High Stable AI-MCM-41: Structural Characterization and Evaluation
for Removal of Methylene Blue from Aqueous Solution
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Abstract

- Sohair A. Sayed Ahmed -

Aluminosilicate (AI-MCM-41) was synthesized via a modified wet-method in a Si/Al atomic ratio of 13.64:1.00 and calcination
at 500 °C. The structural as well as the thermal stability were studied by powder X-ray diffractometry (XRD), thermogravimetric
analysis (TGA), scanning electron microscope (SEM), Fourier transform infrared (FTIR) analysis and surface area measure-
ments. AI-MCM-41 was confirmed to acquire a mesoporous structure with a high stability against hydrolysis which was
attributed to the homogeneous dispersion of AI(III) in the silica framework. The adsorption parameters of the cationic dye
methylene blue (MB), on AI-MCM-41 were investigated in aqueous solutions. The adsorption isotherm data showed a notable
monolayer adsorption capacity (285 mg g ') of MB and fitted well the Langmuir adsorption model and the pseudo-second-order
kinetics model. The adsorbent was applied successfully for removing 92.0-94.7% of MB from spiked fresh water samples and
the initial capacity was recovered by 0.05 mol L ' HCI or calcination.
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1 Introduction

Treatment of wastewater formed from different industries es-
pecially dyeing processes represents an obligatory process to
save the critically limited fresh water resources from contam-
ination [22]. Residual dyes inflict a severe hazard to the envi-
ronment especially if discharged into water resources without
treatment. This is because dyes are slowly biodegradable due
to their complex molecular structures, which make them more
stable and resistant to bio-degradation [31] and photo
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degradation as well [55]. Water contaminated with dyes may
result in unhealthy effects such as vomiting, cyanosis, or
haemolysis [47]. Therefore, many efforts are exerted to effec-
tively remove cationic dyes from wastewater [41, 42, 67].

Generally, a variety of techniques including coagulation
[26], flocculation [37], membrane separation [14] and adsorp-
tion [5, 41, 42, 50] have been utilized in removing of organic
dyes. Among these varied techniques, the adsorption path
combines the advantages of practical designing, regeneration
and cost-effective application.

A successful adsorption removal encompasses some
important aspects that adsorbent should fulfil such as:
high adsorption capacity, reactivity, fast kinetics as well
as high selectivity for adsorbates. Numerous solid mate-
rials including clays [34, 41], functional polymers [25,
30], activated carbon [27], and by-products [54] have
been applied to adsorb dyes from wastewater. However,
the low adsorption capacity and lack of recovery of most
adsorbents limit their applications in removing dyes, es-
pecially at high concentration. High cost of some adsor-
bents like activated carbon also hinders their wide practi-
cal applications.

Mesoporous silica (MPS) [9, 53] and zeolite (ZT) [38,
59] are extensively effectively applied for removal of



cationic hazards. Zeolite is preferred due to its better cat-
ionic exchange capacity (2.10-4.25 mEq/g) as it is com-
posed of crystalline aluminosilicate TO, tetrahedra (T =
Si, Al) framework with the chemical formula M",,,Si,.
ALO,yH,O where M = e.g. Na*, K¥, .... More than
238 distinct zeolite frameworks topologies have been rec-
ognized exhibiting stronger acidities and higher thermal/
hydrothermal stabilities in comparison to several inorgan-
ic ion exchangers ([12]-2016). Thus, zeolites are in use in
many industries and applications such as purification, ad-
sorption, separation, and catalysis [11, 29, 52]. However,
main disadvantages of ZT are: the high purification cost
of natural ZT, tedious synthesis procedure, and the lack of
versatility of its pore distribution as it possesses mostly
micropores in its pure crystalline state (channels <0.8 nm
and cavities <1.3 nm) ([10, 12]-2016; [33]). This deters
the diffusion of large-sized ions such as cationic dyes
[33].

Surfactant-templating (ST) has been confirmed to be
one of the most adaptable and valuable techniques to im-
plement ordered mesoporosity into frameworks of solid
materials since reporting first material MCM-41 by
Yanagisawa et al. [63]. Recently, a new technique was
introduced combining the rewards of both MPS and zeo-
lites using ST technique by partial isostructural replace-
ment of Si** with AI’* in a framework of MCM-41 either
from alkoxysilanes [18, 60] or sodium silicate [4, 7] as
silicon sources to synthesize ordered mesoporous Al-
MCM-41. Sepehrian et al. [51], have reported a cheap
“pH-adjusting” hydrothermal method to dope AI’** ions
into MCM-41. AI-MCM-41 was proved to acquire high
cationic exchange capacities towards Methylene blue
(MB) [18] and several metal ions such as Sr(Il), Ce(IIl),
U(VI) and Cd(I) [51]. Yue et al. [64] used aluminum
tritert-butoxide and tetracthyl orthosilicate (TEOS) precur-
sors to directly incorporate Al(III) into SBA-15 frame
work [64]. Also, a different approach was introduced by
Adjdir et al. [7] by applying volclay as a low-cost Si and
Al source to produce AI-MCM-41 with a high surface
area (>1000 m® g ' and high mesoporosity (> 0.7 cm®/
g). However, the produced materials may lack homogene-
ity and the methods of synthesis incorporate expensive
and toxic alkoxysilanes [18, 60].

