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ABSTRACT

MCM-41 is demonstrated to be an efficient adsorbent for the removal of two representative
cationic dyes, namely Basic Violet 5BN (BV) and Basic Green (BG). Characterization of the
adsorbent was studied by FTIR, X-ray diffraction, and Brunauer-Emmett-Teller. And various
parameters including the solution pH, adsorbent dosage, contact time, initial cationic dye con-
centration, and temperature were systematically analyzed. It was found that the adsorption
was pH independent and the maximum removal percentage of 86.81% BV occurred at pH 5.0
and 25°C using 0.3-g MCM-41, whereas 94.79% BG under the same experimental conditions.
Besides, both the adsorptive removal of BV and BG by MCM-41 increased with the adsorbent
dosage and contact time, but decreased with the initial dye concentration and temperature. In
single component systems, equilibrium data were well presented by the Langmuir isotherm,
suggesting the adsorption to be monolayer. And the E values (<8 kJ/mol) resulted from the
D-R isotherm fitting showed the adsorption was physical in nature. The adsorption kinetics
fitted better with the Lagergren pseudo-second-order model, and rate-controlling steps were
both the external diffusion and intraparticle diffusion. Thermodynamic parameters (AG*, AH",
and AS°<0) indicated that the adsorption process was feasible, spontaneous, and exothermic.
Furthermore, competitive adsorption existed between the mixed dyes, and the removal effi-
ciency and adsorption capacity of the dyes in binary component systems were lower than
those in single systems. The adsorption isotherm and kinetic data of the binary component
systems could also be well described by the Langmuir and Lagergren pseudo-second-order
models. High recovery percentage of BV and BG by 0.1-M NaOH solution allowed excellent
desorption and regeneration of the cationic dyes in practical applications.
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1. Introduction

Numerous synthetic dyes, which are mainly
discharged from various industries, such as paper,
textiles, plastics, leather, food plants, and so on, are
serious important sources for the water pollution due
to their toxicity, carcinogenicity, high stability, and
complex aromatic structures [1-4]. The widespread
occurrence of dye contamination in the environment,
especially in aquatic matrices has gained considerable
public concerns because of the huge potential risks of
disturbing the aquatic ecosystem, food chains, and
even damaging human organs [5-7]. Dyes can be
classified into three types, namely cationic, anionic,
and nonionic based on the different ionic charge of
dye molecules, among which the cationic dyes are far
more noxious than anionic dyes [5,8,9]. As a conse-
quence, the cationic dye effluents should be properly
treated before being discharged into water bodies,
which is of great importance [10].

A growing interest has been concentrated on meth-
ods that are highly effective, low cost, and environ-
mental friendly, of removing cationic dyes from the
industry effluents. A large number of investigations
on diverse physical, chemical, and biological method-
ologies for treating dye-containing wastewaters have
been widely conducted, such as chemical coagulation,
flocculation, oxidation, ion exchange, irradiation, filtra-
tion, sedimentation, solvent extraction, reverse osmo-
sis, electrolysis, and adsorption [1,11-14]. For the
examined applications mentioned above, it was found
that the adsorption technique might be a successful
alternative one to control dye pollution in terms of its
high efficiency, low cost, easy operation, simple
design, flexible management, and minimum sludge
production [1,12,15,16].

Numerous studies have been devoted to search-
ing for suitable adsorbents [17], among which acti-
vated carbon appears to be the most commonly used
for the removal of dyes/organics on account of its
large adsorption capacity and surface area [18,19].
However, some disadvantages such as the relatively
high cost and difficult regeneration of the activated
carbon hinder its application in dye wastewater treat-
ment, which demands for other adsorbents which are
more economically viable and environmentally
friendly [20].

A large amount of researches on the characteriza-
tions, and applications of the ordered mesoporous
molecular sieves have been developed explosively
recently [21-23]. As one of these materials, MCM-41
molecular sieves, which were a kind of novel meso-
porous zeolite, synthesized by Mobil researchers in
1992 [24], have attracted abundant and still rising
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attention due to their distinguished properties includ-
ing the large Brunauer-Emmett-Teller (BET) surface
area, high pore volume, hydrophobic surface nature
as well as parallel and ideally shaped pore structures
without the complications of a network [25], which
make it ideal for testing a lot of various existing
adsorption and diffusion models [12,26,27]. In addi-
tion, MCM-41 manifests excellent performances for
chemical separations and reactions of large molecular
contaminants (such as dye adsorption) [22,25,28].

In the last few years, quite a lot of different
kinds of adsorbents have been used to remove dye
molecules in single component systems. However,
most of the industrial effluents discharged contain
more than one type of dye contaminants, making it
great and practically important to investigate the
influences of multi-solute systems on the adsorption
performance [29].

Thus the present study was devoted to investigat-
ing the adsorption behavior of MCM-41 to remove
two representative cationic dyes, Basic Violet 5BN
(BV) and Basic Green (BG). The effects of solution pH,
adsorbent dosage, contact time, initial dye concentra-
tion, and temperature were studied. The equilibrium,
kinetic data, and thermodynamic parameters of single
component systems were processed to understand the
adsorption mechanism of BV and BG onto MCM-41.
Furthermore, isotherms and kinetics of the binary
component systems were analyzed in comparison with
the single systems. Desorption experiments were car-
ried out to test the regeneration of MCM-41 which
would help lay a theoretic foundation of more practi-
cal and economical applications.

