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a b s t r a c t
In the present study, a macroporous anionic polyacrylamide-based monolith bearing negatively 
charged binding sites was synthesized as an adsorbent for the efficient removal of cationic dyes 
including methylene blue (MB) and crystal violet (CV) from aqueous solutions. The effects of 
various experimental parameters such as solution pH, contact time, monolith dosage, and ini-
tial dye concentration on the dyes adsorption were studied using batch experiments. Kinetic 
studies showed that the adsorption of MB and CV onto the monolith could be better described 
by the pseudo-second-order kinetic model (R2 = 1.0). The experimental equilibrium data for CV 
and MB were best fitted to the Langmuir isotherm model. The maximum monolayer adsorp-
tion capacity of the monolith is 120.5 mg g–1 for MB and 21.93 mg g–1 for CV at 25°C. The 
adsorption for MB and CV is spontaneous and exothermic. The studies reveal a significant 
influence of the molecular size of the dye on its percent removal. Reusability investigations 
indicated that the synthesized monolith could successfully adsorb MB dye after regeneration.

Keywords:  Methylene blue; Crystal violet; Polyacrylamide-based monolith; Adsorption; Kinetics; 
Isotherms; Thermodynamics

1. Introduction

Freshwater is one of the most essential and important 
needs for a healthy life of human, animal, and plant [1,2]. 
During the last years, contamination of ground and sur-
face water resources with high levels of toxic organic, inor-
ganic, and biological pollutants was dramatically increased 
due to rapid and unorganized growth in economics and 
populations. The industrial effluent containing synthetic 
dyes is one of the major pollution sources that cause a seri-
ous risk to human health [3–6]. The presence of synthetic 
dyes in water results in several environmental problems 
such as colored water, increasing toxicity, and reduction 
in oxygen diffusion through the water surface [4,5,7]. 

Synthetic dyes with heterocyclic aromatic structure such 
as methylene blue (MB) and triphenylmethane dyes such 
as crystal violet (CV) are important commercial dyes that 
are widely used in various type of industries such as paper-
making, printing, food processing, cotton dyeing, leather 
dyeing, plastic and rubber dyeing, wood preserving chem-
icals, personal care products, and pharmaceuticals [8–14]. 
In general, a large percentage (10%–20%) of the synthetic 
dyes used in the dyeing processes does not effectively bind 
to the clothes and is directly released into the water sys-
tem. As a result, huge amounts of toxic synthetic dyes are 
released into the water system making the industrial efflu-
ent highly colored and undesirable [3]. The toxicity of the 
synthetic dyes stems from the fact that they have a high 
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chemical and photolytic stability because of their complex 
unsaturated aromatic structures [14]. Therefore, photo deg-
radation or biological treatment of these dyes is very dif-
ficult, leading to their accumulation in the water system 
[15,16]. Several studies have reported that the long-term 
exposure to synthetic dyes can cause substantial risks to 
human health such as vomiting, nausea, eye burns, difficult 
breathing, profuse sweating, brain confusion, methemoglo-
binemia anemia, and hypertension [6,16–19].

Different physical and chemical techniques have been 
widely used for the removal of toxic synthetic dyes from 
industrial effluents such as chemical precipitation, mem-
brane separation, flocculation, photocatalytic degrada-
tion, ozonation, reverse osmosis, solvent extraction, and 
ion exchange [4,6]. However, these techniques show some 
limitations like low removal efficiency, consuming a large 
amount of chemicals, high operational costs, long duration 
time, and generation of large quantities of toxic products 
[2,5,6]. In recent years, adsorption has attracted increasing 
interest as an attractive alternative to these removal tech-
niques for water purification, which is documented in a 
large number of review articles [2,4–6,20]. This is because 
of the advantageous adsorption offers over other removal 
techniques like high selectivity and removal efficiency, 
simplicity and flexibility of design, availability of a wide 
variety of adsorbents, easy to regenerate, and low oper-
ational cost [6,20,21]. In this context, different types of 
adsorbents have been used for the removal of toxic syn-
thetic dyes from aqueous solutions including: ultrasound 
nanoparticles Cu-MOF [22], Zr3O/activated carbon com-
posite [23], activated carbon prepared from Ferula orientalis 
[24], natural bentonite [25], natural zeolite [16], activated 
carbons prepared from rice husk [26], activated carbon 
prepared from palm fibres [27], surfactant-modified alu-
mina [28], resorcinol-formaldehyde carbon xerogels [29], 
eggshells [21], N-succinyl-chitosan-g-polyacrylamide/atta-
pulgite composite [18], biochar/iron oxide composite [12], 
activated carbon by surfactant modification [8], fennel 
seed [30], carbon monolith [31–33], silica-based monolith 
[34], aluminosilicate monolith [35], activated carbon cloth 
[36], sepiolite [37], magnetic oxidized multi-walled carbon 
nanotube-κ-carrageenan-Fe3O4 nanocomposite [38], and 
agar/κ-carrageenan composite hydrogel adsorbent [39].

The development of highly crosslinked porous 
polymer-based and inorganic silica-based monoliths has 
gained increasing attention due to their ease of preparation, 
high porosity, high surface area, high adsorption capacity, 
reusability, and chemical/thermal stability [33,34,40–48]. 
These advantages make monoliths promising materials that 
have been successfully used in different applications such as 
separations, heterogeneous catalysis, adsorption, extraction, 
pre-concentration, and purification [32–35,40,44,47,49–51]. 
For example, Sharma et al. [34] synthesized mesoporous 
silica supported metal-oxide (ZnO@SiO2) monoliths via 
nanocasting process from macroporous parental silica-based 
monolith (SiO2). The formed monoliths were utilized as a 
promising adsorbent for the efficient removal of pesticides 
and dyes including Alizarin (AZ), Paradol (PD), Acid Blue-
113 (AB) and Rhodamine-B (RD) from aqueous solutions. 
The authors found that the maximum adsorption capacity 
of the synthesized silica-based metal-oxide (ZnO@SiO2) 

monolith is 625, 500, 714 and 555 mg g–1 for AZ, RD, AB, and 
PD, respectively.

In our previous work, we have described the synthesis 
and characterization of a macroporous anionic polyacryl-
amide-based monolith bearing negatively charged inter-
action sites as adsorbent for the removal of heavy metal 
and radioactive ions from aqueous solutions [40,44]. This 
is the first study of its kind to investigate the performance 
of anionic polyacrylamide-based monolith as adsorbent for 
removal of toxic dyes (MB and CV) from aqueous solutions.

