CHAPTER IV
RESULTS AND DISCUSSION

4.1. Influence of silica precursors and mole ratios of CTAB/silica precursor on the
synthesis and properties of non-doped and HPMSP doped mesoporous silica
4.1.1. Synthesis of materials

In combining three types of silica precursor with three mole ratios of
CTAB/silica precursor, nine types ‘bki
silica were prepared as shown ibIa /

Table 4.1 Types of non-WH’P d@porous silica prepared from

different types of silica pre ];v ous\ mqu CTAB;/silica precursor.

and HPMSP doped mesoporous

Type of p or Nﬁgﬁ of mesoporous silica
silica precursor "&t;;'gj_jt % N'& Non-doped HPMSP-doped
1 TDA
TEOS ‘TDB
TDC
MDA
Calcined
mesoporous silica MDB
-y MDC
% SDA
Silica gel 60 |} SDB
ot
SDC

From th% g’J r’egulqﬂ 8 y]fgnﬂgall types of mesoporous silica
TS N A R
silica pre ﬁ ti silic 0. For the

achieved synthe31s, after 5 minutes of the addition of silica precursor, the fluid
mixture became progressively turbid due to the appearance of silica. During the
filtration process, the difficulty in the separation of silica was found for TB, TDB, SA
and SDA. These materials were then separated by centrifugation. On the contrary, the
filtration was so facile for other mesoporous silica.

The determination of HPMSP molecules in the supernatant and washing

solutions of all successful syntheses by UV-Vis spectrophotometer revealed the
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inexistence of HPMSP molecules in all solutions. Accordingly, it could be concluded
that all doping molecules were achieve incorporated in each type of HPMSP doped
mesoporous silica.

4.1.2. Characterization of materials

The characterization of materials was performed for the achieved synthesized
non-doped and HPMSP doped mesoporous silica. The details of each result were
written as follow.

4.1.2.1. Determination of organic matters in silica
The organic matters in n .*:\‘1.\: e HPMSP doped mesoporous silica
determined by calcination (name 'f'a». ] d those calculated from starting
_.J

materials (namely calcul@as

Tables 4.2 and 4.3.

scrwendix IV were tabulated in

Table 4.2 Amounts of org on. zsoporous silica.
. CTAB gania A measured value
Silica Silica precufso e = y calculated value i
PIECUISOT | (mole ratio Mok 3 (%)
0.09 41572 k4 24 8 139.6
TEOS —
0.18 5327 Al 46, 115.8
F —_, s -
Calcined “ *-Ei‘iii L
mesoporous 0.09 234185 7 117.5
silica a ,
0. ' 91.09
= 1
0 m ™S - -
Silica gel 60 0.09 32.46 29.64 109.5
PO DTV {7 Y P
' il o

v ¢ o v/
ARIANNIUARIINE IR Y
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Table 4.3 Amounts of organic matters in HPMSP doped mesoporous silica.

. CTAB Organic matters (%) measured value .
Silica T calculated value
precursor Silica precursor ™ casured | calculated (%)
(mole ratio) wtiliG - "
0.09 45.27 46.40 97.56
TEOS
0.18 58.75 56.36 104.2
Calcined 0 25.78 30.53 84.44
mesoporous 0.09 49.85 46.26 107.8
—— 0.18 6.39 104.7
0 90.34
Silica gel 60 0.09 = |3 1132
0.18 |36 96.22
As shown in Tabl d'4: the i montents obtained from the
experiment were close s Ca the starting materials. These

results mean that not onl 0 that of surfactant are well

incorporated in silica. For s s al ich were slightly higher than
the theoretical values, it may be 9 T ﬂ — e amounts of physisorbed water and
chemisorbed water remained 1n : = "’_7 ‘__ﬁ‘ ework before the beginning of
calcination process. ﬁnmlly, the remo(al’ physi water and chemisorbed

water is achieved at b’*-—:‘-.—---';—"j:ﬂ'-"'""‘_“ I On the contrary, for the

-

experimental results whl:-ﬁ} we e cﬁulated values, these minor

differences were probably gue to the loss of so ajme surfactant. Actually, the latter was

observed in the mﬂuﬁgl%ﬂaww @ﬂo‘jneasure the fraction

weight lost duridg the calcination process the thermograv1metnc analysis—mass

s"““"'“%?ﬁc'm\ﬁ“f‘l‘ifﬁil‘lﬁ’l? NYIRE
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4.1.2.2. Investigation of organic molecules in mesoporous .silica by FTIR
spectroscopy

The presence of organic matters including HPMSP and CTAB molecules in
the modified materials could be determined using FT-IR technique. The resulting
spectras of non-doped and HPMSP-doped mesoporous silica were exhibited in
Figures 4.1 and 4.2, respectively.
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precursor: iA) TEOS, (B) calcined mesoporous silica and (C) silica gel 60. The
numbers in the bracket refer to the mole ratio of CTAB/silica precursor (dash-dot:

CTAB, solid: non-doped mesoporous silica)
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Figure 4.2 FT-IR sp'?cha of HPMSP ‘Jiilica synthesized from
various precursors: (A)*TEOS, (B) calcined nr s silica and (C) silica gel 60.

The numbers in the brae-ljet refer to the mole ratio of C%J—\B/sﬂlca precursor (dash-

“ AR ...

showed the charactenstlc bands of silica [14]. The peak at abouts 3416 cm’ was
s ) U4 PR 300 o e b iy s
water. The bands of the silica framework were also shown at 1050 cm™ and 794 cm’,

corresponded to the vibration of the asymmetric and symmetric stretching of Si-O
modes, respectively. The band of Si-O-Si bending mode appeared at 456 cm’. In
addition, the characteristic bands of CTAB at 2925, 2848 and 1482 cm attributed to
CH stretching were also observed in all spectra of non-doped mesoporous silica.

These results suggested that the templated molecules were actually contained in these

sorbents.
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The characteristic bands of silica and CTAB were also observed in all FT-IR
spectra of HPMSP doped mesoporous silica. Furthermore, two characteristic bands
corresponded to C=O stretching and aromatic C=C stretching of the pyrazolone group
were also shown at 1634 and 1588 cm™, respectively. These FT-IR results were the
evidence of the presence of HPMSP molecules in the modified silica.
4.1.2.3. Determination of accessible HPMSP

The determination of accessible HPMSP is aimed at investigating the active
HPMSP molecules in the modified mes orous silica. The experimental procedure
followed the method described by Bods 1 c{ﬂ] 10 mL of the mixture of heptane
and EtOH with the volume ratte.of . d as an extracting solvent. The
obtained results had shcw all 1 corpoTa@MSP molecules could be
completely extracted from sili Atje uld be cdncLuded that the accessibility of
; oLv nt s excellent This observation is in
i '@;exgp'ﬁs‘.}vorks [29, 39].

these molecules to the

accordance with the results

4.1.2.4. Crystallinity of )7 :S P \ ‘“

X-ray diffraction al téchmﬂle for the investigation of structure and
crystallinity of materials. T acfrpgra';g{ of all as-synthesized materials and the
corresponding calcined silica ere,f);sente 1in i s 4.3 and 4.4, respectively. As
seen, the crystal structure of the as-x esy ed n '_c_erials was obtained when the silica

structure of all as-synth}}ized silicas prepared from Siljgb gel 60 was amorphous.