2. Materials and methods
2.1. Reagents

Two basic cationic dyes (BV and BG) were
selected as the targeted adsorbates, which were
applied as commercial salts without further purifica-
tion. The two dyes molecular characteristics and
structures were illustrated in Fig. 1. Different aque-
ous solutions of the dyes were prepared by dissolv-
ing them in distilled water. A Shimadzu UV-1201
Spectrophotometer and the corresponding calibration
curves were adopted to determine the residual con-
centrations of each dye in the mixture solutions. At
least three runs were conducted for each sample and
the average value was recorded. In addition, all com-
pounds used in this work were of analytical grade.
All glassware were cleaned several times and rinsed
with distilled water.
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Fig. 1. Chemical structures and general characteristics of
BV and BG. (a) BV, molecular formula: CysH3oN3Cl,
molecular weight (g mol™1): 408.03, /ax (mm): 584 and (b)
BG, molecular formula: Cy3HsN>Cl, molecular weight
(g mol™): 364.90, Amax (mm): 618.

2.2. Preparation and characterization of the adsorbents

The preparation method of mesoporous MCM-41
was on the basis of the previous literature [22,30]. The
MCM-41 powder was crystallized from an alkaline
solution containing cetyltrimethylammonium bromide
(CTABr, 99%, Merck), sodium silicate solution (Na,O,
7.5-8.5%, Si0,, 25.8-28.5%, Merck), sulfuric acid (98%,
Merck), and distilled water in the mole ratio of 1
CTABr: 1.76 NayO: 6.14 SiO,: 335.23 H,O: 1.07 H,SO,.
After 24 h of crystallization at room temperature, the
MCM-41 powder was filtered, washed, and dried
before it was calcined in a furnace at 450°C for 4 h for
removing the organic template.

The obtained MCM-41 adsorbent was characterized
using different methods. Fourier Transform Infrared
Spectroscopy (FTIR, JASCO 5300) was employed to
observe qualitative identification of functional groups
on the surface of the adsorbent, the spectra of which
were within the range of 500—4,000 cm” ! wavenumber.
Besides, powder X-ray diffraction (XRD) measure-
ments for the adsorbent before and after adsorption
were performed with an X-ray diffractometer (ARL
Corporation, Switzerland) instrument using Cu Ka
radiation at 40 kV and 40 mA in the 26 range 0-90°.
The point of zero charge (PZC) of MCM-41 was deter-
mined by the solid addition method [31]. Nine vials
containing solutions with different pH values (2.0-
10.0) and 0.10-g MCM-41 were shaken for 24 h at
room temperature, and the final pH was determined.
The Quantachrome Autosorb-I Physical Model was
applied to determine the Brunauer-Emmett-Teller
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(BET, MICROMERITICS, ASAP 2010, USA) surface
area, total pore volume and mean pore radius.

2.3. Adsorption experiments

The effect of pH was investigated by adding 0.3-g
MCM-41, respectively, into two 250-mL flasks
containing 100-mL BV and BG severally, both the con-
centrations of the dye aqueous solutions were
100 mg/L. The solution pH was adjusted with 0.1-M
HCI or 0.1-M NaOH solutions to the range of 2.0-10.0.
Then the tightly stopped flasks were put on tempera-
ture-controlled shaker at 180 rpm and 25°C for 4 h.
Then samples were collected, filtered, and measured.

The impact of adsorbent dosage on adsorption, at
the optimum pH 5.0, was determined by adding
adsorbent in the range of 0.05-0.5g. After being agi-
tated on a shaker at 180 rpm and 25°C for 4 h, samples
were filtered and analyzed.

Moreover, samples collected at 30, 60, 120, 180,
240, and 300 min, respectively, were measured so as
to explore the influence of contact time on adsorption.
And the effect of the initial dye dosage was conducted
by diluting each dye solution of 300 mg/L into 20, 50,
100, 150, 200, and 250 mg/L separately.

For the binary component systems, experiments
were conducted at the conditions of 25°C, pH 5.0, and
MCM-41 dosage 0.3 g. As to the adsorption isotherms,
initial concentrations of the dyes were within the
range of 100-300 mg/L, and samples were filtered and
measured after 4 h. And for the kinetic study, the ini-
tial concentration and volume of both the two dyes
were, respectively, 100 mg/L and 50 mL, and samples
were collected and analyzed at 30, 60, 120, 180, 240,
300, and 360 min in sequence.

In addition, for the desorption study, firstly, 0.3-g
MCM-41 was added into each single component solu-
tion with the dye concentration of 100 mg/L. After
adjusting pH to 5.0, the samples were put on tempera-
ture-controlled shaker at 180 rpm and 25°C for 4 h.
Then the saturated MCM-41 was collected, filtered,
washed with distilled water, dried, and kept in contact
with 100 mL of three different desorbing solutions:
0.1 M NaOH, 0.1 M NaOH, and 10% C,HsOH, respec-
tively. The mixtures were shaken in a temperature-
controlled rotary shaker at 25°C and 180 rpm for 12 h,
and then filtered and measured.