The monolith was synthesized by free radical 
copolymerization of the soluble inclusion complex (N-tert-
butylacrylamide/methylated b-cyclodextrin) with vinylsul-
fonic acid, piperazinediacrylamide, and methacrylamide in 
the presence of ammonium sulfate in aqueous phosphate 
buffer inside a glass tube. The influences of solution pH, 
contact time, monolith dosage, and initial dye concentra-
tion on MB and CV removal were determined. The adsorp-
tion kinetic data were modeled by the pseudo-first-order, 
pseudo-second-order, and Elovich kinetic models. With the 
aim to understand the adsorption of the investigated dyes 
onto the synthesized monolith, the Langmuir, Freundlich, 
Dubinin–Radushkevich, and Temkin adsorption isotherm 
models were used to describe the equilibrium isotherm 
data. The adsorption thermodynamic values were evalu-
ated. The regeneration studies were also performed to check 
the reusability of the synthesized monolith towards MB.

2. Experimental

2.1. Chemicals and instruments

N,N,N’,N’-Tetramethylethylendiamine (TEMED), 
di-sodium hydrogenphosphate dihydrate, ammonium 
sulfate (AS), hydrochloric acid (37%, v/v), and metha-
nol were purchased from Fluka (Buchs, Switzerland). 
Vinylsulfonic acid (VSA) (25% w/v in aqueous solution) and 
ammonium persulfate (APS) were purchased from Sigma 
Aldrich (Steinheim, Germany). Methacrylamide (MA), 
sodium dihydrogen phosphate monohydrate, methylene 
blue (MB), and crystal violet (CV) were purchased from Merck 
(Darmstadt, Germany). Piperazinediacrylamide (PDA) 
was purchased from Alfa-Aesar (Karlsruhe, Germany). 
Methylated β-CD (Me-β-CD) was purchased from Sigma-
Aldrich (Louis, USA). All these chemicals are analytical-grade 
reagents and used as received without further purification.

The pH of solutions was measured using EUTECH 
pH-meter (Japan). Sample solutions were shaken using GFL-
85 thermostatic mechanical shaker (200 rpm). A 0.45 μm 
nylon Syringe filters were used to filter the solutions 
prior to analysis. The absorbance of MB and CV was mea-
sured at the maximum absorption wavelength using VIS-
spectrophotometer from METASH, model V-5100.

2.2. Synthesis of polyacrylamide-based monolith

The macroporous polyacrylamide-based monolith 
used in this study was synthesized and characterized as 
described in [40] by free radical copolymerization of a mix-
ture of N-tert-butylacrylamide/methylated β-cyclodextrin, 
vinylsulfonic acid (VSA), piperazinediacrylamide 
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(PDA), methacrylamide (MA), ammonium sulfate (AS), 
ammonium persulfate (APS), and N,N,N’,N’-Tetra-
methylethylendiamine (TEMED) in 0.1 M aqueous phos-
phate buffer (pH 7.0) inside a glass tube. The glass tube was 
then closed, and the polymerization process was allowed 
to proceed overnight at room temperature and then fully 
characterized. The monolith used in this work was previ-
ously characterized by means of thermal gravimetric anal-
ysis (TGA) and scanning electron microscopy (SEM) [40].

2.3. Spectrophotometric determination of MB and CV

The chemical structure and chemical formula of MB 
(319.85 g mol–1, λmax = 609 nm) and CV (407.97 g mol–1, 
λmax = 590 nm) are shown in Fig. 1. An aliquot of filtrate 
solution containing MB or CV molecules was quantita-
tively transferred into volumetric flask and diluted (if nec-
essary). Then, the concentration of unabsorbed dye left in 
solution was determined at the maximum absorption wave-
length using VIS spectrophotometer. After each measure-
ment, the cuvette was rinsed with 0.1 M HCl and water to 
remove all traces of the dye from previous run.

2.4. Batch adsorption studies

In this study, all batch adsorption experiments for MB 
and CV were conducted at 298 K in a set of 250 mL plastic 
stoppered bottles containing 10 mg of the monolith and 
25 mL of either MB (50 mg L–1) or CV (10 mg L–1) solution. 

The adsorption experiments were carried out by contin-
uously agitating the dye solution including the monolith 
at 200 rpm in a thermostatic shaker. Generally, adsorption 
is affected by various experimental parameters. In this 
study, the influences of solution pH, monolith dosage, ini-
tial dye concentration, and contact time on the removal of 
MB and CV were investigated. The monolith dosage var-
ied between 5 and 35 mg. After that, a mass of the mono-
lith was mixed with dye solution with different pH range 
(2–10 for MB) and (3–8 for CV) to optimize pH solution. The 
adsorption at different time intervals (1, 2, 4, 7, 24, and 48 h) 
was examined until the adsorption reached the equilibrium.

2.5. Adsorption experiments: kinetics and isotherms

Adsorption kinetic experiments were performed at 
25°C, 35°C, and 45°C at pH 5.0 (for MB) or 4.0 (for CV). 
Suspensions of 10 mg of the monolith in 25.0 mL of 
50 mg L–1 (for MB) or 10 mg L–1 (for CV) solutions were 
shaken at 200 rpm. At the desired time for each bottle (1, 2, 
4, 7, and 24 h), the suspensions were filtered and analyzed 
by VIS spectrophotometer. Adsorption isotherm experi-
ments were performed at pH 5.0 (for MB) or 4.0 (for CV) 
at constant temperatures 25°C, 35°C, and 45°C. A mass of 
10 mg of the monolith was added to each dye solutions 
(25.0 mL) of varying initial concentrations (10–100 mg L–1) 
for MB or (5–25 mg L–1) for CV.

The efficiency of the dyes adsorption was estimated 
from the calculation of the adsorption capacity at equi-
librium qe and percent removal (%) using the following 
equations [40]:
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where qe is amount of dye adsorbed per mass unit of mono-
lith at equilibrium (mg g–1), Co is the initial dye concentration 
(mg L–1), Ce is the equilibrium dye concentration (mg L–1), 
m is the mass of the monolith (g), and V is the volume 
of the aqueous solution (L).

