which 
plays the role of active sites for the MG adsorption.

3.2 � Optimizing Using Response Surface 
Methodology (RSM) 

Several statistical experimental designs have been consid-
ered as useful approaches for the process variables optimiza-
tion. RSM is widely used, especially when a few significant 
independent variables are involved in the optimization pro-
cess [27, 28]. In such context, Box–Behnken design (BBD) 
is an independent, rotatable, or approximately rotatable 
quadratic design where the midpoints of the edges of the 
process space and at the center is the treatment combina-
tions. RSM is a three steps approach: (1) designing then per-
forming experiments; (2) modeling response surface using 
regression and (3) optimizing. The aim of RSM is to obtain 
the optimal conditions that satisfy the operating specifica-
tions [29]. It is noteworthy that RSM is an effective and low-
cost method for bioprocess modeling and optimizing since it 
allows the identification of interactions between investigated 
variables and therefore running few possible experiments. 
In this study, the experimental design matrix obtained from 
the BBD model is shown in Table S2, Supplementary infor-
mation. The adsorbent amount was taken as the response 
of the design experiments. A total of 64 experiments were 
needed to calculate coefficients of second-order polynomial 

equation which were fitted in experimental data. The opti-
mization was carried out using STAT​GRA​PHICS package 
version XVII (Statpoint Technologies, Inc., Virginia, USA).

In our work, optimization was made using seven inde-
pendent variables. Table 2 summarizes these variables, their 
ranges, and levels. Experimental design for the seven inves-
tigated input variables and observed response is presented 
in Table S3, Supplementary information.

When a fitting of the interaction terms to the obtained 
experimental data according to the Box–Behnken model 
experiment, a second-order polynomial model can be writ-
ten as presented in Eq. (8)

where Y is the amount adsorbed, a0 is the offset term, ai is 
the first-order main effect, aii is the second-order main effect 
and aij is the interaction effect. The coefficient of determina-
tion (R2) and the analysis of variance were computed to test 
the performance of fit of the model.

Equation (9) expressed the quadratic equation model for 
predicting the optimal point:

Analyzing the RSM contour plots and solving the regres-
sion equation allow obtaining the optimum values of the 
input variables [30]. According to our outcomes, the fol-
lowing quadratic model presented below was used to 
describe the relationship between the response and the input 
variables:

(8)Y = a0 +
∑

a0Xi +
∑

aiiX
2
i
+
∑

aijXiXj

(9)Y = b0 +

n∑

i

biXn +

n∑

i

diX
2
i
± �

qe = 17.94 + 0.19pH−2.22IS + 0.27Ci + 1.19T + 0.01Ti−3.22AD−0.08PS

−8.82 ⋅ 10−3pH2 + 4.35 ⋅ 10−6pHPS + 17.89IS2 + 3.63 ⋅ 10−6ISCi − 3.63 ⋅ 10−4ISAD

−1.82 ⋅ 10−4C2
i
+ 1.38 ⋅ 10−8Ci ∗ T + 2.38 ⋅ 10−7CiAD + 1.50 ⋅ 10−7CiPS−1.59 ⋅ 10

−2T2

−8.03 ⋅ 10−5TTi + 4.16 ⋅ 10−3TAD + 870 ⋅ 10−7TPS

−6.25 ⋅ 10−5T2
i
+ 1.39 ⋅ 10−3TiAD + 1.14AD2 + 2.24 ⋅ 10−2PS2.

Table 2   Experimental range and level of input (independent) vari-
ables: pH, ionic salt (IS), initial

Input variables, nomenclature, range 
and levels (coded)

− 1 0 + 1

pH 02 06 12
Ionic strength (IS, mg/L) 0.005 0.105 0.100
Initial concentration (Ci, mg/L) 005 155 150
Temperature (T, °C) 25 75 50
Time (Ti, min) 05 85 80
Adsorbent dose (AD, g) 0.05 1.55 1.50
Particle size (PS, mm) 0.2 2.7 2.5
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3.3 � Analysis of Variance

Combined analyses of variance for the response variable (qe, 
mg/g) are presented in Table 3. As it can be seen, except IS 
(ionic strength) investigated factors impacted significantly 
(at least at 5%) on Qe. The mathematical model had good 
performance since R2% exceed 99%. Regarding optimizing 
(maximizing) qe using RSM, as summarized in Table 4, 
optimum value of qe (78.105 mg/g) was reached under vari-
ous values of input variables: pH (10), IS (0.015), Ci (150), 
T (37.29), Ti (58.25), AD (0.05), and PS (0.203).Typically in 
order that a model is repeatable, the coefficient of variance 

