ICC

Iranian Chemical Communication

DOI: 10.30473/icc.2019.4181 Original Research Article

Payame NootJniversity http://icc.journals.pnu.ac.ir

Preparing hierarchical nanoporous ZSM -5 zeolite via post-
synthetic modification of zeolite synthesized from bagasse and
its application for removal of Pb2+

Sedigheh Rostamia, Seyed Naser Aziziab*, Neda Asemi

aAnalytical division, Faculty of Chemistry, University of Mazandaran, Postal code 4B5447,
Babolsar, Iran

bNano and Biotechnology Research Groumiversity of Mazandaran, Mazandaran, Babolsar, Iran
Received: 26 February 2017 Accepted: 6 November 2017Published: 1 January 2019

Abstract

In this study, hierarchical HZSM-5 zeolite is preparedvia postsynthetic
modification of parent FEZSM-5 zeolite (Si/Al=35) synthesized from bagasse (BGA)

as silica source using desilication with alkaline treatment (AT). For optimizing the
effective parameters on desilication, Taguchi method was utilizedv&atli BGA in

the south of the Caspian Sea (Mazandaran province, Iran) is applied for extracting
silica powder and used in the synthesis of zeolite. In this work, two responses have
been considered. The First and the second responses are the maximuns arhount
extracted silicone and the removal of*P# from aqueous solutions, respectively.
For this purpose, the effect of four important factors with three selected levels
including; concentration of NaOBkblution (0.1, 0.2 and 0.5 M), temperature (25, 55
and 85 C9), time of reflux (30, 60 and 120 min) and molar ratio of TMAOH/ NaOH
(0.5, 1 and 1.5) are studied on both of the responses. TMAOH was defined as tetra
methyl ammonium hydroxide. According to Tadpi method, the optimum conditions

for both responses are concluding as Concentration of NaOH solution=0.2 M,
temperature =55 C°, time of reflux=120 min and molar ratio of TMAOH/ NaOH=0.5.
The results display that Concentration of NaOH solution in cosgarto other
factors is the most effective one in both responses. Alsed) AZSM-5 is selected as

the optimum zeolite with volumes 278.13 ppm and 90.2 % with S/N ratios 48.878 and
39.097 for the first and the second responses, respectively. Paz&Siits and AT-
05ZSM-5 are characterized by-may diffraction (XRD), scanning electronic
microscopy (SEM), Fourier transform infrad (IR), BrunaudrEmmeti Teller

(BET), BarrettJoynerHalenda (BJH) and inductively coupled plasopical
emission spectromete(iCP-OES). AT-05 ZSM-5 demonstrates a limit and uniform
mesopore average size distribution at 7.65 nm using alkaline treatment.

Keywords: Bagassg ZSM-5 zeolite hierarchical ZSM5 zeolite desilication
Taguchi methogremoval of PB'.

Introduction and uniform micregpores with many
ZSM-5 zeolites are microporous applications in catalysis and separation
molecular sieves that have excellent processes [B]. However, the
properties related to intrinsic acidity microporous network of zeolites
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frequently results in intra crystalline
diffusion limitations as a result of the
difficult gas transport of reactants to the
active sites in the channels or back
diffusion of products [4].
Development of more open structures
by creating additional pordgi e.qg.
combining micre and mesegpores, has

a high potential to significantly
improve the diffusional properties.
Porous materials like hierarchical

zeolites are generally obtained by new

controlled pollutant in many countries
[18]. The resultant higher
concentrations of the lead in the
ecosystem have substantial impacts on
the environment and human health [19].
For this reasonyemoval of the lead
ilons in the aqueous solutiomsing
prepared hieratécal HZSM-5 was
studied Many different treatment
techniques such as chemical
precipitation, coagulatidrprecipitation,
adsorption and ion exchange have been

developed synthesis procedures such asdeveloped to remove heavy metals from

postsynthesis treatments fo
microporous parent materials.
Examples of new synthesis procedures
are in the literatures [7,8].Post
synthesis treatments of parent zeolites
create certain extra porosity due to the
formation of defect sites in the zeolite
framework[8]. The diffusion imitation

in zeolites (micrepores) can be
minimized by enlarging pore size post
synthesis modification techniques-[9
11]: reducing zeolite crystal size,
enlarging zeolites pores, carbon
templated synthesis, desilication and
dealumination [12]. Alkaline &#atment,
which is referenced as desilication in
the literatures, [1d5] has been
introduced as an effective approach for
creating extra pores and modifying the
acidity in highsilicon zeolites, such as
parent HZSM-5 [16]. In this work,
Bagasse (BGA) wastilized as a low
cost silica source because of having
high silica value to synthesize parent H
ZSM-5 zeolite. As an important number
of the porous family materials, zeolite
has been adopted in many industrial
and biological applications, such as
removal & toxic metal ions [17].
Among heavy metals, Phion is one of
the most poisonous heavy metal ions
that accumulate in muscles, bones,
kidney and brain tissues. It has the
potential to cause various disorders and
has been regarded as the priority