The adsorptive removal efficiency (y) was deter-
mined according to the following equation:

C—-C

=" ® % 100% M

Dyes uptake (g.) was calculated through the equation
as below:
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Co — Ce
The desorption efficiency (y) was determined
according to the equation below:
Cz X Vz
Y= x 100 3
' = G G vy < 1007 ©)

3. Results and discussion

3.1. Characterization of the adsorbent before and after the
adsorption processes

The qualitative identification of functional groups
on the surface of the synthesized MCM-41 before and
after adsorption of BV and BG were observed by FTIR
spectroscopic analysis, as illustrated in Fig. 2. Broad
and strong bands (3,250-3,750 cm™ ) with peaks
appeared at around 3,400 cm ™, probably owing to the
asymmetric stretching mode of the adsorbed H,O
molecules and O-H bonds [32]. The peaks at
1,635 cm™ ! were attributed to bending vibrations of
the adsorbed water molecules. Three well-known
vibrational modes of a-SiO, are visible in all spectra
[33]. The symmetric and asymmetric stretching vibra-
tions of Si-O-Si groups were observed around 793
and 1,078 cm}, respectively. And the bending vibra-
tion mode of Si-O-Si could be seen at around
500 cm™'. After the adsorption of BV and BG onto
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Fig. 2. FTIR
MCM-41-BG.

spectra of MCM-41, MCM-41-BV and
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MCM-41, the infrared spectrum showed no apparent
change except a fluctuation within the range of 1,280-
1,470 cm ™!, which could be ascribed to C-H deforma-
tion vibrations. The spectral features resemble those
reported by previous researchers [33,34].

The small angle XRD patterns accompanied with
the adsorption processes of BV and BG dyes onto
MCM-41 were illustrated in Fig. 3. The presence of
both (100) and (200) diffraction peaks in the primary/
synthesized MCM-41 are the evidence of good crys-
tallinity of the prepared powder. It could be clearly
observed that MCM-41-BV and MCM-41-BG become
less crystalline than the prepared MCM-41, which was
indicated by the sharp decrease in the intensity of
most MCM-41 peaks [36]. Besides, for both MCM-41-
BV and MCM-41-BG, the collapse is further confirmed
with the disappearance of (100) and (110) peaks of the
original MCM-41 material. However, the changes in
the porous structures of MCM-41-BV and MCM-41-BG
were more likely due to the inherent disorder induced
by the adsorption of BV and BG because of the exis-
tence of the main peak signal of the XRD pattern of
MCM-41 [33].

The point of zero charge (pHpzc) can be an excel-
lent parameter for the description of the interaction at
the solid/solution interfaces [22]. As stated by [31],
cationic adsorption is favored when the solution pH is
higher than pHpzc. In the present work, the pHpzc
value is found to be 3.8, lower than the optimum solu-
tion pH 5.0, indicating the negatively charged surface
of the adsorbent MCM-41, which further supports the

] 100 — MCM-41
] (100) MCM-41-BG
f\ MCM-41-BV
] (110)
=)
Z (200)
<
£ ’/ <210)
1 T 1
0 2 4 6
20
Fig. 3. The small angle XRD patterns of MCM-41,

MCM-41-BG, and MCM-41-BV.
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electrostatic interaction between the cationic dyes and
the adsorbent MCM-41 during the adsorption process.

As determined from the nitrogen adsorption-des-
orption isotherms measured by the Quantachrome
Autosorb-I Physical Adsorption Model at —195°C, the
synthesized MCM-41 with the BET surface area
(921 m*/g), total pore volume (0.94 cm®/g), and mean
pore radius (3.02 nm) is the typical value of surfac-
tant-assembled mesostructures [35].

3.2. Adsorption in single component systems
3.2.1. Effect of solution pH

The effect of solution pH on the adsorption of BV
and BG using MCM-41 was studied in the pH range
of 2.0-10.0 which is shown in Fig. 4. It was found that
the removal efficiency and adsorption capacity of BV
and BG tended to decrease obviously at low and high
pH. The adsorptive removal percentage of BV (BG)
increased from 66.62 (69.33) to 86.81% (94.79%) due to
the rise in pH from 2.0 to 5.0, while dropped to
84.01% (73.69%) as pH continued to reach 10.0. The
maximum dye adsorption occurred at pH 5.0.

Electrostatic attraction exists between the nega-
tively charged surface of the adsorbent MCM-41 and
positively charged cationic BV and BG dye molecules
at pH 2.0-10.0, which leads to a relatively good
adsorption performance. However, under the condi-
tions of low and high pH, the obvious decreasing
removal efficiency of dyes could be also explained by
the reducing of MCM-41 structure stability. In
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Fig. 4. Effect of solution pH on adsorption of BV and BG
in single component systems (Conditions: 25°C, dye con-
centration 100 mg/L, MCM-41 dosage 0.3 g).
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addition, low pH resulted in a considerable amount of
H* ions in the aqueous solution. On one hand, neu-
tralization occurred between the hydroxy groups
(—OH) on MCM-41 and H" ions in the solution, which
could lower the charge of the adsorbent surface. On
the other hand, more H" ions would take part in
competing for the available adsorption sites with the
cationic dyes in the system [36]. The dissociation of
the cationic dye molecules and their combination with
the adsorbent MCM-41 in the aqueous solution are
illustrated in Fig. 5.

3.2.2. Effect of adsorbent dosage

As seen from Fig. 6, the increasing adsorbent
MCM-41 dosage resulted in increase of the adsorptive
removal ratios, which is in consistent with our
research of anionic dye adsorption [37]. It was found
that both the removal ratios of BV and BG increased
quickly and eventually reached to more than 86.00%
as the MCM-41 dosage increased from 0.05 to 0.3 g,
and afterward, the removal ratios tended to become
sluggish in spite of the continuous adding of
MCM-41. Therefore, 0.3 g was chosen as the optimal
adsorbent dosage in this work.

As more adsorbent dosage brought about more
contacting surface area and more available adsorption
sites, more dye molecules were adsorbed by the adsor-
bent hence causing the increase in adsorptive removal
ratios. Whereas drop of the amount of adsorbed dyes
might be due to that some adsorption active sites had
not reached the state of saturation [38]. Another
explanation was because of the spilt in the flux or the
concentration gradient between the solute concentra-
tion in the solution and the solute concentration on
the surface of the adsorbent. Consequently, the
amount of dye adsorbed onto unit weight of adsor-
bent dropped with the rising adsorbent dosage, result-
ing in decrease of the g, values [20,39,40].