Table 3   Combined analyses of 
variance for qe. Df = degree of 
freedom

Source of variation Sum of squares Df Mean square F-ratio P-value

A:pH 2.98159 1 2.98159 1031.59 0.0000
B:IS 0.00636027 1 0.00636027 2.20 0.1491
C:Ci 7527.98 1 7527.98 2,604,585.33 0.0000
D:T 0.0422688 1 0.0422688 14.62 0.0007
E:Ti 0.345912 1 0.345912 119.68 0.0000
F:AD 19.5009 1 19.5009 6747.06 0.0000
G:PS 0.0185315 1 0.0185315 6.41 0.0172
AA 0.699616 1 0.699616 242.06 0.0000
AB 0.0 1 0.0 0.00 1.0000
AC 0.0 1 0.0 0.00 1.0000
AD 0.0 1 0.0 0.00 1.0000
AE 0.0 1 0.0 0.00 1.0000
AF 0.0 1 0.0 0.00 1.0000
AG 5.E−9 1 5.E−9 0.00 0.9990
BB 0.0234595 1 0.0234595 8.12 0.0081
BC 1.25E−9 1 1.25E−9 0.00 0.9995
BD 0.0 1 0.0 0.00 1.0000
BE 0.0 1 0.0 0.00 1.0000
BF 1.25E−9 1 1.25E−9 0.00 0.9995
BG 0.0 1 0.0 0.00 1.0000
CC 13.1884 1 13.1884 4563.02 0.0000
CD 1.25E−9 1 1.25E−9 0.00 0.9995
CE 0.0 1 0.0 0.00 1.0000
CF 1.25E−9 1 1.25E−9 0.00 0.9995
CG 1.25E−9 1 1.25E−9 0.00 0.9995
DD 89.2532 1 89.2532 30,880.49 0.0000
DE 0.0113477 1 0.0113477 3.93 0.0574
DF 0.0113477 1 0.0113477 3.93 0.0574
DG 1.25E−9 1 1.25E−9 0.00 0.9995
EE 0.111355 1 0.111355 38.53 0.0000
EF 0.0113477 1 0.0113477 3.93 0.0574
EG 0.0 1 0.0 0.00 1.0000
FF 5.13089 1 5.13089 1775.22 0.0000
FG 0.0 1 0.0 0.00 1.0000
GG 0.0126274 1 0.0126274 4.37 0.0458
Total error 0.0809278 28 0.00289028
Total (corr.) 7661.92 63

Table 4   Optimized response qe under various experiment conditions 
according to Box–Behnken approach

Factor Low High Optimum

pH 2.0 12.0 10.0
IS 0.005 0.1 0.0145315
Ci 5.0 150.0 150.0
T 25.0 50.0 37.2874
Ti 5.0 80.0 58.2493
AD 0.05 1.5 0.05
PS 0.2 2.5 0.202967
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(CV%) should not be greater than 10%. The data obtained 
in this study confirmed that the calculated CV value of the 
model is 3.50% demonstrating the repeatability of the model.

The obtained model was evaluated via two indicators: 
the percentage absolute error of deviation (AED) and the 
regression coefficient (R2). AED was calculated using the 
following equation:

where Yexp are the experimental responses and Ytheo are the 
theotrical responses. And N is the number of point at which 
measurements were carried out.

The obtained model was valid since the AED % = 0.237 
is lower than 10% and R2 99.99% > 0.7.

To plot the response surface, only significant input vari-
ables were considered (p < 0.05). The combined effects of 
these variables on the response variable are presented in 
Fig S1, Supplementary information. Effects of pH combined 
separately with the remaining significant factors are plotted 
in Fig S1. A–E, Supplementary information, the greatest 
values of qewere obtained with higher values of pH (10) 
combined with Ci (150 mg/L), T (30 °C), Ti (60 min), AD 
(0.05 g), and PS (0.2 mm). When combining Ci with other 
input variables (Fig S1. F–I, Supplementary information), 
it seems that qe increased gradually to reach its great values 
at Ci (150 mg/L), T (30 °C), Ti (60 min), AD (0.05 g), and 
PS (0.2 mm). Fig S1. J–L, Supplementary information pre-
sents variation of qe as functions of T combined separately 
with Ti, AD, and PS. From these outcomes, no noticeable 
increase of qe (around 60 mg/g) was reached at Ti (60 min), 
AD (0.05 g), and PS (0.2 mm). Similarly, when plotting qe 
against (Ti, AD), (Ti, pH), and (AD, PS), as illustrated in 
(Fig S1. M–O, Supplementary information), qe had its better 
values (about 60–64 mg/g) at Ti (60 min), AD (0.05 g), pH 
(10), and PS (0.2 mm).

