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a b s t r a c t
In this study, 3-aminopropyltrimethoxy-silane (3-APTMS) and 3-mercaptopropyltrimethoxy-silane 
(3-MPTMS) were used to functionalize perlite in order to increase the adsorption capacity of methy-
lene blue (MB). These materials were characterized by X-ray diffraction, X-ray fluorescence, Fourier 
transform infrared spectroscopy, scanning electron microscopy, and thermal (thermogravimetry/
differential thermal analysis) analyzes. The performance of perlite and functionalized derivatives 
was tested by adsorption of MB in a batch system under a variable pH (2–11) and initial MB con-
centration (10–60  mg  L–1). Nonlinear and linear Langmuir, Freundlich, Dubinin–Radushkevich 
(D–R), and Sips adsorption equations were applied to define equilibrium isotherms. The maxi-
mum dye sorption was found to be at a pH of 11.0 (96.44% for PA, 96.51% for PAPTMS, and 96.73% 
for PMPTMS). The adsorption capacity for the dye was found to be 4.9445, 5.2014, and 5.3112 mg g–1 
for PA, PAPTMS, and PMPTMS, respectively, at 298  K. The adsorption kinetics was best described by 
the pseudo-second-order model. The obtained results confirm that amino and mercapto functional 
groups have positive effects on the adsorption of methylene blue by the adsorbents used in this 
work. Quantum chemical analysis supported better adsorption of methylene blue dye on amine 
and mercapto-functionalized perlite surfaces than the unmodified surface and the most suitable 
site for MB adsorption was suggested by Fukui function analysis.
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1. Introduction

Perlite material is an igneous rock rich in silica and 
2%–5% of combined water, it is widely occurring amorphous 
rock formed by cooling of volcanic eruption. In the litera-
ture, it is considered an aluminosilicate composed mainly 
of silica (SiO2 form) and aluminum (Al2O3 form) [1]. Due to 
its high porosity, ease of use, negligible toxicity, cheap price 
these along with its chemical and thermal resistance, the 
applicability of this material will be significant [2]. Perlite 

has effective adsorptive properties because it contains more 
than 70% of silica [3]. When heated to a temperature above 
870°C, its volume can be expanded up to 20 times its ini-
tial volume [4]. The adsorption capacity of perlite depends 
on the presence of silanols formed by the silicon atoms 
on the surface of the material [1,5]. Silicon atoms with 
hydroxyl groups on the surface of perlite tend to sustain 
their tetrahedral coordination [6]. By adding monovalent 
hydroxyl groups, they complete their coordination at room 
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temperature and form silanol groups. Theoretically, it is pos-
sible to propose a model containing two or three hydroxyl 
groups which give silanediol and silanetriol groups of a sil-
icon atom. However, it is impossible for silanetriol groups 
exist on the silica surface. By incorporating organic func-
tional groups into the material it is possible to improve 
the physico-chemical properties of aluminosilicates and 
to increase their application potential [1]. Silylation is the 
technique of organically functionalized silica surfaces by 
replacing the acidic hydrogens with hydrophobic alkyl silyl 
groups [7]. The common reagents used for the silylation are 
organosilanes [8]. Organic functional groups are added to 
the silica surface in one of two ways: (1) by post-synthesis 
reactions (post-synthesis grafting) or (2) by direct synthesis 
process (co-condensation of silica with organoalkoxysila-
nes) [9]. Many studies have been carried out on heavy metal 
removal, in which grafted clays bearing chelating groups 
or silica-based hybrid materials are used as adsorbents. 
However, research on the adsorption of dyes by organically 
modified aluminosilicates is not common [10]. Synthetic 
dyes are used more in industry than natural dyes because 
of their low cost production, stability, and variety of colors. 
Therefore, the removal of industrial wastes containing dyes 
is one of the most important objectives in environmental 
research. There are more than 100,000 kinds of dye which 
are classified as anionic and cationic and about 7 × 105 tons 
of dyes are produced each year. The cationic dyes contain 
protonated amine or sulfur containing groups and have a 
net positive charge [11–13]. Methylene blue (MB) which is 
a cationic dye is the most commonly used for dying materi-
als, coloring paper, and so on. It is also used as the determi-
nation of surface properties, an oxidation–reduction indica-
tor, pesticide industries, antiseptic, and for other medicine 
purposes. Although the MB is not regarded as a very toxic 
dye, it can have various harmful effects on human being 
and animals [14–16]. For this reason, waste containing 
methylene blue should be removed. Some methods such 
as chemical precipitation [17], ion-exchange [18], adsorp-
tion [19], membrane technologies [20], and photocatalysis 
[21,22] are used in the removal process. Among these meth-
ods, the adsorption method is particularly attractive due to 
its high removal efficiency, simplicity of design, and ease 
of use [23].

In recent years, computational chemistry using quan-
tum chemical principles is used to explain the applicability, 
direction, and prediction of chemical reactions. In pharma-
ceutical chemistry (in drug design), corrosion (in the study 
of inhibitors and in the design of new corrosion inhibitors, 
etc.) is clearly used, however, the adsorption of contaminants 
from the aqueous solution has not been widely used [24].

In this study, perlite was functionalized with 3-MPTMS 
and 3-APTMS providing a hybrid organic–inorganic struc-
ture. These modified products normally contain an amine 
(–NH) or thiol group (–SH) which removes impurities by 
binding the negative charge to metal ions or dye molecules. 
Perlite and modified perlite samples were characterized and 
their adsorptive properties were determined. Batch tests 
were used to investigate the adsorption capacity of methy-
lene blue. In addition, computational chemistry was applied 
to complete the experimental data in correlating the ease of 
adsorption with calculated quantum chemical descriptors 

and to explain the methylene blue adsorption mechanism 
on these adsorbents [25].