Methylene blue (MB) is generally used as a basic dye in
microbiology, medical diagnosis and treatment, ([24, 58] in
addition to simple simulation of cationic dyes in adsorption
studies. [40, 45, 70] In this paper, we report cost-effective
synthesizing of a highly-stable MCM-41-like aluminosilicate
cation exchanger with pure mesoporosity. The synthesized
material was spectrally and analytically characterized, then
the adsorption of MB as a model for a cationic dye using this
ordered mesoporous material was studied and applied on dif-
ferent MB-contaminated water samples.

2 Experimental
2.1 Materials

All chemicals and reagents were of highest purity grade from
Sigma—Aldrich otherwise stated. Sodium trisilicate (STS)
Na,Si;07 (10% H,0) and AICl; were bought from Fluka,
Switzerand. Cetyltrimethylammonium bromide (CTAB) was
bought from Fluka (Germany). 0.001 mol L ' stock solution
of methylthioninium chloride (MB) (C;4H;g§N3SCI-3H, O
from Riedel-de Haén Co. (Germany)) was prepared by dis-
solving a calculated amount in DDW.

2.2 Equipment

The prepared samples were subjected to powder X-ray diffrac-
tion (XRD) analysis using Empyrean Powder Diffractometer
equipped with a Cu K, radiation and a Ni filter at constant
voltage 40 kV, and 30 mA. Thermogravimetric analysis
(TGA) was carried out on SDT Q600 (TA Instruments,
USA) thermal analyzer under nitrogen using a heating rate
of 10 °C min '. Scanning electron microscope (SEM) images
were performed on JXA 840A electron probe microanalyzer,
Japan attached with EDX Unit (Energy Dispersive X-ray
Analyses), with accelerating voltage 30 K.V., magnification
14x up to 1,000,000. Fourier transform infrared (FTIR) spec-
tra were recorded on a Nicolet iIS10, Thermo-Fisher Scientific,
USA, using KBr pellet. Specific surface area was calculated
with a BELSORP-mini II, BEL Japan, INC, using nitrogen at
77 K. Sggt was calculated following the Brunauer, Emmett
and Teller (BET) -method [8]; the degassing temperature was
300 °C. Electronic spectra were recorded on a UnicamUV/Vis
UV?2 for the supernatant solutions obtained after centrifuging
suspensions. Estimation of residual MB was done by compar-
ing their UV absorption at Ay,.x at 663.8 nm with calibration
curve of MB solution (absorption at isobestic point 622 nm
was measured to avoid absorption fluctuations due to MB
aggregation and pH variation [21]. The pH of solution of each
sample was adjusted with NaOH and H,SO4 solutions, using a
Hanna Instruments, 8519, Italy, pH/mV meter with an ex-
panded and + 0.1 accuracy scale. Metrohm automatic poten-
tiometer (848 Titrino) was exploited to perform the pH-metric
titration. An amount of (100 mg) of the investigated sample
was added to 25 mL of 0.5 mol L ' KCl and titrated against
0.0073 mol L ' KOH or 0.0086 mol L ' HCl + 0.5 mol L '
KCl at 17 °C with a titration rate of 0.1 mL min .

2.3 Methods

Two different samples of mesoporous aluminosilicate were
prepared using a modified method of Sepehrian et al. [51].
STS and anhydrous aluminum chloride (AlCl;) were used as
silicon and aluminum sources, respectively, in an atomic ratio



of Si/Al 13.64:1. In a typical procedure, 6 g of CTAB was
poured in 100 mL of deionized water, then the mixture was
kept under stirring for 15 min (400 rpm) till complete disso-
lution. Also, 34.52 g, (0.385 mol) of STS was boiled in 100
mL 23% aqueous solution of sodium hydroxide till complete
dissolution, cooled to room temperature then poured into
CTAB solution, further stirred for another 30 min, then
DDW was added to adjust the volume to 230 mL. Another
mixture containing 6 g of CTAB dissolved in 100 mL of
deionized water, 3.77 g (0.028 mol) of anhydrous aluminum
chloride dissolved in 100 mL of 6% sodium hydroxide solu-
tion (to form sodium aluminate solution) was stirred for 30
min, then DDW was added to adjust the volume to 230 mL.
The two mixtures were mixed together and left under contin-
uous stirring for 24 h at pH 9.2 £0.1. The obtained gel mixture
was left to settle for another 24 h, filtered out, washed thor-
oughly with water, dried at 50 °C for 72 h and finally subject-
ed to calcination at 500 °C for six hours. The product was
named Al- MCM-41, For the purpose of comparison, the
same procedures was followed without AICl; addition to pre-
pare MCM-41.