3. Results and discussion

3.1. Adsorption studies

3.1.1. Effect of solution pH

It is well known that the pH of the aqueous solution has 
a strong impact on the efficiency of the adsorption process 
by affecting both the surface charge of adsorbent and the 
degree of ionization of the adsorbate molecule [21,40,45]. As 
can be seen from Fig. 2a, the percent removal of the studied 
dyes increases with increasing pH of the dye solution from 
2 to 10 and reached nearly a plateau. It can be seen that the 
maximum percent removal was observed at pH 5.0 for MB 
(63%) and at pH 4.0 for CV (52%) and further increase in the 
pH of the dyes solution does not significantly increase the 
percent removal of the investigated dyes. These findings 

(a) 

 

 

(b) 

 

Fig. 1. Chemical structure of (a) MB (C25H30N3Cl) and (b) CV 
(C25H30N3Cl).



263A.A. Al-Massaedh et al. / Desalination and Water Treatment 270 (2022) 260–274

can be explained by the increase in the number of the 
deprotonated negatively charged sulfonate groups per 
surface unit monolith that form a complex with dye mol-
ecules. At low pH values (pH < 5.0 for MB and pH < 4.0 
for CV), adsorption occurred with low percent removal 
for MB and CV. This is because, at low pH, the extremely 
high concentration of H+ ions in the aqueous solution cov-
ered the monolith surface and results in the generation of 
positively charged monolith, which restricted dye cations 
approach to the negatively charged sulfonate groups pres-
ent on the monolith surface through a strong electrostatic 
repulsion, and thereby results in low dye removal effi-
ciency [21,43]. As the pH of the dye solution is increased, 
an increase in the percent removal of the investigated dyes 
is observed, which might be attributed to the reduction of 
H+ ions in the aqueous solution and thus increase in the 
number of the deprotonated negatively charged sulfon-
ate groups on the monolith surface. Consequently, the 
electrostatic repulsion between dye cations and H+ ions 
on the monolith surface decreases and thereby results in 
the increase of the dye removal efficiency due to a strong 
electrostatic attraction between the negatively charged sul-
fonate groups and the dye cations. Several authors have 

reported an increase in percent removal of MB and/or CV 
with increasing the pH of the dye solution using different 
adsorbents [8,18,21,52,53].

3.1.2. Effect of initial concentration

The influence of initial concentration on the adsorption 
of MB and CV was studied in the range of (10–100 mg L–1) 
for MB and (5–25 mg L–1) for CV at 25°C, 35°C, and 45°C. 
Fig. 2b shows that there is a decrease in the percent removal 
of MB and CV with increasing their initial concentra-
tions. For example, it was observed that an increase in the 
initial MB concentration from 10 to 100 mg L–1 leads to a 
decrease in the percent removal from 89% to 45% for MB 
and from 92% to 30% for CV adsorbed on the monolith. 
This is mainly because all the available binding sites (i.e., 
the negatively charged sulfonate groups) on the monolith 
surface become saturated at higher initial dye concentra-
tions [16,36,50]. In addition, at high initial dye concen-
trations, the ratio of dye molecules to the monolith mass 
is high and hence more dye molecules are bonded to the 
same number of binding sites on the monolith surface, 
which results in saturation of the monolith surface, and 

(a) (b) 

(d)(c)

Fig. 2. Effect of various operational parameters on the percent removal of MB and CV dyes including: (a) effect of pH, (b) effect of 
initial concentration, (c) effect of monolith dosage, and (d) effect of contact time.
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consequently, decreasing in the percent removal of dye mol-
ecules [27,44,54]. Whereas, at low initial dye concentrations, 
the ratio of dye molecules to the monolith mass is low and 
hence more dye molecules are adsorbed on the monolith 
surface due to the availability of binding sites, which in turn 
leads to an increase in the percent removal of dye molecules. 
Similar results have been reported for the adsorption of 
MB and/or CV by different adsorbents [8,21,53].

3.1.3. Effect of monolith dosage

The results obtained in this study confirmed that the 
monolith dosage has a significant impact on the adsorp-
tion processes of MB and CV, since it determines the 
number of available binding sites, number of pores in the 
monolith, and surface area available for adsorption. As a 
general trend, there is an increase in the percent removal 
of MB and CV with increasing the mass of the mono-
lith from 5 to 25 mg as shown in Fig. 2c. For example, the 
percent removal of MB increases from about 55% to 82% 
with increasing the mass of the monolith from 5 to 25 mg. 
Simillary, the percent removal of CV increases from 39% to 
68% with increasing the monolith dosage from 5 to 25 mg 
(Fig. 2c). The increase in the dyes percent removal with an 
increase in the monolith dosage is mostly attributed to the 
availability of more binding sites (i.e., sulfonate groups) 
on the monolith surface and to increase in the total adsorp-
tion surface area available to dye molecules [8,21]. In addi-
tion, results show that further increase in the monolith 
mass (>25 mg) does not significantly increase the percent 
removal of the investigated dyes, which might be attributed 
to the fact that at high monolith dosage the available num-
ber of the dye molecules in solution was not enough to com-
pletely bind with all binding sites (i.e., sulfonate groups) 
available on the monolith surface [8,21]. Several authors 
have reported an increase in the percent removal of MB 
and/or CV with increasing adsorbent dosage [8,21,52,53].

3.1.4. Effect of contact time

Contact time is an important experimental parameter 
required for studying the adsorption kinetics of MB and 
CV on the monolith surface. In this study, the influence of 
contact time on the adsorption of MB and CV was studied 
between 1 and 48 h. As can be seen from Fig. 2d, the per-
cent removal of MB and CV was increased rapidly within 
the first 1–7 h (fast adsorption), and then slightly increased 
until the relative adsorption equilibrium was reached at 
24 h (slow adsorption). For example, there is an increase 
in the percent removal of more than 27% for MB reached 
during the time interval 1–24 h, which is mainly attributed 
to the presence of sufficient number of binding sites (i.e., 
sulfonate groups) on the monolith surface to interact with 
the dye molecules and to the presence of the large amount 
of adsorption surface area available for adsorption of the 
dye molecules [52]. In addition, results show that further 
increase in contact time (>24 h) does not significantly 
change the percent removal, indicating that all the available 
binding sites on the monolith surface become saturated 
with the dye molecules, and consequently, establishment 
of equilibrium between the dye molecules adsorbed on the 

monolith surface and those present in the bulk aqueous 
solution. Another possible reason that explains the con-
stant percent removal obtained for MB and CV at the later 
stage (i.e., after 24 h) might be due to the aggregation of 
dye molecules with the increase in contact time [24]. As a 
result, the aggregated dye molecules are no longer able to 
diffuse from the bulk aqueous solution into the pores of the 
monolith, and thereby results in constant percent removal 
of the dye [24].

