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a b s t r a c t
In the present study, a magnetic mesoporous silica (SBA-15-HESI-Fe3O4) was used as adsorbent for 
removal of methylene blue from aqueous solution. Ultrasound irradiation was employed to accelerate 
chemical process. In this study, influence of different parameters such as pH, initial dye concentration 
(mg L–1), adsorbent dose (mg) and sonication time (min) on adsorption process were investigated. 
Central composite design was performed to obtain the optimum levels of parameters using response 
surface methodology and to investigate the possible interaction between variables. Under the best 
condition (pH = 9, dye concentration = 25 mg L–1, adsorbent dose = 10 mg and sonication time = 2.2 min), 
the experimental equilibrium data were fitted to various isotherm models such as Langmuir, Freundlich 
and Tempkin. The results revealed the suitability and applicability of the Langmuir model. Different 
kinetic models including pseudo-first-order and pseudo-second-order were assessed and it was found 
that removal process followed pseudo-second-order kinetics. Ultrasonic power had important role in 
shortening the adsorption time of ions by enhancing the dispersion of adsorbent in solution. Overall, 
the as-synthesized adsorbent showed high adsorbent capacity (qe = 172.3 mg g–1) for successful dye 
uptake on the real wastewaters in a short time (2.2 min).
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1. Introduction

Dyes are widely used in different industries such as 
paper, textile, food and related industries. As the discharge 
of this aromatic and heteroaromatic compounds into the 
aqueous media will generate potential risks for human and 
animal health, dye removal from industrial effluents is an 
urgent need [1–5]. Methylene blue (MB) is a common car-
cinogenic colored material used for coloring paper, dyeing 
wools, cotton and so on [6]. In recent years, various tech-
nologies including flocculation, coagulation, precipitation, 
membrane filtration, electrochemical techniques and adsorp-
tion are developed for treatment of dyes from wastewaters. 

Among them adsorption has a great demand due to its 
high efficiency, capacity and large-scale ability of regener-
able adsorbents [7–15]. Nanoadsorbents possess attractive 
properties such as high number of reactive atoms and large 
number of vacant reactive surface sites for interaction with 
different reactive groups of target compound [16,17]. The 
experimental design technique is a faster, more efficient and 
cost-effective method compared with the conventional meth-
ods of studying a process that can be provided simultaneous 
optimization of several affecting factors with consideration 
of their possible interactions. The central composite design 
(CCD) is one kind of multivariate-based methods making a 
better prediction of output response in less number of exper-
iments and minimum errors [18,19]. Recently, functionalized 
mesoporous materials, possessing high surface area and 
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tenability of the surface functionality, have gained increasing 
importance in their use as adsorbents [20–24].

In this study, a modified SBA-15 with covalently bonded 
N-(2-hydroxy ethyl) salicylaldimine Schiff base as a ligand 
(SBA-15-HESI) composited with iron oxide nanoparticles was 
employed as an adsorbent for the removal of MB from aque-
ous solution [25]. Experimental design method was applied 
instead of one factor at a time. All conventional parame-
ters, except the parameters under study, were controlled, so 
allowed no interactions and required a large number of exper-
iments to find the optimum conditions. Experimental design 
method is faster, more efficient and low-cost technique that 
provides simultaneous optimization of several variables with 
their interactions. In this case, the interactions of the param-
eters will be described. Also, ultrasonic irradiation was used 
to increase the kinetics of the adsorption process. Moreover, 
the present adsorbent is powerful and cost-effective.

Ultrasound irradiation was used for ultrasound- 
assisted dye adsorption. The power of ultrasound irradiation 
 accelerates chemical process [26–29]. SBA-15-HESI-Fe3O4 
nanocomposite was synthesized and characterized by dif-
ferent techniques such as scanning electron microscopy 
(SEM), X-ray diffraction (XRD) and Brunauer, Emmett and 
Teller (BET) analysis. CCD was applied for the optimization 
of effective variables in absorption efficiency such as pH of 
solution, dye initial concentration (mg L–1), adsorbent dose 
(mg) and sonicating time (min). The kinetic and equilibrium 
isotherm of adsorption process were studied for investigat-
ing its mechanism. Removal performance of adsorbent on 
some real waters was also examined.

