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Adsorption of heavy metals on amine-functionalized MCM-48
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Abstract. The ordered mesoporous silica with cubic structure, MCM-48 was synthesized by
post-synthesis under basic media using colloidal silica, cetyltrimethylammonium bromide, and
Triton X-100. The modified material, NH2-MCM-48 was prepared using 3-aminopropyl
trimetoxysilane (3-APTMS). X-ray diffraction and FT-IR were used to characterize the samples.
The modified material was utilized for adsorption of Cu**and Mn** from aqueous solution.
Parameters used for studying the adsorption process were pH, time of contact, and the initial
concentrations of Cu®* and Mn?" ions. Desorption of ions from the adsorbent was also studied
using several desorbing agents. The pseudo-second order was found to be the kinetic order for
the metals adsorption. The adsorption of Cu?* and Mn?* on NH>-MCM-48 was fixed by the
Langmuir model better than the Freundlich model with the capacity of 0.52 and 0.80 mmol g-!
for Cu?* and Mn?*, respectively. The best desorbing agents for removing the adsorbed Cu?* and
Mn**from the adsorbent were 1 M HNO3 and 1 M HCI, respectively.

1. IrfFoduction

The presence of heavy metals in the water and soil environments is a worldwide concern because the
metals are toxic to living organism, non-degradable, and can accumulate in the food chain. Manganese
(Mn) and copper (Cu) are essential metals for human life. However, in high concentration, they can
cause health problems. If Cu accumulates inside the body of humans, it will create health problems in
some parts, such as brain, skin, pancreas and heart [1, 2], whereas the high levels of Mn exposure can
result in a typical Parkinsonism [3]. Therefore, they have to be removed from aqueous solutions the
water source. Several ways have been developed to solve the pollution problem caused by metal ions.
To name a few are membrane separation [4, 5] bioremediation [6], liquid-liquid and solid phase
extractions [7-9], cationic exchange [10, 11], precipitation [12, 13], and adsorption [14-16]. Among
them, adsorption is the most popular method in removing heavy metals because it is efficient, simple,
and can be applied at low concentration, so it is easy to be conducted [17]. It has been approved that
adsorption is effective to reduce the concentration of heavy metal ions from solution as reported by some
studies, including the use of zeolite [ 18-20]. Zeolites were widely used as adsorbents because they have
three dimension frameworks with opening pores and high surface area. However, their pores are small
(micropores). Therefore, zeolites have limited applications. Many efforts have been performed to find
adsorbents with high adsorption capacity. In this case, mesoporous materials, such as mesoporous silica
becomes an alternative adsorbent.

Since the recovery of mesoporous silica (M41S family) by Mobile corporation [21], many studies
have been conducted using this material as adsorbent because it has pores (higher than zeolites have)
that can be adjusted to a wide range sizes using various templates, high surface area, pore volume,
thermal stability, and can be made under various pHs, compositions, precursors, temperatures, as well
as processing times [22-26]. The materials have been utilized to adsorb organic substances [28-30]) and
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heavy metals [28]. One member of the family, MCM-48, has a three-dimensional channels [31]. The
material has a greater potency for many applications than other M41S materials (MCM-41 and MCM-
50) because it is easier for different host molecules to access the pore [32]. This is due to faster diffusion
of adsorbates and resistance of pore blocking [33]. Functionalized MCM-48 has attracted many
researchers to use it as adsorbent for heavy metals because the selectivity to remove heavy metals from
aqueous solution will be improved as reviewed by Benhamou et al. [34].

The objective of this work is to investigate the capability of functionalized MCM-48 with
triaminopropyltrimetoxysilane (3-APTMS) toward adsorption of Cu® and Mn** ions.

? Materials and methods

2.1. Materials

Reagents utilized in this study were produced by Merck or Sigma-Aldrich and used directly without any
treatment. Cetyltrimethylammonium bromide (CTAB), Ludox HS-40 (35% b/b Si0,, 0.4% b/b Na:O,
and 60.1% b/b H,0), Triton X-100, 3-aminopropyl-trimethoxisilane, 3- APTMS (Sigma-Aldrich), acetic
acid, 309, sodium hydroxide, and hydrochloric acid were used in this research. The solutions of heavy
metals (Cu®* and Mn>*) were made #gtock solutions up to 1000 ppm of metal from the corresponding
nitrate salts (Algara). Solutions of 1 M nitric acid, and | M hydrochloric acid were prepared from
analytical grade of corresponding materials.