2. Materials and methods

2.1. Materials

The perlite sample was obtained from Erciş/Van deposit 
in Turkey. Chemicals such as HCl, NaOH, AgNO3, and dry 
toluene were obtained from Merck (Darmstadt, Germany). 
In addition, (3-mercaptopropyl) trimethoxysilane and 
(3-aminopropyl) trimethoxysilane used for modification 
were purchased from Sigma-Aldrich (St. Louis, USA).

2.2. Purification of perlite

Perlite was treated before using in the experiments as 
follows: 15 mL of 2 M HCl acid solution was added to 1 g 
of perlite sample and mixed at approximately 105°C for 4 h. 
The perlite dispersion was centrifuged and washed repeat-
edly until it was free of Cl–. This process was tested using 
AgNO3 [26]. The purified perlite was dried at 150°C for 
24 h and then powdered in porcelain mortar. The adsorbent 
was labeled as PA.

2.3. Modification of perlite with organosilanes

Organosilane-modified perlite samples were prepared 
according to the following procedures: 4  mL of organosi-
lane was dissolved in 50 mL of dry toluene. Then, 1 g of per-
lite powder was added to this mixture, and the suspension 
was refluxed for 20  h at 120°C under continuous stirring 
(400 rpm). The solid phase was filtered and washed several 
times with dry toluene to remove excess organosilane and 
dried overnight at 90°C. The same method was repeated 
for both organosilane (3-aminopropyltrimethoxy-silane and 
3-mercaptopropyltrimethoxy-silane) groups [26]. The final 
products were labeled as PAPTMS and PMPTMS.

2.4. Adsorbate

Methylene blue (C16H18N3SCl) with a molecular 
weight of 319.852  g was obtained from Merck (Darmstadt, 
Germany) The dye structure is presented in Fig. 1. The initial 
concentrations were prepared by diluting 1,000 mg L–1 stock 
solution with pure distilled water.

2.5. Sample characterization

Chemical analysis of the PA, PAPTMS, and PMPTMS materi-
als was made using the Philips 2400 X-ray fluorescence 
(XRF) instrument. The specific surface area of the adsor-
bents was determined using the Brunauer–Emmett–Teller 
(BET) method (Quantachrome Nova 2200E surface area 
and pore size analyzer). The pore diameter was deter-
mined by the Barrett–Joyner–Halenda (BJH) adsorption 
and desorption method based on the conventional Kelvin 
equation. By means of BJH analysis, pore area, mean pore 
diameter, and specific pore volume can be determined by 
using adsorption and desorption techniques. The thermo-
gravimetric (TG), derivative thermogravimetric (DTG), and 
differential thermal analysis (DTA) data were obtained by 
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a  Perkin Elmer (Massachusetts, USA) Diamond instrument 
with heating from room temperature to 1,099°C tempera-
ture at a rate of 20 Kdk–1. X-ray diffraction (XRD) analysis 
was obtained using a Bruker (Ettlingen, Germany) Axs 
D8 advance model X-ray diffractometer with Ni-filtered 
Cu X-ray tube devices at 2°–40°. Fourier transform infra-
red (FT-IR) analysis was performed using a SHIMADZU 
(Kyoto, Japan) IRAffinity-1 FT-IR spectrometer with a 
bandwidth of 400–4,000 cm–1. The morphology of the mate-
rials was provided using a scanning electron microscopy 
(SEM, LEO 440 computer controlled digital).

2.6. Methods

Batch adsorption experiments were carried out in a 
temperature controlled shaking water bath with a solution 
of 0.1  g of adsorbent in 10  mL aqueous solution of differ-
ent concentrations of methylene blue (MB) (10, 20, 30, 45, 
and 60 mg L–1). A constant agitation speed of 125 rpm was 
applied at a temperature of 298  K. The contact time of 
90 min was found to be sufficient to ensure the equilibrium 
of adsorption. Upon reaching the determined contact time, 
the sample were centrifuged at 5,000 rpm for 5 min to sep-
arate the solid phase from the liquid phase. After centrif-
ugation, the supernatants were taken using a micropipette 
and were analyzed to determine the final concentration of 
MB using a UV-spectrophotometer (Shimadzu UV-1800, 
Kyoto, Japan) adjusted to a maximum absorption of 665 nm. 
The amount of adsorbed dye was calculated according 
to the following equations [27]:
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where qe is the amount of metal ions adsorbed (mg g–1) at the 
equilibrium time, V is the volume of the solution (L), m is 
the weight of the adsorbent (g), and Ci and Ce are the dye 
solution concentration (mg L–1) at the initial and equilibrium 
times, respectively.

2.7. Point of zero charge measurements

The zero charge point (pHpzc) is defined as the pH at 
which the adsorbent surface charge takes zero. That is, the 
charge of positive surface areas is equal to negative surface 
areas. The pHpzc was calculated by potentiometric mass 
titrations. The following method was used to determine 
the surface charge of the adsorbents:

0.03 M KNO3 was used to obtain a stable ionic strength 
in determining pHpzc. For potentiometric titration, 0.1  M 
HNO3, 0.1 M, and 1 M KOH standard solutions were used. 
Three different amounts of perlite were weighed and sus-
pensions were prepared. Then, 0.03 M KNO3 solution was 
added. The mixture was stirred at 250 rpm for 24 h. Before 
titration, 1 M KOH was added to deprotonate surface sites. 
Titration was started by adding 0.05 mL of the HNO3 (0.1 M) 
solution to the continuously stirred solution, and pH was 
recorded in each addition. This process was repeated for a 
0.03  M KNO3 solution without adsorbent. pHpzc was deter-
mined from the intersection of potentiometric curves [28].