contaminated water [2P2].These
methods usually involve xpensive
materials and high operation costs.
Among all of these approaches, the
adsorption process is considered more
efficient and economical because of its
flexibility in design, simplicity of
operation, facile handling, and in many
cases generation ofgh-quality treated
effluent [23]. Much work has been done
on the removal of the lead by clays,
minerals such as calcite, cafteous
soils, some industrial bgroducts and
waste materials such as sludge,
chitosan, dead bimass, modified wool,
moss, peatseaweed, and zeolite [25,
26]. Among the different minerals,
which possess sorbent properties,
zeolites appear to be one of the most
promising sorbents for this purpose
[25]. The ZSM5 zeolite has the given
chemical composition: N&:Al2Oz:
2nSiQ: xH0 with n higher or equal
six and consists of interconnected
cylindrical channels containing
openings between 5.1 and 5.6 A of two
di fferent types
optimization technique is a unique and
powerful optimization discipline that
allows optimization with minimum
number of experimentsThe Taguchi
experimental design reduces cost,
improves quality, and provides robust
design solutions [27,28]. This method
is capable of establishing an optimal
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design configuration even when
significant interaction exist between
and among the control variables [29].
Totally, the main objective in this study
IS statistically possynthetic
modification parent FZSM-5 zeolite
by desilication in order to prepare
hierarchical HZSM-5 zeolite using
Taguchi experimental designand
selecting optimum conditions for both
of the responses. Parent4$M-5 and
AT-05ZSM-5 are characterized by x
ray diffraction (XRD), scanning
electronic microscopy (SEM), Fourier
transform infrared (IR), Brunauér
Emmett Teller (BET), Barrettloyner
Halenda (BJH) and inductively coupled
plasmaoptical emission spectrometery
(ICP-OES).

Experimental section

Material

Sodium aluminate (NaAl) was
purchased from Sigmaldrich and
used as alumina source. White 5iO
powder was extracted from BGA
(preparedrom the south of the Caspian
Sea (Bahnamir, Mazandaran province,
Iran) according to procedure reported
by Kalapathy et al. [30]Lead nitrate
(Pb (NG)2), (Ammonium Chloride)
NH4CI, NaOH, Tetra  methyl
ammonium hydroxide (TMAOH) as
templating agent and aagic base for
alkaline treatment were prepared from
Merck.

Extraction of silica from BGA

At first, for extraction of silica from
BGA, 100 g BGA was manually
cleaned and washed with distilled water
for removing dust and adhered patrticles
and was subsequently dried in oven in
70 Co. After that, it was burned in air for
obtaining black ash. ThelBGA black
ash was calcined in electrical furnace at
550 C° for 8 h to remove all of organic
materials and to obtain white ash. For
obtaining pure silica, the calcined withe

ash was dissolved in 2 M NaOH for 4 h
while boiling at 100 C° under constant
stirring and it was cooled at room

temperature. Then, the formed sodium
silicate solution was centrifuged and
was titrated with HCl 1 M to become

neutralized for the formation of silica

gel. Silica gel was aged for 24 h in room
temperature under constant
environmental conditions. Formed silica
gel was filtered and washed with

distilled water several times in order to
give neutralizing gel. Then, the product
was dried at 80 C° for 2 h. For obtaining
pure silica powder, a mortar and pestle
were used for grindingero-gel pieces.

Synthesis of parent HZSM-5 zeolite
H-ZSM-5 zeolite with Si/Al = 35 was
synthesized using TMAOH as a
template in an autoclave under
autogenous pressure at 180 C° by
conventional hydrothermal method. At
first, 0.339 g sodium aluminate
(NaAlO) was dissolved in 2.5 M NaOH
solution until complete digestion, then
0.369 mL TMAOH 0.1 M as template
was added to it under vigorous stirring
for preparing a clear homogenous
solution and it was named as solution A.
Besides, sodium silicate solution was
prepared by dissolving 10 g silica
powder in an alkaline solution NaOH
2.5 M under agitation on stirrer and was
named solution B. Then, solution B was
added dropwise to the solution A. They
were mixed together under vigorous
agitation for 4 h until a homameous
gel mixture was obtained. The final gel
mixture was then put into the stainless
steel autoclave and crystallization
zeolite was carried out for 24 h. The
temperature of the autoclave was
increased to 180 C° The obtained
products were washed with ideized
water until the pH value of the washing
water reached 8, and then dried
overnight at 105 C%fter that the dried
sample was converted into ammonium
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form by threetime ion exchange with 1
M NH4Cl at 70 C° for 5 h.
Subsequently, the obtained samplas
again filtrated, washed, and dried
overnight. Finally, the dried sample was
transformed into the hydrogen form
through calcination. It is worth
mentioning thatthe solid product was
calcined at 500 C° for 5 h under airflow
in order to remove the organiemplate
trapped in the zeolite pores. The initial
molar ratio of prepared gel is 70SI0
Al203: 34NaO: 95 HO: 2TMAOH.

General procedure for desilication of
parent H-ZSM-5

The synthesized parent-ESM-5 was
desilicatedusing AT in all experiments.
At first, 0.5 g of HZSM-5 was stirred
in 15 mL of alkaline solution in a
roundbottom flask coupled with a
reflux condenser. Then slurry was
cooled down immediately using an ice
water bath and filtered .At this step, a
portion of collected filtrate was kept to
be analyzed by IG®ES. The filtered
cake was dried in an air oven at 105 C°
overnight. The resulted zeolite was
named AFZSM-5.

Taguchi design for desilicating of
parent H-ZSM-5

The Taguchi method was utilized to
recoquize the optimum conditions and
to select the factors having the most
principal effects on obtaining the
maximum amount of extracted silicon
of parent HZSM-5 and maximum
removal of the PB* % aqueous
solutions. Table1l shows the four
selected factors anthe experimental
Taguchi method levels used in this
study. Each factor was studied at three
|l evel s (high, +1,
The used level setting values of the
main variables (AD) and the bk
orthogonal array employed to assign the
considered waables are shown in Table
2. Taguchi statistical and experimental