2.2. Synthesis of MCM-48

A hydrothermal method was used to synthesize MCM-48 following the procedure of Ryoo er al. [26]
with modification as described elsewhere [35] withmm:lditiun of sodium chloride as mentioned in the
procedure. The removal of surfactant was conducted by washing with a mixture of HCI and ethanol as
described in the procedure [35]. However, calcination in a muftle furnace was excluded. After filtering
and washing with double distilled water, the rejining water was removed from the product by heating
at a temperature of 378 K in an oven. The X-ray powder diffraction (XRD) method was used to
characterize MCM-48 before and after the surfactant removal at room temperature with the use of a
Panalytical X'Pert Powder diffractometer using a Cu K-alpha as the source of X-ray. The FTIR spectra
of the two materials were taken usifiia Shimadzu: IR Prestige-21 FTIR Spectrometer scanned at
wavenumbers ranging from 340-4500 cm', a resolution of 4, and the scan number of 300.

2.3. Modification of MCM-48 with 3-APTMS

Modification wasf@@nducted following the method of Pirouzmand et al. 8] with some adjustment. In
this procedure, 1. of (CH30)3Si(CH2)sNH: was used instead of 1.6 f (C,Hs0)3Si(CH»)sNH» as
mentioned in the method. The functionalized material produced was NH:-MCM-48. The FTIR spectrum
of the material was taken at the condition mentioned above.

2.4. Adsorption kinetic experiments
To determine the metals removal rate by NH,-MCM-4gFh kinetic study was separately carried out at
series of copper nitrate and manganese nitrate solutions with the same initial concentrations of 50 mg/L
(Cu® and Mn>*). The solutions were stirred in the presence of 100 mg adsorbent at room temperature
for various selected times ranging from 100 to 220 min for Cu*" ion and 600 to 1200 min for Mn** on a
gnetic stirrer at the certain stirring rate. The solutions were filtered to remove the solids and analyzed
y atomic absorption spectrophotometer (AAS). The amount of ion adsorbed by NH>-MCM-48 was
calculated by subtracting the initial concentration against the final one at any contact time, 7 [37]. The
optimum contact times for Cu®* and Mn?* ions were also obtained from these experiments. A blank
experiment was cofcted without any adsorbent.
The adsorption process was studied using either pseudo-first order or pseudo-second order kinetics.
The Lagergren rate equation is generally utilized [38] for pseudo-first order process. The equation is
given in equation (1),

In(qe-q:)=1nge- kit ()
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where g.is the amount of ions adsorbed at equilibrium, g: is the one adsorbed at time r and 4; is the rate
constant of pseudo-first order process.
The pseudo-second order process is shown in equation (2)

t 1 t
L= @)
g koxqd  qe

For the equation, ¢g.is the amount Dfionsﬂorbed at equilibrium, ¢ is the one adsorbed at time ¢ and k2
is the rate constant of the pseudo-second order process [38, 39].
36

%. %ﬁcr of pH on adsorption of Cu®* and Mn>* ions

e effect of pH on metal adsorption was studied by equilibrating the mixtures at different initial pH
values (ranging from 2 to 7) of 50 mg/L of ion solutions before the addition g 100 mg of NH--MCM-
48. The initial pH was adjusted using HCL and NaOH solutions before the {gfljtion of the adsorbent.
The solution and the adsorbent were stirred at the optimum contact time. Blank experiments were carried
out at each pH value without the addition of adsorbent.

2.6. Effect of initial concentration of metal ions on adsorption

The solutions used in these experiments were made by dilution of the stock solution in aquabidest. The
experiments were conducted by putting 100 mg of NH,-MCM-48 into beakers containing 50 mL of
singl tal ion solutions and mixed carefully at the optimum contact time and pH. Concentrations used
were 1n the range of 50-600 mg/L to obtain the data to study the adsorption isotherms.

2.7. Desorption studies

Modified mesoporous silica, NH:>-MCM-48, previously in contact with 50 ppm of Cu®* and Mn”* ions,
was washed with aquabidest to remove the excess ions from the surface. Furthermore, (@ of adsorbent
was inserted into three beaker glasses; each of them contained 50 mL of aquabidest, | M HNO;, | M
HCI, and 1 M. The mixture was stirred at the optimum time of the ion adsorption. The filtrate was then
analyzed to determine the amount of ions removed from the adsorbent. The amount of ions desorbed
from the adsorbent was calculated using equation (3).

amount of ions desorbed from the desorbent

% desorption = x 100% 3)

amount of ions desorbed from the adsorbent

?Results and discussion

3.1. Characterization of unmodified and modified MCM-48s

X-Ray diffractograms of unmodified and modified MCM-48s are given in figure 1, which are the
characteristic of well-ordered materials as described in previous work [21, 26]. The patterns were
indexed in the cubic space group Ia3d. After calcination, the intensities of peaks increased due to the
absence of scattering from the surfactant. The peaks also shifted to lower d spacing because of
condensation and constriction of the pores.