These results implied thatynot only the silica precursor but also the mole ratio of

CTAB;silica preﬁ%IE)Jeég Piﬁflﬁﬁé‘]fﬁg Mn&}@eﬂ %h materials,

Considering the XRD patterng of most calcmed matenals the diffraction

peaks dl%w ?ﬂ ?w oii/’rmh ﬂyr the XRD
pattern of alcined non-doped mesoporous silica synthesized from 0.18

CTAB/TEOS mole ratio, the intensity of this spectra was found to be higher than that
of the corresponding as-synthesized sorbent. This observation indicated the better-
defined structure of materials and a slight shrinkage in pore size due to the

condensation of SiOH group after calcination.
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Tables 4.4 and 4.5 showed the d-spacing values of non-doped and HPMSP
doped mesoporous silica, respectively. As seen, these values decreased considerably
after calcination. The explanation of these results may be attributed to the
condensation of the silanol groups in the channel walls concomitant with the removal

of the surfactant template from the channels.
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Table 4.4 XRD results of non-doped mesoporous silica synthesized from various

silica precursors and different CTAB/silica precursor mole ratios.

As-synthesized silica Calcined silica

Silica mole ratio of ' )
precursor | CTAB : silica precursor 26 d-spacing 26 d-spacing
(degree) A) (degree) | (A)
2.260 39.06
0.09 4.060 21.74 2.500 3531
4.659 18.95
TEOS \\\iff 94 o | asa
0.18 ,&i_\w‘-& 2991 4440 | 1088
— 33 4969 | 17.77
U j ‘il L \ - -
Calcined ‘ 2.250 39.23
mesoporous 0 '/ 5 AN 3 2.650 | 33.32
silica 4. 35.03
0. = N\ 2.580 34.22
s |\ .00
0 e \ E -
Silica gel 60 0.09 o Al 1870, 21 2.129 | 41.46
0.1 N 5 - -
it -
Table 4.5 XRD results of HPMSP?G;T?d mesopor

..-f’_..f" ML

silica precursors and d}ﬁerent CTABsilica

£ Calcined silica
Silica mole@ v . .
precursor | CTAB : silica precursor 26 26 d-spacing
‘a (degw) (A) (degree) | (A)
H.uF.1 anolan o | ‘lﬂﬂ_{:
3 2009 7 LVM?&N (o3B[1]d - -
TEOS _” 4 1.960 45.03 1_@3 | -
™ o P f
Calcinea W ﬁ %i | §w§ti ﬁgg 33%378 Iﬁi LJ 5
mesoporous 0.09 2.290 38.55 - .
silica 0.18 2.319 38.06 " .
0 - - & -
0.09 42l 40,42 2.840 ‘| 31.08
Silica gel 60 6.918 12.77
g L os0 e 1.649 | 53.52
0.18 3341 56 42 2.369 37.26
4.018 21.97
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4.1.2.5. Surface area, pore volume and pore size

Nitrogen sorption analysis is a well-known method for determination of
surface area and textural properties of materials. This technique was then applied to
characterize the morphology of sorbents in this work. The specific surface area of the
functionalized materials was determined through the BET method. Tl‘1e pore size
distribution of the sorbents was analyzed according to the BJH model. The pore
volume of the calcined silica was calculated from the desorption volume at P/P equal

to 0.99.
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Figure 4.5 Nitrogen sorption isotherms of HPMSP doped mesoporous silica
synthesized from various precursors: (a) TEOS, (b) calcined mesoporous silica, (¢)
silica gel 60. The numbers in the parenthesis referred to the mole ratio of CTAB/silica

precursor used for the synthesis.
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The nitrogen sorption isotherms of different HPMSP modified sorbents were
shown in Figure 4.5. According to [UPAC, all isotherms could be classified as a type
IV isotherm with a H3 or H4 hysteresis loop characteristic of mesoporous material
with aggregates of plate-like particles and slit-shaped pores. Figure 4.6 showed the
pore size distribution of various HPMSP mesoporous silica. The narrow pore size
distribution was observed when the material was synthesized with the CTAB/silica

precursor mole ratio of 0.09 or greater.
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Figure 4.6 %JH pore diameters of HPMSP doped mesoporous silica synthesized from
various precursors: (a) TEOS, (b) calcined mesoporous silica, (c) silica gel 60. The
numbers in the parenthesis referred to the mole ratio of CTAB/silica precursor used
for the synthesis.

Table 4.6 displayed the BET surface area, pore volume and average pore
diameter of different HPMSP doped mesoporous silica. Their surface area seemed to

be increased with the increasing of CTAB contents. These results meant that the
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increase in template concentration promoted the ordered structural formation of
materials.
Table 4.6 Characterization results of different calcined HPMSP-doped mesoporous

silicas determined from N sorption experiment at 77 K and XRD measurement.

Type of silica
rzcl:ltl:':or Silica precursor | (M /g) | (cm’/g) | (nm) (nm) (nm) (nm)
P (mole ratio)
0.09 392 1.52 15.51 - - -
TEOS
0.18 6.74 23.34 17.96
Calcined 0 - - -
mesoporous 0.09 - - -
silica 0.18 - - -
0 . = -
Silica gel 60 0.09 3.11 10.77 0.19
0.18 0.88 | 859 3.73 12.92 433
S, BET surface area (m’/g) 1 \2 SOi t1 otal pore volume (cm’/g) obtained from
single-point volume at P/P, = 0.99; A Tas e di e culated from 4Vp/S; dg, d-value
100 reflections; a, = the latti ¥ | he i é@ formula a, = 2d;p,\3; w, pore
wall thickness was equaled t0 a,- e (v 37’ 4"

For the non-dope the materials which were

synthesized from TEOS we
isotherms shown in Figure 4.7 e,gﬁt

..d r"“.::’l 4 _,ﬁ
modified sorbent. The BJH results illustrated M ﬁnﬁrmed the mesopore of

e sorbent. Their N, sorption
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Figure 4.7 Nitrogen sorption isotherms of non-doped mesoporous silica synthesized
from TEOS with different mole ratios of CTAB/TEOS: (a) 0.09 and (b) 0.18.
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Y Z