2.4 Adsorption Studies of Methylene Blue

The adsorption experiments were achieved at room tempera-
ture of 20 & 1.0 °C and ambient initial pH of MB solutions 5.8,
otherwise stated. The adsorption isotherm was studied by
mixing 0.1 g of AI-MCM-41 with 50 mL of 10, 30, 50, 100,
200 and 300 mg L " initial concentrations of MB in a 100 mL
stopper conical flasks under shaking for 30 min and then left
for equilibration 24 h. Then the residual MB concentration
was measured by UV-vis spectrometry.

The kinetics studies of MB-removal were carried out by
vigorously stirring of 0.2 g of AI-MCM-41 with 100 mL of
100 mg L ' of MB solutions; stirring was briefly interrupted at
time intervals 5-90 min, while 1 mL volumes of supernatant
solutions were pipetted out from the reactor, filtered out and
analyzed to determine the residual MB concentration in the
aqueous solution. After agitation for 90 min, the contents in
the flask were filtered and the residual concentrations of MB
were estimated using UV-vis spectrometry. The adsorption
capacity (mg g ') at equilibrium (g.) as well as at a given time
#(q,) were estimated out using the mass balance equations:

g, = Co=Co) y, 0

¢ m

(Co—C)) v
m

(2)

q: =
where Cy, C,, and C; refer to the liquid-phase concentrations
(mg L ") of MB at start, equilibrium and time ¢, respectively;
V is the volume of the solution (L) and m is the mass of
adsorbent (g).

The effect of initial pH values on the adsorption behavior of
MB was investigated by mixing 0.1 g of the adsorbent with 50
mL volume of 100 mg L ! MB; Solutions of 0.1 ™' & !
NaOH and 0.1 HCI were used for adjusting the initial pH
values of MB solutions (2.0-10.0). The resulting solutions
containing adsorbent were agitated for 30 min, then were left
overnight, filtered and the residual concentration of MB in
solution was determined as described before.

For the effect of dosage studies, the initial pH value of 50
mL 100 mg L ' MB was adjusted at 8.0 and shaken with
0.01-0.2 g AI-MCM-41 for 30 min. The concentration of
the unadsorbed MB ions was determined after settlement of
the adsorbent for an overnight.

The effect of solution salinity on MB uptake onto Al-
MCM-41 was investigated in presence of NaCl, MgSQOy,
and CaCl, in the range of concentration of 0.1-1.0 mol L .
The initial pH value of 50 mL 100 mg L ' MB was adjusted at
8.0 and shaken with 0.1 g AI-MCM-41 for 30 min. The sus-
pensions were left to settle overnight then the final concentra-
tion of the unadsorbed MB ions was determined as mentioned
above. The decrease in removal efficiency (AE,, %) was cal-
culated according to Eq. (3):

AE, — 100~ (100x q, in presence of the salt)j 3)

q, in absence of the salt

The regeneration study of the loaded AI-MCM-41 was per-
formed on the adsorbent loaded at the conditions 50 mL of
100 mg L ' MB, 0.1 g AI-MCM-41, initial pH 8.0, stirring
time 30 min and overnight settling, then washed several times
with distilled water, dried at 80 °C for 24 h and kept for
analysis and desorption studies. The desorption processes
were carried out on 0.02 g of the loaded MB-AI-MCM-41
shaken with 5 mL of 0.1 mol L ' HCI, 7.5% sodium
dodecylsulfate (SDS), acetone and ethyl alcohol for 1 h at
25 and/or 40 °C. The released dye concentration (C,) was
determined directly in the liqueurs after filtration except in
case of acetone and ethanol where the solvents were first va-
porized then the dye was dissolved in 5 mL. The desorption
efficiency (E%) was determined by the formula:

€ 100% (4)

cale

E =

where Cy (mg L 1) is the loaded dye calculated from the
q; value.

The loaded sample was activated by heating at 400 °C in air
after washing with water. Then the batch-mode capacity was
examined using 0.1 g of the regenerated AI-MCM-41 and
100 ug mL ' MB as initial concentration for a sample volume
of 100 mL at pH 8.0 after time of shaking 30 min. Then the
equilibrium capacity was determined as usual.

A batch-mode application of the adsorption of MB from
natural water samples was applied after spiking with



100 mg L ' MB. An amount of 0.1 g AI-MCM-41 was stirred
in 50 mL of the water sample for 30 min at ambient pH and
room temperature. Then the samples were filtered and residual
MB concentration was determined.