2. Materials and methods

2.1. Materials and instruments

All chemicals with the highest purity were purchased 
from Merck (Darmstadt, Germany). An ultrasound bath 
(Elmasonic, Germany) at 60 Hz of frequency and 500 W 
of power were used for shaking and dispersing solutions. 
pH measurements were done using pH meter model 691 
(Metrohm, Switzerland). UV–Vis spectrophotometer model 
T80+ (PG Instruments, China) was used to analyze MB con-
centration at the maximum wavelength of 664 nm. A mag-
net with power of 1 tesla was used to separate the adsorbent 
from solution.

2.2. Synthesis of SBA-15-HESI-Fe3O4 nanocomposite

SBA-15-HESI-Fe3O4 was prepared by the hydrothermal 
method [18,25] using 4.00 g pluronic P123 (Mn = 5,800), 6.8 mL 
tetraethyl orthosilicate, 90.0 mL hydrochloric acid (2 M) and 
21.0 mL deionized water. The mixture was transferred into the 
100 mL-teflon lined autoclave; and kept in an oven at 100°C 
for 24 h. Then, the product was cooled to room temperature, 
filtered and washed with distilled water (100 mL) to remove 
residual surfactant and dried at room temperature. After 
that, the product was filtered and washed frequently with 
distilled water. After drying, the as-synthesized product was 
calcinated at 600°C for 6 h in order to remove the templates. 
In the next step, for synthesis of chlorinated SBA-15, 5.00 g 
of SBA-15 was stirred in dry toluene (50.0 mL) for 1 h. Then,  

5.0 mL (20.76 mmol) of chloropropyltrimethoxysilane (CPTES) 
was added and refluxed at 122°C for 24 h under nitrogen 
atmosphere. The product was filtered, washed with toluene 
and ethanol (three times and each time with 30.0 mL of tolu-
ene and ethanol) and dried at 110°C for 4 h in a vacuum oven. 
Thereafter, a mixture of SBA-15-Cl (2.00 g), 2,4-dihydroxy-
benzaldehyde (2.83 g) and ethanolamine (2.00 g) in toluene 
(50.0 mL) were refluxed for 3 h. Then, the obtained solid named 
as SBA-15-HESI was filtered, washed by ethanol (96%) and 
dried in a vacuum oven at 80°C for 10 h. In this case, 0.10 g of 
mesoporous SBA-15-HESI was dispersed in 10.0 mL absolute 
ethanol solution. Then 1.0 mL of Fe3O4 nanoparticle suspension 
(32.2 mg L–1) was added to the above solution and the mixture 
was agitated at room temperature for 18 h. The reaction mix-
ture was deposited by magnet and washed several times with 
ethanol and distilled water. Finally, the brown colored product 
(SBA-15-HESI-Fe3O4) was dried at room temperature. All the 
steps of adsorbent preparation are shown in Fig. S1.

2.3. Ultrasonic-assisted MB adsorption experiments

The efficiency of MB removal was determined at 
different experimental conditions optimized according to 
the CCD method. The experiments were done in the range 
of 10–30 mg L–1 of initial dye concentration. The stock 
solution of MB was prepared by dissolving solid dye in 
double-distilled water in laboratory flasks and the working 
concentrations were prepared daily by its suitable dilution. 
After setting pH and the adsorbent dose, the solution was 
kept in an ultrasonic bath for appropriate times, according 
to Table S1. At the end of the adsorption experiments, the 
sample was immediately separated with magnet easily and 
analyzed with UV–Vis spectrophotometer. The adsorbent 
capacity (qe) was calculated using Eq. (1).

q
C C
m

Ve
e=

( )0 −  (1)

where C0 and Ce (mg L–1) are the initial and equilibrium 
dye concentration in aqueous solution, respectively. V (L) is 
the volume of dye solution and m (g) is the amount of the 
adsorbent [30].

2.4. Experimental design

In general, experimental design is used in order to 
optimize the important variables in a process as well as 
to minimize the number of experiments and to reduce the 
experimental error [14,31,32]. CCD, as a mathematical tool, is 
commonly applied to identify the significance of the effects 
of variables [18,33]. In this project, the effect of four factors 
including pH, initial dye concentration, amount of adsorbent 
and sonication time on adsorption efficiency was investi-
gated. The software Design Expert 7.0.0 was used to des-
ignate the runs and further analysis of the data. Five levels 
of CCD were shown in Table 1. The total experiments were 
performed in 30 runs and 3 blocks (Table S1). The number 
of experiments was calculated using the following equation:

Ntot = 2f + 2f + Cp (2)
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where Ntot is the total number of experiments, f shows the 
number of parameters and Cp is the center points [14,34].

