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The synthesized poly[N,N'-bis(3-silsesquioxanilpropyl)-thiocarbamide] (PSTM-3T) was used and the surface morphology and
microstructure of it were analyzed by scanning electron microscopy with energy dispersive spectrometer (SEM/EDS). The
molecular structure change of the PSTM-3T polymer of the PSTM-3T after treatment by acidic solution with different pHs was
revealed using FT-IR experiments and ab initio calculations with density functional theory method. The sorption efficiency of the
heavy metal ions depends on the molecular structure change of PSTM-3T after treatment of different pH aqueous solutions. After
the treatment of acidic solution (pH = 2) of PSTM-3T, the polymer formed the tautomer state to increase the sorption efficiency for
chromate ion. For the increment of pH value for acidic solution, the PSTM-3T polymer was dissociated to increase the sorption

efficiency for copper ion.

1. Introduction

Industrial wastewater pollution from heavy metals is a major
concern in developing countries. The industries produce the
wastewater containing heavy metal ions with high concen-
trations. There exist many treatment techniques which have
been developed such as chemical precipitation [1], adsorption
[2, 3], and ion exchange [4].

Copper has been one of the most widely used metals for
centuries and is mainly employed in electronic and electrical,
electroplating, and mining industries. The organic-inorganic
polymeric sorbents are known for their excellent surface
characteristics for the effective adsorption of metals. For
example, the preconcentration and separation of elements
by using the chelating silicon-organic polymers have been
reported [5-7]. However, most of chelating silicon polymers

are used for preconcentration and determination of noble
metal ions, and their synthesis of silica organic polymers
usually takes a long time and synthetic process is complicated.

One of the other surface active simple polymers
is  poly[N,N'-bis(3-silsesquioxanilpropyl)-thiocarbamide]
(PSTM-3T) which was synthesized [8] and investigated
for determination of noble metals of gold, platinum, and
palladium [9]. Previously, we revealed the adsorption
kinetics for removal of Cu(Il) and Cr(VI) ions from the
wastewater using PSTM-3T polymer [10, 11]. In this study,
we revealed the molecular structure change of PSTM-3T for
sorption mechanism of heavy metal ions after treatment by
different acidic solutions using frontier-transform infrared
spectrophotometer (FT-IR) and ab initio calculations in
detail.



2. Materials and Methods

2.1 Synthesis of PSTM-3T. poly[N,N’-bis(3-silsesquioxanil-
propyl)-thiocarbamide] (PSTM-3T) polymer (Scheme 1) was
synthesized from silicon-organic monomer of N,N'-bis(3-
triethoxysilylpropyl)-thiocarbamide by hydrolytic polycon-
densation reaction in aqueous media with pH = 8-9 at
the boiling temperature [8]. The synthesized PSTM-3T was
characterized by scanning electron microscopy with energy
dispersive spectrometer (SEM/EDS) and frontier-transform
infrared (FT-IR) spectroscopy.

2.2. Scanning Electron Microscopy (SEM) and Energy Disper-
sive Spectrometer (EDS). The surface morphology and micro-
structure were examined by scanning electron microscopy
(Philips XL30, The Netherlands). The powdered samples
were mounted onto double-sided carbon tapes and sputter-
coated with palladium using a Cressington sputter coater
108A (Cressington Scientific Instruments, Watford, UK). The
SEM images were taken on a Philips XL30 field emission gun
SEM (FEI Company, Hillsboro, OR, USA) and EDS results
were obtained using the built-in EDAX Genesis software.

2.3. Frontier-Transform Infrared (FT-IR) Spectroscopy. The
chemical bond frequencies of functional groups of polymer
before and after treatment by acidic solutions were analyzed
by using frontier-transform infrared (FT-IR) spectropho-
tometer (IRPrestige-21, Shimadzu, Tokyo, Japan). The pow-
dered samples were mixed with KBr to make the pellets. The
FT-IR spectra were obtained with frequency range of 4000-
400cm™.

2.4. Ultraviolet Visible (UV-Vis) Spectrophotometer. The
amounts of metal jons in an initial solution and after
treatment by polymer were analyzed by using ultraviolet
visible (UV-vis) spectrophotometer (U-1000, HITACHI,
Tokyo, Japan). The samples were prepared by mixing with
the complexing reagent as diethyl dithiocarbamate for
copper ion [12] and 1,5-diphenylcarbazide for chromate
ion [13] which forms a color with metal ion. After being
filtered, all samples were analyzed using quartz cuvette with
a path length of 10 mm at wavelength of 430 nm for copper
ion and 540 nm for chromate ion. The spectrophotometer
measurement for sorption kinetics of the PSTM-3T at
different pHs was carried out with stirrer/hot plate (Corning
PC-620D) after treatment of 0.05g PSTM-3T into 50 mL
(20 mg/L of copper and 60 mg/L chromate ions) solution.