2.8. Desorption experiments

HCl was used as a desorbent agent in desorption exper-
iments. Ten milliliters of 0.1  M HCl was added to 0.1  g of 
dye-loaded adsorbent samples and adjusted to pH  =  11.0 
with NaOH. The mixture was shaken for 60 min, then filtered 
and the concentration of dye in the filtrate was determined 
by UV-spectrophotometer. The percentage of desorbed 
dye ions was calculated by the following Eq. (3) [29]:
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where CDes and CAds are, respectively, the desorbed and 
adsorbed concentration of the dye (mol L–1).

2.9. Adsorption isotherms

Langmuir, Freundlich, Dubinin–Radushkevich, and 
Sips nonlinear and linear isotherm equations were used to 
describe the nature of the MB adsorption on the PA, PAPTMS, 
and PMPTMS. The isotherm parameters were determined from 
a nonlinear regression analysis using a software program 
(Origin 8.0). Experimentally determined qe and Ce values 
are applied to nonlinear equations of adsorption isotherms. 
The correlation coefficient (R2), standard errors (SE) for 
each parameter (the standard deviation of a distribution of 
a sample statistic) and chi-square (χ2) values were used to 
select the best theoretical isotherm [30,31]. These parameters 
are determined in the following equations:
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Fig. 1. Chemical structure of methylene blue dye.
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where qe,exp (mg  g−1) is determined from the batch experi-
ment, qe,calc (mg g−1) is calculated from the isotherm for cor-
responding qe,exp, and qe ,exp  is the average of qe,exp. Also N 
characterizes the number of observations in experimental 
data. To select the most appropriate isotherm model, it is 
expected that R2 is closer to 1; χ2 and S.E. are close to zero 
[32]. In addition, linear Langmuir, Freundlich, and Dubinin–
Radushkevich (D–R) adsorption isotherms were used to 
better interpret the equilibrium isotherms and compare 
them with the results obtained from non-linear Langmuir, 
Freundlich, Dubinin–Radushkevich, and Sips isotherm 
equations. The above mentioned linear and non-linear 
isotherm equations are listed in Table 1.

Langmuir isotherm assumes that adsorption occurs 
in certain homogeneous sites within the adsorbent [38]. 
The dimensionless separation factor (RL) calculated using 
the Langmuir constant (KL) is expressed by the following 
equation:
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where Cref is any equilibrium liquid phase concentration of 
the solute. The value of RL shows the type of the isotherm 
to be either unfavorable (RL  >  1), linear (RL  =  1), favorable 
(0 < RL < 1), or irreversible (RL = 0) [23,34].

The Freundlich isotherm is an empirical isotherm 
indicating the surface heterogeneity of the adsorbent. The KF 
and n (dimensionless) parameters are Freundlich adsorp-
tion isotherm constants that are dependent on temperature, 
adsorbent, and adsorbed compound. The constants express 
the magnitude of adsorption capacity and the degree of 
adsorption representing the adsorption intensity, respec-
tively. n  = 1, the partition between the two phases is inde-
pendent of the concentration, (1/n) < 1 is normal adsorption, 
(1/n)  >  1 is cooperative adsorption. Dubinin–Radushkevich 
isotherm is often used to describe the adsorption mechanism 
with a Gaussian energy distribution onto a heterogeneous 
surface. The constant β gives an idea about the mean free 
energy E (kJ mol–1) of adsorption and can be computed using 
the equation in the Table 1. If the energy (E)  <  8  kJmol–1,  
adsorption can be explained with physical interactions. 
On the other hand, if the energy  >  8  kJmol–1, adsorption 
mechanism can be clear with chemical interactions [23,30].

Sips isotherm is a combination of the Langmuir and 
Freundlich isotherms and is suitable for describing the 
adsorption process on heterogeneous surfaces. The Sips 
isotherm equation is defined by nS, the dimensionless het-
erogeneity factor. When the value is 1, the Sips equation is 
reduced to the Langmuir equation, which indicates that 
the adsorption process is homogeneous [37].

2.10. Adsorption kinetics

Kinetic parameters were evaluated for the adsorption 
of MB onto the PA, PAPTMS, and PMPTMS adsorbents using 

nonlinear and linear equations of pseudo-first-order (PFO), 
pseudo-second-order (PSO) kinetic models, and intra-
particle diffusion and Boyd models. The main characteris-
tics of PFO and PSO kinetics are based on the fact that the 
adsorption steps (including external and internal diffusion/
adsorption) are combined [24]. The intraparticle diffusion 
model is used to determine the rate limiting step of the 
sorption kinetics. This model assumes that the adsorption 
mechanism occurs by diffusion of adsorbate molecules into 
the pores of the adsorbent material [39]. The Boyd kinetic 
equation was applied to determine the rate limiting step 
of the MB adsorption process [40–42]. The kinetic model 
equations are listed in Table 2.

2.11. Computational chemistry study

The theoretical calculations of all compounds and the 
adsorption potential are explained using QCCs based on 
DFT [43]. According to molecular orbital theory; all mol-
ecules have highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO). Using 
the HOMO and LUMO energy values of a molecule, the 
following parameters can be found: ionization potential 
(I = –EHOMO), electron affinity (A = –ELUMO) electronegativity 
(X = I + A/2), chemical hardness (ἠ = I – A/2), chemical soft-
ness (S = 1/2ἠ). In addition, spherical electrophilicity index 
(ω), transmitted electron fraction index (ΔN), and back 
donation were calculated according to Karzazi et al. [44–47].

3. Results and discussion

3.1. Materials characterization

The chemical composition of PA, PAPTMS, and PMPTMS 
was determined by X-ray fluorescence and presented in 
Table 3.

Table 3 illustrates that the main components of the PA are 
silica, 72.83%, and alumina, 11.92%. No significant change 
was observed in these values after modification. Silica and 
alumina values were determined as 71.29% and 11.24% for 
PAPTMS and 69.12% and 11.37% for PMPTMS, respectively.

The physical characteristics of the perlite and modified 
perlite samples are shown in Table 4. Perlite is considered 
a mesoporous material (20–500 Å pore diameter), with an 
average pore radius of 19.99 Å and BET specific surface area 
of 0.994 m2 g–1 [4].