3.2.3. Effect of contact time

The effect of contact time on the adsorption of BV
and BG onto MCM-41 was investigated and results
are presented in Fig. 7. It was found that the equilib-
rium capacity of adsorption and removal ratios of BV
and BG increased continually with time during the
first 240 min, and then the adsorption rate became
gradually constant, which indicated the establishment
of dynamic equilibrium state. At the point of 240 min,
the adsorptive removal ratios of BV and BG were
86.17 and 93.95%, respectively, and no obvious
increase afterward, demonstrating that the equilibrium
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Fig. 5. Schematic illustration of the adsorption reactions in aqueous solutions. D: the remaining fractions of the two catio-
nic dye molecules (for BV, the molecular formula of the remaining fraction is Cy3H24N5, and for BG, the molecular for-
mula of the remaining part is C;H19N, both of whose molecular structures can be seen from Fig. 1). M: MCM-41.
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Fig. 6. Effect of adsorbent MCM-41 dosage on adsorption
of BV and BG in single component systems (Conditions:
pH 5.0, 25°C, dye concentration 100 mg/L).

time of the adsorption of BV and BG onto MCM-41
was approximately 240 min.

The reason for this observation is thought to be the
fact that, the interaction and affinity between the nega-
tively charged adsorbent and positively charged dyes
were enhanced, simultaneously the resistance to the
uptake of dyes diminished as the mass transfer driv-
ing force increased in the early stage, which led to a
rapid initial adsorption phase. After that, a progres-
sive decline of the adsorption rate occurred, which
might be ascribed to the gradually decreasing
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Fig. 7. Effect of contact time on adsorption of BV and BG
in single component systems (Conditions: pH 5.0, 25°C,
dye concentration 100 mg/L, MCM-41 dosage 0.3 g).

diffusion rate of BV and BG dye molecules penetrating
into the pores of the adsorbent MCM-41 [41].

3.2.4. Effect of initial cationic dye concentration

The influence of initial dye concentration on the
adsorption performance was illustrated in Fig. 8. As
seen from Fig. 8, the adsorption capacity of BV (BG) at
equilibrium state increased from 6.11 (6.51) to
66.73 mg/g (78.33 mg/g), whereas the adsorptive
removal percentage of BV (BG) decreased from 91.63
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Fig. 8. Effect of initial dye concentration on adsorption of
BV and BG in single component systems (Conditions: pH
5.0, 25°C, MCM-41 dosage 0.3 g).

(97.79) to 67.53% (79.33%) as the initial concentrations
of BV and BG increased from 20 to 300 mg/L.

Firstly, the increase in adsorption capacity with the
rising initial dye concentration might be attributed to
that, on one hand, more amount of adsorbates in the
aqueous solution aggrandized the number of adsor-
bates that took part in the competition for available
active adsorption sites on the surface of adsorbent; on
the other hand, higher concentration of dye molecules
could strengthen the collision frequency between the
dyes and adsorbent [42,43]. Additionally, the available
adsorption sites were reduced due to the continuous
accumulation of BV and BG dye molecules in the
vacant active sites of adsorbent whose quantity was
limited, thus resulting in the steadily declining of the
adsorption rates of the two cationic dyes onto MCM-
41 [44].

3.2.5. Adsorption equilibrium isotherms

The distribution of cationic dyes between the liq-
uid phase and the adsorbent at the state of equilib-
rium is obviously of great importance to establish,
which can be generally described through several iso-
therm models [36]. For the present study, the Lang-
muir, Freundlich, Temkin, and Dubinin-Radushkevich
(D-R) models were adopted to measure the distribu-
tion coefficient during the adsorption processes at dif-
ferent temperatures, whose equations are listed in
Table 1.

The adsorption equilibrium is very vital for
describing the interaction between the adsorbent and
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the adsorbate molecules as well as the relationship
between the adsorption capacity g. (mg/g) and
the liquid phase dye concentration at equilibrium C,
(mg/L) [45]. The Langmuir isotherm is effective for
adsorption of the adsorbate molecules in the aqueous
solution as monolayer adsorption onto the adsorbent
surface which contains a finite amount of active
adsorption sites [46]. Besides, the Kr and n values are
two Freundlich constants corresponding to the
adsorption capacity and the adsorption intensity,
respectively. Higher value of Kr demonstrated higher
affinity and higher adsorption capacity, and higher n
value indicated that it is easier for the adsorbate to be
taken up by the adsorbent [47]. The Freundlich iso-
therm model is much valid for multilayer adsorption,
which was originated from the assumption of the
heterogeneous surface with the interaction between
the adsorbate molecules as well as a nonuniform dis-
tribution of adsorption heat on the adsorbent surface
[20,46]. The value of K|, is indicative of the adsorption
of the adsorption capacity of the adsorbent [20]. The
Temkin isotherm model takes the impact of the indi-
rect interactions of the adsorbate molecules on iso-
therms into consideration by suggesting the linear fall
in the heat of all the adsorbate adsorption with the
coverage of the solute and the adsorbent interactions
on the surface of the adsorbent [14,31]. The Temkin
constants Kt and b can be calculated from the plot of
gevs. In Co. D-R model is valid for the determination
of nature of the adsorption process as either chemical
or physical, which is judged by the mean free energy
of adsorption E (more than 8 kJ/mol or not) [48].