Results in Fig. 2d show that there is an increase in 
the percent removal of approximately 9% for CV reached 
during the time interval 1–48 h. The clear difference in the 
percent removal for MB and CV during the time interval 
1–48 h might be directly related to the size of both dye 
molecule and the pores of the monolith [22]. The small 
MB molecule enters and leaves the pores of the monolith 
rapidly and thereby results in the increase of the percent 
removal of MB, whereas the larger CV molecule enters 
and leaves the pores of the monolith slowly, which results 
in a low percent removal of CV [22]. Several authors have 
reported an increase in percent removal of MB and/or CV 
with increasing contact time [8,18,21,24,53].

3.2. Adsorption kinetics

The study of the adsorption kinetics is an essential step 
to evaluate the adsorbent efficiency and to determine the 
reaction rate constant [55,56]. With the aim to study the 
rate and mechanism of the adsorption reactions between 
the investigated dyes and monolith, and to quantify the 
theoretical equilibrium adsorption capacity, the experi-
mental kinetic data obtained for MB and CV were analyzed 
using Lagergren pseudo-first-order, pseudo-second-order, 
and Elovich kinetic models at 25°C, 35°C, and 45°C [55–57]. 
In the present study, the values of correlation coefficient 
R2 and reduced chi-square χ2 were applied to evaluate the 
consistency between the experimental kinetic results and 
the theoretical values of the proposed kinetic model, and 
consequently, to find out the most suitable kinetic model 
that can be used for describing the experimental results. 
In general, the suitable kinetic model used for describ-
ing the experimental results is characterized by high R2 
and low χ2 values. The reduced chi-square χ2 is given by 
the following equation [58]:

�2
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�
�� �q q

q
e e

e

exp cal

cal  (3)

where qe
cal is the theoretical equilibrium adsorption 

capacity (mg g–1) estimated from pseudo-first-order or 
pseudo- second-order kinetic equation, and qe

exp is the exper-
imental equilibrium adsorption capacity (mg g–1) calculated 
by using Eq. (1).

The linearized form of pseudo-first-order kinetic model 
is given by the following equation [55–57]:

ln lnq q q k te t e�� � � � � � 1  (4)

where qt is the amount of the adsorbed dye at various times t 
(mg g–1), qe is the amount of the adsorbed dye at equilibrium 
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(mg g–1), t is the contact time (h), and k1 is the rate constant 
for pseudo-first-order reaction (h–1). The values of k1 and qe

cal 
at the studied temperatures are calculated using the values 
of the slope and intercept of the linear fit plots of ln(qe–qt) 
vs. t, as shown in Fig. 3a. The calculated kinetic parameters 
along with the values of R2, χ2, and qe

exp for MB and CV at 
the studied temperatures are presented in Table 1. The results 
show that the R2 values obtained at the studied temperatures 
for the pseudo-first-order kinetic model were found to be in 
the range of 0.976–0.993 for MB and 0.871–0.954 for CV. In 
addition, results given in Table 1 demonstrate that there is 
a large difference between the values of theoretical qe

cal and 
experimental qe

exp equilibrium adsorption capacity obtained 
from this kinetic model at the studied temperatures, which 
is obviously reflected by the high χ2 values determined for 
MB (6.90–33.2) and CV (17.3–44.3). These findings suggest 
that the pseudo-first-order kinetic model was not the suitable 
model to describe the adsorption processes of MB and CV on 
the monolith surface.

The pseudo-second-order kinetic model assumes that 
the adsorption process is controlled by chemical adsorption 
steps [52]. The linearized form of the pseudo-second-order 
kinetic model is given by the following equation [55–57]:

t
q k q q

t
t e e

� �
1 1

2
2  (5)

where k2 is the rate constant for pseudo-second-order reac-
tion (g mg–1 h–1). The values of k2 and qe

cal at the studied 
temperatures are calculated using the values of the slope 
and intercept of the linear fit plots of t/qt vs. t, as shown 
in Fig. 3b. The calculated kinetic parameters along with 
the values of R2, χ2, and qe

exp for MB and CV are listed in 
Table 1. As can be seen from Fig. 3b, the plots for MB and 
CV found to be linear with R2 values equal to 1.0. The high 
R2 values and very low χ2 values obtained at the studied 
temperatures for the pseudo-second-order kinetic model 
makes it the suitable kinetic model to explain the experi-
mental kinetic data of MB and CV adsorption onto the 
monolith. In addition, results show that the theoretical qe

cal 
values evaluated from the pseudo-second-order kinetic 
equation were in good agreement with the experimental qe

exp 
values for MB and CV at the studied temperatures. These 
findings confirm that the pseudo-second-order was the suit-
able kinetic model to explain the adsorption kinetics of MB 
and CV onto the synthesized monolith. Similar results have 

(a) (b)

(c)

Fig. 3. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) Elovich kinetic models for the adsorption of MB and CV onto the 
monolith at pH = 5.0 for MB and 4.0 for CV, temperature = 25°C, contact time = 1–24 h, and initial dye concentration = MB (50 mg L–1) 
and CV (10 mg L–1).
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been reported by authors working on the adsorption of 
MB and/or CV dyes onto porous carbon monolith [31–33], 
activated carbon [8,17,24], eggshells [21], and N-succinyl-
chitosan-g-polyacrylamide/attapulgite composite [18].

The Elovich kinetic model has been successfully used 
to describe the adsorption of gases onto solid adsor-
bents [56]. Elovich kinetic model is given by the following 
equation [56]:

q tt � � � �1 1
�

��
�

ln ln  (6)

where qt represents the initial adsorption rate (mg g–1 min–1)  
and β is the desorption constant associated with the 
extent of the surface coverage and activation energy 
for chemisorption (mg g–1). The values of α and β at the 
studied temperatures are calculated using the values 
of the slope (1/β) and intercept (1/β ln (αβ)) of the lin-
ear plots of qt vs. lnt, as shown in Fig. 3c. The calculated 
kinetic parameters along with the values of R2 for MB 
and CV are listed in Table 1. According to these results, 
the R2 values obtained at the studied temperatures for 
the Elovich kinetic model were found to be in the range 
of 0.923–0.972 for MB and 0.896–0.995 for CV. These find-
ings reveal that the experimental kinetic results obtained 
for MB and CV could be described by the Elovich kinetic 
model. The values of R2 obtained for the pseudo-first-or-
der, the pseudo- second-order, and the Elovich kinetic 
models are all high. However, the R2 values for the 

pseudo-second-order kinetic model are equal to 1.0 and 
slightly higher than that of pseudo-first-order and Elovich 
kinetic models (Table 1). These results confirm that the 
pseudo-second-order kinetic model agrees well with the 
experimental data and can be successfully applied to 
explain the dyes adsorption onto the monolith surface.