3.4 � Effect of D@DSS Adsorbent Mass

The adsorbent mass is a crucial parameter in adsorption 
studies, as it indicates the optimal dose where the maximum 
adsorption appears. The influence of the D@DSS amount 
on the adsorption efficiency was investigated and optimized. 
Different doses in the range 0.05–1.5 g at a fixed MG con-
centration (10 mg L−1) for MG removal by D@DSS is indi-
cated in (Fig. 2A). The results indicate that the increase in 
the adsorbent amount leads to the adsorption elimination 
increase, which might be due to the increase in the surface 
area retention [31].

However, more increase after a certain amount 
(qe = 1.26 mg g−1, %E = 90) does not enhance the adsorp-
tion, which might be due to the interference between binding 
sites of the D@DSS adsorbent at different amounts. In this 

(10)AED(%) = 100∕N ⋅

∑|
|
|
(Yexp − Ytheo)∕Yexp

|
|
|
.

context, a similar phenomenon was reported using Typha 
australis leaves for MG adsorption [32]. The optimal D@
DSS adsorbent dose obtained is 0.7 g.

3.5 � Effect of pH on the D@DSS Adsorption Efficiency

To study the influence of pH on the adsorption of MG onto 
D@DSS, the experiments were performed at an initial dye 
concentration of 10 and 30 mg L−1. The amount of the 
adsorbed MG onto D@DSS in the pH range from 2 to 12 
was shown in (Fig. 2B). The adsorption of MG over the D@
DSS increased from 0.85 to 1.34 mg g−1 and from 2.75 to 
4.14 mg g−1 at initial dye concentrations of 10 and 30 mg 
L−1 at 20 °C, respectively, with the increase in pH from 2 
to 12. This observation may be explained as follow, at pH 
2, the D@DSS surface became positively charged, making 
H+ ions compete with cationic MG dye. As a result, the 
removal capacity is decreased due to the electrostatic repul-
sion force. While, at pH higher than 2, a higher amount of 
negatively charged OH− are dominant on the surface of D@
DSS. Thus, it enhanced the electrostatic attraction, which 
facilitates more MG adsorption capacity [33, 34]. The high-
est the pH value, the strongest the adsorption, may also be 
explained by the Zeta potential analyses results. Figure 1C 
mentions clearly that the Zeta potentials of D@DSS are 
increasing from pH 2 to 12. Consequently, due to the elec-
trostatic interactions, the amount of MG adsorption on the 
D@DSS is increased with the increase of pH, which is in 
correlation with previous reports [27, 35]. Indeed, accord-
ing to Parthasarathy et al. [36], this phenomenon can also be 
explained by: with the increasing of pH, the zwitterions of 
MG in aqueous medium may cause the formation of the MG 
aggregate, blocking the insertion into the porous structure 
of the adsorbent.

3.6 � Effect of D@DSS Particles Size on the Adsorption 
Capacity

The particle size of the adsorbent usually affects the adsorp-
tion capacity. Indeed, we have studied the adsorption kinet-
ics for the different powder granules with diameters ranging 
from 0.2 mm to more than 1.4 mm. As can be seen in the 
Fig. 2C, the adsorption kinetics of the dye at six different 
particle sizes shows that the adsorption capacity increases 
with decreasing particle size of D@DSS. Thus, with a given 
mass of D@DSS, a smaller particle size results in higher 
surface area Table S1, Supplementary information. Hence 
the number of active sites is increased. Similar results were 
reported for MG adsorption using Cattail leaves as a novel 
biosorbent [37].
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Fig. 2   A Effect of adsorbent dosage on the adsorption of MG by D@
DSS. B The effect of pH on adsorption of MG onto D@DSS. C The 
effect of particle size to the adsorption rate of MG on D@DSS. D 