Page

designs offer the optimum conditions on
the basis of the measured values of the
characteristic properties. This capability
is one of the advantages of this method
over the conventional expmental
design methods [31]. Using the
orthogonal array particularly designed
for the Taguchi method, the optimum
experimental conditions can be easily
determined [32].Taguchi optimization
method is a powerful tool for the design
of a highquality system. This method
provides smaller, less costly
experiments that have high rates of

reproducibility. It is also useful in
studying the interactions between
parameters. Compared to the
conventional approach of

experimentation, this method drastically
redwces the number of experimental
runs. System design involves the
application of scientific and engineering
knowledge required in manufacturing a
product; parameter design is employed
to find optimal settingprocess values
for improving the performance
chamlcteristics and tolerance design
consists of determining and analyzing
tolerances in the optimal settings
recommended by parameter design [33].
This method uses the signal to noise
(S/N) ratio to estimate the quality
characteristics deviating from the
desred values. Usually three types of
S/N analysis can be applied: (1) lower
is better (LB), (2) nominal is best (NB),
and (3) higher is better (HBB4].
Because the goal of this work is the
maximum amount of extracted silicon
of parent HZSM-5 and the maxime
removal of the P %, the suggested
function by the Taguchi for S/N
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Where n is the number of repetitions
under the same  experimental

spectrometry (XRF; 8410 Rh 60KkV).
The surface morphology and structure

conditions, PRE represents the results measurements were carried out using a

of measurements. After the calculation
of S/N ratio, the experimental results
were analyzed with the help of
performance statistics and analysis of
variance  (ANOVA). After that,
optimum condition is predicted using
Qualitek4 software. Finally, to
validate the method, a confirmatory
experiment was carried out and the
differences between predicted and the
confirmatory experiment results were
evaluated.

Adsorption studies
Nine of HZSM-5 zedite were
prepared using Taguchi method and
applied as adsorbent of #bfrom
agueous solutions. In each adsorption
experiment run, 15 mbf pb?* solution
at pH =6, lead initial concentrations 10
ppm, adsorbent nine ZSHKl desilicated
dosages 0.16 g was shaken at fixed
contact time 6 h and in temperature 55
C°. Afterward, the samples were
fillered and analyzed for residual lead
ion concentration insolution. The
removal of PB% was calculated
according to the following equation (2):
F<

1HH =
(2)

Here G and G are initial and residual
concentrations of PbH in the solution
(mg L) [24].

Instrumentation

XZay diffraction (XRD) XRD patterns
were recorded with an Zay
diffractometer (Shimadzu  X#DL)
using CukU r a d &=alt5418 A) at(
35kV and 28 mA in the @range from
40.50°, The chemical composition of
silica powder extracted from BGA was
analyzed by Xay fluorescence

field-emission scanning eleotn
microscope (FESEM, KYKY-EM-
3200) operating at 15 and 26 kV. All
samples were subsequently sputter
coated with a thin gold film to reduce
the charging effects. Fourier transform
Infrared spectrum was collected using a
FT-IR  spectrophotometer  (Bruker
Vector 22) in the range of 40@000
cml. Spectra were obtained by the KBr
pellet method. K adsorption and
desorption isotherms were measured at
773 K on a Nova Station A
(Quantachrome, 1992006, version 2.2,
USA) gas sorption analyzer. Total
specific surfae areas Sger) were
calculated using the BrunauEmmett
Teller (BET) method [16], and the total
pore volume V) was determined
from N uptake at a relative Noressure
of 0.99. The +plot method was used to
distinguish  between  micro and
mesoporosity [36]. The-plot method
was employed to evaluate the micro
pore surface area &) and the micro
pore volume (Wicro) in the p/p range
0.1-:0.4. The mesopore volume 4o
was calculated from the discrimination
between the Yhta and Mvicro. The pore
size distribution was estimated utilizing
the  BarrettJoynerHalenda  (BJH)
method [37]. The inductively coupled
plasmaoptical emission spectroscopy
(ICP-OES) (Perkin Elmer Optima 2000
DV ICP-OES) wasused to measure the
amount of silicon and laminum

filtratesPP'siolaguedu® ns 0 .

solutions was measured by atomic
absorption spectrometer (PerkinElmer
Analyst 700with wavdength) in wave
length 283.3 nm and current 8 mA with
HCL lamp.
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Table 1.Experimental design levels of chosen variables for Taguchi method

Factors Levell Level2 Level3
A: Concentration of NaOH (M) 0.1 0.2 0.5
B: Temperature (C°) 25 55 85
C: Time of reflux (min) 30 60 120
Molar ratio of TMAOH / NaOH) 0.5 1 15

Table2.The st r uct urgerthagbnal Aregdesigh and S/N for desilication of
parent HZSM-5 and results of the measurement for two responses

Number of A3 B® C¢ DY Removal ofPb**  S/IN for The value of SIN for
experiment sample (%) Removal Extracted Si(mg L) The value of
of Pb*? extracted Si

(re=1) (re=2) (re=1) (re=2)

1 L1 1 1 1 1 78.81  78.65 37.92 158.00 157.00 43.94

2 L 1 2 2 2 79.63  79.35 38.00 176.00 175.00 44.88

3 L3 1 3 3 3 78.36  78.21 37.87 161.00 160.00 44.10

4 La 2 1 2 3 86.06  86.27 37.70 220.00 221.00 46.86

5 Ls 2 2 1 3 90.1 90.2 39.09 278.00 278.00 48.88

6 Le 2 3 1 2 79.35  79.39 37.99 172.00 173.00 44.73

7 L7 3 1 3 2 78.91  78.58 37.92 199.00 198.00 45.95

8 Ls 3 2 1 3 79.36 79.2 37.98 201.00 202.00 46.08

9 Lo 3 3 2 1 78.1 78.3 37.86 203.00 202.00 46.12

aConcentration of NaOH solution (M)
bTemperature (C°)