3 Results and Discussion
3.1 Characterization of AI-MCM-41

The wide angle XRD pattern of AI-MCM-41 is shown in Fig.
1. It indicates the formation of an amorphous structure in the
short-range packing of atoms, which is confirmed by the ap-
pearance of an amorphous hump at 26 23.9° typical to amor-
phous silica. Small angle region of XRD shows weak reflec-
tions at 20 2.47° (20,),4.27° (28,) and 4.93° corresponding to
d-spacing of 3.58, 2.07 and 1.79 nm, due to the d;og, d;19 and
d,g reflections, respectively, of a hexagonal ordered pore ar-
rangement (Pé6mm space group) typical of MCM-41-like
structure. The value of sin®01/sin®0, is equal to 0.33 which
is very close to 1:3 ratio, suggesting a long-range ordered
arrangement of pores [13].

No diffraction peak was observed in the region of 20 > 10°
(Fig. 1), which indicates the absence of micro-crystals in the
sample, suggesting that AI-MCM-41 is mostly X-ray amor-
phous. The length of the unit cell parameter (a,) for the hex-
agonal pore system was calculated from the relation [57].

a0:2d100/\2/3 (5>

The value of a, was 4.13 nm which is slightly smaller than
that reported for AI-MCM-41 (4.23 nm [51], 4.51 nm, [6])
which may be assigned to the difference of the synthesis pa-
rameters. This can be understood in view of the impact of
MCM-41 synthesis parameters on the structure such as the

Intensity a. u.

5 10 15 20 25 30 35
26°
Fig. 1 XRD pattern of A/MCM41

hydrogel composition, the type and length of the surfactant,
the temperature, the alkalinity, and the synthesis time [39].
The N, adsorption-desorption isotherm of AI-MCM-41 ex-
hibited type IV behavior with almost no hysteresis loop (Fig.
2a), typical for mesoporous MCM-41 materials with uniform
porosity <4 nm [20]. This reversible adsorption desorption
isotherms is a result of instability of the hemispherical menis-
cus throughout the desorption process in the pores triggered
by an increased chemical potential of the pore walls, and ac-
cordingly an increased tensile strength in the adsorbed phase
is observed as the pore size decreases [20]. Figure 2b demon-
strated the formation of a mesoporous AI-MCM-41 structure
with short close-packing range of SiO, tetrahedra and a uni-
form pore size distribution. The pore size distribution estimat-
ed from the adsorption branches of the isotherms using
NLDFT model unveils the presence of uniform mesopores
with an average pore diameter (D, xzprr) of 2.73 nm. The
BET surface area (o, z£7) and pore volume (V,,) dropped from
1020m? g 'and 0.86 mL g ' for MCM-41 to 592 m* g ' and

a

—— Adsorption|
—— Desorption

0.0 0.2 0.4 0.6 0.8 1.0
p/p,

—s—dVp

0.06 1 NLDFT/GCMC Pore size distribution analysis

W peak(Vol) 2.6572
||

0.05 4 f\. |§|

0.04

0.03 =

av,

0.02 «

0.01 +

0.00 =

0 2 4 6 8 10
W(Pore width)/nm

Fig. 2 (a) Nitrogen adsorption/desorption isotherm and (b) Pore size
distributions of AI/MCM41.derived from N, adsorption



cm’(STP) g

Unit
nm
nm
nm
1
cm’ g
nm
nm
-1
cm’ g
nm

4.10
4.44
5.13
1150
1.17
7-350/1
6-350/1
[69]

2.1

4.53
1060
0.75
1711
[7]

4.75
870
3.14
0.51
161
40.2/1
42.6/1
[58]

3.93
4.54
1044
0.91
3.86
0.68
[27]

4.01
4.63
847
25

1.01
2.13
15/1
10/1
[64]

3.83
4.23
792
2.44
0.73
1.79
10/1
16.4/1
[51]

3.53
4.08
1020
0.89
1.68
1.37

(3]

Present study
o: unit cell; as: BET specific surface area, V,, pore volume, D,, average pore diameter, W, wall thickness

Values
3.58
4.13
136.0
592
3.30
0.49
2.73
1.40
13.6/1
14.9

0.49

Vp (/po= 0.909)

SENISYINS

aS'
BJH values are stated for the sake of comparison with older publications

Starting Si/Al atomic ratio
Found Si/Al atomic ratio

(BJH) model”
Reference

W,

t

Q,
BET model

s

Table 1 XRD and surface characteristics of the present AYMCM41 compared with MCM41 and reported analogues

d 100 from XRD
NLDFT model
Barrett—Joyner—Halenda

Parameters

0.50 mL g ', respectively for AI-MCM-41. Also, the pore
diameter (D)) slightly increases from 1.68 [3] to 2.73-3.30
nm. Reported g gy and V, values for AI-MCM-41
(792-1150 m* g ' 0.73-1.17 cm® g ') are higher than that
of the present study (592 m* g ' and 0.50 cm® g !, respective-
ly) whereas the D,, value of the present AI-MCM-41 (2.73—
3.30 nm) is within the reported values (2.44-3.86 nm).

By combining XRD and surface area data, the wall thick-
ness (W,) can be calculated from the formula [28].