Kinetics of MG adsorption by D@DSS for various initial dye concen-
trations. E The effect of ionic strength on MG removal (%)
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3.7 � Effect of Contact Time and MG Initial 
Concentration

The influence of contact time and MG dye initial concentra-
tion on the adsorption uptake using D@DSS are presented in 
(Fig. 2D). An increase of adsorption of MG has been noticed 
in function of time until it reaches a saturation of D@DSS 
active sites. The time needed to reach equilibrium is depend-
ent to the initial concentration of MG: in fact, about 50 min 
for C0 = 5 mg L−1, 50 min for C0 = 10 mg L−1, 50 min for 
20 mg L−1, 60 min for 30 mg L−1 and 60 min for 50 mg L−1.
The initial faster adsorption rates may also be due to the 
presence of a large number of active sites for adsorption and 
the slower adsorption rates at the end could be attributed 
to the saturation of the binding sites. Similar behavior was 
obtained for the adsorption of MG onto Neem sawdust [38].

3.8 � Effect of Ionic Strength

The ionic strength of the solution is considered as an impor-
tant factor that governs both electrostatic and non-electro-
static interactions between dyes and adsorbent surfaces. 
Hence, initial concentration of MG, contact time, tempera-
ture and adsorbent dosage were used at 10 mg L−1, 80 min, 
293 K and 0.7 g, respectively. The effect of the NaCl on 
the MG adsorption onto D@DSS is studied and the results 
obtained are presented in (Fig. 2E).

As can be seen in (Fig. 2E), the presence of NaCl has 
affected the MG retention percentage. As much as the NaCl 
concentration increases, the adsorption capacity of the D@
DSS decreases. These results may due to the competition 
between MG cations and Cl– for the active sorption sites, in 
correlation with published literature report [39].

3.9 � Study of Adsorption Kinetics 
and Thermodynamic

Figure 3 shows the adsorption kinetic data for the adsorption 
of MG onto the D@DSS adsorbent. The Origin Software 
was used to calculate the adsorption kinetic parameters val-
ues and R2 values.

The calculated values were listed in Table 5. High value 
of R2 of PSO model was obtained for MG, which demon-
strated that this adsorption model fits well with the adsorp-
tion data than the PFO model. These results confirm that the 
PSO adsorption mechanism was predominant which sug-
gests that the chemisorption involves valence forces through 
sharing or exchange of electrons between the MG dye and 
the D@DSS. It was also observed that the PSO rate constant 
(k2) was decreasing with the increased initial concentration. 
Similar kinetics were also obtained in adsorption of MG on 
Effective Micro-organisms based compost as adsorbent [40].

3.10 � Thermodynamic Parameters

The study of thermodynamic parameters are useful to 
explain the behavior of the adsorption in terms of process 
equilibrium. The thermodynamic parameters indicate the 
effect of temperature on the adsorption process, which is 
determined by combining the thermodynamic Eq. (11) and 
van't Hoff, which allows realizing the Eyring Eq. (12).

where R is the universal gas constant (8.314 J K−1 mol−1), 
T (K) is the absolute temperature, ke ° is the thermodynamic 
equilibrium constant, and ΔH° is the enthalpy variation and 
ΔS° is the entropy variation. In this study, the thermody-
namics of the adsorption of MG dye on D@DSS has been 
studied at different temperatures, In accordance with the lat-
est estimates of different reports [41–43], it is recommended 
to use Eq. (13), to calculate the equilibrium constant for the 
adsorption process is to obtain adsorption isotherms at dif-
ferent temperatures.