“Time of reflux (min)

dMolar ratio of TMAOH / NaOH

r ¢ =reproducibility of experiments

Results and discussion Table3. Because of having a rich source
Characterization of BGA of Si, BGA is selected fathe synthesis
The chemical composition of BGA ash of parent H ZSM-5 zeolite with

in the form of stable oxides was Si/Al=35. Also, Figure 1 shows the
analyzed with Xray fluorescence XRD pattern of silica extracted from
(XRF) (Table 3). As it is shown, the BGA. A broad peak with 2 24°
major oxide constituent is SpOwith indicates the formation of amorphous
purity approximately 86.498% (wt.) silica without any impurity. Beside,
along with small amounts of other SEM images of BGA ash and SIO
inorganic oxides was brought in extracted from BGA are displayed in
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Figure 2 a, b. Agt is illustrated, the  spherical particles with average
SEM image of extracted SjOfrom diameter about 35 nm.
BGA shows the presence of the

Table 3.The chemical composition of BGA ash in the form of stable oxides was analyzed
with XRF

Na.O MgO Al;Os SiO, P20s K20 CaO FeOs

0.220 1.202 3.380 86.498 6.075 2.019 0.348 0.240

600
500
400
300
200
100

o T | LI B I LI B l

4 10 20 30 40 50
20 (degree)

Figure 1. XRD image of silica extracted from BGA

Interuity / a.u

- - —

26 KV 10.0 KX 1um KYKY-EM3200 SN:0666 26 KV 40,0 KX 1um KYKY-EM3200 SN:0666

Figure 2. SEM images of (a) BGA white ash and (b) silica extracted from BGA

a) Effect of concentration of NaOH adsorbent and solution of Ptand also
solution and temperature on the S/N values of extracted silicon by alkaline
ratio in both groups of responses treatment are affectedylzoncentration

As Figures (3, 4 A) and (3, 4 B) show, of NaOH solution and temperature. The
the distribution of adsorbate between results show that the concentration of
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NaOH solution required for both
responses is 0.2 M (level 2) that is
confirmed according to references [16,
38-39]. Increasing the NaOH molarity
from 0.1 to 0.2 ld to increase in the
S/N ratios from 37.9 to 38.6 and 44.3 to
46.3 for both responses, respectively.
This trend is quite rational; the more is
the alkalinity of the basic solution, the
stronger is the chemical attack
(hydrolysis) of the hydroxyl groups to
the zeolite framework leading to the
extraction and dissolution of the
siliconoxide building blocks. But with
the continuation of the trend in molarity
0.5, due to high concentration, it may
demolish zeolite structure and result in
decreasing the S/N rat{87.9).

Also, the S/N ratio of both of the
responses is increased up to level 2 (0.2
M and 55 C° for concentration of
NaOH solution and temperature,
respectively) S/N ratio for the RP%
Pl?* and amount of extracted silicon at
level 2 of these factors ai28.6, 38.4
and 46.8 and 46.6, respectivelyith
increasing temperature from 25 to
55C°, S/N ratios increase from 38.2 to
38.4 and 45.6 to 46.6 for the first and
the second responses which are in
agreement with reported work over
ZSM-5 [40]. Also, increasig
temperature to 85C° may cause
destruction and degradation of the
zeolite structure with exit silicon and
result in meso pore more than 20 nm or
macro pores. Then S/N ratio decreases
from 38.0 to 38.2 and 46.6 to 45.

This result is in good agreement
with the observation déroen et al who
studied the effect of temperature on
desilication of parent SM-5. They
suggested that megmres with a broad
distribution size of 30 nm at
temperature lower than 55 C° and

mesopores were created in the same
ZSM-5 at 20 nm by a treatment at a
temperature higher than 75 C° It
seemed that the mesopore size and
volume were tuneful to a specific range
[40]. Also, Abello et al, recently, used
microwave as a heating source for
alkaline treatment. They concluded that
for mesopore formation, the treatment
temperature is chemically efficient to
intensify the rate of desilication of the
zeolite framework [41].

b) Effect of time of reflux on the S/N
ratio in both of responses

Figures (3, 4C) display the effect of
time of reflux on the S/N ratio of the
RP% PB? and amount of extracted
silicong respectively. It is
demonstrated that the S/N ratio of both
of the responsescreased continuously
by varying the time of reflux. It is
mentioned that S/N ratio for the RP%
Pb and amount of extracted silicon at
maximum level (level3=2h) are 38.3
and 46.3, respectivelyBy increasing
reflux time from 30 to 60 min, S/N
ratios will increase from 38 to 38.2 and
44.9 to 46 for first and second response,
respectively. This trend is rational.
Also, with increasing time of reflux to
120 min, S/N ratios increase. In fact, as
time increases, silicon has more
opportunity for exiting from/trough
the zeolite structure.

c) Effect of molar ratio of TMAOH /
NaOH on the S/N ratio (in both of
responses)

The effect molar ratio of TMAOH /
NaOH on the S/N ratio the RP% Pb

and amount of extracted silicon is
shown in Figures (3, 4D). It is
illustrated that the S/N ratio of

