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ABSTRACT

Ordered mesoporous silica with hexagonal structure, MCM-41 was synthesized under basic media using
Ludox as the silica source and cetyltrimethylammonium bromide as the organic surfactant template.
Organic-functionalized MPTS-MCM-41 were prepared by grafting method using 3-
mercaptopropyltrimethoxysilane. The samples were characterized using FTIR, FESEM and XRD to
obtain more detailed structural insights of MCM-41. The synthesized MPTS-MCM-41 were tested for
adsorption of Pb(l1l) and Cr(lIll) ions in aqueous solution. Adsorption studies were analyzed using atomic
absorption spectroscopy (AAS). The effect of adsorbent dose and contact time on the adsorption of Pb(ll)
and Cr(l11) ions from aqueous solution have been investigated. MPTS-MCM-41 was found to be effective
adsorbent for metal cation than parent MCM-41 with higher affinity for Pb(ll) than Cr(l1l) from single
solution. The highest percentage removal of Pb(ll) was achieved at 94.59% using 0.4 ¢ MPTS-MCM-41
at 4 hours contact time whereby the highest percentage removal of Cr(l1l) ions was achieved at 66.02%
using 0.4 g MPTS-MCM-41 at 5 hours contact time.

Keywords: Modified MCM-41; MPTS; Heavy metals removal

INTRODUCTION

Nowadays, heavy metals are the major pollutants of both surface and groundwaters. Water pollution by
heavy metals is becoming one of the most serious environmental concerns due to the toxicity effects of
heavy metal ions, even at low concentrations. With the rapid growth of industries, heavy metals are
increasingly discharged into the environment especially in the areas where mining and smelting
companies, metal processing plants and paper processing facilities are located [1]. Unlike organic
contaminant, heavy metals once introduced into the environment cannot be biodegraded and tend to
bioaccumulate in living organisms. Several heavy metals most commonly associated with poisoning of
humans are lead, mercury, arsenic, chromium and cadmium. These metals can accumulate throughout the
food chain and may affect human beings causing various disease and health disorder such as multiple
sclerosis, Parkinson’s disease, Alzheimer’s disease and cancer [2]. Due to the harmful effects of heavy
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metals, there are growing public health concerns about removing heavy metal contaminants in wastewater
in order to prevent environmental pollution.

Many techniques have been used for heavy metal removal in wastewater such as reverse osmosis,
ultrafiltration, nanofiltration and microfiltration but the methods face problems such as high cost, process
complexity, membrane fouling and low permeate flux which limited their use in heavy metal removal [3].
Most of the effective and economic method is based on adsorption process due to its high efficiency in
removing heavy metal ions at low concentration, the availability of adsorbents which can be regenerated
and the simplicity of the process [4]. Different kinds of adsorption materials have been used for the
removal of heavy metals such as activated carbon and low-cost adsorbents such as agricultural residues
and peat, but these materials have some drawbacks as they have low loading capacities and relatively
weak interactions with metallic cations [5]. Polymers, amorphous silica, clays and zeolites have shown
several problems like low mechanical stability, high cost and poor removal efficiency. In order to
overcome these disadvantages, many investigators developed functionalized adsorbents such as surface
modified or functionalized mesoporous materials.

Mesoporous adsorbents are proven to be used as cost-effective adsorbents because they can be
economically regenerated and maintaining high adsorption capacities for analyte of interest after multiple
uses [6]. Mesoporous silica materials have received considerable attention because of their unique large
surface area, well-defined pore size and pore shape [7]. MCM-41 is one of the most popular members in
the M41S family and widely used as support material for adsorption because it consists of hexagonal
arrays of large and uniform pore size, large surface area, thermal stability and mild acidic property. Solid
MCM-41 solid also exhibit high specific surface areas (>1000 m?g™?) [8].

Mesoporous silica containing functional groups show improved selectivity for the heavy metals in
wastewater and natural waters. The key features which determine the improved performance of the
functionalized materials are high metal loading capacities due to the ligands and strong binding affinities
for the selected metal ions due to the nature of the functional groups [9]. Furthermore, the surface of
mesoporous silica without organic functionalized was found to be hydrophilic because of the easy
transformation of silanol to hydroxyl group by adsorption of water and causes leaching to occur [10].
MCM-41 has been modified with organic functional group to generate catalysts and adsorbents and to
improve its hydrophobicity, hydrothermal and mechanical stabilities. In this research, MCM-41 was
functionalized using 3-mercaptopropyltrimethoxysilane (MPTS) to enhance the ability of the material to
extract lead and chromium from aqueous solution.