In this work, the adsorption equilibrium isotherm
data of BV and BG onto the adsorbent MCM-41 were
analyzed with four models, namely the Langmuir,
Freundlich, Temkin, and D-R isotherm models. In
addition, the four isotherm parameters were listed on
Table 2. R* values are used to determine the optimum
isotherm for describing the adsorption process [16,49].
The Langmuir isotherm model gave the best fit than
Langmuir and D-R models as shown by the highest
R® value as seen in Fig. 9, indicating it the monolayer
adsorption of the BV and BG dyes onto the adsorbent.
Similar results have been reported for the adsorption
of basic dyes by MCM-41 [22]. Table 2 shows that the
adsorption capacity of BV and BG onto MCM-41
decreased with the rising temperature, suggesting that
high temperature might not favor the adsorption pro-
cess. All the n values of the Freundlich isotherm
model are more than 1.0 at all temperatures, indicative
of high adsorption intensity and favorable nature of
the adsorption processes [50]. The low R* values of
the Temkin model show its inapplicability for inter-
pretation of experimental data [51]. What is more, all
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Table 1
Summary of the isotherm and kinetic models applied in the present work
Models Mathematical equations Serial number Refs.
Isotherm models
Langmuir % = qm]KL L%: 4) [14]
Freundlich Inge = InKp + %ln Ce (5) [14]
Temkin ge =2 InKr + 8 InC, (6) [14]
2

Dubinin-Radushkevich (D-R) Inge = Ingy — K(RT 1n(1 + g)) @) [14]
Kinetic models
Pseudo-first-order In (ge — g0 =In ge— Kyt (8) [16]

t 1 t
Pseudo-second-order — =t 9 [16]

a kaqz - ge
Spahn and Schlunder InC; = InCpy — kexit (10) [52,53]
Intraparticle diffusion g =kpt*° + C (11) [16]
Elovich qi = In(ap) + pInt (12) [16]

of the E values of the D-R isotherm are less than
8 kJ/mol, suggesting that the adsorption process of
BV and BG onto MCM-41 is of a physical nature [22].

3.2.6. Adsorption kinetics

Several kinetic models are available to express
the controlling mechanism of the adsorption process
in this work, five kinetic models: Lagergren’s
pseudo-first-order, pseudo-second-order, Spahn and
Schlunder, intraparticle diffusion, and Elovich models
were applied, which are listed together with the
isotherm models in Table 1.

When selecting the adsorbent material, the adsorp-
tion rate is considered as a vital factor. Hence, in
order to elucidate the adsorption rate as well as
investigate the mechanism and the rate-controlling
steps during the overall adsorption processes of BV
and BG dye molecules onto MCM-41 [54]. Five kinetic
models including the pseudo-first-order, pseudo-
second-order, Spahn and Schlunder, intraparticle
diffusion, and Elovich models are applied to examine
the adsorption process, which are shown in Fig. 10.
And the experimental parameters calculated from the
kinetic model equations are given in Table 3.

Seen from Table 3, the calculated g. values of the
pseudo-first-order are not in accordance with the
experimental g. values, therefore it did not fit well.
Whereas the calculated adsorption capacity values of
the equilibrium state of the pseudo-second-order are
in consistent with the experimental data, additionally
the R® values are much higher compared to the

pseudo-first-order kinetic model. Thus, the pseudo-
first-order model could be far more applicable for the
description and prediction of the adsorption kinetic
data for the whole adsorption process, which
suggested that the overall rate of the cationic dye
adsorption controlling factor appeared to be the
chemisorption [47]. Furthermore, the result also
demonstrated that the adsorption processes of BV and
BG dye molecules onto the adsorbent MCM-41 were
likely to proceed via surface exchange reactions till
the available active sites of the adsorbent surface were
occupied completely; whereafter, the BV and BG
molecules probably would diffuse into the inner space
of the adsorbent for further interactions [55].

A good knowledge of the mass transfer mechanism
of adsorption in the liquid phase is very necessary for
designing the adsorption system that is both valid and
cost-effective. As a result, the Spahn and Schlunder,
and intraparticle diffusion models were chosen to ana-
lyze the adsorption of BV and BG onto MCM-41.

For the Spahn and Schlunder model, a good linear
correlation between In C; and t will appear if the rate
of the liquid film diffusion is predominant in the
entire adsorption process. It was clearly seen from
Fig. 10(c) that, a comparatively better linear relation-
ship between In C; and t turned up in the initial
180 min with the higher R? (BV: 0.8689, BG: 0.9526),
elucidating a greater influence of external diffusion on
the adsorption rates of BV and BG onto MCM-41 in
the first 180 min.

The mechanism of the adsorption of the adsorbates
from aqueous solution by mesoporous adsorbents
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Table 2

Adsorption isotherm constants for adsorption of BV and BG onto MCM-41 at various temperatures in single component systems

Temkin

Freundlich

Langmuir

RZ

Kt

RZ

Om

R2

R? Kg

Ky

Temperature ('C)  gm

Dyes
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0.9494
0.9594
0.8817
0.9666
0.9630
0.9532

2.0377
1.0942
0.1400
0.6106
0.5320
0.4506

162.3225
145.5172
93.7076

1.806
1.680
1.539
4.555

0.7062
0.6953
0.6936
0.6643
0.6922
0.6835

0.1533
0.1772
0.2110
0.0241
0.0564
0.0892

42.9455

0.9777
0.9725
0.9999
0.9733
0.9745
0.9780

1.9523
1.7047
0.9972
1.6582
1.6055
1.5394

11.0843
8.0421
0.9718
5.2120
4.6748
5.2120

0.9944
0.9971
0.9973
0.9934
0.9945
0.9859

0.0292
0.0350
0.0404
0.0470
0.0674
0.1033

90.1765
87.0851

25
30
40

BV

42.3251

41.8101

85.0323
99.7308

154.0280
153.3610
154.3648

46.9691

25
30
40

BG

2.977

47.1445
46.2269

94.1121

2.368

88.7959

includes three consecutive steps as follows: (a) film
diffusion or the external surface adsorption, (b)
intraparticle diffusion or pore diffusion onto the
adsorbent surface, and (c) final equilibrium stage or
the adsorption onto the interior sites [47,54,56]. One or
more than one of the three steps above can be the
rate-controlling steps of the adsorption [56].