desilication of parent HESM-5 by
TMAOH /NaOH (AT-ZSM-5) ratio=

another group of mesopores centered at 0.5 is higher than that of samples

10 nm were acquired in the ZSH
treated at 65 C° and additional

treated with TMAOH /NaOH mixture
with  ratio 1.5. Less spacious
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desilication of zeolite in the presence of
TMAOH is devoted to its mtective
effect on zeolite structure resulting
from the known affinity of TMA
cations to the zeolite surface. This is
attributed to the adsorption of TMA
onto the zeolite sealing off most of the
available external surfacand against
what occurs in TMA®G /NaOH
mixture with ratio 1.5[38]. In other
words, tetraalkyl-ammonium cations
(TMA*) are not strongly solvated in
aqueous solution because of their larger
effective cationic diameter. (e.g TMA
ca.0.6 nm, and the hydrophobicity of
their alkyl groups, bnging about the
attraction of less water molecules. This
can be proved by the lower hydration
enthalpy of tetraalkyl-ammonium
cations (ca. 135 kJ mdl with respect
to Na (406 kJ /mol) tending to make
the former cation less soluble [42]. The
hydrophobeity of the TMA"™ causes
methyl groups to interact with the
hydrophobic silicate species rather than
with the polar water molecules. Both
arguments likely make the somewhat
TMA™ cation being more stable on the
zeolite surface. As a result, in the
presence fo tetraalkyl-ammonium
cations, the zeolite surface is better
shielded from the attack by ORvith
respect to sodium cations. The higher
affinity of TMA* for the zeolite
combined with its internal steric
hindrance slows down the kinetics of
the desilicatio process [43]. Also, the
higher PR% can be distributed to a
mesopore secondary pore system in
order to facilitate the access to and
diffusion within microporous zeolites.
SIN ratio for the RP% Pband amount
of extracted silicon at level 3 is 38.3
and46.3, respectively.

Analysis of variance

According to the ANOVA results for
removal of PB* % in Table4, the value
A has the largest variance while other

factors have less significant effects on
removal of PB" %. The degree of
freedom (D.F.) for each femr was 2
and the total D.F. was 8. The variance
for the error expression could not be
achieved. Because the D.F. for the error
expression was 0, it was impossible to
calculate the F ratio as in a following
Equation (3):

IrFa 3)
Where v is varianceevs variance for
the error term. When sum of squares of
each factor is less than 10% of sum of
squares of the most effective factor, it
can be disregardedThis process is
namedpooling, and the ignored factor
iIs named pooled [44]. Therefoire this
study, factor C (time of reflux) and D
(molar ratio of TMAOH / NaOH), can
be pooledIn orderto remove the zero
D.F. from the erroexpression, a pooled
ANOVA is applied [45]. In this
situation, the D.F. for error expression
will be 4. The values of Jatio were
calculated after pooling the factors C
and D which are given in Table 5. With
considering the pooled ANOVA
results, a (concentration of NaOH
solution), has the largestanance on
the removal of PH %. Hence A is
the most important factor affecting the
PR%. The higher removal of Pb %
can probably be assigned to a mesopore
secondary pore system to facilitate the
access to and diffusion of microporous
zeolites.Less spacious desilication of
high-silica zeolites in the presence of
TMAOH is dedicated to its protective
influence on zeolite structure, resulting
from the known affiliation of TMA
cations to the zeolite surface. Also, the
amounts of aluminum leached fraime
high-silica zeolite treated with a molar
ratio TMAOH / NaOH = 0.5 are higher
than that of samples treated with molar
ratio TMAOH / NaOH =1.5. This is
attributed to the same reason interpreted
in above [38]. According to the
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ANOVA results for the amountof

extracted silicon in Tablé, the value A

has the largest variance while other
factors have less significant effects on
the amount of extracted silicon.
Likewise, the degree of freedom (D.F.)
for each factor was 2 and the total D.F.
was 8. The variancdor the error

expression could not be achieved
because the D.F. for the error
expression was 0. Factor D (molar ratio
of TMAOH/ NaOH), can be pooled.

Table7 is named a pooled table becausei nt er act i on

the factors that do not have significant
effect on the amount of x&acted
silicon left out. In this situation, the
D.F. for error expression will be 2. The
values of Fratio were calculated after
pooling the factor D, given in Tablé
Considering the pooled ANOVA
results, A (concentration of NaOH) has
the largest variace on the amount of
extracted silicon. Therefore, A is the
most important effective factor on the
amount of extracted silicon. Realizing
the interaction between each of the two
factors admitted a better insight into the
entirely process analysis. Any en
factor may interact with ther factors
creating the eventuality to attain a great

number of interactions. In this way, the

estimated interaction named the
severity index (Sl) of the different
factors under perusal helped

understanding of the influence dtie
two individual factors at diverse levels
of the interactions [46]n (Table 8a, b),

the fAcolumnso i ndi
which the interacting factors were
defined. The

displays the column that should be
reserved if the effect othis special

iI's to
illustrate the factor levels favorable for

the optimum conditions (based on the

first two levels).From (Table 8a, b), A
(concentration of NaOH solution) and
D (molar ratio of TMAOH / NaOH)
showed highdsSI (48.15%) followed B
(temperature) and D (molar ratio of
TMAOH / NaOH) SI (44.31%) etc. for
the removal of PB¥ %. Similarly, B
(temperature) and D (molar ratio of
TMAOH / NaOH) which displayed
highest SI (66.17%) followed A
(concentration of NaOH) and (molar
ratio of TMAOH / NaOH) which, in
turn, showed highest Sl (51.62%) for
the amount of extracted silicon.
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Figure 4. Main effects of factors (by S/N ratio) for amount of extracted silicon
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Table 4. ANOVA analysis of signato-noise ratio (S/N) for removal of P90

Factor Degree Of Sum of Variance F-Ratio Pure Percent
Freedom Squares(S.S. V) (F) Sum PP
(DOF) S)
A 2 0.889 0.449 0.889 58.195
B 2 0.312 0.156 0.312 20.224
C 2 0.173 0.086 0.173 11.24
D 2 0.159 0.079 0.159 10.332
Other/Error
Total 8 1.545 1008 b

Table 5.Pooled ANOVA analysis of signab-noise ratio (S/N) for removal of Pt

Factor Degree Of Sum of Variance  F-Ratio Pure Sum Percent
Freedom  Squares(S.S. V) (3] (S) PP
(DOF)
A 2 0.906 0.453 5.415 0.739 47.636
B 2 0.311 0.155 1.858 0.143 9.266
C 2) (0.168) pooled
D (2) (0.166) pooled
Other/Err 4 0.334 0.083 43.098

or

Total 8 1.552 1 b

Table 6. ANOVA analysis of signato-noise ratio (S/N) for the amount of extracted

silicon
Factor Degree Of Sum of Variance  F-Ratio Pure Sum Percent
Freedom Squares(S.S. V) (3] (S) P
(D.F)
A 2 9.958 4.979 9.958 52.214
B 2 4.057 2.028 4.057 21.272
C 2 3.144 1.572 3.144 16.484
D 2 1.911 0.955 1.911 10.021
Other/Error 0
Total 8 19.072 108 b