FTIR spectra of MCM-48 before and after extraction of surfactant are shown in figure 2. Two typical
regions for organic molecules (surfactants) are observed in as-synthesized MCM-48. C-H stretching
modes consist of CHz symmetric (vCH: at ca. 2851 cm™), CH; antisymmetric (v, CHs at ca. 2920
cm'), and terminal CH; asymmetric (v,,CH;atca. 3015 cm™!). C-H bending modes are observed at 1512
and 1481 cm™. After the removal of surfactants C-H stretching and bending are almost di§Zpear. The
Si-O stretching vibrations of silicate lattice appear with strong bands at 1225 and 1065 cm’ and the
weaker ones at 990 and 793 cm’'. After the surfactant removal, the peak at 1065 cm™ shifts to a higher
wave number by approximately 25 cm™!. This indicates that the lattice is contracted during the removal
of template as mentioned in the earlier study [27]. The spectra of MCM-48 before and after modification
can be seen in figure 2(c). It is clear that after modification of MCM-48 with 3-APTMS, two peaks
appear at 4243 and 3368 cm’ indicating the presence of —NH> functional group. The stretching
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vibrations at 2932 and 2885 cm™' and bending vibrations at 1643, 1560, and 1491 cm™ belong to -C-H
group from 3-APTMS. The shift of peaks at 962 and 800 cm™ to 793 and 694 cm' indicate an interaction
between silanol group and 3-AMTMS. The vibration at 1560 cm™ shows the presence of bending
vibration of N-H from the primary amine [40]. The stretching vibration of C-N appears at 1389 cm™.
The peak at the wavenumber of 694 cm™ belongs to the vibration of Si-CH,-R.

3.2. Optimum time of adsorption and kinen’cmdy

Figure 3 shows the amount of ion adsorl§) as a function of the contact time and pH. It is obvious that
the adsorption of Cu®* and Mn®* ions increases with the increase of the adsorption time until the
equilibrium is reached. Figure 3a shows that the optimum time to adsorb Cu®*and Mn”*ions are 200 and
1200 min, respectively. Therefore, these contact times were used for further experiments.

15000

10000

Intensity

5000

10.0

024
1228
-
45

% Transmitance

Figure 2. FTIR@pectra of materials: (a)
as-synthesized MCM-48, (b) MCM-48
g after removal of templateand

s o0 e a0 B @me w00 wee 500 (¢) NH,-MCM-48

WAy @ AumBer (cm




International Symposium on Current Progress in Functional Materials I0OP Publishing
TOP Conf. Series: Materials Science and Engineering 188 (2017) 012015 doi:10.1088/1757-899X/188/1/012015

1 25 o 22
21(®
24 2
o 23 T; 19
g g 18
22 oo
1 16
15
20 14
400 600 800 1000 1200 1400 80 100 120 140 160 180 200 220 240
Time min} Time (min}
(a)
) 25 25
a) b)
20 20
T > 15
g g
— 10 10
o o
5 5
0 0
o 1 2 3 4 5 6 1 8 0o 1 2 3 4 5 6 1 8
pH pH
(b)

Figure 3. The influence of (a) contact time and (b) pH on the amount
of a) Cu®™ and b) Mn>* ions adsorbed on NH>-MCM-48

Table 1. Kinetic data of metals adsorption on NH>-MCM-48

Data Cu®* Mn?*
Pseudo first order
ki(min™) 0.02 3.68x 107
gdmg g 1) 36.38 30.76
R? 0.95 0.95
(Blinear equation y =-0.0088x + 1.5609 y=-0.0016x + 1.4880
Pseudo second order
ka(g mg min™) 3.98 x 10+ 1.62 x 10+
gdmg g!) 29.85 28.82
R? 0.98 0.99
Linear equation y=0.0355x +2.8176  y=0.0347x + 74414
Experimental g, 20.99 24.40

Using the data of amount adsorbed with contact times, the kinetic study was performed and the
kinetic data is given in table 1. All correlation coefficient uses pseudo and second order equations close
to 1. However, the amount of ions adsorbed at the eq@JJibrium obtained from the second order equation
is closer tdffle one obtained from experiments. The results indicated that the adsorption of metal ions
follow the pseudo-second order with the rate constant (k») of 3.98 x 10 and 1.62 x 10*g mg min™' for
Cu* and M§@Jadsorption, respectively. The rate constant of Cu®* adsorption is higher than that of Mn*
adsorption. The results were in agreement with the results of the optimum contact times where the
optimum contact time of Cu®* adsorption is lower than that of Mn** adsorption.
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3.3. The optimum pH of adsorption