Response surface methodology (RSM), a combination 
of mathematical and statistical techniques, was applied 
to develop, improve and optimize the adsorption process 
as well as evaluation of the significance and interaction of 
all corresponding factors [14,35–37]. The RSM modeling 
is on the basis of first or second-order polynomial equa-
tions followed by analysis of variance (ANOVA). Table S2 
shows ANOVA data obtained by the experiments. The val-
idated model plotted in tridimensional graph includes a 
surface response corresponding to the interaction between 
variables.

3. Results and discussion

3.1. Characterization of SBA-15-HESI-Fe3O4

IR spectrum of SBA-15, SBA-15-Cl, SBA-15-HESI, SBA-
15-HESI-Fe3O4 and Fe3O4 is shown in Fig. S2(a). Fe3O4 IR 
spectrum revealed a broad peak at about 3,365 cm–1 which 
is attributed to O–H stretching mode of water adsorbed 
from air. The vibration peak for Fe–O band was observed 
at 560 cm–1. SBA-15, SBA-15-Cl, SBA-15-HESI and SBA-15-
HESI-Fe3O4 exhibit a broad band at 3,000–3,500 cm−1 corre-
sponds to the O–H bond stretching of surface silanol groups. 
The peaks located at 1,089, 808 and 465 cm–1 are belonging 
to the stretching and bending vibration of O–Si–O and Si–O 
of silanol groups band from SBA-15, respectively. After 
functionalization with CPTES, the vibration peaks of C–H in 
propyl group merged at 2,929 cm–1 and stretching vibration of 
C–Cl cm–1 band was also observed at 709 cm–1. Furthermore, 
the peak at 1,643 cm–1 is related to C=N stretching in HESI. 
It is important to imply that C–Cl stretching band was dis-
appeared after reaction with N–H in HESI which indicates 
SBA-15-Cl has been successfully functionalized with HESI. 
For SBA-15-HESI-Fe3O4, the peak at 590 cm–1 which belongs 
to Fe–O group confirms the formation of SBA-15-HESI-Fe3O4 
nanocomposite.

Low-angle powder X-ray diffraction pattern of SBA-15, 
SBA-15-HESI and SBA-15-HESI-Fe3O4 (Fig. S2(b)) exhibited 
two weak peaks (110 and 200) and a single strong peak (100) 
in 2θ = 0.6, 1.0 and 1.9, respectively, verifying the hexagonal 
structure of the synthesized materials and their good stability 
after each functionalization step. From XRD pattern of Fe3O4 
nanoparticles (inset in Fig. S2(b)), eight characteristic peaks 
of Fe3O4 (2θ = 23.2, 27, 30.1, 35.4, 43.0, 44.5, 53.5 and 57.0) are 
similar to those reported in literature.

According to the saturation magnetization curve 
(Fig. S2(c)), it is obvious that there is no hysteresis in the mag-
netization sweep. Therefore, the magnetic coercivity of the 
nanostructures is low and suggests the presence of Fe3O4 as 
superparamagnetic.

The shape and surface morphology of the samples 
(Fig. S3) were investigated by SEM and transmission elec-
tron microscopy (TEM) analysis. It can be seen that SBA-15 
and SBA-15-HESI have regular morphology and ordered 
structure while changing the morphology of SBA-15-HESI 
after formation, the nanocomposite with Fe3O4 nanoparticles 
reflects the successful modification.

The N2 adsorption–desorption isotherms of SBA-15, SBA-
15-HESI and SBA-15-HESI-Fe3O4 obtained at 77k are shown 
in Fig. S4. Type IV isotherms, IUPAC adsorption–desorption 
isotherms, with H1-type hysteresis loops are obtained in 
samples, in a good agreement with the defined behavior of 
SBA-15. Some textural and physicochemical properties of 
SBA-15, SBA-15-HESI and SBA-15-HESI-Fe3O4 such as pore 
diameter (DBJH), the BET surface area, total pore volume (Vtotal) 
are given in Table S3 and Fig. S4. A considerable decrease in the 
BET surface area upon grafting of Fe3O4 nanoparticles at the 
surface of the functionalized SBA-15 material clearly suggests 
that the Fe3O4 nanoparticles have been anchored on the inner 
surface of the mesoporous material and some pore mouths 
have been partially blocked by the Fe3O4 nanoparticles.