Table 7.Pooled ANOVA analysis of signab-noise ratio (S/N) for the amount of extracted

silicon
Factor Degree Of Sum of Variance F-Ratio Pure Sum Percent
Freedom Squares(S.S. V) (S) PP
(D.F.)
A 2 9.958 4.979 5.21 8.047 42.193
B 2 4.057 2.028 2.122 2.145 11.251
C 2 3.144 1.572 1.645 1.232 6.463
D 2) (1.911) pooled CL=+NC+
Other/Error 2 1.912 40.093
Total 8 19.072 108 b
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Table 8. Estimated interactions of severity index for two factors in a) removal?5Pb)
the amount of extracted silicon

a)
Interacting Factor Columns Sl (%) Reserved col Levels
pairs (Order based
on Sl)

1 AxD 1x4 48.15 5 [2,1]

2 BxD 2x4 44.31 6 [2,1]

3 BxC 2x3 30.79 1 [2,3]

4 AxC 1x3 25.5 2 [2,3]

5 AxB 1x2 12,51 3 [2,2]

6 CxD 3x4 2.9 7 [3,1]

b)
Interacting Factor Columns Sl (%) Reserved col Levels
pairs (Order based on
Sl)

1 Bx D 2x4 60.83 6 [2,1]
2 AxD 1x4 51.51 5 [2,1]
3 BxC 2x3 41.76 1 [2,3]
4 CxD 3x4 20.59 7 [3,1]
5 AxC 1x3 12.08 2 [2,3]
6 AxB 1x2 10.86 3 [2,2]

Optimum levels and estimation of
optimum response characteristics

The optimized parameters for both of
responses obtained from the statistical
software are listed in Tabl® which
summarizes the optimum conditions
and the predicted and actual
experimental values According to
Table9, at optimum andition, the first
level of D (molar ratio of TMAOH /
NaOH), second level of the A
(concentration of NaOH), B
(temperature) and third level of C (time
of reflux) in the AFZSM-5 of both of
responses, removal of Pand amount
of extracted siliconsuggestthat they
have the average values ®Nratio (=
39.097), (=48.878) despite that of other
levels, respectivelyAt optimum levels

of the process factorsne confirmation
experiment with three times
reproducible (on AJ05-ZSM-5) was
carried out for percentage of removal of
P** and amount of extracted silicon.
As can be seen in Table9, both of the
responses in the case of expected and
confirmatory experimets are in good
agreement with each other at optimum
condition andit should be considered
that inside the marked range of process
factors (with 90% of confidence level) ,
these optimum values are logical and
valid. Concerning the factors utilized in
this work at optimum condition, the
maximum percentage of removal of
Pb? and value extracted silicon in
actual values are 90.2 and 278.13 mg
/L, respectively.
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Table 9.Optimum and confirmative values of the process parameters for maximum
Responses to resulting higher average values of S/N 39.097, 48.878 for Remov#&of Pb
and amount of extracted silicon (mg)L

Predicted optimal

Average of confirmation

Optimal levels of process responses experiments
parameters
Removal of Extracted Removal of Extracted
Pb™?%  Si(mg L% Pb*%  Si(mg L?)
A: concentration of NaOH= 0.2 \
B: temperature= 55 C°
C: time of reflux= 100 min 90.15 278 90.20 278.13

D: (molar ratio TMAOH / NaOH) -
0.5

Physicochemical properties of the
parent and AT-05-ZSM-5 zeolites
XRDpatterns

XRD patterns of the parent-BSM-5
were synthesized and AJ5-ZSM-5
zeolites were shown in Figure 5a, b.
The main peaks at
and 24.5° are related to ZSB1[49].
For investigating the possible structural
changes in the pareht-ZSM-5 zeolite
after AT, XRD analysis was performed.
Parent HZSM-5and ATF05ZSM-5
displayed XRD peaks at similar
positions No peak from impurities
appeared. These patterns of ZSM
have shown good crystallinity arttie
intrinsic MFI structure was presard.
Moreover, no additional phase was
formed and crystal structure was not
destroyedduring the alkaline treatment.
However, the XRD pattern of Al5
ZSM-5 has shown broader peaks with
lower intensities than that of parent H
ZSM which indicates that the
crystallinity or the nominal crystal size
was effectively reduced and increased
specific surface area. This can be
explained by the occurrence of
hydroxide anion from the NaOH
solution attacking the silanol groups
and SiO-Si or StO-Al bonds causing

damag to the crystal structure. In spite
of the fact that the alkaline treatment of
the zeolite is accompanied by a
preference removal of siliceous species,
the results verified that desilication by
alkaline treatment of Parent-ESM-
Podactically did Aot dis@h. tBe, lon@ 3 . 2
range crystallinity of the resulting
materials.An eventual explanation for
these observations is that little amount
of crystalline or amorphous phase
material in the parent ASM-5 is
particularly removed by alkali solutions
without significart destruction of the
zeolite MFI framework [39]. Because
of over that of framework Al in the
alkaline medium, the dissolution of
framework Si is preferred over that of
framework Al in the alkaline medium.
This can be related to the fact that the
negative barge of AlQ" tetrahedral in
the ZSM5 framework prevents the
extraction of Al through hydrolysis of
Sii Oi Al bonds by negatively charged
hydroxyl ions. In addition, it is
generally approved that the presence of
AlO4 protects the neighboring Si
atoms agaist OH attack [47]. Hence, a
preferential removal of siliceous
species occurred during the desilication
parent HZSM-5 with Si/Al=35.
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Figure 5. X-ray diffraction patterns a) parentZ6M-5 b) AT-05-ZSM-5