According to the intraparticle diffusion model, the
plot of g; vs. t'/? in Fig. 10(d) shows a double straight-
line nature, suggesting that there existed two steps
controlling the adsorption rate which could be the
gradual adsorption phase and the equilibrium phase.
On condition that the plot of g; and t'/? is in a good
linear relationship and the linear does pass through
the origin, the intraparticle diffusion could be consid-
ered as the only step controlling the adsorption rate
[57]. From Fig. 10(d), it can be seen that, despite that
good linear relationships were revealed, the lines do
not go through the point of origin, demonstrating that
the intraparticle diffusion is not the only adsorption
rate-controlling step in the whole adsorption process
and a few other options could be drawn into the pro-
cess [58]. Moreover, during the second period of the
gradual adsorption, the adsorption rates become
slower and slower, which might be ascribed to the
quite low concentration of the residual cationic dye
molecules in the aqueous solution [59]. As a conse-
quence of that the adsorption rate (k) in the second
stage of the intraparticle diffusion for BV was smaller
than that of BG, the removal percentage of BV by
MCM-41 is correspondingly smaller than BG, which
might be related to the molecular sizes of the two
cationic dyes. The smaller size of BG molecules could
accelerate more BG molecules to diffuse into the inner
pores of MCM-41, resulting from which the adsorp-
tion capacity of BG by MCM-41 became greater
[37,60,61].

For the Elovich kinetic model which is often
successfully applied to describe the second-order
kinetic assuming that the actual solid surfaces are
energetically  heterogeneous [4,62], the initial
adsorption rate a and the desorption constant f were
calculated from the intercept and the slope of the
straight line, by plotting gws. Int at three different
temperature (25, 30, and 40°C). The R” values suggest
that, the Elovich model agrees much poorer than the
pseudo-second-order, which is in agreement with the
previous literature [62]. Besides, it is also found that
values of a and f decrease with the rising temperature
for both the dye adsorption (data not shown here),
supporting the conclusion that the adsorption of the
basic cationic dye adsorption process onto MCM-41 is
exothermic, in consistent with the result of Aljeboree
et al. [63].
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Fig. 9. Adsorption equilibrium isotherms of BV and BG onto MCM-41 in single component systems. (a) Langmuir
isotherm model fitting, (b) Freundlich isotherm model fitting, (c) Temkin isotherm fitting, and (d) D-R isotherm model
fitting (Conditions: pH 5.0, 25°C, MCM-41 dosage 0.3 g).
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Table 3
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Kinetic parameters for adsorption of BV and BG onto MCM-41 in single component systems

Pseudo-first-order
kinetic model

Pseudo-second-order
kinetic model

Spahn and
schlunder model

Dyes ky e R? ky Je R? Kext R?
BV 0.0135 2.4707 0.9354 0.0560 28.5342 0.9957 0.0056 0.8689
BG 0.0082 1.6491 0.9968 0.0122 31.6306 0.9999 0.0040 0.9526
Dyes Intraparticle diffusion model Elovich model

kp,2 R? kp R? a B R?
BV 4.1474 0.9952 0.4502 0.9343 146.1085 0.3221 0.8976
BG 1.4729 0.9897 0.2087 0.8805 1.8569 x 103 1.1545 0.9637

3.2.7. Adsorption thermodynamics

In order to investigate the thermodynamic behav-
ior of BV and BG adsorption by MCM-41, thermody-
namic parameters such as Gibbs free energy change
(AG"), enthalpy (AH®) and entropy (AS®) were calcu-
lated using the following equations [12]:

Cad
Ko = 4
0 C. 4)
AG = —RThK, 5)
AS  AH
Ko =2~ %rr ©

For the purpose of better estimation of the impact
of various temperatures (25, 30, and 40°C in this work)
on the adsorption capacity of the two cationic dyes
onto MCM-41, the thermodynamic parameters
including Gibbs free energy (AG®), enthalpy (AH"), and
entropy (AS°) were analyzed. And the results were
summarized in Table 4.

As known from Table 4, all values of Gibbs free
energy (AG®), enthalpy (AH®), and entropy (AS°) are
negative. The negative values of AG® indicated the
adsorption of BV and BG onto MCM-41 is spontaneous
and feasible in nature. In addition, the increase in AG®
values with temperature rising demonstrated that the
adsorption of BV and BG by MCM-41 became less
favorable at higher temperature. The negative AH" val-
ues suggested that the adsorption process is exother-
mic in nature, and there is electrostatic attraction
between the adsorbent and adsorbates. What is more,
the negative AS” further confirmed the decrease in ran-
domness at the solid-solution interface during the
adsorption processes of BV and BG on the vacant
active sites of the adsorbent MCM-41 [64].