3.2. Central composite design

The experiments in CCD were planned randomized to 
minimize the effect of uncontrolled factors [14,38]. As shown 
in Table 1, four factors adsorbent dose (A), pH (B), dye con-
centration (C) and sonication time (D) were planned in three 
(low, center and high) as coded values(–α, 0, +α). All 30 
experiments with condition of each parameters are listed in 
Table S1. The last column reveals response in terms of adsorp-
tion capacity of the adsorbent under the related situation.

In order to find out the most effective factors and their 
interaction, analysis of variance (ANOVA) was evaluated. 
According to the literature, the p values less than 0.05 in 
ANOVA table indicate the statistical significance of an effect 
at 95% confidence level. F-test was used to estimate the 
statistical significance of all terms in the polynomial equa-
tion within 95% confidence interval. Sum of squares shows 
that adsorbent dosage has maximum effect on adsorption. 
Moreover, the most interaction occurs between dye concen-
tration and adsorbent dosage. Data analysis gave the follow-
ing equation for removal of MB by the synthesized adsorbent:

R A B C D
AB AC AD

1 50 30 22 61 2 27 15 89 0 14
0 80 4 65 0 040

= + − + + +
− − − +

. . . . .
. . . 11 44
0 023 0 21 5 34 0 54
0 41 0 14

2 2

2 2

.
. . . .
. .

BC
BD CD A B
C D

+ − + −

− −

 (3)

3.3. Response surface methodology

RSM was developed in the next step to optimize 
the important parameters and describe the nature of the 
response surface in the experiment [13,39]. Fig. 1 displays the 

Table 1
Experimental parameters and levels in the central composite 
design

Factors Levels
–α –1 0 +1 +α

(A) Adsorbent dose (mg) 10 5 15 20 25
(B) pH 6 7 8 9 10
(C) Initial ion 
concentration (mg L–1)

10 15 20 25 30

(D) Sonicating time (min) 1 2 3 4 5
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three-dimensional plots of variables including the response 
surface plots of adsorption capacity vs. significant variables 
obtained for a given pair of factors at fixed and optimal 
values of other variables. The curvatures of these plots 

indicate the significant interaction between the parameters 
[40]. Figs. 1(a)–(f) reveal the interaction of paired parameters 
with each other. As shows in Fig. 1(a) maximum adsorbent 
capacity occurs in low adsorbent dose and high time that is 

 

e f 

Fig. 1. Three-dimensional plots of RMB (a) adsorbent dose and time, (b) adsorbent dose and MB concentration, (c) MB concentration 
and time, (d) time and pH, (e) MB concentration and pH, (f) adsorbent dose and pH, while other parameters were kept at their 
optimum values.
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the result of the time of contacting adsorbent and dye increase. 
As Fig. 1(b) shows, for having high adsorbent capacity, lower 
adsorbent dose and higher dye concentration are needed 
and this concept is in fit with Eq. (1). Fig. 1(c) gives the inter-
action of time and dye concentration. To obtain maximum 
response, it is better that adsorption is done at higher dye 
concentration and lower time. Adsorbent capacity has direct 
relation with dye concentration according to Eq. (1). Time has 
no important role in increasing adsorbent capacity according 
to Figs. 1(a) and (c) and it is considered that the adsorption 
rate is very fast and time factor is not an effective parame-
ter for MB removal. This even may be attributed to the high 
available surface area and active sites of adsorbent. However, 
the important role of ultrasonic power on improvement of 
the mass transfer process via amplifying the affinity between 
adsorbate and adsorbent and accelerating the chemical pro-
cess cannot be ignored.

The increase in adsorption capacity at higher pH values 
was observed which may be attributed to the increase in elec-
trostatic attraction between cationic dye molecule and active 
sites of the sorbent followed by higher dye uptake on the 
adsorbent surface. Furthermore, it was found that maximum 
adsorption capacity occurred in low adsorbent dose which 
is in agreement with Eq. (1). As shown in Fig. 2, the plot of 
experimental values of adsorbent capacity vs. those calcu-
lated from Eq. (3) indicated a good fit.