Table 4.7 Characterizati
synthesized from TEO

measurement.
CTAB/TEOS S v
(mole ratio) (m?/g ]
0.09 4 :
0.18 1059 Y 3 12.23 9.51

ained om'Iji.g?rp : tal pore volume (cm’/g) obtained from

single-point volume at P/P, = 0.99; APD, average '
100 reflections; a, = the lattice pardmeieér, from the XRD data using the formula a, = 2d;9,\3; w, pore

wall thickness was equaled to a,-4PD. "f-'—

found that the surface afea of i SP 1 bent was lower than that of the

!

mesoporous silica. The decrease in surface area after the

incorporation of ﬁ jlﬁ‘i les might % mﬁﬁw of pendant groups
which partially 'i.l Lthe ion olecules' on the ‘surface and
consequently caused a decrease in thefsurface areasIn addition, theapore volume and

the averadd i alapbied 6 PSP Bpid esprbioms s et o b higher

than that of non-doped materials. These phenomena could be explained by the

corresponding non-doped

incorporated HPMSP which provided an expansion of the pore size and a decrease in

the void fraction. Furthermore, the pore wall thickness of silica was observed.
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4.1.2.6. Morphology of materials

The morphology of both as-synthesized non-doped and HPMSP doped
mesoporous silica synthesized from various silica precursors with the mole ratio of
CTAB/silica precursor equal to 0.18 was examined using scanning electron
microscopy (SEM) technique. The SEM images results of non-doped and HPMSP

doped mesoporous silica were displayed in Figures 4.9 and 4.10, respectively.

Figure 4.9 SEM image @

silica precursor.

1s5ku 1, a2 s B, 18um 270203

(b) (c) :
Figure 4.10 SEM images of HPMSP doped mesoporous silica synthesized from
silica precursor: (a) TEOS, (b) calcined mesoporous silica and (c) silica gel 60.
The SEM image of non-doped mesoporous silica revealed the round particle

of this material with some aggregates of smaller particles. The particle of HPMSP



45

doped mesoporous silica synthesized from TEOS was also spherical and its surface
looked like orange peel. Indeed, Boos and coworkers reported the multilamellar
vesicles of the surface of this modified sorbent [29]. For the HPMSP modified
materials synthesized from the calcined mesoporous silica or the silica gel 60, their
morphologies appeared lesser spheroid with much more aggregates. However, the
particle sizes of all synthesized sorbents were in the range of 10 to 45 um.

4.1.3. Extraction properties of materials

From previous researches [29, 3 e HPMSP doped mesoporous silica was
reported as an excellent sorbent for \h\

i di 0.1 MFNaNo: 2. This conditi th
extraction medium was 0. aNO; SO ’____DH . This condition was thus
applied in this work to i@e Cu(ID) w“ty of various HPMSP doped

mesoporous silica. The e Wwas |repea ree times and the results were

f Cu(Il) ions especially when the

plotted between the amo e type of silica precursor as

shown in Figure 4.11.
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Figure 4.11 The Cu(ll) extractability oped mesoporous silica synthesized
from various silica precursors and different mole ratios of CTAB/Silica precursor.

From Figure 4.11, it could obviously be seen that all types of the HPMSP

modified silica could extract the Cu(Il) ions quantitatively. Indeed, after placing the
functionalized sorbents in contact with the Cu(II) solution the color of these materials

was immediately changed to green which was the characteristic of a, Cu(PMSP),
complex. Considering the effect of various mole ratios of CTAB/silica precursor on

the extraction properties of such materials, it was found that the Cu(Il) extractability
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of the silica was decreased with the increasing of the CTAB/silica precursor mole
ratio when the silica precursor was TEOS or silica gel 60. On the contrary, these mole
ratios did not have any influence on the Cu(Il) extractability of the silica synthesized
from calcined material. However, the reason for these phenomena is still not clear to
us.

In addition, among various sorbents studied, the silica synthesized from TEOS
and especially with the mole ratio of CTAB/TEOS equal to 0.09 had shown the
highest Cu(Il) extractability. Consequent further experiments were focused on the
use of TEOS as a silica precursor for §h study of the synthesis of materials
and their extraction propertles ‘--!b

4.2. Influence of CTABW

doped and HPMSP doped mes

4

Hﬁﬁ'ﬁv
ratios on the '):w{lfsis and properties of non-

-

of synthesized materials fpr u(II) exﬁ'actablhty of HPMSP doped
mesoporous silica. Thus, in etior y was focused on the effect of
CTAB/TEOS mole ratio on the syn’ﬁ%m d pr op erties of materials. Five mole ratios
of CTAB/TEOS such aaO 09, O 12 O 18 0 24‘and 0. uef used for the synthesis of
non-doped and HPM loped mesoporous silica. The synthesis results had shown

that both non-doped anj HPMSP doped mesoporous s‘,_ll;ca could be successfully

synthesized. All obtained angsrials, except tbe,one which was synthesized from the

mole ratio CTW%}:{%J"H ﬂ%@dw Ejté'r}cﬂa%y Furthermore, the

results from UV%spectroscopy revez}led that all HPMSP molecules used in the

s RS M T NYAG B o

mMesoporous silica.

4.2.2. Characterization of materials

4.2.2.1. Determination of organic matters

The organic matter contents in non-doped and HPMSP doped mesoporous
silica synthesized from different mole ratios of CTAB/TEOS were shown in Table 4.8
and Table 4.9, respectively. It was found that their measured values were close to the
calculated values. These results implied that all the organic molecules were

successfully incorporated inside the silica.
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Table 4.8 The organic matter contents in non-doped mesoporous silica synthesized
from different mole ratios of CTAB/TEOS.

CTAB/TEOS Organic matters (%) M. SIS . 106
: calculated value
(mole ratio) measured value | calculated value (%)
0.09 33.17 29.89 110.9
0.12 39.53 36.24 109.1
0.18 49.26 46.02 107.0
0.24 54.93 A §3.20 103.2

0.30 5379L\\ lllép’ 91.65
L

Table 4.9 The organic pnteﬂfs mw doped mesoporous silica

synthesized from different mole

l ., 4*‘: "

oo
(%
0.09 97.56
0.12 1095
0.18 104.2
0.24 ¥ 7l 102.9
el 64.72 7)) - 0504 99.51

4.2.2.2. Elemental anau
The organic ma@rs n coulci,}l.lso be determined using
elemental analysis. This gegnique provideg_lthe data on the basis of C, H N

measurements. ﬁﬂlﬁé}lﬁﬂ ‘ﬁ?ow gﬁlloﬁiﬁnd HPMSP-doped

mesoporous silicalfrom three rephcated expenments and those calculated from the

10ma AT AT e e = v

Table 4.10 Elemental analysis results of non-doped mesoporous silica synthesized by
the mole ratio of CTAB/TEOS equaled to 0.18.