3.3. Adsorption isotherms

3.3.1. Adsorption isotherm curves

It is reported that the shape of adsorption isotherm 
curves has a strong effect on the adsorption process per-
formance as it provides important information to under-
stand the nature of adsorption process [59,60]. Adsorption 
isotherm curves obtained for MB and CV at the studied 
temperatures are illustrated in Fig. 4. As can be seen from 
these isotherm curves, there is an increase in the adsorp-
tion capacity qe for both dyes with increasing equilib-
rium concentration Ce, which might be explained by the 
increase in the initial dye concentration [44]. The increase 
in adsorption capacity with increase in initial dye con-
centration can be explained by the increase in the diffu-
sion of the dye molecules from the bulk solution to the 
monolith pores present within the monolithic scaffold 
[61]. In addition, the increase in initial dye concentration 
results in an enhancement of the electrostatic interaction 
between the negatively charged sulfonate groups and cat-
ionic dye on the monolith surface, and thereby results in 
the increase of the adsorption capacity of the investigated  
dye [44].

The results given in Fig. 4 show that the isotherm 
curves obtained for MB do not reach a plateau region at 
all studied temperatures, which imply that the monolayer 
for MB was not completely formed on the monolith sur-
face. For CV, these isotherm curves reach a plateau region 
at higher equilibrium concentration at 25°C and 35°C, 
which means that the monolayer for CV was formed on 
the monolith surface at this dye concentration. According 
to Giles and Smith, four main types of adsorption iso-
therms (L, H, S, and C) are classified based on the shape 
of adsorption isotherm curves [60]. As can be seen from 
Fig. 4a, the shape of the isotherm curves obtained for MB 
at the studied temperatures indicates L1-type adsorption 
isotherm. It is accepted that L1-type isotherms are usually 
used to describe the adsorption process of ionic adsorbates 
(e.g., ionic dyes and metal ions) [60]. Furthermore, L1-type 
isotherms assume that adsorption of MB on the monolith 
surface proceeds until a monolayer is completely formed, 
with the formation of multilayers on the monolith surface 
not being possible due to the electrostatic repulsion forces 
between the adsorbed dye molecules and those present in 
the bulk solution [60]. Fig. 4b indicates S2-type isotherm 
for CV at the studied temperatures according to Giles and 
Smith classifications [60]. In S2-type isotherms, adsorption 
of solute on the adsorbent follows cooperative adsorption 
mechanism, where the adsorbate molecules having the 
ability to bind at one binding site on the adsorbent surface 
(i.e., formation of multilayers), which could be affecting 
other binding sites on the same adsorbent [58]. In addition, 
the cooperative adsorption mechanism assumes that the 
adsorbate interaction at the surface of adsorbent is stronger 

Table 1
Calculated parameters of pseudo-first-order, pseudo- 
second-order, and Elovich kinetic models for the adsorption 
of MB and CV dyes onto the synthesized monolith at pH = 5.0 
for MB and 4.0 for CV, temperature = 25°C, 35°C, and 45°C, 
contact time = 1–24 h, and initial dye concentration = MB 
(50 mg L–1) and CV (10 mg L–1)

Dye MB CV

Temperature (°C) 25°C 35°C 45°C 25°C 35°C 45°C
qe

exp (mg g–1) 76.80 71.48 66.62 13.18 13.88 14.10

Pseudo-first-order

qe
cal (mg g–1) 40.25 40.89 48.35 2.55 3.38 4.87

k1 (h–1) 0.23 0.23 0.28 0.15 0.17 0.29
R2 0.989 0.976 0.993 0.935 0.954 0.871
χ2 33.2 22.9 6.90 44.3 32.6 17.3

Pseudo-second-order

qe
cal (mg g–1) 80.13 75.01 70.77 13.37 14.14 14.35

k2 (g mg–1 h–1) 0.01 0.01 0.01 0.18 0.14 0.13
R2 1.00 1.00 1.00 1.00 1.00 1.00
χ2 0.138 0.166 0.243 0.003 0.005 0.006

Elovich
α (mg g–1 h–1) 751.2 527.2 183.1 14.45 11.15 10.04
β (g mg–1) 0.095 0.098 0.085 1.36 1.03 0.924
R2 0.972 0.953 0.923 0.985 0.995 0.896
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than adsorbate interaction in the bulk solution, which in 
turn results in the formation of multilayers of adsorbate at 
the surface of adsorbent [59,60,63].

The results in Fig. 4 show that the adsorption capacity of 
MB and CV decreases with increasing temperature, indicat-
ing that adsorption of both dyes onto the monolith was an 
exothermic process. The decrease in the adsorption capacity 
of both dyes with increasing temperature might be explained 
by weakening of the electrostatic interactions between the 
negatively charged sulfonate groups and the positively 
charged dye molecules on the monolith surface.

3.3.2. Langmuir, Freundlich, Dubinin–Radushkevich, and 
Temkin isotherms

In the adsorption process, modelling of the experi-
mental equilibrium data is an important work to predict 
the adsorption mechanism and to quantify the theoreti-
cal adsorption capacity of the adsorbent [58,62,64–67]. In 
the present work, we propose to fit the experimental equi-
librium data obtained for MB and CV at the studied tem-
peratures to the linearized equations of the Langmuir, 
Freundlich, Dubinin–Radushkevich, and Temkin adsorp-
tion isotherm models [58,62,65,66]. These fittings will allow 
to determine for each adsorption isotherm model the fitting 
parameters, and consequently, to find out the suitable iso-
therm model that can be used to describe the experimental  
equilibrium data.

The Langmuir isotherm model describes a mono-
layer formation of adsorbate on a homogeneous sur-
face of adsorbent without any interaction between the 
adsorbed molecules [65,66]. This model assumes that all 
the binding sites on the adsorbent surface are identical and 
energetically equivalent and have the same adsorption 
capacity (i.e., homogenous sites) [62,66]. The linear form 
of the Langmuir isotherm model is expressed as [58,65]:

C
q q K

C
q

e

e e L

e

e

� �
1

max max  (7)

where qe
max is the maximum quantity of MB or CV adsorbed 

per unit mass of monolith at monolayer coverage (mg g–1), KL 
is the Langmuir constant related to the adsorption enthalpy 
and to the affinity of the adsorbent towards the adsorbate 
(L mg–1). The values of KL and qe

max are calculated using the 
values of the slope (1/qe

max) and intercept (1/qe
maxKL) of the lin-

ear plot of Ce/qe vs. Ce as shown in Figs. 5 and 6. The value 
of KL is then used to calculate the value of the separation 
factor RL according to the following equation [58,65]:

R
K CL
L

�
�
1

1 0
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The RL value is usually used to predict the favourabil-
ity of the adsorption process. It is reported that RL values 
indicate the adsorption process to be either favorable if 
0 < RL < 1, unfavorable if RL > 1, linear if RL = 1, and irrevers-
ible if RL = 0 [44,58,65].