where KL is the Langmuir isotherm constant, which is cal-
culated below, [adsorbate]° is the standard concentration of 
the adsorbate (1 mol L−1), γ is the activity coefficient which 
is unitary for very diluted or ideal solutions and Ke ° is the 
thermodynamic equilibrium constant that is dimensionless. 
The mean change in standard enthalpy of MG adsorption on 
D@DSS was calculated using (Eq. 10). The values of ΔS° 
and ΔH° were determined from the intercept and plot slope 
of ln (Ke°) versus 1/T (Fig. S2 Supplementary information). 
The thermodynamic adsorption parameters of MG onto D@
DSS were calculated from the obtained experimental data at 
293, 303, 313 and 323 K, are listed in Table 6. As presented 
in Table 6, the values of ΔG° for the MG adsorption were 
− 70.52, − 71.52, − 71.98 and − 72.71 kJ mol−1 at 293, 303, 
313 and 323 K. At all studied temperatures, the ΔG° value is 
negative, indicating that the adsorption of MG onto D@DSS 
would follow a spontaneous and favorable trend. The ΔG° 
value decreased with an increase in the temperature from 
293 to 323 K. This confirmed an increase in the MG adsorp-
tion with increasing temperature. Similar observations are 
reported by Khattri and Singh [38]. The negative value of 
ΔH° (− 49.12 kJ mol−1) indicated the exothermic process. 
The negative value of ΔS° (− 73.04 J mol−1) suggested a 
decrease in randomness at the solid/liquid interface and 
that the internal structure of D@DSS has not significantly 
changed during MG adsorption [44].

(11)ΔG◦ = ΔH◦−TΔS◦

(12)Ln ke◦ = −
ΔH◦

RT
+

ΔS◦

R

(13)

ke◦ =
1000 ⋅ KL ⋅molecularweightofadsorbate ⋅ [adsorbate]◦

γ
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3.11 � Adsorption Isotherm

The outcomes based on the Langmuir, Freundlich and 
Jovanovic isotherms are shown in Table 7. The Jovanovic 

model is the best model to explain the adsorption isotherm 
confirmed by the R2 values. Moreover, the maximum 
adsorption capacity of Jovanovic is close to the maximum 
capacity of adsorption experiments and optimum value 
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found by RSM. Thus, the Jovanovic model is a good fit for 
the experimental data, which shows the existence of some 
mechanical contact between the adsorbed and the desorbed 
molecules.

Moreover, as shown in (Fig. 4), the maximum adsorption 
capacity increases with the increase of the temperature of the 
solution. In addition, the temperature has a positive effect on 
the adsorption of MG by D@DSS, this observation confirms 
that the process of dye adsorption is exothermic.

3.12 � Mechanism of MG Adsorption onto D@DSS

This section described the mechanism possible of the MG 
adsorption onto D@DSS. At pKa Below 10.3, the MG is 

protonated and exists in its cationic form [45], then the 
adsorbent negatively charged surface was approved by the 
zeta potential reviled that the Electrostatic attraction between 
MG and D@DSS is a major mechanism of adsorption. The 
π–π electron–donor interaction also contribute to the uptake 
of MG. The presence e of several benzene rings in the MG 
structure (polycyclic aromatic compound), which are elec-
tron-rich zones may induce a donor–acceptor relationship 
and a stacking effect of the MG onto the adsorbent [46, 47]. 
The presence of the alkyl hydrogen on the adsorbent surface 
which can interact with the adsorbate approve the existence 
of the hydrogen bonds between MG and D@DSS. C = O, 
C–O and –OH functional groups have been confirmed from 
the FTIR analysis. A summary of the dye uptake process is 
shown in (Fig. S3 Supplementary information).

3.13 � Real Wastewater Test

To test the efficiency of D@DSS in real industrial applica-
tions, the adsorption of a wastewater effluent containing MG 
was performed. The composition of the industrial wastewa-
ter before performing the test is presented in Table S2, Sup-
plementary information The adsorption studies were per-
formed using 100 mL of industrial water, containing 10 mg 
L−1 and 50 mg L−1 of MG at initial pH, in the presence of 
0, 7 g of D@DSS, at 50 °C at a reaction time of 80 min. As 
shown in Fig. 5A, the post-treatment measurement shows 
that 89% and 94% of MG is adsorbed for 10 mg L−1 and 
50 mg L−1, respectively. Furthermore, the removal rate is 
decreased when comparing the synthetic and real wastewater 
solutions, which is expected, especially since the real waste-
water solution contains several other elements that cause the 
competition between MG and other existing cations in the 
solution. This was in correlation with the above-mentioned 
study of the salt effect in Fig. 3E.