W, =a,—D, (6)

The W, value of our synthesized AI-MCM-41 (1.40 nm) is
less than that reported for similar composition (1.79 nm) [51].
Consequently, it is expected that the present AI-MCM-41 ex-
hibits large oy as observed for thin-walled materials shown in
Table 1.

On contrary, the present material possessed low surface
area that is attributed to its small «,, and mesoporisity with
small D, and dense walls. Also, the important synthesis pa-
rameter in the present method is that both Al and Si sources
are dissolved in NaOH solutions previous to the addition of
CTAB which increases homogeneity of their resultant mixture
(Al-MCM-41) as confirmed by SEM-EDX analysis (Fig. 3).
SEM images of AI-MCM-41 revealed irregular spherical par-
ticles with a cross-linked network (Fig. 3a). EDX analysis was
close to the expected Si/Al mole ratio (13.64:1.0) and the
standard deviation of the elemental analysis was within
4.20-10.10 as illustrated in Table 2. EDX analysis (Fig. 3b)
of AI-MCM-41showed that the atomic ratio of Si/Al is 14.9/1
which is close to that reported for alike structure (16.5/1.0)
[51]. However, the Si/Al atomic ratio in the present study is
remarkably closer to the starting ratio than that reported in the
literature [51]. An obvious increase in Si/Al was usually ob-
served [51, 62] possibly due to the preferable dissolution of
AI(III) as aluminate in basic medium compared with Si(IV)
[43]. Also, Na/Al mole ratio was 0.32 which is lesser than
expected equimolar ratio indicating a partial replacement of
Na* with H". However, high sodium content is not preferred
as it was reported to catalyze hydrolysis ofMCM-41 silica and
structure instability [46].

(Fig. 4a) depicted the pH-metric titration pattern of Al-
MCM-41 against 0.0073 mol L ' KOH. The AI-MCM dem-
onstrated a higher stability against hydrolysis comparing to
MCM-41; this may be related to homogeneous inclusions of
AI(III) into mesoporous silica framework. At the beginning of
the titration curve, a shift of pH of approximately 3 units
towards higher basic range was observed to occur for Al-
MCM-41 compared with MCM-41 indicating the relative re-
sistance to hydrolysis. Also, lesser KOH volume was con-
sumed for AI-MCM-41 (6.54 mL) compared with MCM-41
(28.18 mL) at the same pH value (9.43) attributed to depro-
tonation of silanol (or aluminol) groups [1, 2]. A base



Fig. 3 a SEM b EDX analysis of
AI/MCM41

catalyzed mechanism was previously suggested to elucidate
the hydrolysis of silica. However, stabilization was achieved
either by effective covering of silica surface [1]. or by doping
with an electropositive element such as Zr(IV) [2]. The later
method may be the case of the present AI-MCM-41 knowing
that Al is more electropositive than Si.

Repeating the same titration against 0.0086 mol L '
HCI (Fig. 4b), AI-MCM-41 shows almost the same re-
sponse of the blank curve indicating the neutrality of the
silica surface whilst on contrary, MCM-41 shows acidic
nature as concluded from the small delay (0.36 mL) of the
titration curve. Also, the starting pH of AI-MCM-41 was
slightly shifted towards basic range (0.36) compared with
the blank whereas MCM-41 starting pH was strongly
boosted downwards with a shift of 1.19.

Table 2 EDX analysis of AYMCM41

Element Concentration, mass% Concentration, X/Al mole ratio
Na 0.94 +0.095 0.32

Al 3.47+0.20 1.0

Si 53.77+£2.27 14.9

30 45 60 15 90 105 120 135

Furthermore, the total concentration of consumed protons
in the titration process (Qy, mol g 1 is calculated from Eq. (7)
[61]:

_ Ca=Cy+[OH -[H"]

c )

On

where C, and Cg are the concentration (mol L 1) of HCI
and KOH respectively, [H*] and [OH ] are the concentration
of H+ and OH—, Cs is the concentration of sorbent in the
suspension (g L ). Figure 5 shows the variation in Qy values
of MCM-41 and AI-MCM-41 versus pH. Two distinct depro-
tonation stages could be distinguished for both samples al-
though the stages are shifted to higher pH in AI-MCM-41.
These stages were reported previously for a AI-MCM-41-
like phase developed from montmorillonite with acidity con-
stants of =Al/SiOH sites (pKa) of 3.2 and 4.9. They were
attributed to the deprotonation of =Al/SiOH,* (=Al/
SiOH,*«<> = Al/SiOH + H*) and =AI/SiOH (=Al/SiOH« =
Al/SiO + H), respectively [17].

The Acid-base titration curve showed that the of zero-point
charge pH values (pH,p,.) of MCM-41 and AI-MCM-41 are
4.1 and 6.0, respectively. The reported pH,,. values for alike
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Fig.5 Acid base titration of 100 mg of MCM41 (black) and AYMCM41
(red)in 0.5 mol L ' KClat T =25 °C

AI-MCM-41 are in the 4.1-4.4 range, which are close to that
of MCM-41 but much lesser than the present AI-MCM-41.
This provides another sign to relatively better enhancement in
the stability of AI-MCM-41 due to well inclusion of AI** ions
in the silica matrix.