3.3. Adsorption in binary component systems
3.3.1. Adsorption equilibrium isotherms

The Langmuir and Freundlich isotherm models
were adopted to fit the experimental data and are
shown in Fig. 11. Besides, the parameters calculated
from the equations of the Langmuir and Freundlich
isotherm models are listed in Table 5. It is can be seen
from Fig. 11 that both the two models fitted the data
well, while the Langmuir model fitted better
compared to the Freundlich model for the higher R*
(R*>0.99) of the first one (Table 5), similar to the sin-
gle component systems. In comparison with the single
component systems, it is clear that the maximum
adsorption capacities of BV and BG decreased from
90.1765 to 41.8557 mg/g and 99.7308 to 43.8446 mg/g,
respectively, which suggested that competitive
adsorption occurred in the aqueous solution mixture
between the two cationic dyes.

Since BV and BG are the same-type dyes, they
would compete with each other for the active adsorp-
tion sites of the adsorbent whose quantity is finite in
the solution mixture. It is a common phenomenon that
the maximum adsorption capacities of each compo-
nent in the mixture systems are smaller than those of
the single component systems, but the degrees of
decline may differ with the diverse kinds of dyes [65].
In addition, the adsorption capacity of BG appeared to
be higher than that of BV in the cationic binary
component system (Fig. 12), which could be attributed
to the different competitive abilities for adsorption
and further might be relevant to the distinctions of
structures and sizes of the dye molecules [66]. It was
easier for BG molecules to diffuse into inner pores of
the adsorbent because of their smaller sizes, making it
more dominant than BV in the binary component
systems [61].
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Table 4
Thermodynamic parameters for adsorption of BV and BG
onto MCM-4 at various temperatures in single component
systems

AG®
Dyes (o AH® AS® 25°C 30°C 40°C
BV 100 -15.161 -35.179 —-4.663 —4.525 —4.142
150 -5.926. —6.692 -3.931 -3.901 -3.831
200 —4.203 =3.091 —-3.296 —-3.195 -3.244
BG 100 —32.118 -—84.048 -7.148 —6.264 —5.782
150 -—21.542 -51911 -5954 -5.730 -5.551
200 -10.678 —19.658 —4.845 —-4.703 —4.515
354 .
30 4 » —~
25 ,.-',"j"/ . s
S 204 4 ] = BV
-E;, 1 x * BG
S 45 ] p ---- Langmuir
] _., 4‘/ Freundlich
10 4 § .:('
..
54

.
] 10 20 30 40 50 60 70
Ce(mgil)

Fig. 11. Adsorption equilibrium isotherms of BV and BG
onto MCM-41 in binary component systems (Conditions:
pH 5.0, 25°C, MCM-41 dosage 0.3 g).

3.3.2. Adsorption kinetics

Fig. 13 presents the kinetic adsorption profiles of
BV and BG onto MCM-41 in the binary component
system with the same initial dye concentration at dif-
ferent time. As seen from Fig. 13, the removal percent-
ages of both BV and BG dye molecules increased with
time, until adsorption equilibrium was reached in the
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end. However, both the removal ratios were smaller
in the binary-dye systems compared to the single sys-
tems, which was in consistent with the results of the
adsorption equilibrium isotherm study of BV and BG
onto MCM-41 in single component systems. In addi-
tion, the extent of the removal ratio of BV was higher
than that of BG in the binary system, which confirmed
the existence of competition between the two dyes in
the binary-dye systems [67]. Besides, two connatural
cationic dyes were mixed in the aqueous solution at
the same concentrations, leading to the concentration
of each dye was half of that of the single component
systems in reality. And the adsorption capacity of dye
would increase with the initial dye concentration,
which could also cause the drop of the adsorption
capacity of each dye [68].

Four kinetic models (the pseudo-first-order,
pseudo-second-order, Spahn and Schlunder, and intra-
particle diffusion models) were applied to fit the
experiments and the kinetic results were illustrated in
Fig. 13 and Table 6. It was seen from Table 6 that the

854 v
90 P o
j v Y
85 - B e
] A pe
80
1 —
~ 75 —
S
= 70 4
) —&— BV(mixture)
65 - +— BV(single)
) 4— BG(mixture)
60 4 —w— BG(single)
55

T . T Y T T T ' T T T T T ' 1
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t (min)

Fig. 12. Effect of contact time on adsorption of the two
cationic dyes in binary component systems (Conditions:
pH 5.0, 25°C, MCM-41 dosage 0.3 g, dye concentration
100 mg/L).

Table 5
Adsorption isotherm constants for adsorption of BV and BG onto MCM-41 at various temperatures in binary component
systems

Langmuir Freundlich
Dyes Temperature (°C) Gm Ky, R? Kg n R?
BV 25 41.8557 0.0362 0.9994 3.5327 1.9273 0.9796
BG 25 43.8446 0.0713 0.9904 5.9302 2.1447 0.9849
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Fig. 13. Adsorption kinetics of BV and BG onto MCM-41 in binary component systems. (a) Pseudo-first-order kinetic
model fitting, (b) Pseudo-second-order kinetic model fitting, (c) Spahn and Schlunder model fitting, and (d) Intraparticle
diffusion model fitting (Conditions: pH 5.0, 25°C, MCM-41 dosage 0.3 g).

adsorption followed the pseudo-second-order model
better in comparison with the pseudo-first-order
model since the R* value of the former (R*>0.994)
was higher than that of the latter (R? > 0.950), in accor-
dance to the kinetic results of the single component
systems, which also indicated that the cationic dye
adsorption onto the adsorbent MCM-41 would be
altered in the binary component systems [66]. From
Fig. 13(c) we can know that the relationships between
In C; and t of the two cationic dyes were linear, sug-
gesting the great influence of the out-diffusion from
the liquid to MCM-41 surface of the entire adsorption
process in the binary component systems. Fig. 13(d)
presented two straight lines after the intraparticle
diffusion kinetic fitting, demonstrating that there
existed at least two processes controlling the
adsorption rate in the mixed systems.