3.14 � Comparison of D@DSS on Adsorption

D@DSS was used for the adsorption of MG, Methylene 
Blue (MB) and Red Congo (RC) from aqueous mediums 
(Fig. 5B) to study the efficiency of the adsorbent, three dyes 
MG, MB, and RC (50 mg L−1) with various surface charge 

Table 5   Non-linear kinetic 
model parameters

Model Parameters 5 mg L−1 10 mg L−1 20 mg L−1 30 mg L−1 50 mg L−1

qexp 0.602 1.280 2.62 3.99 6.75
PFO qe 0.584 1.265 2.595 3.929 6.616

K1 0.395 0.480 0.402 0.385 0.354
R2 (%) 97.8 99.7 99.6 99.1 98.4

PSO qe 0.607 1.292 2.666 4.056 6.874
K2 1.46 1.29 0.447 0.251 0.122
R2 (%) 99.3 99.9 99.9 99.8 99.5

Table 6   Thermodynamic parameters values for the adsorption of MG 
onto D@DSS

T (k) ΔG° (KJ mol−1) ΔH° (KJ mol−1) ΔS°(J mol−1 K−1)

293 − 70.52 − 49.12 − 73.04
303 − 71.25 – –
313 − 71.98 – –
323 − 72.71 – –

Table 7   Langmuir, Freundlich and Jovanovic isotherm models and 
constants at deferent temperature

Model Parameters 20 °C 30 °C 40 °C 50 °C

qm, exp 66.22 65.78 68,23 65,56
Langmuir qm 106.2 110.3 123.2 157.6

KL 0.187 0.136 0.090 0.037
R2 (%) 98.8 96.2 99.1 99.5

Freundlich 1/n 0.63 0.65 0.69 0.77
KF 11.37 10.50 11.57 6.94
R2 (%) 95.5 91.7 98 98.7

Jovanovic Qm 73.9 75.15 82.12 96
Kj 0.132 0.121 0.126 0.06
R2 (%) 99.2 96.9 99.5 99.6
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and structure properties were adsorbed using D@DDS. 
In the case of MG, removal percentage was 93.2%, due to 
strong electrostatic interaction between MG cation dye and 
D@DSS surface. Similarly, for MB, the percentage removal 
was 79, 81%. Even though D@DSS contains some func-
tional groups such as (C=O) of carbonyl groups and silica, 
Si–O–Si bonds on surface are enhanced the number of active 
sites. For this, the D@DSS exhibited a higher and faster 
adsorption capability to remove a positively charged dye, for 
Red Congo (RC), from water under the same condition using 
D@DSS. The adsorption efficiency was moderate (22.1%), 
but less than the cationic dyes, thanks to the electrostatic 
repulsion between the electron-rich D@DSS surface and RC 
dye. In addition, the adsorption study results showed that 
the adsorption was possible just for pH 2 for RC removal.

Table 8 summarizes the maximum adsorption capacity 
values reported for other adsorbents in the literature, com-
pared to the D@DSS adsorbent used in this study. Compar-
ing previously reported adsorbents with the results obtained 
in this work, the D@DSS can be employed as a low-cost 
adsorbent and considered as an alternative to other materials 
for MG removal. Keeping in mind that the values of KL and 
1/n are in between 0 and 1 indicating that the adsorption of 
MG onto D@DSS adsorbent is favorable.

4 � Conclusions

To conclude, the D@DSS used in this study to remove the 
MG shows the effectiveness of this material towards the dis-
coloration of aqueous media contaminated by cationic dyes. 
Thermodynamic analysis, adsorption kinetic studies, and 
adsorption isotherms were carried out to clarify the mode 
of fixation of MG as a model cationic dye on the tested mate-
rial. The D@DSS demonstrated the efficiency of adsorbing 
MG with a high percentage of discoloration in basic solu-
tions (up to 97%). The PSO kinetic model applies well in the 

case of the studied adsorbent/adsorbate systems. The adsorp-
tion isotherms are described satisfactorily by the Jovanovic 
model. The maximum adsorption capacity of MG is 96 mg 
g−1 at 50 °C. The influence of NaCl salt is practically clear 
on the adsorption capacity. The study of the effect of tem-
perature on the adsorption of this dye, generally shows an 
increase in discoloration with increasing temperature. The 
calculation of thermodynamic parameters shows that the 
adsorption process is exothermic and spontaneous. The high 
values of the heat of adsorption confirm that the interac-
tion between the two supports and the dyes are of chemical 
nature. The studied adsorbent demonstrated a great potential 
to be extended to other dyes removal. Studies continue to 
look for less expensive carriers to be combined with the 
sludge to improve the depolarization efficiency for possible 
use in textile and other organic pollutant-loaded effluents.
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