2.5. Computational Calculation Procedure. The molecular
structures of PSTM-3T polymer were modeled at different
pH conditions with consideration of tautomerization and dis-
sociation. Geometries of all the considered model molecules
(Figure 1) in this study were fully optimized by using density
functional theory (DFT) with Becke’s three-parameter hybrid
exchange function [14] and the Lee-Yang-Parr correlation
function (B3LYP) [15] and with the 6-31G(d, p) basis set [16]
method in Gaussian 03 package [17]. Vibrational frequencies
and absolute IR intensities of optimized structures were
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ScHEME 1: Representation of molecular structure of PSTM-3T
polymer.

FIGURE 1: SEM image of synthesized PSTM-3T polymer.

investigated with 6-311G(d, p) level. All the convergent preci-
sions were the system default values, and the all calculations
were carried out on the standard lab-level workstation with
AMD Opteron 285 dual core CPU. Data visualization was
carried out using GaussView 3.0 [18].

3. Results and Discussion

3.1. Characterization of PSTM-3T Polymer. The details of
chemical composition of PSTM-3T by EDS analysis are given
in Table 1. The major elements of the sample verified the
PSTM-3T polymer. The elemental analysis showed the similar
results with theoretically calculated contents of synthesized
title polymer as formula of C,H,,N,0;SSi, (Scheme 1). The
SEM was performed on an irregular and porous surface
(Figure 1) which indicates high surface areas of 490 m*/g with
3.53cm’/ g total pore volume.

The functional groups were identified using FT-IR exper-
iment and the spectrum is shown in Figure 2. In Figure 2,
the observable IR signals for PSTM-3T were 580.57 and
692.41cm”" for C-S,1560.41, 3373.50, and 3388.93 cm ™" for N-
H, and 1631.78 cm ™" for C-N. The IR signals were similar with
the group frequencies [19]. In this study, the model of PSTM-
3T (Figure 3(a)) was investigated using the density functional
B3LYP method with 6-311G(d, p) basis set (Table 2). All the
values have relative deviation less than 5.3% (Table 2) and the
theoretical values are in good agreement with experimental
values, the same as previous other reports [20].

3.2. Sorption of Heavy Metal Ions. The solution pH is one of
the most important factors for heavy metal sorption from the
aqueous solution. Sorption of copper and chromate ions was
revealed at various pH conditions and the sorption strengths
are shown in Figure 4. The fraction of sorption of copper
ion as determined by the removal of copper ion percentage
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TABLE 1: Chemical composition of PSTM-3T and after treatment
into ion solutions.

Elements Weight [%]
PSTM-3T Cu(II) Cr(VI)

C 36.94 34.33 3742
N 14.23 9.71 7.73
O 23.16 22.67 21.66
Si 18.40 13.00 21.75
S 710 10.51 11.17
Cu 0.52

Cr 0.26

TABLE 2: The comparison of experimental (in Figure 2) and theoret-
ical frequencies of PSTM-3T. The percentage of relative deviation of
model in different frequencies is shown in parenthesis.

Wavenumbers [1/cm]

0,
Groups Exp. Cal. Al
cs 580.57 562.64 -3.09
692.41 728.57 +5.22
1560.41 1542.81 -1.13
NH 3373.50 3552.03 +5.29
3388.93 3560.54 +5.06
CN 1631.78 1556.77 -4.01

relative to initial concentration by PSTM-3T at various pHs
was calculated as (1)

(AO B At)
Ay

F = , @

where A and A, are the initial and time absorbance of
the copper ion. From Figure 4(a), the removal efficiency of
copper ion at pH = 5 is clearly seen higher than at other lower
pH conditions. The equilibrium amounts of copper ion onto
PSTM-3T surface at different pH conditions were calculated
as (2)

Q, = 0 el T (2)

where Q, (mg/g) is adsorbed equilibrium amount of the ion
per unit mass of PSTM-3T polymer. C, and C, are initial and
equilibrium ion concentration (mg/L), respectively. V is the
volume of solution and m is the mass (g) of the PSTM-3T
polymer.

The equilibrium amounts of chromate ion onto PSTM-
3T surface were investigated at different pH conditions which
are shown in Figure 4(b). From Figure 4(b), the removal of
chromate ion at pH = 2 can be seen higher than at other pH
conditions.

3.3. Molecular Modeling at Different pHs. The EDS analysis
after treatment of PSTM-3T into copper and chromate ion
solutions at pH5 and pH2, respectively, was analyzed and
these pH conditions were higher removal efficiencies for
each ion which were discussed in previous section (Figure 4).
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—3388.93 (-NH)
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FIGURE 2: FT-IR spectra of PSTM-3T polymer.

FiGURE 3: Optimized molecular model structures of PSTM-3T
polymer before (a) and after treatment by pH =5 (b) and pH =2 (¢)
solutions. Carbon, hydrogen, nitrogen, and sulfur atoms are shown
as gray, silver, blue, and yellow ball representations, respectively.