The FT-IR spectra of AI-MCM-41 shown in Fig. 6 is typical
to vibrations of similar structures [51]. AI-MCM-41 exhibited
absorption bands at approximately 3452 cm ' assigned to the
stretching vibrations of OH units of adsorbed water and
hydrogen-bonded silanol groups. The absorption band around
1625 cm ! is assigned to deformed vibration of adsorbed water.
The observed absorption band at 1080 cm !, accompanied by a
shoulder at 1221 cm ' and the band located at 796 cm ', are
assigned to internal and external asymmetric Si-O stretching
modes respectively. The shoulder in region 950-970 cm ' was
generally considered as a proof for the incorporation of AI(IIT)
into the framework [51]. The bands at 459, 539 and 695 cm '
may be assigned to symmetrical stretch (ngy,), external linkage
vibration of five-membered rings of T-O-T order and asymmet-
rical stretch (Nysym), Tespectively [19].

The TGA of AI-MCM-41 (Fig. 7) shows two stages of
mass loss up to 750 °C, which is typical to alike structures
[51]. The stages can be distinguished as 35-150 and 150-550
°C. The mass loss in the first stage is 14.7% and is due to
desorption of physisorbed water held in the pores. The mass
loss during the second stage (3.5%) is mainly due to the con-
densation of silanol groups.

3.2 Adsorption Study of MB on AI-MCM-41
3.2.1 Effect of Initial MB Concentration
Figure 8 shows the effect of initial MB concentration on its

adsorption onto AI-MCM-41. It was observed that g, increased
with increasing MB concentration from 10 to 300 mg L .

MB@AI/MCM41 AT
Al/MCM41

80
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4000 3500 3000 2500 2000 1500 1000 500
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Fig. 7 TGA of AUMCM41 and MB@AI/MCM41

Isotherms models were studied for characterizing the adsorption
process such as Langmuir and Freundlich isotherms, which pro-
vide information on the capacity of sorbent. These isotherms
demonstrate a reliant of the dye uptake per unit mass (g.) on
the equilibrium metal ion concentration (C,) (Fig. 8).

Langmuir isotherm model proposes that the adsorption up-
take takes place on a homogeneous surface by a monolayer
sorption neglecting the adsorbent molecules interactions [32].
It adopts uniform adsorption energies on the surface and no
adsorbate transmigration. From Table 3, K| value for MB ion
adsorption was found to be 0.11 L g ! that is less than I,
suggesting that the AI-MCM-41 adsorbent are highly favor-
able for the adsorption of MB ions from aqueous solution.

Accordingly, the maximum adsorption capacity evaluated
from Langmuir model (q,,) was found to be 285 mg g ! for
adsorption of MB ions on AI-MCM-41, indicating the effec-
tiveness of the synthesis method in creating good sorption
sites. In addition, the fitness of linear form evaluated from
two models was examined by estimation of the linearity or
regression coefficients (R%). Langmuir model isotherm (not
shown here SI) was found to define the adsorption of MB ions
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Fig. 8 Effect of initial MB concentration on its adsorption onto Al/
MCM4 1 (the initial concentration ranged from (10 300 mg L h

Table 3 Langmuir and Freundlich, D R for MB sorption onto Al/
MCM41 at 303 K

Models Isotherm parameters
9 (mg/g) Ky (Lg) R’
Langmuir 285.0 0.1118 0.9717
Kg n R?
Freundlich 5.738 0.1706 0.5693

on AI-MCM-41 better than Freundlich isotherm (not shown
here SII) because its R? value was (0.97) that is remarkably
higher that obtained from Freundlich (0.56). The obtained
monolayer capacity (285 mg g ' = 0.89 mmol g ') is lower
than that of the theoretical cationic ion exchange capacity,
concluded from Al% (1.29 mmol g '), which may indicate
that almost 31% of active sites attributed to Al content are
inaccessible to the bulky MB ions. However, the MB capacity
was observably higher than those reported for some alumino
silicates such as AI-MCM-41 (66.5 mg g ') [18] kaolin
(30 mg g ') [49] and zeolites (33.5-38.4 mg g ') ([49, 56]
(Table 4). This may be related to the confirmed homogeneous
distribution of AI(III) in the silica framework attained accord-
ing to the present study. Also, the monolayer MB capacity of
Al-MCM-41 is also higher than those obtained for activated
carbon and Citrus limetta peel (8.76-250 mg g ') [9] [36, 54].

3.2.2 Effect of Time of Shaking

The effect of time of shaking on the adsorption of MB by Al-
MCM-41 was investigated from 2.0 to 45 min shaking time (Fig.
9). It was observed that the MB removal percentage by Al-
MCM-41 increased with increasing time of shaking and reached
stability of removal efficiency of 93.2% of C; (100 mg L ]) at 30
min. This equilibration time is better than the reported results (50
min) for alike AI-MCM-41 [18] and some recently reported ad-
sorbents [19, 56], [9] as detailed in Table 4.