There was a slight decrease in the BET specific surface 
area of the PAPTMS sample (0.835  m2  g–1), but an increase in 
micropore volume and pore diameter. The specific surface 
area of the PMPTMS sample (1.361  m2  g–1), micropore vol-
ume (6.282  E-03  cc  g–1), and pore diameter (39.34 Å) were 
significantly increased.

The X-ray diffractogram shows that Fig. 2, PA and mod-
ified perlites (PAPTMS and PMPTMS) are amorphous materi-
als. The broadband in the range of 2θ ~20°–35° indicates 
the amorphous structure. Amorphous silica and small 
amounts of opal-CT, quartz, feldspar, montmorillonite, 
mica, illite, calcite, and kaolinite are detected in the PA sam-
ple. The modification did not change the structure of perlite. 
Fig. 2 shows that the intensities change while the positions 
of the peaks are unchanged [48,49].
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TG-DTA-DTG curves for PA, PAPTMS, and PMPTMS are shown 
in Figs. 3a–c, respectively.

The TG curves revealed the dehydration/dehydrox-
ylation of perlite and the decomposition of organic mod-
ifiers on the surfaces of perlite. From the TG curve of PA 

Table 1
Non-linear and linear equations of the isotherm models

Isotherm Non-linear equation Linear equation Constants Reference

Langmuir q
q K C
K Ce

M L e

L e

=
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1 1 1 1
q K q C qe L M e M

= × + KL is the Langmuir isotherm constant (L g−1)
qM is the monolayer capacity

[33,34]
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log log logq K
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Ce F e= +
1

KF is the Freundlich isotherm constant (L g−1)
n is the heterogeneity factor in the 

Freundlich model
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qM is D–R adsorption capacity (mg g−1)
KDR is the constant related to adsorption 

energy (mol2 kJ−2)
ε is the energy of adsorption
R is the ideal gas constant (8.314 

(J mol–1 K–1)
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Sips q
q a C
a Ce

M S e
n

S e
n

=
+

( )

( )

1

11

/

/
1 1 1 1

1

q q K C qe M S e

n

=








 +
( )/

max

KS is the Sips isotherm constant (L g–1)
aS is the Sips isotherm constant (L mg −1)
nS is the dimensionless heterogeneity factor 

[17,37]

Table 2
Non-linear and linear forms of kinetic models [9,41]

Non-linear equations Linear equations Kinetic models Constants

q q k tt e= − −( ) 1 1exp ln lnq q q k te t e−( ) = − 1 Pseudo-first-order
k1 (min–1) is the pseudo-first-order rate constant
t (min) is the contact time

q
k q t
k q tt
e

e

=
+
2

2

21
t
q k q

t
qt e e

= +
1

2
2 Pseudo-second-order

k2 (g mg–1 min–1) is the pseudo-second-order 
rate constant

q k t Ct i= +id Intraparticle diffusion
kid is intraparticle diffusion constant
Ci is the intercept value (gives an indication about 

the thickness of boundary layer)

B Ft = − − −( )0 4977 1. ln

F
q
q
t

e

=
Boyd

F is the fractional attainment of equilibrium, equal 
to qt/qe

Bt is a mathematical function of F

Table 3
Chemical composition of adsorbents by XRF analysis

PA PAPTMS PMPTMS

SiO2 72.83 SiO2 71.29 SiO2 69.12
Al2O3 11.92 Al2O3 11.24 Al2O3 11.37
K2O 5.14 K2O 4.8 K2O 4.77
Na2O 2.71 Na2O 2.77 F 3.38
Fe2O3 1.6 F 2.41 Na2O 2.69
CaO 0.65 Fe2O3 1.5 Fe2O3 1.5
TiO2 0.09 CaO 0.63 CaO 0.61
P2O5 0.06 TiO2 0.06 SO3 0.19
BaO 0.06 Cl 0.05 TiO2 0.07
MnO 0.05 BaO 0.04 BaO 0.06
Loss on ignition (%) 4.90 5.20 6.25

Table 4
Specific surface area, micro-pore volume, and pore diameter val-
ues obtained by BET and BJH methods

Adsorbent Specific surface 
area (BET) (m2 g–1)

micro-pore 
volume (cc g–1)

pore 
diameter (Å)

PA 0.994 3.701 E-03 19.99
PMPTMS 1.361 6.282 E-03 39.34
PAPTMS 0.835 6.106 E-03 35.10
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(Fig. 3a), there are three sharp mass losses of 2.1% between 
200°C and 300°C, which should be associated with the 
loss of water consistent. Next, the TG curve shows a grad-
ual decrease in the 300°C–850°C range. Mass loss between 
300°C and 850°C was observed to be about 2.3%. Total mass 
loss is 4.4%. After this temperature, it is observed that the 
material remains thermally stable to the final analysis tem-
perature (1,099°C). The DTG curve, Fig. 3a, shows peaks 
around 200°C, 250°C, and 300°C. These peaks depend on 
the observed weight loss in the range of 200°C–300°C in 
TG analysis. DTA curve show exothermic peaks at 300°C 
and 960°C are due to thermal degradation. Similar behav-
ior is observed in modified PAPTMS and PMPTMS materials. 
This is attributed to the removal of water introduced into 
the structure during the functionalization process being 
applied [9,50]. In Figs. 3b and c, the functionalized samples 
show mass losses of up to 200°C resulting from the release 
of adsorbed water and >500°C is due to the dehydroxyl-
ation of the silicate layers. It showed additional weight loss 
from 200°C to 600°C of loss of silane molecules in the struc-
ture. The first DTG peaks around 250°C and 275°C may 
be attributed to weaker bound silane molecules. At about 
570°C, the DTG peak results from strongly bonded silane 
molecules in the intermediate layer cavity [51].