The amount of Cu** and Mn* ions adsorbed on MCM-48-NH, with various pH solutions is given in
figure 3b. The amount of Cu®** and Mn>* ions adsorbed on MCM-48-NH, was studied at the pH range
of 2-7. It is clear that the amount of ions adsorbed increases sharply from pH of 2 to 3 for both ions. The
amount of ions adsorbed increases gradually from pH of 3 to 6 and achieves the@3timum at the pH of
6. The amount of ions adsorbed at the pH of 2 is low because the ions compete with the H* ion in the
solution. In addition, at the lower pH the surface of MCM-48-NH, will be protonated to form MCM-
48-NH;" that inhibit the ions to be interacted with the adsorbent. At higher pH, the protonated surface
is lesser and as a result, the amount of ions adsorbed is higher. At the pH higher than 6, precipitates will
be formed so that the amount of ions in the solut@@will be reduced. From figure 3b, the optimum pH
of adsorption for both ions is 6. The pH was used tor studying the effect of initial concentrations on the
adsorption in order to find the adsorption capacity.

3.4. Adsorption isotherm

Thm]sorptiun isotherms of Cu’* and Mn>* ions on MCM-48-NH, are given in figure 4. The adsorption
of 10ons increases with the increase of initial concentration of ions. Figure 4 shows that the ions
adsorption continues to increase at the measured concentration. Therefore, to find the capacity of
adsorption, Langmuir and Freundlich isotherms were zed. In the former isotherm, monolayer
adsorption is assumed to be occurred on the adsorbent’s surface wiiigla fixedamount of identical sites
[41-42]. The isotherm is shown in equation (4) as the form of linier equation:

] 1 G

~=—+4= )

de Qb ' Qo
where C, is the metal ion concentration at equilibrium (mg L), g. is the amount of ions adsorbed (g
g1, O, is the capacity of adsorption ( 1), and b is the Langmuir coefficient (L mg™!). The latter
isotherm (empirical equation) assumes that multilayer adsorption occurs on a heterogeneous surface
[41-42]. The equation can be seen in equation (5):

log q. = log k +% log C, (5)

where ¢g. is the amount of metal ions adsorbed (mg g'), C. is the concentration of metal ions at
equilibrium L"), k is the Freundlich constant associated with the capacity of adsorption (mg g),
and n is the adsorption intensity. Table 2 summarizes the Langmuir and Freundlich constants of the
metal ion adsorption on NH,-MCM-48.

The adsorption of Cu®* and Mn** ions on MCM-48-NH, fits both Langmuir and Freundlich models.
Table 2 shows that the adsorption capacity of Mn®" is higher than that of Cu®*. This is consistent with
the Hard Soft Acid Base (HSAB) theory where —NHs is a hard base that can well interact with Mn** (a
hard acid) compared to Cu® (a borderline acid).

3.5. Desorption studies

Figure 5 shows the percentage of ions desorbed by several desorbing agent. The amount of both ions
desorbed by aquabidest is very small, namely 0.02 and 0.01% for Cu® and Mn** ionsf'he amount
desorbed by 1 M HNO; and 1 M HCl is considerably higher than that by aquabidest. This indicated that
the adsorption of ioffj was mainly occurred by chemical adsorption. The best desorbing agents for Cu*
and Mn?* ions were | M HCI and 1 M HNOs, respectively. The desorbing agents that behave as an acid
can protonate the surface. As a consequence, the ions will be removed from the surface of the adsorbent.
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Figure 4. Adsorption isotherms of Cu**dan Mn”" ions
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Table 2. The constants of Langmuir and Freundlich models for
the metal ions adsorption on NH.-MCM-48

Langmuir model Freundlich model
Ion Q. b R? k n R
mg/g mmol/lg (L.mg") mg/e  mmollg (gL
Cu®  33.00 0.52 0.05 099 13.26 0.21 6.65 098
Mn*  44.05 0.80 0.09 0.99 19.35 0.35 7.17 098

100 - 85.44
79.61
0 o B
) 2
0| ©OMa -
g 40
i
A 2
0 L—————

H,0 IMHNO; IMHCL
Desorbmg agents

Figure 5. Percentage of ion desorbed from
MCM-48 after the adsorption

4, Conclusions

The study concluded that the amount of Cu?* and Mn?" ions adsorbed on MCM-48-NH- achieved the
optimum at the contact tiffe of 200 and 1200 min, respectively and at the pH of 6 for both ions. Both
ion adsorptions fitted the pseudo-second order, in which the rate constant of Cu®*adsorption was higher
than that of Mn?* adsorption. In addition, both ion adsorptions followed the Langmuir and Freundlich
isotherms. The adsorption capacity for Mn’* ion (0.80 mmol g"') was higher than that for Cu® ion (0.52
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mmol g"). Furthermore, the best desorbing agent for Cu®* ion was 1 M HCI solution, whereas for Mn**
ion was 1 M HNOs
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