The copper and chromium atoms were obtained in PSTM-
3T polymer using EDS elemental analysis after treatment of
PSTM-3T into ion solutions and the weight percentage of
them was shown in Table 1.

The FT-IR spectra of PSTM-3T after treatment by acidic
solutions are shown in Figure 5. In Figure 5(a), the IR signals
for PSTM-3T at pH5 were found at 553.57 and 665.44 cm ™!
for C-S,1558.48 and 3300.20 cm ™' for N-H, and 1633.71cm ™"
for C-N.

The functional group from protonated and unproto-
nated states depends on the solution pH values. Therefore,
we considered the additional two models of the disso-
ciated (Figure 3(b), Scheme 2) and tautomer (Figure 3(c),
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FIGURE 4: Sorption efficiency of copper ion (a) and equilibrium amount of chromate ion per unit mass of polymer (b) at different pHs.
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FIGURE 5: FT-IR spectrum of PSTM-3T polymer after treatment by pH =5 (a) and pH = 2 (b) acidic solutions.

Scheme 2) states and calculated the frequencies of these two
models which are shown in Tables 3 and 4. The model of
dissociated state of PSTM-3T (Figure 3(b), Scheme 2) was
investigated using the density functional B3LYP method with
6-311G(d, p) level. The major values have relative deviation
less than 6.5% (Table 3) and the theoretical values are in
good agreement with experimental values. In Figure 5(a), the
frequency of 2061.90 cm ™" was obtained experimentally. Also
in spectra of PSTM-3T polymer (Figure 2), the frequency
of 2065.8cm™" for C=S state was obtained, the same as
at pH = 5. Previously, Grebenev et al. investigated OC=S
with H,, HD, and D, complexes using high-resolution IR
spectroscopy and found that the main differences between the
spectra of them are near the frequency around 2061.0 cm™
[21]. We calculated single molecule in vacuum; therefore,
the frequency of interbond frequency was not obtained
theoretically.

pH2 pH5
R—NH—%—NH—R = R—NH—CI:N—R R—NH—CI:N—R
+

S su —H S
-R: ~(CH,);-8i0y 5

|
Tautomer state Dissociated state

SCHEME 2: Representation of molecular model structures of tau-
tomer and dissociated states.

For sorption of chromate ion at pH = 2, Figure 5(b)
showed that the IR signals for PSTM-3T were found at
491.85 and 603.72cm™" for C-S, 1560.41 and 3414.00 cm ™’
for N-H, and 1635.29 cm™" for C-N. The model of tautomer
state of PSTM-3T (Figure 3(c), Scheme 2) was investigated
using the density functional B3LYP method with 6-311G(d,
p) level. All the values have relative deviation less than 5.2%
(Table 4) and the theoretical values are in good agreement
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TABLE 3: The comparison of experimental (in Figure 5) and theo-
retical (in Figure 3(b)) frequencies of PSTM-3T after treatment by
nitric acid (pH = 5) solution. The percentage of relative deviation of
model in different frequencies is shown in parenthesis.

Wavenumbers [1/cm]

Groups Exp. Cal. A [%]

cs 553.57 582.38 +5.20
665.44 692.99 +4.14

NH 1558.48 1528.08 -1.95
3300.20 3575.94 +8.36

Inter 2061.90

CN 1633.71 1528.08 -6.47

TABLE 4: The comparison of experimental (in Figure 5) and the-
oretical (in Figure 3(c)) frequencies of PSTM-3T after treatment
by hydrochloric acid (pH = 2) solution. The percentage of relative
deviation of model in different frequencies is shown in parenthesis.

Wavenumbers [1/cm]

Groups Exp. Cal. A el

cs 491.85 517.48 +5.21
603.72 603.19 -0.09

NH 1560.41 1483.39 -4.94
3414.00 3549.76 +3.98

SH 2700.03

CN 1635.64 1686.72 +3.12

with experimental values. Theoretically, the frequency of
functional group of -SH was obtained as 2700.03 cm™" which
was not determined by FT-IR experiment because it may have
very weak absorbance in nature.

Finally, the PSTM-3T polymer forms dissociated state
with thiolate ion when the highest sorption for copper ion
occurs at pH = 5. The copper ion strongly interacts with
opposite charge of thiolate ions for sorption efficiency. The
tautomer state of polymer with -SH group at pH = 2 may
activate the reduction reaction for chromate ion.

4, Conclusion

The molecular structure change of the PSTM-3T polymer for
removal of heavy metal ions of the PSTM-3T after treatment
by acidic solution with different pHs was clearly determined
using FT-IR experiments and ab initio calculations. After
the treatment of acidic solution (pH = 2) of PSTM-3T, the
polymer formed the tautomer state to increase the sorption
efficiency for chromate ion. For the increment of pH value
for acidic solution, the PSTM-3T polymer was dissociated
to increase the sorption efficiency for copper ion. Finally,
decrement of pH value may increase the sorption efficiency
for metal anions by reduction reaction.
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