FT-IR analyzes were performed in the 450–4,000  cm–1 
band. The main absorption bands for PA, as depicted in 
Fig. 4, were found at 3,741; 3,622; 1,643; 1,627; 1,512; 1,060; 
783; 644; and 459  cm–1. A strong band at 1,060  cm−1 and a 

 

Fig. 2. XRD patterns of PA, PAPTMS, and PMPTMS.

Fig. 3. TG, DTG, and DTA curves of (a) PA, (b) PAPTMS, and (c) PMPTMS.
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weaker band at 783  cm−1 attributed to Si–O stretching 
vibrations of Si–O–Si and Si–O–Al, respectively, and there 
is another strong band at 459  cm–1 due to O–Si–O bend-
ing [52]. The band at about 3,700  cm–1 can be attributed 
to the surface isolated hydroxyl groups bonded to silicon 
and the band at 1,643 cm–1 is related to the C–O vibration. 
The adsorption band at 1,627  cm−1 is due to deformation 
vibrations of adsorbed water molecules (δH–O–H) [9]. The 
range of 3,000–3,800 cm–1 band is isolated in different envi-
ronments and assigned to the stretching vibrations of sur-
face –OH groups [53]. The 3,741 cm–1 band is the contribu-
tion of free terminal Si–OH groups. The FTIR spectra (Fig. 4) 
of the modified samples (PAPTMS and PMPTMS) showed a strong 
band at 3,622 cm−1 related to the stretching vibration of the 
structural hydroxyls group (AlAlOH, AlMgOH), typical 
of montmorillonite [51]. In the PMPTMS sample, the presence 
of –SH group is demonstrated by the presence of a weak 
–SH absorption at 2,553 cm−1 [54]. The FTIR spectra of the 
PAPTMS exhibit deformation of –NH2 at 1,566  cm–1 and CH2 
deformation at 1,485  cm–1 [26]. The aliphatic CH2 groups 
lead to a doublet at 2,939 and 2,835  cm−1, which is given 
to asymmetric and symmetric stretching, respectively [51].

The SEM image of perlite shows a substantially smooth 
and fine porous and glassy structure (Figs. 5a–c). The 
perlite particles have irregular morphology and have an 
average range of 1–20 µm as shown in Fig. 5a. Similar struc-
tures are also compatible with different perlite samples [55]. 
The surface of modified perlite, Figs. 5b and c, is enclosed 
by the aggregates; this shown the modification process of 
perlite by organosilanes.

3.2. Effect of pH

The solution pH affects the surface charge of the adsor-
bent and the degree of ionization of the adsorbate [56,57]. 

The effect of pH on adsorption of MB was studied between 
2 and 11. The initial dye (MB) concentration was 30 mg L–1, 
the adsorption contact time was 90  min. The pH was 
adjusted by the addition of 0.1 mol L–1 NaOH or HCl solu-
tions. The pHpzc of the PA, PAPTMS, and PMPTMS samples were 
determined to be 2.5, 3.5, and 2.4, respectively; and after the 
modification of aminosilane, the presence of –NH2 groups 
changed the surface charge of the PAPTMS to the basic char-
acter and pHpzc increased [58]. Fig. 6 shows the change in 
the amount of MB dye adsorbed onto PA, PAPTMS, and PMPTMS 
with pH.

As can be clearly seen from the graph, with the increase 
of the adsorption values of pH 4 and 5 for PA, there was a 
decrease after. A significant increase in adsorption effi-
ciency is observed for all adsorbents after pH 9. In the 
adsorption experiments, the pH effect was investigated and 
the optimum removal was performed at pH 11. Generally, 
pH can affect various solution factors such as charge, 
degree of decomposition, or ionization [23]. The removal 
efficiency is lower at lower pH values. The excess H ion 
makes the perlite surface positive, which in turn affects the 
pushing force between the molecules, thereby causing a 
reduction in dye adsorption. Dog�an et al. [59] emphasized 
that perlite are not zero charge points and show negative 
zeta potential values in the 3–11 pH range. This negative 
charge may be due to isomorphic substitutions within the 
perlite structure of Al3+ for Si4+, defects in the crystal lattice, 
broken particle edges, and structural hydroxyl groups [60].

The higher the pH of the dye solution, the easier the 
dye cations interact with the negatively charged perlite 
surfaces [6].

−MOH + OH− = −MO− + H2O	 (7)

−MO + Dye+ = −M − O − Dye	 (8)

As shown in Fig. 6, the amount of methylene blue 
adsorbed to PA at pH 4 and 5 is greater than that of the 
modified perlite samples. The decrease in MB adsorption 
on modified perlites may be the result of some events, 
such as an increase in the micro pore volume occur-
ring during the modification and/or the amount of the 
–SH and –NH groups in the structure being less than the 
hydroxyl groups. At pH 11, the activity of MB adsorption 
of perlites is in the order of PA < PAPTMS < PMPTMS.

3.3. Adsorption isotherms

The adsorption isotherms of MB onto perlite and 
modified perlite samples at 298 K temperature were stud-
ied. The effect of dye concentration in the range from 10 
to 60  mg  L–1 on the sorption process is shown in Fig. 7. 
It was determined that the adsorbed amount increased 
with increasing MB concentration. Also, the effect of adsor-
bent modification on adsorption is in PA < PAPTMS < PMPTMS.

The experimental data were applied to the linear and 
nonlinear Langmuir, Freundlich, D–R, and sips adsorp-
tion models using the equations in Table 1. Figs. 8–10 
show adsorption equilibrium isotherms for adsorption of 
MB onto PA, PAPTMS, and PMPTMS in the system, respectively.