ICP-OES analysis

According to TablelO, the analysis of
filtrates by ICROES approvedthe
higher amount of Si was leached during
the treatment in AT5-ZSM-5 (278 mg
/L) in comparison tohe treatment in
other AT-ZSM-5. Less extensive
desilication of parent SM-5 in the
presence of TMAOH is distributed to
its protective effect on zeolite stture
resulting from the known affinity of
TMA™ cations to the zeolite surface.
The amounts of aluminum leached in
AT-08-ZSM-5 (1.820 mg /L) were
higher than that of other treated
samples in Tablel0. This is attributed
to the adsorption of TMA onto the
zeolite which is sealing off most of the
available external surface, that would
largely prevent surface realumination in
opposition to what occurs in AU5
ZSM-5 and in another AZSM-5 that
have less TMAOH concentration in
molar ratio of TMAOH / NaOH. Tts
suggests that not all the Al removed
from the framework during the alkaline
treatment remains in the liquid phase,

but is in some manner -iecorporated

in the solid. Significantly, when the pH
decreases due to consumption of ®H
ions during the alkalingreatment the
solubility of Al decreases and
deposition is advanced [48]. For
zeolites with a molar Si/Al ratio in the
range 28550, a decrease is typically
observed from pH 13.3 to 12.2 which
indicates that more than 90% of the
initial OHw ions have beenonsumed.
Deposition of Al species during the
alkaline treatment is further confirmed
by the observation$4,40] that the Al
concentration in the filtrate decreases in
what time the duration of the alkaline
treatment is increasedvhile the Si
concentration increases increasingly
[48]. Hence, the formation of meso
pores in the nanometer size range
(Figure 7a, b and 8a, b) with a large
mesaepore volume claims to removal of
both framework of Si and framework of
Al essentially. Schem1 demonstrates
desilication by AT on parent ASM-5
(Si/AI=35).
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Table10.Chemical composition filtrated solutions related to pare#idil-5 and AFZSM-5

parent H-ZSM-5A  Sifiltered (mg L") Al filtered(mg L %) Si/Al
2AT-P01-ZSM-5 158 0.240 658.33
AT-02-ZSM-5 176 0.238 739.495
AT-03-ZSM-5 161 0.210 766.66
AT-04-ZSM-5 220 0.281 782.91
AT-05ZSM-5 278 0.283 982.33
AT-06-ZSM-5 172 0.350 491.428
AT-07-ZSM-5 199 0.520 382.69
AT-08ZSM-5 201 1.820 110.43
AT-09-ZSM-5 203 0.321 632.39
aAlkaline treatment
bhumber of experiments
T T
. /o\g/o\y/o\%}{_ NN A
i il L L Si ‘ 5i + Si species(aq)
/ B / z / = / % Desilication / X / £ / e
= = 09 9
Micropore Op o (0] Clelo|c i Msopore
2nmp> F\'@- L] slle 0 0 _— o 6—- (&) UIOD- .‘gn[f<
oTolo o %] o |olo|o %]
ON o] ol e 0 OO C o 0

Scheme ldesilication by alkaline treatment onparerZBM-5(Si/Al=35)

SiOs and AlQy internal tetrahedral. The
presege of absorption bands around
540 and 450 crfare characteristic of

FT-IR spectrum
In Figure 6, FTIR parent HZSM-5
and AT-05-ZSM-5 spectrums of the

samples which show the bands around
792, 10801220 cm® are characteristic
of SiOs tetrahedron units. The
difference between ZSM zeolite and
other type of zeolites is marked from
the absorption bands at 1219 and 540
cm!  The external asymmetric
stretching vibration near 1220 &m
gives information on the presence of
structures containing four chains of
five-member rings of ZSM structure.
The band near 792 chis attributed to
the symmetric stretching of external
linkages ad the one near 540 chis
assigned to a structusensitive
vibration caused by the double five
member rings of the external linkages.
The absorption band near 450 “m
due to the TeO bending vibrations of

the ZSM5 crystalline structure [49]. In
Figure 6, FFIR parent HZSM-5 and
AT-05ZSM-5 spectrums were
displayed in OH stretching area (3400
4000). According to literature [47], the
parentsample HZSM-5 displays two
bands, the bands at around 3610%m
assigned to the framework bridged
hydroxyl groups(AI(OH)Si) while that
at around 3700740 cmtit is specified
with SIOH(SIO}, i.e. separated silanol
groups at the external surface, dre
silanol and internal silanol groups of
defect sitesThe intensity of the band
around 37003740 cmt, after alkaline
treatment, increases representing the
raises of SIOH (SiQ)concentrationAs
shown in Figure 6, treated sample
demonstrated @and of OH groups
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connected to extra framework Al at
3670cm’ which is shifted by alkali
metal ion from 3660cnto 3670cmt
[50]. Moreover, it was also found that
the intensity of the band at 3745¢ris
usually the characteristic of terminal
Sii OH groups.In parent HZSM-5 i
due to large crystals and low megsore
surface areda any absorption band in
3745 cmiwas not displayed until the

desilication was brought by terminal
SiiOH groups 3745 crhthat was in
turn resulted from inserted mesopores
in alkaline treatment [51]. The
absorption band at 3610 dmwhich is
characteristic of bronsted acid sites,
was slowly increased because of

extraction extended silicon from zeolite
structure and raising Aluminum value
[14].