CTAB/TEOS % C %H %N

(mole ratio) | experiment | theory |experiment| theory | experiment | Theory

0.18 3442+0.11 | 3691 [7.60+0.10| 6.85 | 2.07=+0.09 227
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Table 4.11 Elemental analysis results of different HPMSP-doped mesoporous silica
synthesized from various mole ratios of CTAB/TEOS.

CTAB/TEOS %C % H %N

(mole ratio) | experiment | theory |experiment | theory | experiment | theory
0.09 40.47+0.06 | 36.33 |6.56+0.24| 5.77 | 3.03+£0.19 | 2.62
0.12 42.49+0.18 | 3944 |7.76+£0.18| 642 | 2.82+0.12 | 2.79
0.18 44.18+0.08 | 4448 |7.87+0.05| 746 | 2.89+0.26 | 3.05
0.24 4538 +0.08 | 48.43 |899+0.18| 828 | 3.03+0.04 | 3.26

0.30 46.03 + 0.06 5158& ‘ } 06| 894 | 3.13+£023 | 3.42

r@lues of organic matter contents

ical values of such sorbents.

synthesized with differenc
and 4.13, respectively From

incorporated organic s '1ecules in the rele
difference in the amoudj of CT AB
from these spectra since #hescharacteristic bands of CTAB appeared at the same

posiion s oy S o ) b 1 bk we ot conside

as a technique for‘Huantltatlve analysisy

ARIANN I URNINYAY

contained in the sﬂfhh could not be determined
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mole ratiosqof CTAB/TEOS (dash-dot: CTAB, solid: non-doped mesoporous silica).
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W%yenumber (em™)

‘W‘E’ﬁm 131N (g 11 N
mole ratios) of CT (dash-dot: PMSP doped
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4.2.2.4. Determination of accessible HPMSP

The accessible HPMSP results of each HPMSP doped mesoporous silica
synthesized from different mole ratios of CTAB/TEOS were excellent since all
incorporated HPMSP could be extracted out of the silica completely. These results
may lead to the profit in the metal extraction properties of this material.
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4.2.2.5. Crystallinity of materials
The XRD patterns of each non-doped and HPMSP doped mesoporous silica
synthesized from different mole ratios of CTAB/TEOS were shown in Figures 4.14

and 4.15. The d-spacing values of all materials were also summarized in Table 4.12.
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Figure 4.14 XRD patteris ’ B nthesized from various
(a) 0.09, (b) 0.12, (c) 0.18, (d)10:24, (e) 0.30 (solid line: as
synthesized silica, dot linesfcal¢cined silica). @
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Figure 4.15 XRD patterns of HFP {SP-dop 3. me: ;{{. ous silica synthesized from
various CTAB/TEOS mole ratio$¢£a}-0.09, (6) 012, (c) 0.18, (d) 0.24, () 0.30 (solid

. . oqe o 2,0 kil ™
line: as synthesized silica, dot line: calcined silic

The XRD patte ‘ 0

silica synthesized from va

=

nd £
I .

ious mole ratios of CTAB/TEOS presented the diffraction
peaks which e ?tf around 2°. On the
contrary, the Xb% nﬂaem ﬂm‘j observed when the
mole ratio of CTAB/TEOS used for the synthesis %as les of'é 0 @12, In
addltlon,ﬂr msn@ \11 mtsmaﬁnmgtaq w Erﬁ’xﬁﬂd or absent.

These phe omena were probably due to the loss of organic molecules during the

SP doped mesoporous

calcination process which promoted the collapse of silica’s crystalline structure.
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For the XRD pattern of the calcined non-doped mesoporous silica synthesized
from 0.18 CTAB/TEOS mole ratio, the intensity of this spectrum was found to be
higher than that of the as-synthesized sorbent. This observation might be due to better

ordering of the inorganic framework or increasing in scattering domain size and

thermal stability of the sorbent.

Table 4.12 XRD results of different non-doped and HPMSP doped mesoporous silica
synthesized from various mole ratios of CTAB/TEOS.

Non-doped mesoporous

ed silic

HPMSP doped mesoporous silica

CTAB/TEOQS |As-synthesized sili thesized silica | Calcined silica
(mole ratio) : x
26 d- _d-‘pagﬁ-‘h d-spacing-| 20 |d-spacing
(degree) | (A ( (A |(degree)| (A)
2.260 -
0.09 4060 | 214 T A\ 49.33 . :
4659 | 18, % (; A4
1.880 Y i W
1.8()'3"; g
2.281 | 38 PR 45.02
Bl frgié ) 0o | 2132 - -
4001 | 2206" | Sfgzgt" 33
4221 | 2091 el
— =
2238 rad0.44
3.840 | 2298 | 0 & 45.02
0.18 4381 || 4.039 i] 21.85 1309 | 67.42
: p 4969 | 17.77
L
HoE s Henns
WO belos O TILI T
p 2260 | 39.06
246001 3588 | 0.49 g e
*9 W’is\ﬁﬁ 2l du sl | adsl | Eroef) B0 | 2
259 | 20.72
5940 | 14.86
2300 | 38.37 1910 | 46.22
2.159 40.88
3.979 | 22.18 2.140 | 4124
0.30 2.580 | 34.21 4.260 20.72
4.540 | 19.44 6.379 1384 | 2459 | 3589
6.025 | 14.65 7263 | 12.16
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4.2.2.6. Surface area, pore volume and pore size.

The nitrogen sorption isotherm and pore size distribution of HPMSP doped
mesoporous silica synthesized from the different mole ratios of CTAB/TEOS were
shown in Figures 4.16 and Figure 4.17, respectively. As seen from Figure 4.16, all
samples were typical type IV N, adsorption-desorption isotherms with H3 and H4
hysteresis loop, indicating uniformly sized mesoporous structure with solid consisted
of aggregates or agglomerates of particles forming slit shaped pore. The BJH
desorption results from Figure 4.17 confirmed the mesopore of the modified silica

with narrow pore size distributior\l " alue of 4-15 nm. Furthermore, the
BET surface area, pore vol nd m ity were calculated using these
. . . — S — .

isotherms and listed 1nw. Ffom:@ when the mole ratio of

CTAB/TEOS used for the s eater than or equal to 0.12, the
surface area of the silica se ' h the increasing of CTAB/TEOS mole

ratio. The average por

materials.
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Figure 4.16 Nitrogen sorption isotherms of HPMSP doped rhesoporous silica
synthesized from various CTAB/TEOS mole ratios: (a) 0.09, (b) 0.12, (c) 0.18, (d)
0.24 and (e) 0.30.
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Figure 4.17 BJH pore diamet; porous silica synthesized from
various CTAB/TEOS mole ratios: f (c) 0.18, (d) 0.24 and (e) 0.30.
Table 4.13 Characterization results P-doped mesoporous silica
synthesized from variod‘gmole rati A OS d&rmined from N, sorption

experiment at 77 K and XRD.measurement. g,

v I TN RTT = T
(mole ratio) (m7/g) | (cm’/g (nm) | (nm (nm) (nm)

0.09 392 1.52 €] 15.51 - /- -

6747 | Y2334 17.96

024 ° 507 0.52 4.10 3.91 13.54 9.44

0.30 483 0.63 321 4.12 14.27 9.06

S, BET surface area (m“/g) obtained from N, sorption; ¥,, Total pore volume (cm’/g) obtained from
single-point volume at P/P, = 0.99; APD, average pore diameter calculated from 47p/S; d,q, d-value
100 reflections; a, = the lattice parameter, from the XRD data using the formula a, = 2d;0,\3; w, pore
wall thickness was equaled to a,-4APD.