The Freundlich isotherm is an empirical model used 
to describe multilayers formation of adsorbate on a het-
erogeneous surface of adsorbate. The linear form of the 
Freundlich isotherm is expressed as [58,65,66]:

log log logq K
n

Ce F e� �
1  (9)

where KF ((mg g–1)(L mg–1)1/n) is the Freundlich constant 
represents the degree of adsorption and n is an empirical 
constant that is related to the intensity of the adsorption 
process. The magnitude of adsorption intensity (n) mea-
sures the degree of deviation from the linearity of adsorp-
tion (i.e., surface heterogeneity). It is accepted that the 
adsorption is classified as linear if n = 1, physical if n > 1, 
and chemical adsorption if n < 1 [58,63]. On the other hand, 
the adsorption is classified as normal equilibrium if 1/n < 1 
and as cooperative adsorption if 1/n > 1 [24]. The values of 
adsorption capacity (KF) and the adsorption intensity (n) 
can be easily calculated using the values of the slope (1/n) 
and intercept (logKF) of the linear plot of logqe vs. logCe as 
shown in Figs. 5 and 6.

(a) (b)

Fig. 4. Adsorption isotherm curves for (a) MB and (b) CV onto the monolith at temperature = 25°C, 35°C, and 45°C, contact 
time = 24 h, monolith dosage = 10 mg/25 mL, and initial dye concentration = MB (50 mg L–1) and CV (10 mg L–1).
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The Dubinin–Radushkevich isotherm model was used 
to distinguish between chemical and physical adsorption 
[58]. This model is usually used to calculate the binding 
energy of adsorption E (kJ mol–1) that describes the transfer 
of one mole of adsorbate from bulk solution to the adsor-
bent surface. The value of E was usually used to charac-
terize the type of the adsorption as physical adsorption 
if E < 8 kJ mol–1 or chemical adsorption if E > 8 kJ mol–1. 
The liner form of the Dubinin–Radushkevich isotherm 
model is given by the following equation [58]:

ln ln maxq qe e( ) = ( ) − βε2  (10)

� � �
�

�
��

�

�
��RT

Ce
ln 1 1  (11)

where R is the gas constant (J K–1 mol–1), T is the tempera-
ture (K), ε is the Polanyi potential, β is the activity coef-
ficient that relates to mean adsorption energy (mol2 kJ–2). 
E (kJ mol–1) can be calculated using the following equation:

E �
1
2�

 (12)

The Temkin isotherm model describes the interaction 
between adsorbate and adsorbent as a chemical adsorp-
tion process. This model is based on the assumption that 
the adsorbent has homogenous binding energy sites and 
the heat of adsorption of all adsorbate molecules decreases 
linearly with increasing surface coverage [58]. The linear 
form of the Temkin isotherm model is expressed as [58]:

q RT
b

A RT
b

Ce T e� �ln ln  (13)

B RT
bT =  (14)

where AT is the Temkin isotherm equilibrium binding 
constant (L g−1), b is the Temkin isotherm constant (mg L–1), 
BT is the constant related to the heat of adsorption (J mol–1),  
and T is the absolute temperature (K). The values of 
AT, b, and BT can be calculated using the values of the 
slope (B) and intercept (BT lnAT) of the linear plot of qe vs. lnCe 
as shown in Figs. 5 and 6.

The plots of the Langmuir, Freundlich, Dubinin–
Radushkevich, and Temkin isotherm models for adsorption 
of MB and CV onto the monolith at the studied temperatures 

(a) (b)

(c) (d)

Fig. 5. Plots of linearized adsorption isotherm of MB onto the monolith: (a) Langmuir model, (b) Freundlich model, (c) Dubinin–
Radushkevich model, and (d) Temkin model at pH = 5.0, temperature = 25°C, 35°C, and 45°C, contact time = 24 h, monolith dos-
age = 10 mg/25 mL, MB concentration range = (10–100 mg L–1).
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are shown in Figs. 5 and 6. In addition, Table 2 summarizes 
the isotherm fitting parameters calculated from these iso-
therm models together with qe

exp, R2, and χ2 values. The dif-
ferent adsorption data obtained for MB and CV (Table 2) 
could be explained in terms of molecular size, geometry, 
and molecular weight of these dyes. As can be seen from 
the chemical structures of MB and CV dyes given in Fig. 1, 
CV has trigonal planar structure consists of large and bulky 
triphenylmethane group ((C6H5)3CH), whereas MB has a 
linear structure consists of small size thiazine and azine 
groups [64]. These findings imply that CV has a larger 
molecular size compared to MB. As a general trend, dye 
molecules with smaller molecular size exhibit higher mobil-
ity and faster diffusion into the adsorbent pores when 
compared to larger dye molecules, and thereby results 
in a high removal efficiency [22,68,69].

Linear plots for the Langmuir, Freundlich, and Temkin 
isotherms for adsorption of MB onto the monolith show 
excellent fit to the experimental equilibrium data with high 
R2 values (>0.98). This confirms that these isotherm models 
can adequately describe the adsorption of MB onto the syn-
thesized monolith due to the presence of homogeneous and 
heterogeneous binding sites. Furthermore the results given 

in Table 2 show that the R2 values obtained for the Dubinin–
Radushkevich isotherm model were found to be in the 
range of 0.75-0.81 for MB (Table 2).

Among all the studied isotherm models, results in Table 2  
demonstrate that the Langmuir isotherm was the only iso-
therm model that describes the adsorption of CV onto the 
monolith with high R2 values (>0.92) [70]. This implies that 
the Langmuir isotherm model can adequately describe 
the adsorption process of CV onto the synthesized mono-
lith by the formation of monolayer coverage at the mono-
lith surface. Another observation shown in Table 2 is that 
the theoretical qe

max values evaluated from the Langmuir 
isotherm model were in good agreement with the experi-
mental qe

exp values for MB and CV at the studied tempera-
tures, which is obviously reflected by the very low χ2 values 
determined for MB (0.64–0.89) and CV (0.05–0.13) (Table 2). 
These findings confirm also that the Langmuir isotherm 
model was the most suitable model to explain the adsorp-
tion of MB and CV onto the synthesized monolith. In lit-
erature, similar findings were reported for the adsorption 
isotherms of various pollutant-adsorbent systems [71,72].