Fig. 4. FTIR spectrum of perlite PA and functionalized perlite 
with 3-APTMS and 3-MPTMS.
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Fig. 5. Micrographies of (a) PA, (b) PAPTMS, and (c) PMPTMS.
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The parameter values and correlation coefficients of the 
linear and non-linear isotherm models for MB adsorption 
at pH 11.0 are given in Table 5 [30].

The plots of 1/Ce vs. 1/qe (Figs. 8a, 9a, and 10a) were used 
to determine the Langmuir isotherm parameters (KL and qm) 

and the results are given in Table 5. The Langmuir mono-
layer adsorption capacities (qm) of MB were determined to 
be 4.6524, 5.1196, and 5.4470 mg g–1 at 298 K for PA, PAPTMS, 
and PMPTMS, respectively. The RL values for adsorption of MB 
on the adsorbent surface are between 0 and 1; this indicates 

Fig. 6. Effect of pH on removal of MB dye with concentrations 
of 30 mg L–1 on perlite samples (T = 298 K).

Fig. 7. Equilibrium studies of MB removal by the perlite samples 
(T = 298 K, pH = 11.0).

 

Fig. 8. Equilibrium studies of MB adsorption by the PA, (a) Langmuir, (b) Freundlich, (c) D–R models, and (d) theoretical treatment 
of the three models and Sips model (T = 298 K, pH = 11.0).



E.G. Söğüt et al. / Desalination and Water Treatment 217 (2021) 391–410400

favorable adsorption on the surface of PA, PAPTMS, and PMPTMS. 
The adsorption coefficients, the KL value associated with the 
apparent sorption energy for PMPTMS, are greater than the 
other adsorbents. Also, χ2 values are calculated as 0.1527, 
0.1959, and 0.0739, respectively, for three adsorbents.

The values of KF and n were calculated from the plot 
of logqe vs. logCe (Figs. 8b, 9b, and 10b) The Freundlich 
isotherm gives a better fit particularly for MB adsorption 
from solution (correlation coefficient, R2 = 0.9187 (PA), 0.9242 
(PAPTMS), and 0.9597 (PMPTMS). The 1/n value of a good adsor-
bent is expected to be in the range of 0.4 to 0.9 [61]. Also, 
χ2 values are close to zero and R2 values being close to 1.

The E values were calculated from the D–R equation as 
3.7796, 4.1309, and 3.9228 kJ mol–1 for adsorption of MB dye 
onto PA, PAPTMS, and PMPTMS, respectively. Since these values 
are lower than 8 kJ mol–1, the adsorption of MB onto perlite 
and modified samples is likely to be physical in nature.

Sips isotherm constants (nS) from Table 5 confirm the 
heterogeneous nature of the surfaces of PA (0.6387), PAPTMS 
(0.6037), and PMPTMS (0.7138). From the non-linear four iso-
therm models (Figs. 8d, 9d, and 10d), it was determined 
that the Freundlich model was best suited to experimental 
data (Table 5). The adsorption capacities of these adsorbents 

in the system have been compared with some alternative 
adsorbents reported in the literature (Table 6) [41,48,62–69].

Perlite does not show a distinct superiority compared 
to other newly developed adsorbents and activated carbon. 
The comparison of the capacities without considering the 
cost and possible by-products during the preparation and 
use of materials does not provide sufficient information. 
Activated carbon is one of the most popular adsorbents 
but has some disadvantages. For example, activated car-
bon leads to greenhouse gas emissions during produc-
tion (6.6  kg  CO2  kg–1) and requires high energy demand 
(97  MJ  kg–1) [70]. Many newly developed adsorbents are 
also known to be costly and cause secondary pollution. 
However, perlite is a natural and economical material.

3.4. Kinetic study

The adsorption capacity of the adsorbents was measured 
as a function of contact time to establish an optimum time 
for maximum dye uptake and to evaluate the kinetics of the 
process (Fig. 11).

Sorption of MB from a solution by the PA, PAPTMS, and 
PMPTMS at different contact times (1, 5, 10, 20, 30, 45, 60, 75, 

 

Fig. 9. Equilibrium studies of MB adsorption by the PAPTMS, (a) Langmuir, (b) Freundlich, (c) D–R models, and (d) theoretical 
treatment of the three models and Sips model (T = 298 K, pH = 11.0).
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90, and 120 min) and room temperature (298 K) was inves-
tigated and the time required to reach maximum adsorp-
tion was determined as 90 min [48]. It was observed that the 
adsorption of methylene blue for all three adsorbents was 
rapid at the initial stage of contact time and then slowed 
gradually. The removal of methylene blue by adsorption 
on the surface of perlite resulted from the presence of 
MB+ cationic form. Adsorption kinetics, such as PFO, PSO, 
intraparticle diffusion, and Boyd models were investi-
gated to provide a mechanism and useful data about the 
efficiency of the adsorption process [71]. Fig. 12 shows the 
graphs of PFO and PSO kinetic models for the removal 
of MB at 298  K. The determined kinetic parameters of 
these models are given in Table 7.

When the correlation coefficient values (R2) were 
compared, the kinetic data were well-defined by the PSO 
kinetic model for adsorption of MB. In addition, the cal-
culated adsorption capacities (qe,cal) of the PSO kinetic 
model were determined to be very close to the experimen-
tal adsorption capacities (qe,exp) [72]. In order to explain the 
diffusion mechanism and to determine the rate limiting 
step in the adsorption process kinetic data were analyzed 
by the intraparticle diffusion and Boyd models [40,73]. 
In solid–liquid adsorption system, the process is given in the 
following three steps:

In the first step, the adsorbate molecules are transported 
to the outer surface of the adsorbent (film diffusion). In the 
second step, the adsorbate molecules are diffused into an 
adsorption site via liquid-filled pores (pore diffusion or 
intraparticle diffusion). In the third step, the adsorbate mol-
ecules interact at a site of the adsorbent (internal or exter-
nal). This step is not considered a rate limiting step because 
it is relatively faster than the other two steps. Therefore, dif-
fusion steps (film diffusion or pore diffusion) are rate limit-
ing in the adsorption process. Adsorption rate is controlled 
by film diffusion or intraparticle diffusion or both [40].