Considering the pore wall thickness of silica, it was found that the material
synthesized from 0.18 CTAB/TEOS mole ratio had the highest pore wall thickness.
This result indicated the stability of this sorbent during the calcination process.
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4.2.2.7. Morphology of materials

The micro structural feature of HPMSP modified material synthesized from
different mole ratios of CTAB/TEOS was investigated. The results were shown in
Figure 4.18. The SEM micrographs showed the spherical shape of all silica particles
with some aggregates. It is also noteworthy that the aggregate particles were
minimized when the material was synthesized using the mole ratio of CTAB/TEOS
equal to 0.18. The particle sizes of all HPMSP modified sorbents were varied from 10
to 28 um as tabulated in Table 4.14. '

(2)

ISky #55eoq

(d) (e)

U K2, Bags

s S

Figure 4.18 SEM images of HPMSP doped mesoporous silica prepared with different

mole ratios of CTAB/TEOS: (A) 0.09, (B) 0.12, (C) 0.18, (D) 0.24 and (E) 0.30.
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Table 4.14 The particle size of mesoporous silica synthesized from different mole
ratios of CTAB/TEOS.

CTAB/TEOS Particle size (um)
0.09 11.67
0.12 16.67 -
0.18 10.00
0.24 27.78
0.30 10.83
4.2.2.8. Particle size ~ \\ _/-//._“

The particle size of HPMSP ouo sesoporous silica synthesized from
different mole ratios of

AD u/ \~1n ed using the Malvern laser
diffraction technique. The z€pr

\ urves of these materials based

[ 2 t
- ‘.

on volume were exhibited 4

O]

each material were summarized ﬂple{ 415 ‘

J‘dgag !

tly found particle sizes of

1 10 100 1000
Pore diameter (um)

Figure 4.19 Particle diameters of HPMSP doped mesoporous silica prepared with
various mole ratios of CTAB/TEOS: (a) 0.09, (b) 0.12, (c) 0.18, (d) 0.24 and (e) 0.30.
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From the experimental results shown below, it could be seen that the particle
size distribution of HPMSP doped mesoporous silica was narrow when the mole
ratios of CTAB/TEOS used for the synthesis of these materials was less than 0.12. On
the contrary, when the mole ratio of CTAB/TEOS used for the synthes’is was more
than 0.18, the particle size distribution of materials was fairly broad. In these cases,
two frequently found particle sizes of materials were observed. These results implied
that the amounts of CTAB used for the synthesis had a crucial role for the obtained

particle sizes of the sorbent.

Table 4.15 The frequently found pa'.‘rt‘q:\a' HPMSP doped mesoporous silica
prepared with various mole rati CTAB
CTAB/TEOS'— r—’—Partlcle size (um)

0.09 \ \ 96.25

0.12 - *-f;;k | . 5656

0.18 A% 13.22 and 52.66

0.24 é K\ 24.35 and 240.62

0.30 \ 8.36 and 190.03

7 N\

4.2.3. Cu(Il) extraction propefies ot 1 x ”'

The Cu(Il) extractablhtlgs . P doped mesoporous silica synthesized
from different mole ratios of CTA]i/T E/OS were determi ggl using batch and SPE
S

K parameters such as : :&Jq ple volume and initial
solution ‘k_:ﬁmtalmng 0.1 M NaNO; at
pH 2 with the initial concentration of 200 ppmywas used as metal ion studied and the

dise of sarbet ﬂﬂgjz&] The|dfadilld Sipdfiinls Veérd performed-in triplicate

and the results were shown as followsi.

21 RARAR NN TEU UV A

Thé relation between the Cu(Il) extractability of HPMSP modified sorbents

column method. The:

metal concentration wege_}bpﬁmmed -

and the mole ratio of CTAB/TEOS used for the synthesis was displayed in Figure
4.20. As seen, the amounts of Cu(Il) extracted seemed to decrease exponentially as a
function of CTAB/TEOS mole ratio. These results may be caused by an excess of free
CTAB molecules in the modified sorbents [29]. Indeed, the more positive charge,
which was augmented with the increasing of CTAB/TEOS mole ratio, created by the



59

free CTAB molecules on the silica surface, the more repulsion of metal ions was

occurred. Consequently, the Cu(Il) extraction was decreased.
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Figure 4.20 Amounts : ’traétédﬁby different HPMSP modified sorbents
synthesized from various i0s of Ci?AB/TEOS.

b ¥
i idd

4.2.3.2. SPE column me
In general, the me

level. Therefore, prior to m

; " .
o i ) :‘_4‘ d:‘

in am envﬁég_nental sémple are often present in trace
db_te_nmnau@ pre”concentration of such metal ions
is necessary. The extraction of-,el&nents 'd?ng.SPE column method is among the
popular methods to , y ort this se This technique has many advantages such as
low consumption olf"'fs;olvent, rapidity of extraction _fﬁnjnle and minimum waste
generation. In this work—,)'the extraction of Cu(Il) by HPMSP doped mesoporous silica
was also investigated by SPE. column method. The flow rate of 1 mL/min was
maintained for the whole.experiment. The extraction.was performed in triplicate. The
Cu(Il) extraction efficiency results ©f different HPMSP doped mesoporous silicas
synthesized from various mole ratios of CTAB/TEQS were displayed in Figure 4.21.
As'seen from Figure 4.21, the amounts of Cu(Il) extracted seemed to increase
proportionally as a function of the mole ratio of CTAB/TEOS used for the synthesis.
However, the reason for these observations is still not clear to us. Indeed, the more
positive charge, which was augmented with the increasing of CTAB/TEOS mole
ratio, created by the free CTAB molecules on the silica surface, the more repulsion of

metal ions was occurred. And in SPE column method the time of interaction between
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metal ions and CTA" was limited, thus the effect of CTA" on the Cu(Il) extraction

was probably minimal.
0.15
0.14

0.13

0.12 1

l/

—

— = - 9 e

Amount of Cu(II) extracted (mol/kg)