Results in Table 2 show that the RL values evaluated 
from the Langmuir isotherm model were ranged between 

(a) (b) 

(c) (d)

Fig. 6. Plots of linearized adsorption isotherm of CV onto the monolith: (a) Langmuir model, (b) Freundlich model, (c) Dubinin–
Radushkevich model, and (d) Temkin model at pH = 4.0, temperature = 25°C, 35°C, and 45°C, contact time = 24 h, monolith dos-
age = 10 mg/25 mL, MB concentration range = (5–25 mg L–1).
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0 and 1 (0 < RL < 1), indicating the favorable adsorption 
of MB and CV by the formation of homogenous mono-
layer coverage of dye molecules at the monolith surface. 
The maximum monolayer adsorption capacities for MB 
and CV onto the synthesized monolith were found to be 
121 and 22 mg g–1, respectively (Table 2). The maximum 
adsorption equilibrium capacity values of MB and CV 
on the synthesized polyacrylamide-based monolith have 
been compared with those of various adsorbents reported 
in the literature (Table 3). The comparison shows that the 
synthesized monolith has a comparable adsorption capac-
ity of MB and CV to some of these reported adsorbents. 
In addition, data in Table 3 demonstrate that the syn-
thesized monolith exhibited a slightly lower adsorption 
capacity of MB and CV than some of these reported adsor-
bents, which might be attributed to the differences in the 
experimental conditions and type of adsorbent.

The results obtained show that the values of hetero-
geneity factor (n) obtained for MB and CV were found 
to be greater than 1.0, which confirm the favorable phys-
ical adsorption of these dyes onto the monolith surface 

[40,44]. Furthermore, the large values of n obtained for CV 
(ca. 6.21) compared to MB (ca. 2.54) suggest strong interac-
tion between the cationic CV molecules and the negatively 
charged sulfonate groups present on the monolith surface 
[21]. We also observed that the KF values determined for 
MB decrease with increasing temperature, whereas for CV, 
there is slight decrease in the KF values with increasing 
temperature. For example, KF for MB decreases from about 
23.9 ((mg g–1)(L mg–1)1/n) at 25°C to about 20.8 ((mg g–1)
(L mg–1)1/n) at 35°C and decreases further to about 19.4 
((mg g–1)(L mg–1)1/n) at 45°C (Table 2). These findings con-
firm that the adsorption process of MB onto the monolith 
surface is an exothermic. Furthermore, it was observed 
that the KF values for MB are higher than those for CV, 
which might be attributed to its small molecular size  
compared to CV.

The fitting isotherm parameters obtained from the 
Langmuir, Freundlich, and Temkin isotherm models sug-
gest normal equilibrium physical adsorption mechanism 
for the investigated dyes as the values of 1/n for these dyes 
are less than 1.0. According to this mechanism, monolayer 
coverage of the dye molecules is formed onto the monolith 
surface by the physical electrostatic interactions between 
the cationic dye molecules and the negatively charged sul-
fonate groups present on the monolith surface. Then, the 
formed monolayer forms multilayers by chemical interac-
tion with the dye molecules present in the bulk solution 
[40,44,63]. The results given in Table 2 show that the val-
ues of the binding energy (E) obtained from the Dubinin–
Radushkevich model for MB and CV dyes were less than 
8 kJ mol–1 at the studied temperatures and thus the adsorp-
tion mechanism involved is physical adsorption [40,44]. 
It is reported that physical adsorption process takes place 
with bond energies less than 8 kJ mol–1, while adsorption 
process takes place by chemical ion-exchange mechanism 
with bond energies between 8 to 16 kJ mol–1 [21]. According 
to the results listed in Table 2, there is a decrease in the BT 
values for MB with increasing temperature, indicating that 
the adsorption of MB onto the monolith is an exothermic 
process. For example, BT for MB decreases from about 
21.8 J mol–1 at 25°C to about 19.3 J mol–1 at 35°C and decreases 
further to about 17.6 J mol–1 at 45°C (Table 2). Additionally, 
it was observed that there is no change in the BT values 
for CV with increasing temperature (Table 2). Results in 
Table 2 show that the values obtained from the Temkin 
isotherm model were AT = 2.2 L g–1 and BT = 0.022 kJ mol–1 
for MB and AT = 158 L g–1 and BT = 0.002 kJ mol–1 for CV 
at 25°C, which indicates that the adsorption of these dyes 
onto the synthesized monolith occurred via physisorption  
(Table 2).

3.4. Thermodynamic studies

In order to study the spontaneity of MB and CV adsorp-
tion onto the synthesized monolith, different thermody-
namic parameters such as standard Gibbs free energy change 
ΔG° (kJ mol–1), standard entropy change ΔS° (J K–1 mol–1), 
and standard enthalpy change ΔH° (kJ mol–1) were eval-
uated for these dyes. In the present study, ΔH° and ΔS° 
were calculated using the Van’t Hoff equation as follows  
[40,44]:

Table 2
Isotherm parameters obtained for Langmuir, Freundlich, 
Dubinin–Radushkevich, and Temkin isotherm models 
calculated for the adsorption of MB and CV dyes at tempe-
rature = 25°C, 35°C, and 45°C, contact time = 24 h, monolith 
dosage = 10 mg/25 mL

Dye MB CV

Temperature (°C) 25°C 35°C 45°C 25°C 35°C 45°C
qe

exp (mg g–1) 111.7 95.6 86.6 20.22 20.83 21.23

Langmuir isotherm
qe

max (mg g–1) 120.5 105.3 95.2 21.93 22.37 22.24
KL (L mg–1) 0.13 0.12 0.12 0.60 0.65 0.47
RL 0.07 0.08 0.08 0.06 0.06 0.08
R2 0.98 0.99 0.99 0.96 0.97 0.92
χ2 0.64 0.89 0.78 0.13 0.11 0.05

Freundlich isotherm

KF ((mg g–1)
(L mg–1)1/n)