EXPERIMENTAL

The synthesis of MCM-41 was carried out by using Ludox colloidal silica HS-40 (SiO;, 40 wt.%) with
cetyltrimethylammonium bromide (CTABr, >98%) as the silica source and precursor agent, respectively.
All chemicals including sodium hydroxide (NaOH, >98.5%), ammonium hydroxide (NH4OH, >99.9%)),
3-mercaptopropyltrimethoxysilane (MPTS, 95%), acetic acid (=99.8%) and toluene (=99.5%) were
obtained from Sigma-Aldrich (USA) and used without further purification. The synthesis of MCM-41
host matrix was carried out according to the molar composition 6SiO,: CTABr: 1.5NaOH: 0.15(NH4).0:
250H,0 as stated by Ng et al. [11]. Sodium silicate was prepared by mixing Ludox colloidal silica with
NaOH in distilled water in polypropylene bottle. The solution was stirred for 2 hours at 80 °C. In another
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polypropylene bottle, CTABr was dissolved in distilled water and NH4OH aqueous solution. The mixture
was heated and stirred at 80 °C for 1 hour. Then, sodium silicate solution was added into the
polypropylene bottle containing the template solution and was simultaneously stirred vigorously for 15
minutes. The resulting mixture was aged overnight in the oven at 97 °C.

Next, the mixture was cooled to an ambient temperature and the pH of the mix-gel was adjusted to ~10.2
by addition of acetic acid. The product MCM-41 was aged for 24 hours and pH adjustment procedures
were repeated two times. The precipitates were filtered, washed with distilled water and dried in the oven
at 97 °C. Finally, the product MCM-41 was calcined at 550 °C for 10 hours in order to remove the
remaining CTABr surfactant. The organic-functionalized MCM-41 sample was prepared by post-
synthesis modification of as-made mesoporous silica. MCM-41 was dispersed in toluene followed by the
addition of MPTS (Figure 1). The mixture was then refluxed for 24 hours at 110 °C under nitrogen flow.
Finally, the mixture was filtered and the MPTS-MCM-41 solid was washed with toluene and dried at
ambient temperature for 24 hours.
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Figure 1: Surface functionalization of MCM-41 using MPTS

To investigate the effect of adsorbent dose, stock solution of lead and chromium was diluted with
deionized water to prepare desired concentration of 5 mg/L. Approximately 0.1, 0.2, 0.3 and 0.4 g of
MCM-41 and MPTS-MCM-41 was added to the solution containing 5 mg/L Pb(ll) and Cr(lll),
respectively. The adsorption experiments were carried out under stirring at 150 rpm, pH 5 at room
temperature for 1 hour contact time. Then, the mixture in the flask was quickly filtered using filter paper
to collect and remove the adsorbent solid. To investigate the effect of contact time, 0.4 g adsorbent were
added to a solution containing 5 mg/L of Pb(Il) and Cr(lll). The mixture was stirred at 150 rpm, pH 5 at
room temperature for 1, 2, 3 and 4 hours contact time. After that the mixture was quickly filtered over
filter paper to collect and remove the adsorbent solid. Finally, the solution was analyzed by using the
atomic absorption spectrometer (Thermo Scientific S Series). The percentage removal (%) of Pb(ll) and
Cr(111) by the adsorbent for both adsorption study was calculated as equation 1 below:

Percentage removal (%) = Co-Cr  x100% (1)
0

where, C, and Cs are the initial and final concentrations (mg/L) of metal ions present in the adsorption studies,
respectively.
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Several characterization techniques have been utilized in order to elucidate and provide structural
information and physicochemical properties of the synthesized materials. X-ray diffraction (XRD) pattern
of adsorbents were acquired using Bruker D8 Advance with Cu Ka radiation with A = 1.5418 A at 40 kV
and 40 mA. Samples were measured in the range of 260 = 1.5-10°, with step interval of 0.02° step size and
1 second step time. Fourier transform infrared (FTIR) spectroscopy was used to determine the functional
groups present in mesoporous silica prepared. The infrared spectrum of adsorbents was obtained at
ambient condition with KBr technique using Perkin-Elmer Spectrum One FTIR spectrometer and
measured in the range 4000 to 450 cm™ with 4 cm™ resolutions. The particle size and surface morphology
of the adsorbents was observed by using Philips XL40 field emission scanning electron microscopy
(FESEM) which performed at voltages of 2 kV.

RESULTS AND DISCUSSION

Calcination of MCM-41 can give better activity in the fields of adsorption because it allows elimination
by decomposition of a large part of organic surfactant template from the pores of the as-synthesized
MCM-41. In this study, MCM-41 was calcined at temperature of 550 °C because it was suggested that
elimination of several species from organic surfactant which bonded to the silica surface occurred at high
temperature (450-550 °C). However, at higher temperature (>550 °C), structure breakdown may occur
[12]. FTIR spectroscopy was used to confirm whether the organic surfactant template has been removed
completely or not.