Comparing the parameters summarized in Tables 3
and 6, the values of k,, in the binary component
systems became smaller than those of the previous
single systems (Binary: 4.1474 (BV), 1.4729 (BG); Sin-
gle: 3.3662 (BV), 0.5154 (BG)). Whereas the k3 value
of BG increased from 0.2087 to 0.2906, simultaneously
it just decreased slightly for BV, which might be
attributed to the synthetical effects of the competitive
adsorption and the concentration of the dyes in the
mixed aqueous solution.

3.4. Desorption study

Desorption and regeneration of the adsorbent is
quite a vital characteristic which can lower the cost of
adsorbents in practical applications effectually. Fig. 14
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Table 6
Kinetic parameters for adsorption of BV and BG onto MCM-41 in binary component systems
Spahn and
Pseudo-first-order kinetic =~ Pseudo-second-order schlunder Intraparticle
model kinetic model model diffusion model
Dyes Kk Ge R? ks Ge R? Kext R? kp,2 R? kp rR?
BV 0.0100 1.5091 09546  0.0514 12.6087 0.9949 0.0024 0.8193 33662 0.9238  0.4455  0.9997
BG 0.0060 0.9699 09755 0.0322 14.5877 0.9999  0.0005 0.8864 0.5154 0.9772 0.2906  0.9698
4. Conclusion
100
1BV The performance of MCM-41 of removing two
= E=18G cationic dyes (BV and BG) from aqueous solutions has
80 - been investigated in this work. In single systems,
Ty maximum monolayer removal percentage by this
= adsorbent is 86.81% for dye BV and 94.97% for dye
§ 60 - BG at pH 5.0 and 25°C. In addition, it was observed
S 50 that both the removal percentages of BV and BG by
% MCM-41 increased with the adsorbent dosage and
a s contact time, but decreased with the initial dye con-
S centration and temperature of the system. The equilib-
W . . . .
2 o rium data agreed very well with Langmuir isotherm
model, and E values resulted from the D-R isotherm
10 - fitting were all less than 8kJ/mol, indicating the
o . . . ! | adsorption to be monolayer and physical in nature.
NaOH HCl CH.OH HO The adsorption kinetics were best fitted by the Lager-
Desorbents gren pseudo-second-order model, and both the exter-

Fig. 14. Desorption efficiency of BV and BG released by
saturated MCM-41 after treatment processes with three
different kinds of desorbents (0.1 M NaOH, 0.1 M HCI,
and 10% C,HsOH solutions) in the batch tests.

presents the desorption efficiency of BV and BG
released by saturated MCM-41 after treatment
processes with three different kinds of desorbents.

As seen from Fig. 14, it could be inferred that
solution pH had a great influence on the desorption
process. In NaOH aqueous solution, since MCM-41
surface is electronegative, the cationic dye molecules
are difficult to be displaced due to the electrostatic
repulsion. However, the binding affinity of hydrogen
ion for the negative-charged MCM-41 is higher than
that of cationic dyes BV and BG, which makes the ion
exchange reactions occur easier between H™ and
cationic dye molecules on MCM-41 surface [68]. In
addition, electrostatic interaction is also a dominant
mechanism of desorption process in the acid
environment.

nal diffusion and intraparticle diffusion were rate-
controlling steps. The values of the thermodynamic
functions suggested that the adsorption process was
feasible, spontaneous, and exothermic. What is more,
competitive adsorption between the two cationic dyes
existed in binary component systems, which might
result in that the adsorption capacity and removal
percentage of the binary system were lower than
those of the single systems. The adsorption isotherm
and kinetic data of the binary component systems
could also be well correlated by the Langmuir
model and Lagergren pseudo-second order model,
respectively. High desorption and regeneration effi-
ciency of BV and BG from saturated MCM-41 by
NaOH solution also shows that MCM-41 can be well
applied for cationic dyes removal from industrial
wastewater.
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liquid phase dye concentration at
equilibrium (mg/L)

initial liquid concentrations of dye (mg/L)
liquid dye concentration after desorption
equilibrium (mg/L)

liquid concentrations of dye at any time
(mg/L)

liquid concentrations of reduced dye
(mg/L)

a constant related to the boundary layer
equilibrium rate constant of
pseudo-first-order adsorption (/min)
equilibrium rate constant of
pseudo-second-order adsorption

(g/(mg min))

external diffusion constant (/min)

the intraparticle diffusion rate parameters
of different stages

the constant giving the mean free
energy of adsorption per molecular

of the adsorbate

the equilibrium constant

Freundlich constant indicative of the
relative adsorption capacity of the
sorbent (mg/g)

Langmuir sorption constant (L/mg)
empirical Temkin constant related to the
equilibrium binding constant (L/mg)
amount of solute adsorbed per unit
weight of the adsorbent at equilibrium
(mg/g)

monolayer maximum sorption capacity of
the adsorbent (mg/g)

amount of solute adsorbed per unit weight
of the adsorbent at any time (mg/g)
Temkin constant related to the heat of
adsorption (kJ/mol)

gas constant (8.314 ]/ (mol K))
correlation coefficient

mean free energy of sorption (kJ/mol)
absolute temperature (°C)

time (min)

weight of the dyes used (g)

volume of the aqueous solution (L)
volume of aqueous solution for the
adsorption reaction (L)

volume of aqueous solution for the
desorption reaction (L)

initial adsorption rate (mol/(g min))
desorption constant (g/mol)

adsorptive removal efficiency of the dye
dye desorption efficiency

Polanyi potential

Freundlich constant indicative of the
intensity of adsorption
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