23.9 20.8 19.4 12.3 12.5 11.8

n 2.54 2.59 2.67 6.21 6.00 6.10
R2 0.98 0.98 0.98 0.76 0.85 0.74

Dubinin–Radushkevich isotherm

qe
max (mg g–1) 89.3 80.4 73.9 21.1 21.1 19.8

β (mol2 kJ–2) 1.69 2.68 2.73 2.22 1.58 1.58
E (kJ mol–1) 0.54 0.43 0.43 0.47 0.56 0.56
R2 0.75 0.81 0.77 0.94 0.86 0.55
χ2 5.623 2.850 2.186 0.040 0.004 0.100

Temkin isotherm

BT (J mol–1) 21.8 19.3 17.6 2.45 2.58 2.50
AT (L g–1) 2.20 1.95 1.89 158 136 112
b (mg L–1) 114 133 150 1012 993 1056
R2 0.98 0.99 0.99 0.69 0.78 0.65
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where Kd is the distribution coefficient of MB or CV between 
the bulk aqueous phase and the solid monolith (L g–1). The 
values of ΔH° and ΔS° are calculated using the values of 
the slope and intercept of the linear plot of lnKd vs. 1/T as 
shown in Fig. 7. The values of ΔG° is calculated using the 
following equation:

� � �G H T S� � � � �  (17)

The results of thermodynamic parameters determined 
for MB and CV are listed in Table 4. The negative values 
of ΔH° for MB (–3.06 kJ mol–1) and CV (–3.82 kJ mol–1) con-
firm the exothermic nature of the adsorption processes 
of these dyes onto the synthesized monolith. In addition, 
the negative ΔG° values indicate that adsorption of MB 
and CV dyes was spontaneous. The positive values of ΔS° 
for MB (+0.39 J K–1 mol–1) and CV (+1.30 J K–1 mol–1) show 
the affinity of the monolith toward MB and CV indi-
cate that the two adsorption processes have an increased 
randomness at the solid–liquid interface [43].

3.5. Reusability of the monolith

The reusability of the synthesized monolith is an essen-
tial step and of great importance in wastewater treatment. 
With the aim to evaluate the reusability of the synthe-
sized monolith, adsorption experiments were performed 
by mixing 25 mL of 50 mg L–1 MB solution with 0.01 g of 
the fresh monolith at 25°C and pH 5.0. The dye solution 
with the monolith was shaken for 24 h at 200 rpm. After 
reaching equilibrium, the suspension was filtered and the 
concentration of unabsorbed MB left in solution was deter-
mined by vis spectrophotometer. After that, the MB-loaded 
monolith was thoroughly washed with deionized water 
to remove any unabsorbed MB molecules. The regener-
ation process (desorption) was performed by mixing the 
MB-loaded monolith with 100 mL of 0.1 M HCl solution. 
The mixture was shaken for about 1 h at 200 rpm and fil-
tered. Finally, the regenerated monolith was washed with 
deionized water and then dried to constant weight. All 
adsorption and desorption experiments were performed in 
triplicate. The next step is the reusability of the regenerated 
monolith that was investigated by performing adsorption 
experiment using it under the same experimental con-
ditions as for the fresh monolith, and then compares the 
results for both. The percent removal of MB obtained for 
the regenerated and fresh monoliths were calculated and 
the results are illustrated in Fig. 8. For the fresh monolith, 
it was found that the percent removal is around 61.4%, 
while for the regenerated monolith it is around 61.3%. 
These results confirm that the synthesized monolith can be 
successfully employed for MB removal after regeneration 
without significant loss in the removal efficiency.

4. Conclusions

In the present work, a macroporous polyacrylamide- 
based monolith bearing negatively charged sulfonate 

Table 3
Comparative account of the adsorption capacity of MB and CV dyes by different adsorbents

Adsorbent qmax MB 
(mg g–1)

qmax CV 
(mg g–1)

Conditions Reference

Porous carbon monoliths 127 – T = 25°C; pH = 7.5; time = 16 h [33]
Fennel seed 13.4 18.2 pH (CV) = 4.0; pH (MB) = 6.0; T = 25°C; 

time = 1.5 h
[30]

Zirconium oxide/activated carbon composite 208 204 pH (CV) = 4.0; pH (MB) = 6.0; T = 25°C; 
time = 10 min

[23]

Cellulose/activated carbon composite monolith 158 – pH = 7.0; T = 25°C; time = 30 h [31]
Surfactant modified carbon coated monolith 388 – pH = 10; T = 25°C; time = 48 h [32]
N-succinyl-chitosan-g-polyacrylamide/attapulgite 
composite

135 – pH (CV) = 4.0; T = 25°C; time = 24 h [18]

A natural clay mineral 77 330 pH (CV) = 7.5; pH (MB) = 7.0; T = 30°C; 
time = 3.0 h

[13]

Palm kernel shell-derived biochar – 24 pH = 7.0; T = 25°C; time = 24 h [14]
Agro-waste-derived activated carbon 14 7.6 pH = 7.0; T = 25°C; time = 3.0 h [68]
Polyacrylamide-based monolith 121 22 pH (CV) = 4.0; pH (MB) = 5.0; T = 25°C; 

time = 24 h
This study

Table 4
Calculated thermodynamic parameters (ΔG°, ΔH°, and ΔS°) 
at 298.15 K for the adsorption of MB and CV dyes onto the 
synthesized monolith

Dye ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (J K–1 mol–1)

MB –3.18 –3.06 0.39
CV –4.21 –3.82 1.30
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groups was synthesized and tested as adsorbent for the 
efficient removal of MB and CV dyes from aqueous solu-
tions using batch adsorption method. The results presented 
in this study demonstrate that the adsorption efficiency of 
the synthesized monolith is strongly affected by the experi-
mental conditions such as solution pH, contact time, mono-
lith dosage, and initial dye concentration. The adsorption 
kinetics for MB and CV followed pseudo-second-order 
kinetic model indicating that the adsorption is controlled 
by chemisorption rate determining step. The results show 
that the adsorption of MB and CV onto the synthesized 
monolith was better described by Langmuir isotherm 
model with the maximum monolayer adsorption capacity 
of 120.5 mg g–1 for MB and 21.93 mg g–1 for CV. The observed 
differences in adsorption data obtained for MB and CV dyes 
can be attributed to differences in the molecular size of these 
dyes. The calculated thermodynamic parameters showed 
that the adsorption of MB and CV onto the synthesized 

monolith exothermic and spontaneous. Reusability studies 
showed that the synthesized monolith could be successfully 
employed for MB removal after regeneration. According 
to the results obtained in this study, it can be concluded 
that the synthesized monolith can be used as an adsorbent 
for the effective removal of toxic dyes from wastewater.
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