Adsorption kinetic studies of MB onto AI-MCM-41 were
examined by the pseudo—first order, pseudo—second order and
intraparticle diffusion models, described previously [16]. The
characteristic parameters are given in Table 5 showing that the
adsorption of MB ions on treated AI-MCM-41 is best de-
scribed by pseudo-second order kinetic model with a high
correlation coefficient (0.988). This supposes that the hetero-
geneous sorption mechanism is likely to be responsible for the
uptake of MB ions onto AI-MCM-41.

3.2.3 Effect of pH

The influence of variation of initial pH values (2.0-10.5) on
the amount of adsorbed MB ions onto AI-MCM-41 was stud-
ied at equilibration time of 60 min as shown in Fig. 10. It is



Table 4 Comparison between the adsorption parameters of the present A/MCM41 adsorbent for MB with recently reported adsorbents

Adsorbent Removal efficiency (%) Capacity (mgg ")
AI/MCM41 98.7 285
AI/MCM41 94.0 66.5
MCM41 54.0 10.95
MCM41 44.0 73.5
Silica nanosheet 11.77
Silica gel 62.0 233
SBA 15 100 280
Citrus limetta peel 97.1 227.3
Activated carbon web 90.0 8.76
Activated carbon 250
starch g poly(acrylic 1532
acid)

Kaolin 93.8 30.0
Zeolite 4A 95.7 335
Nano Mordenite zeolite 384

clear that the equilibrium adsorption capacity of the adsorbent
(g, mg g ') towards MB increases as the pH increases and
reached maximum adsorption at pH 8.0 at which the adsor-
bent is fairly stable as concluded above (Fig. 4a and 5). This
pH value for maximum MB adsorption (8.0) is optimal for
natural water treatment as its pH mostly ranges from 7.0 to 8.5
that gives advantage for the present adsorbent in comparison
with many reported materials that requires pH control beyond
its ambient values (Table 4).

The relatively low uptake of MB in acidic medium has
been also reported elsewhere for various adsorbents and was
attributed to the competition of MB* with H* [15, 18]. This
may be attributed to the weak acidic nature of the surface of
AI-MCM-41 confirmed above (Fig. 5). The increase of MB
adsorption with increasing pH was attributed to the deproton-
ation of surface -OH groups on the adsorbent [18] which is
supported from pH-metric titration study. A slight decrease in
adsorption of MB on AI-MCM-41 at pH > 8.0 was observed
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Fig. 9 Effect of shaking time on the adsorption of MB (initial
concentration 100 mg L ') onto 0.1 g AVMCM41

Ci(lmgL 1)/v(rnL)/dosage (g Equilibration time (min) pH pH
L)
100/100/1.0 30 8 This work
3.20/200/0.025 ~50 7 [20]
25 12 7 [65]
30 15 7 [68]
28.79 90 7 [71]
200 90 [59]
30/100/0.25 5 8 12 [17]
50/25/2 30 4 10 [54]
6.0/50.0/3.0 125 2,11 [43]
60 8 12 [34]
30 69 [37]
7.5/ /0.5 40 4 [50]
7.5/ /1.0 40 5 [50]
3.2/200/0.25 150 [57]

that may be due to the silica hydrolysis known to occur in
alkaline media [1]. The electrostatic repulsion between the
negatively charged surface and the Zwitter ion of MB was
suggested to occur at high pH value [18] but this explanation
was rejected as the claimed structure of MB is wrong.

Consequently, the adsorption of MB onto AI-MCM-41
may be expressed according to the equation:

=SiOH(or Na)/=AlOH(or Na)

+
+ MB"=(=Si0-/=A10-)MB + H" (or Na (8)

3.2.4 Effect of AI-MCM-41 Dosage

The variation of the removal efficiency of AI-MCM-41, using
various dosages 0f0.01 t0 0.10 g for 100 mg L ' MB was also

Table 5 Kinetic parameters for the MB adsorption onto AVMCM41

Pseudo first order constant

k(g mg ' min ") qe (mgg ") R?
0.057 16.71 0.855
Pseudo second order constant

k(g mg ' min ') qe (mgg ) R’
0.065 71.43 0.988
Intra Particle diffusion Constants

kig C R?
12.97 1.42 0.989

k; is the adsorption rate constant (min '). k, (g/mg. min) is the rate
constant of second order adsorption. Kipq is the intraparticle diffusion rate
constant (mg/g.min” 2)
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Fig. 10 Effect of initial pH on the MB adsorption onto AYMCM41

studied (SIII). Increasing the dosage of adsorbent over this
range resulted in an increase in the removal efficiency up to
97.5%. This dosage percentage is moderate compared with
other adsorbents as shown in (Table 4) nevertheless the pres-
ent AI-MCM-41 is characterized by cost-effective and eco-
friendly material.