FTIR spectra of synthesized materials are shown in Figure 2. The FTIR spectrum of the as-synthesized
MCM-41 sample (Figure 2a) shows the peak of surfactant around 2921 cm™ and 2851 cm™ corresponding
to C-H stretching band of the alkyl group. However, this peak disappeared in calcined MCM-41 sample
(Figure 2b) which indicates that the surfactant template was completely removed and decomposed from
the pore channels of MCM-41 during calcination process.

In addition, the major peaks of MCM-41 were observed in the FTIR spectrum of calcined MCM-41
consisting asymmetrical Si-O-Si stretching vibration at 1230 cm™ and 1079 cm™, Si-OH stretching at 963
cm, symmetrical Si-O-Si stretching vibration at 802 cm™ and Si-O-Si bending vibrations at 469 cm™
[13]. The existence of characteristics peaks of SiO; indicates that the structure of materials is not
damaged after calcination at 550 °C [14]. Figure 2c shows the FTIR spectrum of MCM-41 after being
modified to MPTS-MCM-41. The spectrum shows the presence of S-H stretching vibration at 2550 cm™
and the asymmetric C-H stretching of the propyl chain from the silylating agent at 2927 cm™ which are
absent in MCM-41 sample. The existence of both peaks confirms the successful incorporation of organic
functionalized MPTS into MCM-41.
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Figure 2: FTIR spectra: (a) as-synthesized MCM-41, (b) calcined MCM-41, (c) MPTS- MCM-41

The morphological differences between calcined MCM-41 and MPTS-MCM-41 were observed by
FESEM and presented in Figure 3a and 3b, respectively. The FESEM micrograph reveal the surface
texture and porosity of both samples. It was observed that calcined MCM-41 and MPTS-MCM-41 have
spherically-shaped particles and are uniform in size. The FESEM micrograph also reveals that the particle
morphology of both samples consists of rough surface with many small granular particles of up to 1 - 2
pum in diameter attached on the surface [15].
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Figure 3: FESEM micrograph: (a) calcined MCM-41, (b) MPTS-MCM-41

Figure 4a and 4b show low angle x-ray diffractogram of as-synthesized MCM-41 and calcined MCM-41,
respectively. Both XRD patterns show a typical mesoporous structure with three resolved peaks
corresponding to Miller indices (100), (110) and (200). It indicates that the materials possessed a well-
ordered hexagonal mesopore system with a clear (100) peak and weaker reflections assignable to (110)
and (200) reflections [16].

The position of (100) peak slightly shifts to higher angle after MCM-41 underwent calcination at 550 °C,
which may be related to the lattice contraction of MCM-41 during high temperature process [17].
Furthermore, the peak intensity of calcined MCM-41 was higher than the as-synthesized MCM-41,
indicating increased in crystallinity of calcined sample due to the successful removal of organic surfactant
template [18].

The XRD peak intensity of synthesized materials decreased significantly when the hexagonal pores were
filled with organic functionalized MPTS as shown in Figure 4c. This might be due to the reduction of the
long order framework in MPTS-MCM-41 whereby the attachment of organic functional group will lead to
some structural arrangement in the mesopore channels [19].
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Figure 4: XRD diffractogram: (a) as-synthesized MCM-41, (b) calcined MCM-41, (c) MPTS-MCM-41
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The percentage removal of Pb(Il) and Cr(lll) ions on MCM-41 and MPTS-MCM-41 at different
adsorbent dose are shown in Figure 5a and 5b, respectively. Both figures show that as the dosage of
adsorbent increase, the percentage removal of metal ions in aqueous solution also increases. This might
be due to increment of the adsorbent increases the availability of the surface area for the adsorption
process, in which more of the heavy metal ions uptake onto the surface of adsorbent could occur [16].

With increase in adsorbent dose, the number of active site unit also increases. At low adsorbent dose, the
available sorption sites were quite insufficient compared with the large amount of Pb(Il) and Cr(l11) ions
in solution, resulting in low removal efficiency. In this study, it was found that the highest percentage
metal ions removal was achieved when 0.4 g of adsorbent was used.
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Figure 5: Percentage removal of (a) Pb(ll) ions, (b) Cr(l11) ions using MCM-41 and MPTS-MCM-41 at 1 hour
contact time at different adsorbent dose

MPTS-MCM-41 shows higher metal uptake than parent MCM-41 when the same adsorbent dose was
used. MPTS-MCM-41 gives higher percentage removal of Pb(ll) ions at 0.4 g adsorbent dose which is
93.03% as compared to MCM-41 which only managed to remove only 8.95% of Pb(ll) as shown in
Figure 5a. Similarly, MPTS-MCM-41 (0.4 g) shows higher removal of Cr(lll) ions which was 45.47%
when compared to MCM-41 which only managed to remove only 7.84% of Cr(I11) (Figure 5b).