1 1 1 T T T 1
} 0:15 | 0:18 0.21 0.24_ 0.27 0.30 0.33
/Viole tatio of CTAB/TEOS

Figure 4.21 Amounts C
synthesized from varioﬁs 0

The comparison b 1, the amm.;ms of Cu(II) extracted by SPE column
method and those by bat ethod.. was éﬁbwn in Table 4.16. It was found that the
Cu(Il) extracted values obtmned'ﬁ'om SPEii‘Iél&xm method were lower than those of
batch method. However, the éolutin me_tﬁﬁd-:ﬁrewded }he short operating time of

extraction process Wﬁ Y

1ad >edure-reasonably fast. Moreover,
the amounts of Cu(Il')/ extracted by this dynamlc method.:were still satisfactory. Thus,
this technique was furtﬁer applied for the preconcentratn)n of trace metals contained
in real samples,

Table 4.16 Amounts ‘of Cu(II) extracted’ by "HPMSP! doped mesoporous silica
synthesized from various mole ratids of CTAB/FEOS using SPE.¢olumn and batch
method!

CTAB/TEOS Cu(1l) extracted (mol/kg)

(mole ratio) SPE column method Batch method
0.09 0.1099 + 0.0002 0.2887 £ 0.0011
0.12 0.1180 + 0.0002 0.2431 + 0.0020
0.18 0.1264 = 0.0004 0.2090 + 0.0022
0.24 0.1347 £ 0.0003 0.1850 + 0.0066
0.30 0.1423 £+ 0.0002 0.1633 £ 0.0113
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(i) Reproducibility of adsorption

The reproducibility of each sorbent synthesized from different mole ratios of
CTAB/TEOS for the extraction of Cu(Il) was investigated in 15 replicates using the
same metal solution medium as stated previously. The results were tabulated in Table
4.17.
Table 4.17 The amounts of Cu(Il) extracted by different HPMSP modified sorbents
synthesized from various mole ratios of CTAB/TEOS.

Extraction Amount of C‘i@ extracted (mol/kg) by each silica

number 0.09* | 01018 | 024+ | 030
1 0.1077- | 0.1156 01238 | 0.1313 | 0.1396

2 0407471 0.1159. | 0240 | 01335 | 0.1405

3 0088\ /01165 | 00252 | 01329 | 0.1409

4 o125 A/ 0.1202 | 032923, | 01364 | 0.1446

5 od118 Jfoames | 0u27zy, | oa3st | 01433

6 oﬁf / 0)119)}, 801278 0.1373 0.1442

7 0.1087/ |, /01169440 0.1249 | 01325 | 0.1406

8 01086 |.0117044 01249 | 01346 | 01413

9 0.1115 “ 01192 |7 0.1281 | 0.353 [ 0.1436
10 ,“0.1115“"'4*"7-";0.119213{7":-‘“'0.1281 01353 | 01436
11 | 0:102— 04187 042600 0.1363 | 01432
12 0.1086 | 01170 | 012517 | 0.1345 | 01413

- =

13 0.1111 | 0.1189 | 01277 | 01349 | 0.1434
14 0.1099 9/ £O.4183 [hA0A262 <f <0.1359 | 0.1428
15 01098 | “0.1182" | o'm264 | 01357 | 0.1427
Average ~ A 0.1100~ | 01184 |- 01265 o | ~00349 , | 0.1425
S.D. 0.00167 P*0.0015 ' | ' 00017 | 00016~ | 0.0015
% RSD 1.45 1.27 1.34 1.19 1.05

* These number were the mole ratio of CTAB/TEOS used for the synthesis of each modified silica.

As could be seen from Table 4.17 that the relative standard deviation of Cu(Il)
extracted by all HPMSP doped mesoporous silica was small, so these modified

materials possess an excellent reproducibility of extraction towards the Cu(Il) ions.
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(ii) Desorption .

One of the advantages of sorbents is their reusability. However, prior to reuse
the sorbent, the former analytes should be removed as much as possible. Thus, in this
study, the adsorbed Cu(Il) is eluted from the silica by nitric acid. This acid was chosen
since the nitrate ions were an acceptable matrix for flame AAS experiment. The
eluent concentration was varied between 0.5 to 1.0 M and the volume of nitric acid
used was 5 mL and 10 mL. The Cu(I) desorption efficiency of various sorbents
synthesized from different mole ratios of (IIJTAB/T EOS were displayed in Figure 4.22.
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0.5 MHNO,, 5 mL
0.5 MHNO,, 10 mL
1.0 MHNO,, 5 mL
1.0 MHNO,, 10 mL
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Figure 4.22 The Cu(li) desorption efficiency of various HPMSP modified sorbents

using different volumes and concentrations of eluent.

T

As seen; for the entireé desorption ‘condition studied, ithe Cu(II) desorption
efficiency of thetHPMSP modified sorbents seemed to decrease with the increasing of
the mol€)ratio of CTAB/TEOS wused ot the Synthesis)of materidls/The Cu(Il) ions
were completely released from the doping materials when 10 mL of 1.0 M HNO; was
applied. This condition was then chosen as an eluent for further desorption
experiments. In addition, with the materials synthesized from less than 0.18
CTAB/TEOS mole ratio, we encountered the problem of controlling their elution flow
rate at 1 mL/min. Thus, due to the synthesis facility, the excellent morphology and the
adsorption-desorption efficiency of materials, the HPMSP doped mesoporous silica
synthesized from 0.18 CTAB/TEOS mole ratio had been a selective sorbent for
further study in details.
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4.3. Profound study on the Cu(Il) extraction properties of an appropriate sorbent
using SPE column method.

From previous sections, the HPMSP doped mesoporous silica synthesized
from 0.18 CTAB/TEOS mole ratio had shown the excellent extraction péoperties due
to its high surface area and crystalline structure. Furthermore, the synthesis of this
material was facile. Thus, this silica was selected as a sorbent for profound extraction
experiments by SPE column method. The Cu(Il) solution in 0.1 M NaNO3; medium at
pH 2 was used as target metal due to the! strong selectivity between this ion and the
HPMSP molecules. Several parameters inc@d},ﬂow rate, sample volume and initial
metal concentration were inygstigated. :[J'he détﬁfz;’#each parameter was described as

folllow. o

4.3.1. Effect of flow ratge®™ o

The extraction and

ts were performed according to the method

i, | 3 ¥ 3 ) 3 "
ow-rate used in this experiment was Varied in the

—

described in section 3.3.
range of 1 to 4 mL/min. The flo rats' be_&w:l ml./min was unfavourable because of
long extraction time. sults of ﬂovﬁgat‘q effect on the extraction capacity of
HPMSP modified sorbent e sm_ggianzed;é :l'able 4.18.