3.4. Adsorption equilibrium study

The data obtained by the current study were fitted to 
various adsorption isotherm equation such as Langmuir, 
Freundlich and Temkin [18,41]. The concentration of dye 
solution for adsorption equilibrium study was in the range of 
10–90 mg L–1. The constant parameters and correlation coef-
ficient (R2) obtained from the plots of known equation for 
Langmuir, Freundlich and Temkin are shown in Table 2. The 
plots of corresponding isotherms are also shown in Fig. S5.

Based on the linear form of Langmuir isotherm model 
and its higher value of R2, isotherm of the proposed adsorp-
tion processes efficiently followed Langmuir equation.

3.5. Adsorption kinetic modeling

The kinetics of adsorption is necessary for industrial 
applications. The experimental kinetic data of MB removal 
were considered by conventional models including pseu-
do-first-order and pseudo-second-order [42]. The constants 
of each models are summarized in Table 3.

The values of R2 indicate the tendency of data to agree 
with pseudo-second-order kinetic model. Fig. S6 shows the 
kinetic models.

3.6. Recovery and reusability

The good reusability is a main factor for an ideal 
 adsorbent [42]. In this study, recovery of the adsorbent was 
performed by HCl and NaOH 0.1 M solutions. After five con-
secutive cycles, the adsorption capacity of the adsorbent still 
remained above 90%. The amount of adsorption capacity in 
each cycle is depicted in Table 4.

Fig. 2. The experimental data vs. the predicted data of normalized 
removal of MB.

Table 2
Adsorption isotherms of MB adsorption onto SBA-15-HESI-Fe3O4

Isotherm Equation Parameter Values of 
parameters 
MB

Langmuir
e

e

e

m L m

c c
q q K q

= +
1 qm 

KL 
R2

181.81 
 
0.97

Freundlich
ln ln lnq K

n
Ce F e= +

1 KF 
n 
R2

 
3.04 
0.61

Temkin q B K B Ce T e= +1 1ln ln KT 
B1 
R2

 
72.01 
0.79

Table 3
Pseudo-first-order and pseudo-second-order kinetic constants of MB adsorption onto SBA-15-HESI-Fe3O4

Model Equation Parameters Values of parameters MB

First-order log log
.

q q q
k

te t e−( ) = −1
1

2 303

qe (mg g–1)
K1 (L min–1)
R2

2.656
0.6031
0.9837

Second-order t
q k q q

t
t e e

= +
1 1

2 2
2

2

K2 (g mg–1 min–1)
qe2

R2

0.150417
105.26
1.0000
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It is important to investigate the efficiency of adsorbent 
on the real samples, because of the heterogeneity and compli-
cacy of these samples compared with the model samples pre-
pared in laboratory. For confirming the applicability of the 
SBA-15-HESI-Fe3O4, two types of water samples were used 
including water from carpet cleaning and dyeing (Table 5).

A comparison between the performance of the proposed 
adsorbent and method with some adsorbents and methods is 
listed in Table 6.

4. Conclusion

In the current project, SBA-15-HESI-Fe3O4 was proposed 
as an efficient adsorbent for removal of MB from aqueous 
media. In most of the magnetic sorbents, the presence of 
magnetic component allows convenient magnetic separation 
rather than traditional filtration or centrifugation. On the 
other hand, SBA-15 has high hydrophobic mesoporous sur-
face. The hydrophilic surface of Fe3O4 nanoparticles provides 

unique environment for hydrophobic molecules uptake such 
as methylene blue cationic dye. Therefore, in this case SBA-
15-HESI is seemed to be responsible for adsorption due to 
its high surface area. However, the iron oxide nanoparticles 
embedded in the SBA-15-HESI will enhance the adsorp-
tion capacity of the synthesized adsorbent. The optimum 
conditions (pH = 9, initial dye concentration = 25 mg L–1,  
adsorbent dose = 10 mg and sonication time = 3.5 min) 
were determined by experimental design methodology. 
Ultrasound irradiation was used in order to accelerate the 
adsorption process. Ultrasonic power had important role in 
shortening the adsorption time of MB by enhancing the dis-
persion of adsorbent in solution. The equilibrium and kinetic 
studies were investigated under optimal condition obtained 
by response surface methodology. The experimental data 
were in agreement with Langmuir model. The experiments 
were done in optimum condition obtained by RSM except 
initial dye concentration. By using the Langmuir plot and 
Langmuir equation, the maximum adsorption capacity of the 
adsorbent obtained was 172.3 mg g–1. The process kinetics 
can be successfully fitted to the pseudo-second-order kinetic 
model. The developed adsorbent provided many advantages 
in terms of high percentage removal, reusability under mild 
condition, stability and easy to synthesize. The performance 
of magnetic mesoporous silica adsorbent (SBA-15-HESI-
Fe3O4) was examined on the real wastewaters samples and 
confirmed the applicability of magnetic adsorbent for prac-
tical applications.
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Supplementary materials