This might be due to organic-functionalization inside the pore channel of MCM-41 which then allowing
an easy reaction with metal ions [20]. This performance was attributed to the strong binding affinities of
S-H functional group present in the adsorbent with metal cation thus providing effective adsorption sites.
The mechanism for the removal of heavy metal ions in an agueous solution most likely involved either
ionic interaction between positively charged metal ions and negatively charged adsorbent surface or by
donation of lone-pair electrons of the functional group to metal ions to form coordinate bonds [21].

At pH 5, the surfaces of adsorbent (S-H) became negatively charged which enhanced the adsorption
process by electrostatic interaction. Besides, MPTS enhances the hydrothermal stability of MCM-41

Science Letters VVol. 14(1) JANUARY 2020



WCIENCE
LETTERS

ISSN: 1675-7785

) https://scilett-fsg.uitm.edu.my/ elSSN: 2682-8626
e Vol. 14(1) JANUARY 2020 DOI: 10.1234/jmpc.v14i1.7780

materials by raising its hydrophobicity characteristics. Freshly calcined MCM-41 can easily react with
water which transform the silanol group to hydroxyl group by adsorption of water and causes leaching to
occur. This characteristic is a disadvantage for adsorbent when used in continuous removal process for
metal ions in aqueous solution [22]. Hence, functionalization of MCM-41 can help increase the stability
and adsorption efficiency of the material [23].

It was also found that removal percentages for Pb(Il) (93.03% and 8.95%) were greater than Cr(lll)
(45.57% and 7.84%) at equilibrium time for both MPTS-MCM-41 and MCM-41 indicating higher
affinity of Pb(Il) sorption towards the adsorbents than in Cr(1ll). This is due to the low hydration energy
of Pb(ll) (1481 kJ mol™) as compared to Cr(lI) (4010 kJ mol™?) which will then separate more easily
from the combined H>O molecules and transforms into bare ions resulting in higher adsorption capacity
[24].

Figures 6a and 6b show the percentage removal of Pb(Il) and Cr(l1l) ions on MCM-41 and MPTS-MCM-
41 at different contact time. MPTS-MCM-41 gives high percentage of Pb(Il) removal (93.03%) at 1-hour
contact time but the value slightly decreases to 92.25% when the contact time was increased to 2 hours.
When the contact time was increased from 2 to 4 hours, the percentage removal of Pb(ll) ions increases
until the maximum of Pb(Il) percentage removal was achieved at 94.59%. This is because longer contact
time provides longer interaction duration between heavy metal ions and adsorbent surfaces [25].

MCM-41 shows similar pattern as MPTS-MCM-41 but the percentage removal is much lower. The
highest percentage removal of Pb(ll) using MCM-41 was 10.65% which was taken after 4 hours of
contact time. On the other hand, the percentage removal of Cr(Ill) increased as the contact time of the
metal ions with sorbent increased until the maximum Cr(l11) removal percentages was reached at 5 hours
contact time. The highest Cr(l1l) percentage removal of Cr(lll) was 66.02% for MPTS-MCM-41 and
10.48% for MCM-41.
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Figure 6: Percentage removal of (a) Pb(ll) ions, (b) Cr(lll) ions on 0.4 g of MCM-41 and MPTS-MCM-41 at
different contact time
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CONCLUSIONS

The organic functionalized MPTS-MCM-41 was successfully synthesized via post-synthesis
method and characterized by using FTIR, FESEM and XRD. The FTIR results displayed the
absence of C-H stretching in calcined MCM-41 which suggesting the complete removal of
organic surfactant template and the existence of S-H stretching band confirms the incorporation
of mercaptan group onto MCM-41 producing MPTS-MCM-41. XRD results indicated that
MPTS-MCM-41 has similar XRD pattern as the MCM-41 although the peak intensity decreases.
The synthesized MPTS-MCM-41 was tested as adsorbent to remove heavy metal ions in aqueous
solution. MPTS-MCM-41 show better efficiency to remove heavy metal ions compared to parent
MCM-41 due to the presence of organic-functionalization group. The adsorption study also
revealed that MPTS-MCM-41 has better selectivity towards Pb(ll) ions than Cr(lll). The
removal efficiency of MPTS-MCM-41 suggested that the material has the potential to adsorb
Pb(Il) ions from aqueous solutions in the environmental and industrial cleanup applications to
reduce the lead pollution.
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