3.2.5 Effect of Salinity on the Uptake of MB on Al-MCM-41

As salinity is an important water quality parameter upon which
the properties and the type of the water depends, the effect of
the type of the salt and its concentration on the MB uptake onto
Al-MCM-41 was studied as shown in Table 6. The removal
efficiency of AI-MCM-41 towards MB was observed to de-
crease in the order NaCl > CaCl, > MgSQO,. In respect to the
cation exchange characteristics of AI-MCM-41 confirmed from
the adsorption studies, this trend may be correlated with the
ionic radii of the cations which decrease in the same trend;
90, 86 and 59, respectively. In addition, MB removal efficiency
onto AI-MCM-41 was observed to decrease with the increase in
salinity. This behavior was observed previously for the adsorp-
tion extent of MB on kaolin and zeolite which was explained as
the presence of salt ions in the solution screens the electrostatic
interaction between the oppositely charged oxide surface and
dye molecules, which results in diminishing the adsorbed
amount as the salinity increases [49]. Also, a slow competition
of the ions of the salt of the solution and the other cations
forming the aluminosilicate was suggested to take place. On
the other hand, solution ionic strength may affect the electrical
double layer leading to a decrease in its thickness, hereby re-
sults in a decrease in adsorption.

Table 6 Effect of type of salt and

3.2.6 Sorbent Regeneration

The regeneration of sorbent efficiency is an economic and
environment-concern issue as far as secondary-waste is not
recommended. SDS was the most effective releaser of MB
(20% of the initial concentration), then 0.1 mol L 'HCl
(2.1%) whilst ethanol and acetone did not exceed 1% release
despite heating up to 40. Accordingly, calcination of MB-Al-
MCM-41 at 400 °C for one h was examined after primary
washing and drying at 80 °C. Then, the adsorption process
of MB was repeated at optimum conditions. A removal effi-
ciency of 98% for MB onto AI-MCM-41 which is very com-
parable to the as synthesized efficiency.

3.3 Loading MB on AI-MCM-41

IR absorption study of MB@AI-MCM-41 shows the devel-
opment of new bands at 1403 and 1350 cm ' compared with
that of AI-MCM-41 which are attributed to C-H bending [44]
and the heterocycle C = S* stretching [48] vibration modes of
MB and consequently indicate the successful loading of MB.
Also, TGA curve of MB@AI-MCM-41 confirms the same
idea as it shows an additional gradual increase in the mass loss
(3.8%) within the heating range 200—500 °C compared with
that of AI-MCM-41 which is attributable to the thermal deg-
radation of the loaded MB.

3.4 Application Process

Batch-mode separation of 100 mg L ' MB (spiked into the
water samples) onto AI-MCM-41 was investigated on Nile
river and Alkhadraweya canal waters from Dakahlia gover-
norate at ambient pH values (7.0). The MB removal efficien-
cies were appreciably high (94.7 and 92.0%, respectively).
These results indicate the feasibility of the removal process
for cationic dyes from contaminated aqueous samples.

4 Conclusion

The synthesis of a homogeneous Al-MCM-41 cation ex-
changer was successfully accomplished due to modification
of the reported process by introducing AI** to the reaction pot
as aluminate ions (instead of AI(NO3);.6H,O). XRD and

its concentration on the MB Salt Concentration of salt (mol L ') e (Mg g) Decrease in removal efficiency (%)
uptake onto AI/MCM41
0.0 45.1 0.0
NaCl 0.1 34.4 23.8
1.0 31.0 313
MgSO, 0.1 43.0 4.8
CaCl, 0.1 35.0 225



surface investigations confirmed that the present material pos-
sessed thin W, value (1.39 nm), the lowest surface area (o, g7
=592 m? g '), that was explained by acquiring narrowest ever
reported a, (4.13 nm), pure mesopores of small D, (2.73 nm)
and dense walls with negligible micropores. This resulted in
stability enhancement of AI-MCM-41 against hydrolysis as
evidenced from the upward shift of pH,;, (6.0) compared with
MCM-41 and reported AI-MCM-41 (4.4). Also, the adsorp-
tion parameters become more appropriate for efficient adsorp-
tion of MB onto AI-MCM-41 at ambient conditions of natural
waters. Optimum pH was 8.0, time of equilibration 30 min,
Ci(mg L "/v(mL)/dosage (g L ") 100/100/1, capacity of
285 mg MB per g of adsorbent and removal efficiency
98.5%. This is assigned to the deprotonation of the surface
edge-OHs.

Also, the adsorption process fitted the pseudo-second-order
model which indicates that the rate is limited by intraparticle
diffusion process. The Langmuir models could describe the
equilibrium isotherms well.

Loaded AI-MCM-41 was confirmed to be easily and effi-
ciently regenerated. It was successfully applied for the treat-
ment of natural water samples spiked with MB.
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