The intraparticle diffusion is the plot of the amount 
sorbed per unit weight of sorbent, qt (mg g−1) vs. square root 
of time, t1/2, is shown in Fig. 13a (PA), 13b (PAPTMS), and 13c 
(PMPTMS) for initial MB concentration of 30 mg L−1 at 298 K.

Figs. 13a–c show that the adsorption plots are non-
linear over the whole time range and can be divided into 
multi-linear regions which confirm the multi stages of 
adsorption. The presence of these linear stages reflects the 
difference in the mass transfer rate of MB adsorption in the 
initial and the final stages [73].

The first step is attributed to the boundary layer diffu-
sion of adsorbate, the second step describes the intraparti-
cle or pore diffusion step in which the dye moves into the 
adsorbent particles and adsorbed into the internal regions 

 

Fig. 10. Equilibrium studies of MB adsorption by the PMPTMS, (a) Langmuir, (b) Freundlich, (c) D–R models, and (d) theoretical 
treatment of the three models and Sips model (T = 298 K, pH = 11.0).
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of the adsorbents [40], and the third linear region indicated 
adsorption/desorption equilibrium [23].

If the intraparticle diffusion is the only rate-limiting 
step, it is essential for the qt vs. t1/2 plots to go through the 
origin. Moreover, these plots (Figs. 13a–c) not only fitted 
with a straight line passing through the origin but also 

with poor linear regression coefficients (R2) indicating the 
unsuitability of this model, and the intraparticle diffusion 
was not only the rate-controlling step [23]. The parameters 
of this model were calculated and presented in Table 8 [73].

It is clear that both in-particle and external mass 
transfer processes play an important role in adsorption 
kinetics. However, it is unclear which one has a greater 
impact on the dye absorption rate. This is solved using the 
Boyd curve [42]. From the equation in Table 2, the Boyd 
plot is obtained by plotting Bt vs. time t (Fig. 14).

Table 6
Maximum adsorption capacities (qe) and comparison with other adsorbents

Adsorbent Modification  
agent

Dye  
adsorbed

Maximum adsorption  
capacity, qe (mg g–1)

Reference

Pal-APTES APTES MB 49.48 [48]
MY 47.03

Sep-APTES APTES MB 60.00
MY 59.78

Activated carbon Ficus carica Bast MB 47.62 [62]
Perlite – MB 6.65 [63]

MG 3.87
MV 4.98

Pumice powder (I)
Pumice powder (II)

– MB 0.442 [64]
– MB 1.488

Fly ash – MB 5.718 [41]
Magadiite CTAB-KH550 MB 96.6 [65]
Modified pumice HCl MB 15.87 [64]
Graphene oxide (–SH)

(–NH2)
MB 763.30

676.22
[66]

Activated carbon fiber (ACF) – MB 500
Granular activated carbon (ACG) – MB 250 [67]
Activated carbon fiber (ACF) – MB 175.44 [68]
Nanoparticles (NPs NiO MB 166.67

Cu MB 28.66 [69]
Modified perlite HCl MB 4.94 This study

(–NH2) MB 5.20
(–SH) MB 5.31

MB: methylene blue; MY: metanil yellow; MG: malachite green; MV: methyl violet.

Fig. 11. Effect of contact time on adsorption amount of MB 
(T = 298 K, pH = 11.0).

Table 7
Pseudo-first- and -second-order kinetic parameters for 
methylene blue (MB) adsorption by perlite samples

Kinetic PA PAPTMS PMPTMS

Models

Pseudo-first-
order

qe,exp (mg g–1) 4.6524 5.1196 5.4470
qe,cal (mg g–1) 0.5317 2.8949 2.8988
k1 (min–1) 0.0136 0.0427 0.0242
R2 0.6704 0.7406 0.6286

Pseudo-second-
order

qe,cal (mg g–1) 4.5526 4.9975 5.3019
k2 (g mg–1 min–1) 0.6075 0.7719 0.4501
R2 1.0000 1.0000 1.0000
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Fig. 12. Pseudo-first and second-order adsorption kinetics of MB onto PA, PAPTMS, and PMPTMS at 298 K.
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If the drawn graphs are linear and pass through the 
origin, the pore diffusion is the slowest step. However, 
for all adsorbents in which MB was adsorbed, the plots of 
the Boyd equation are not linear and do not pass through 
the zero point. Therefore, film diffusion is the speed-lim-
iting step of the adsorption process under the studied 
conditions [40–42,73].

3.5. Desorption of MB

A potential adsorbent used for dye removal must not 
only have a good adsorption capacity, but also must have 
an economically significant recovery capacity. HCl acid 

was chosen as the stripping agent for desorption processes. 
The selected stripping agent must be low-cost, highly effi-
cient, and non-destructive [29,74]. Fig. 15 shows the % 
desorption of MB on PA, PAPTMS, and PMPTMS at 298 K.

As seen, the optimum desorption was achieved as 
67.87% PA, 65.64% PAPTMS, and 88.13% PMPTMS for one cycle. 
The high rate of desorption of MB dye indicates that perlite 
and modified perlites are suitable as potential adsorbents.