-------- AT-05-Z5M-5
Parent H-ZSM-5

- 60

Transmittance (%)

5000

4000 3000 2000 1000 0

Wavenumber (cm')

Figure 6. FT-IR spectra of the parent BSM-5( =) and AT-05-ZSM-5(" = = =)

BET and BJH isotherms
According to the literatures [52, 53],
the removal of silicon species from the

volume mesoporous and surface area
are 0.075 cc/lg ah 21 m2 /g,
respectively Moreover, the BET total

zeolites cause changes in their pores pore volume and surface area of -AT

volumes, pores sizalistribution and

05-ZSM-5 are 0.362 cc /gnd401 nt

specifics surface area. Figure 7a, b and /g, while the pore volume mesoporous

8a, b show the N adsorption and
desorption isotherms (BET) and the
corresponding BJH pore  size
distribution (PSD) curves at 77.3 K for
the parent FZSM-5 and ATF05ZSM-

5. Tablell displays texturgroperties

of parent HZSM-5 and AT05 ZSM-

5. As seen from Figure 7a, b, the
nitrogen isotherms of the parent- H
ZSM-5 demonstrates only a typical

typel isotherm, confirming its
microporous character without
considerable mesporosity that is

confirmed by its BJH pore size
distribution curve Figure 8a, b. As
reported in Tablell, the BET total pore
volume and surface area of parent H
ZSM-5 are 0.183 cc /gnd352 nf /g,
but at the similar time as the pore

and surface area are 0.324 card 389
m? / gt respectively. Also,alkaline
treatment of ZSM%eolite leads to an
isotherm indicating the type IV with a
considerably enhanced uptake of
nitrogen at higher pressures 40.4
attached by a hysteresis loophis
proposes the presence of both micro
and meseporosity (hierarchical porous
system) as repted by van Laalet al
[54] and Wanget al [55] As can be
seen in Figure 8a, b, the pore size
distribution is centered at about 1.69
nm which specifies the micropmus
nature of parent SM-5. Also, AT-
05ZSM-5 demonstrates a limit and
uniform mesepore average size
distribution at 7.65 nm.
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Table 11.Textural properties of the parent and alkalireated ZSM5 samples

Pore volume (cc d) Surface area (nt g?)
Sample
thotaI meicro cheso dSBET eSnicro meeso
Parent HZSM-5 0.183 0.108 0.075 352 331 21
AT-05-ZSM-5 0.362 0.038 0.324 401 12 389

@Total pore volume at pép0.99

bMicropore volume calculated by thelkot method
‘Mesopore volume calculated byoMiT V micro
dBET surface area

®Micropore surface area evaluated kpldt method
fMesopore surface area calculated usigg SSwicro

200
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—@— Desorption
140+
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Figure 7. N2 adsorptiondesorption isotherms of the a) parerRZ8BM-5 and b) AF05-ZSM
Bsamples
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Figure 8. BJH pore size distribution curves of the a) pareit3M-5 and b) AF05-ZSM-5

SEM images 7.65nm related to AD5-ZSM-5 was

In Figures 9 (a, b), 10(a, b and c), The confirmed by SEM. As shown in Figure
SEM micrographs of the parent-H 9 (a, b), 10(a, b and c), the sample
ZSM-5 and AFZSM-5 are shown. As treated with a TMAOH/NaOH mixture
apparently displayed in Figure 9 (a, b), (R = 0.5) in fifth experiment displays
thecrystals size of the parent E5SM-5 more similar intrecrydalline mese

is large, and their surfaces are pores that span through the entire
completely smooth which verifies the surface of the parent-BSM-5 crystal.
absence of mesopores in its structure. Besides,being conserved, the crystal
But the postlkaline treatment makes a shape represents the removal of silicon
considerable change in the surface and species correctly The supplemented
morphology of the parent -ASM-5. meseporosity is probably the main
Slits, gaps and cracks appeared on the cause for the factiation and maximum
surface of crystal. Anyway, the overall adsorption of lead ions to micpmores.
crystal size does not change much In fact, AT-05ZSM-5 could have had
during treatment. As seen ingkre 10 the role of both adsorption and catalytic
(a, b and c), average size distribution at roles.
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Figure 10.SEM i mages of

a)

1 0 0 n AZSM-% aft@ GeGilicationdy)

alkaline treatment (AD5-ZSM-5)

Conclusion

In this study, at first, silica was
extracted from BGA ash, and then it
was used for synthesizing the
nanoporous parent-ASM-5 zeolite by

hydrothermal method. Then, pest
synthetic modification of parent -H

ZSM-5  zeolite (Si/Al=35) was

investigated by desdation of alkaline

treatment using mixed NaOH and
TMAOH for preparing hierarchical H

ZSM-5 zeolite applying Taguchi
method. The optimum conditions for

both responses amount of the extracted AT-05-ZSM-5

silicon and removal of Pb % from
agueous solutions were detémed by
the Taguchi Method as; (A)
Concentration of NaOH solution=0.2
M, (B) temperature =55 C°, (C) time of
reflux=120 min and (D) molar ratio of
TMAOH /NaOH =0.5.Also, the results
displayed that in comparison with other

factors, Concentration of NaOH
sdution was the most effective one in
both responses. According to the

results, AF05-ZSM-5 (05=fifth run) is

the optimum and appropriate zeolite for
the amount of extracted silica (278.13
mg /L) and removal of PB % from
agueous solutions (90.2%) witB/N
ratios (=48.878), (= 39.097),
respectively. The characterization
results reveal that the alkaline treatment
of H- ZSM-5 zeolite leads to the
formation of a hierarchical porosity
with average size distribution at 7.65
nm. The analysis of filtrates by ICP
OES approved the higher amount of Si
was leached during the treatment in
(278 ppm) in
comparison to the treatment in other
AT-ZSM-5.
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