Table 4.18 Effect of flow at@féilf-the C@{exﬂacﬁon and elution properties of

HPMSP modified sorbent synt‘hgsj%_d frommC,TAB/T EOS mole ratio.

Flow rate _-}, Extraction i . Elution
(mL/min) L7 (mol/kg) A (%)
1 Tl 0.1263 +0.0018 . 101.54£033
2 - 0.1261 % 0.0005 ©100.64+0.48
3 0.1256 £ 0:0007 100.68 + 0.51
4 0.1249 + 0.0005 101.07 + 0.48

From Table 4,18, the extraction-of Cu(Il) by HPMSP madified silica seem to
be decreased when the loading flow rate was greater than 2 mL/min. However, these
flow rates did not have any affect on the elution of Cu(Il) from the sorbent. Thus, for
practical usage and reduction of analysis time, the flow rate of 2 mL/min was selected

for further column experiments.
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4.3.2. Effect of sample volume on the Cu(Il) extraction

In general, the amounts of metal ions present in environmental samples were
in a trace level. To determine the trace elements in these samples, the
preconcentration of metal ions is thus required prior to analysis. Oftenly, the
maximum sample volume is passed through the column to obtain the highest
preconcentration factor. Thus, in this study, the effect of sample volume on the Cu(Il)
extraction behavior of materials was examined. The range of volume of Cu(Il)
solution loaded into the SPE column was from 25 mL to 45 mL at 5-mL intervals.
The flow rate of 2 mL/min was used for tﬁy/ybole experiment. The Cu(Il) extracted
values as a function of sample volume were shown in Figure 4.23. It was found that
the Cu(Il) extractability o __‘gle,sorbent as not affected by the sample volume loaded
for the entire range stggmd/ wever, then considering the relation between the

sample volume and the ;extractl n efﬁc1ency shown in Figure 4.24, it was

: N at ethbnum decreased with the increasing of
ha; the "HP&/ISP modified silica was probably already
saturated when the volume of u(II*) loadgd was 25 mL Consequently, it could not

."‘4 o
retain additional Cu(Il) io en much mprf sample volume was applied.

found that the percentagedex

sample volume. This‘me
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Figure 4.23 Effect of sample volume on the Cu(Il) extraction efficiency of HPMSP
modified sorbent.
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4.3.3. Determination off€olumun’capa % \

T
25

The capacity of gorben
; . e ( %)
is required to quantitatively tem \é .
dldeaa ¥
In this work, the column capagity of HP
"'\
using Cu(Il) solution in 0. M M

concentration was varied fi m T

nedium at pH 2 and the range of Cu(ll)
: ppm. The flow rate used through the

experiments was 2 mL/min. Fhe bt e shown in Figure 4.25.
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Figure 4.25 Effect of initial concentration on the Cu(Il) extraction capacity of
HPMSP doped mesoporous silica.
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From Figure 4.25, the Cu(Il) extractability of HPMSP modified silica seemed
to increase with the increasing of initial concentration of Cu(Il) and reacﬁed a plateau
when the concentration of Cu(Il) was > 300 ppm. The adsorption isotherm type of the
sorbent could be determined by plotting the amounts of Cu(Il) extracted (Nf) against
the concentration of Cu(Il) at equilibrium (Cc). The obtained profile shown in Figure
4.26 (a) gave best fit for the Langmuir model. The maximum extraction capacity of the
sorbent (N;) which could be calculated from the slope of the straight line obtained
from the plot of C./N¢ versus C. as showp in Figure 4.26 (b), was found to be 11.21
mg/g (0.1764 mol/kg). Also, the equilibﬁuﬁ_’;,tf/onstam of the extraction (Kr) calculated
from the intercept of the Langmuir plot was founid to be 0.0169 mL/mg. This value
was superior to Cu(Il) eﬁrggtion capag;ty of other functionalized sorbents reported

elsewhere (i.e. 0.0780 I;e)l.ﬂ((g’@fmrco ium phosphate functionalized silica [42] and

0.1561 mol/kg for octa Lca membrane disks modified by glyoxime derivative
[37D). /="
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8 ® Y -
°

~ 64
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Figure 4.26 (a) Adserption dsotherm of Cu(Il) on/ HPMSP deped mesoporous silica

obtained from column method and (b) Linearization of the adsorption isotherm.

4.3.4. Reproducibility

The reproducibility of the Cu(Il) extraction by HPMSP doped mesoporous
silica synthesized from the mole ratio of CTAB/TEOS equal to 0.18 was also
performed using column method with a flow rate of 2 mL/min. The results obtained
from five experiments were tabulated in Table 4.19. It was evident that this HPMSP
modified material had excellent extraction reproducibility since the percentage of the

relative standard deviation was relatively low.
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Table 4.19 The amounts of Cu(Il) extracted in different experiments by HPMSP

doped mesoporous silica.

Experiment number Amounts of Cu(Il) extracted (mol/kg)
1 0.1263
2 0.1263
3 0.1260
4 0.1260
5 1My 0.1256
Average VR 0.1260
S.D. = Y
% RSQue—0y) | & 024

4.3.5. Reusability
The reusabili

i,o_ile‘, of the major objective for most researches
concerning the develo rbe;nt:beqause it can reduce the cost of sample
separation and waste di c;f démoést?ate the potential reusability of HPMSP
modified silica, this sorbgnt was then s‘uﬁjet:ted t0_several adsorption-desorption
experiments. The adsorption as:a.’med m;ﬁ?. loading 25 mL of 200 ppm of Cu(Il)
in 0.1 M NaNO; medium at pH‘ 2—and thef_eséfptwn was performed using 10 mL of
1.0 M HNO; as eluuon agent. ’Th‘e*Cu(Il) dﬂso‘rp‘tlon-de Jprptlon cycle was repeated
five times on the sanie-serbent.—The-flow rai —~:::..’;:::e- ained at 2 mL/min for the

whole experiment. TheTFsults of each cycle were summarized in Table 4.20.

Table 4.20 The amounts of Cu(Il) adsorbed and desorbed on the HPMSP modified
sorbent from each extraction cycle.

Amounts of Cu(1)
Cycle-number — .
Adsorption(mel/kg) Desorption (%)
1 0.1263 £ 0.0013 100.42 + 0.50
2 0.1263 = 0.0013 100.49 + 0.53
3 0.1260 + 0.0012 100.76 = 0.51
4 0.1260 = 0.0007 100.41 £ 0.32
5 0.1256 +£ 0.0017 100.85 = 0.76
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From Table 4.20, no change in the sorption capacity of the HPMSP modified
silica was observed even after five cycles of adsorption-desorption. The Cu(Il) uptake
obtained in the first sorption cycle was reached again in any of the subsequent cycles.
The percentage desorption was also totally accomplished for all cycles. On account of

its reusability, this sorbent was thus a promising candidate for large scale application.