3.6. Calculation analysis and proposed adsorption mechanism

In this study, quantum chemical calculations using the 
DFT theorem were conducted to investigate the effect of 

Table 8
Parameters of intraparticle diffusion model for MB uptake by the perlites

Intraparticle

Diffusion PA PAPTMS PMPTMS

Model Value S.E. Value S.E. Value S.E.

ki (mg g–1 min–1(1/2)) 1.48 × 10–4 1.34 × 10–4 1.48 × 10–4 1.82 × 10–4 1.32 × 10–4 0.92 × 10–5

C (mg g–1) 2.8928 9.58 × 10–4 2.8855 5.07 × 10–4 2.8919 5.32 × 10–4

R2 0.9222 – 0.9891 – 0.9993 –

 

Fig. 13. Intraparticle diffusion plots for methylene blue sorption onto PA, PAPTMS, and PMPTMS.
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the molecular structure on the adsorption process of MB 
molecules onto the PAPTMS and PMPTMS surface. Full geom-
etry optimizations of compounds were performed using 
DFT based on B3LYP and the 6–31G (d, p) orbital basis sets 
in Gaussian09 program [75,76]. Very useful information 
can be obtained by this method to examine the adsorp-
tion potentials of organic compounds. Quantum chemical 
parameters of compounds such as EHOMO, ELUMO, ΔE, μ, I, A, 
χ, η, w, S, ΔN, and ΔEback donation were calculated (Table 9).

The HOMO and LUMO energy maps of MB+Cl showed 
that the HOMO regions are concentrated on nitrogen and 
sulfur atoms. On the other hand, it is observed that the 
HOMO region concentrates on sulfur for MPTMS and oxy-
gen for APTMS (Fig. 16).

The basic state geometry of the adsorbent (MB+Cl) 
and adsorbed (MPTMS and APTMS) and the structure of 
HOMO and LUMO play a role in the activity properties. 
EHOMO and ELUMO show that the ability of the compounds to 

Fig. 14. Boyd plots for methylene blue sorption onto PA, PAPTMS, and PMPTMS.

Table 9
Calculated quantum chemical parameters of the studied molecules

Compounds Methylene blue 
chloride (MB+Cl)

(3-Mercaptopropyl) 
trimethoxysilane (MPTMS)

(3-Aminopropyl) 
trimethoxysilane (APTMS)

EHOMO (eV) –6.7804 –6.2639 –7.3987
ELUMO (eV) –0.0416 –0.4525 4.1773
Energy gap, ∆E = ELUMO – EHOMO (eV) 6.7388 5.8114 11.5760
Dipole moment, µ (debye) 0.2302 3.5402 1.8105
Chemical hardness, η (eV) 3.3694 2.9057 5.7880
Chemical softness, S 0.2968 0.3441 0.1728
Electronegativity, χ (eV) 3.411 3.3582 1.6107
Electrophilicity index (ω) 0.0079 0.9705 0.2832
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donate and accept electrons, respectively. The energy gap 
(ΔE) is an important parameter as a function of the reac-
tivity of the molecule towards adsorption on the surface. 
A molecule with a low ΔE is more polarized and is usu-
ally associated with high chemical activity and low kinetic 
stability and is called a soft molecule [77]. Dipole moment 

(μDebye) is another important electronic parameter. The high 
value of the dipole moment, probably increases the adsorp-
tion between the chemical compound and the surface 
[78]. Absolute hardness (η) and softness (S) are important 
properties used to measure the stability and reactivity of 
a molecule. A hard molecule has a large ΔE values, and a 
soft molecule has a small ΔE value [79,80]. The global elec-
trophilicity index (ω) indicates the ability of the molecules 
to accept electrons [81]. Molecular electrostatic potential 
(MEP) provides information about reactive sites for electro-
philic and nucleophilic attack as well as hydrogen-bonding 
interactions in molecules. The MEP was run at B3LYP/6–
31G (d, p). Thus, the negative (red) regions of MEP were 
associated with electrophilic reactivity and nucleophilic 
reactivity with positive (blue) regions (Fig. 17).

The MB+Cl, MPTMS, and APTMS may interact in two 
ways in solution medium according to chemical calculations 
data and MEPs. The solution of pH is very important for 
defining the reaction mechanism, so as the pollutant struc-
ture can also be differentiated according to the changes of 
pH (Fig. 18).

Experimental data show that electrostatic interaction 
is present. However, it can be said that the interaction at 
high pH is better.

4. Conclusions

Natural perlite was functionalized with organosilane 
groups, creating a more suitable adsorbent surface for 
dye adsorption. Impurities were removed with an HCl 
acid solution before modification. Experimental data were 
applied in linear and nonlinear Langmuir, Freundlich, 
Dubinin–Radushkevich (D–R), and Sips isotherm equations. 
The Langmuir monolayer adsorption capacities (qm) of MB 
were determined to be 4.6524, 5.1196 and 5.4470  mg  g–1 at 
298 K for PA, PAPTMS, and PMPTMS, respectively. The adsorption 
of MB was found to be compatible with Freundlich isotherm 
model due to low S.E., χ2, and high R2 values. The adsorp-
tion energy (E) values obtained from the D–R adsorption 
isotherm are lower than 8 kJ mol–1, indicating that adsorp-
tion is related to physical interactions. Physical adsorption 
involves electrostatic interaction and Van Der Waals bonds. 
The kinetic studies of MB onto PA, PAPTMS, and PMPTMS reveal 
that the adsorption behavior is better described by the PSO 
model than the PFO model. In addition, experiments obvi-
ously show that the adsorption of dye molecules on perlite 

Fig. 15. Desorption (%) of MB on PA, PAPTMS, and PMPTMS at 298 K.

 

Fig. 17. MEPs for MB+Cl (a), MPTMS (b), and APTMS (c).
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Fig. 16. HOMO and LUMO for APTMS and MPTMS.
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samples is a multi-step process concerning transport of 
these molecules from the aqueous solution to the surface 
of the solid particles. Film diffusion is the speed-limiting 
step of the adsorption process under the studied conditions. 
According to the MEP map using the DFT/B3LYP/6–31G 
(d, p) base set, the negative potential region is related to 
electrophilic reactivity while the positive potential region is 
related to nucleophilic reactivity. The HOMO and LUMO 
energy maps of MB+Cl show that the HOMO region con
centrates on sulfur for MPTMS and oxygen for APTMS.
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