Table S1
The design matrix for four variables with adsorption capacity 
(mg g–1) for MB as response (R)

Run Block A B C D Response (R)

1 1 10 7 15 4 54.4
2 1 20 9 15 4 22.57
3 1 15 8 20 3 49.13
4 1 15 8 20 3 51.2
5 1 20 7 15 2 18.125
6 1 10 9 15 2 56.12
7 1 20 7 25 4 40.47
8 1 20 9 25 2 45.75
9 1 10 9 25 4 103.1
10 1 10 7 25 2 90.35
11 2 15 8 20 3 50.1
12 2 10 9 15 4 58.3
13 2 20 7 25 2 40.22
14 2 20 7 15 4 19.75
15 2 10 7 15 2 54.2
16 2 10 9 25 2 102.9
17 2 20 9 25 4 45.92
18 2 10 7 25 4 90.55
19 2 20 9 15 2 22.47
20 2 15 8 20 3 51.1
21 3 15 8 10 3 17.6
22 3 15 8 20 5 50.33
23 3 15 10 20 3 50.43
24 3 15 8 20 1 51.06
25 3 15 8 30 3 81.63
26 3 15 6 20 3 47.76
27 3 15 8 20 1 25.64
28 3 15 8 20 3 51.1
29 3 15 8 20 3 49.16
30 3 5 8 20 3 119.6
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Table S2
Analysis of variance (ANOVA) for the model applied for MB adsorption by SBA-15-HESI-Fe3O4

p valueF-valueMean squaredfSum of squaresSource

4.4628.91Block
Significant<0.0001282.251,407.941419,711.19Model

<0.00012,458.9412,265.70112,265.70A-Dose of adsorbent
0.000324.72123.331123.33B-pH
<0.00011,214.986,060.6016,060.60C-Dye concentration
0.75650.100.5010.50D-Sonication time
0.17632.0410.20110.20AB
<0.000169.42364.291364.29AC
0.94445.052E-0030.02510.025AD
0.02266.6833.34133.34BC
0.96721.762E-0038.789E-00318.789E-003BD
0.7190.140.6710.67CD
<0.0001156.91782.681782.68A2

0.22811.607.9817.98B2

0.35450.924.6014.60C2

0.74890.110.5310.53D2

4.991364.85Residual
Not significant0.140546.031060.32Lack of fit

1.5134.52Pure error
2919,784.95Corrected total

Table S3
BET and BJH data of SBA-15, SBA-HESI and Fe3O4-SBA-HESI

Sample BET surface 
area (m2 g–1)

Pore diameter 
(BJH) (Å)

Total pore 
volume (m3 g–1)

SBA-15 869 85 1.034
SBA-15 HESI 234 64 0.399
Fe3O4-SBA-15 
HESI

197 55 0.396
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Fig. S1. Steps for the synthesis of SBA-15-HESI-Fe3O4.

Fig. S2. (a) FT-IR spectrum, (b) low-angle XRD of all samples and 
(c) vibrating sample magnetometer of magnetite samples.

Fig. S3. SEM images for Fe3O4 nanoparticles (a) and SBA-15 (b). 
TEM image of SBA-15 (c) and SEM images of SBA-HESI (d) and 
Fe3O4-SBA-HESI (e).
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Fig. S4. Nitrogen adsorption–desorption isotherms (BET) for SBA-15 (a), SBA-HESI (b) and Fe3O4-SBA-HESI (c).



S. Nourozi, R. Zare-Dorabei / Desalination and Water Treatment 85 (2017) 184–196196

Fig. S5. Langmuir (a), Freundlich (b) and Temkin (c) isotherms.

Fig. S6. The plots of pseudo-first-order (a) and pseudo- 
second-order (b) models.