4.4. Application of the appropriate HPMSP doped mesoporous silica to the
extraction of other metal ions
Apart from the extraction of Cu(Ib/ &w HPMSP doped mesoporous silica
synthesized with 0.18 CTAB/TEOS rnole ratlo—'W'ﬁs also applied to the extraction of
other metal ions such as Z;xiﬂl_), Fe(IIl) d MadID). V'a.nous parameters influenced the
extractability of the nz}:?t{rbent ere mvestlgated in both batch and column
methods. The results of thod we descnbed below.
4.4.1. Batch method
4.4.1.1. Reproducibili
The reproducibi

MSP déped mesoporous silica towards the metal

.-‘J'"i

200 ppm /Zn(II) solution in 0.1 M NaN O3 medium
non~dope?7;;§§op6rous silica synthesized from the

extraction was examined
at pH 3 as metal solution.
same mole ratio of CTAB/TEOS_ was alsp—scr_ved as comparative sorbent for this
study. The extractloniexpenments ‘were rei;ea?e& nme gines and their results were
shown in Table 4.21, j_ | :J

Table 4.21 The amojl-y‘lts of Zn(Il) extracted by nq_;_lj-doped and HPMSP doped

mesoporous silica synthesized with 0.18 CTAB/TEOS mole ratio.

Amounts of Zn(Il) extracted (mol/kg)
Extractiomnumber
Non-doped silica HPMSP doped silica
1 0:2610 0.3085
2 0.2754 0.3251
3 0.2897 0.3349
4 0.2678 0.3193
5 0.2859 0.3362
6 0.2856 0.3351
7 0.2906 0.3378
Average 0.2805 0.3297
S.D. 0.0118 0.0101
% RSD 4.17 3.05
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As seen from Table 4.21, the reproducibility of both sorbents to the extraction of
Zn(II) appeared rather good since the percentage of the relative standard deviation
was low. Considering the Zn(Il) extractability of both sorbents, it was found that the
HPMSP modified silica had better Zn(II) extraction efficiency than that of non-doped
mesoporous material. This phenomenon might be explained by the' association
complexes formed between HPMSP molecules and the metal ions.
4.4.1.2. Effect of amounts of silica

One of the key parameters in the evaluation of the metal extraction was the
amounts of sorbent. In order to elucidate’ the influence of this parameter, the
experiment was carried out using 200 ppm 6F anﬂ) solution in 0.1 M NaNOj at pH 3
as a metal solution and the amounts d'f non-doped and HPMSP doped mesoporous

silica were varied from 0,025 ¥0.200 g The extracted values of Zn(I) ions by both
sorbents were presented)(e{m9 of adsok_aent dose profile versus the Zn(II) extracted

values as displayed in Fi}yé{}.’?]. PR
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Figure 4.27 Effect of amounts of non-doped and HPMSP doped mesoporous silica on
the extraction'of Zn{l).

It could be observed from Figure 4.27 that on increasing the adsorbent dose the
Zn(IT) extracted values were enhanced sharply and reached its maximum value when
the amount of sorbents was more than 0.15 g. Furthermore, the amounts of Zn(II)
extracted by the HPMSP modified sorbents were higher than those of non-doped
silica for the whole range of silica extent studied. These results may be explained by

the same reason as described previously in 4.4.1.1.
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4.4.1.3. Determination of Zn(Il) extractability of silica

The Zn(II) extractability of non-doped and HPMSP doped mesoporous silica
was determined using the Zn(II) solution in 0.1 M NaNO; medium with the
concentration of Zn(I) varied from 100 to 300 ppm. The results were displayed in
Figure 4.28. As seen, the plots between the amounts of Zn(Il) extracted by both
sorbents and the initial concentration of Zn(II) were continuous curves leading to
saturation when the concentration of Zn(Il) was greater than or equal to 200 ppm.
These results suggested the possible monolayer coverage of Zn(Il) on the surface of
the sorbents. In fact, at lower metal concefpt/rptlon the ratio of number of moles of
Zn(II) in solution to the available surface atea was low and hence the adsorption was
dependent on the initial cbhc':cntration.JOn the contrary, at higher concentration the

g—

available sites of the sorb édso ion were less and hence the metal extraction

eml con ntratlon
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Figure 4.28 Effect of initial concentration on the Zn(II) extraction efficiency of non-
doped afid HPMSP hodified silicas.

To investigate the adsorption isotherm type of both materials, the amounts of
Zn(II) extraction (N¢) were plotted against the concentration of Zn(Il) at equilibrium
(Ce) as shown in Figure 4.29 (a) and 4.30 (a) for non-doped and HPMSP doped
mesoporous silica, respectively. From those figures, both obtained profiles gave best
fit for the Langmuir model. The maximum extraction capacity (Ns) and the
equilibrium constant (K.) of both sorbents could be determined by considering the
plot of C¢/N¢ versus C as shown in Figure 4.29 (b) and 4.30 (b). Their (results were
tabulated in Table 4.22. As seen again from that table, the Zn(Il) extractability of
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HPMSP modified silica was greater than that of non-doped mesoporous silica. This
result may be due to the presence of chelating ligand inside the HPMSP modified
silica. In addition, the Zn(II) extraction efficiency of both sorbents in this study was
relatively greater than that of other functionalized silica (i.e. 0.18 mol/kg for 1,8-
dihydroxyanthraquinone modified silica [43] and 0.2200 molkg for 2-
aminomethylpyridine molecule grafted silica gel [44]). t
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Figure 4.30 (a) Adsorption isotherm, of Zn(Il) on HPMSP doped mesoporous silica 5
and (b)Lineérizatich ofjthe\adsorptionisotherm,

Table 4.22 The maximum extraction capacities and equilibrium constants of non-

doped and HPMSP doped mesoporous silica.

Type of silica | Maximum extraction capacity Equilibrium constant
(mol/kg) (mL/mg)
Non-doped 0.3016 0.0462
HPMSP-doped 0.3558 0.1372
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4.4.1.4. Effect of pH on Zn(1l) extraction

The sample pH is of prime importance for efficient retention of the trace
elements on the sorbent. Careful optimization of this parameter is thus crucial to
ensure the quantitative retention of the trace elements and in some cases selective
retention. In this work, the influence of pH on the extraction of Zn(II) by HPMSP
doped and non-doped mesoporous silica was investigated in the pH range of 2 to 5
adjusted by nitric acid. The Zn(I) ions was in aqueous solution or in 0.1 M NaNO3
medium. The results were depicted in Flgure 4.31.
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Figure 4.31 Amounts of Zn(ﬂ) extractea_ by non-doped and HPMSP doped
mesoporous silicas from (a) aqueous solutloxyapd (b) 0.1 M NaNO; medium.
It was obv1ously-‘seen from Figure 4.31 that the Zn(g) | extractability of materials

was poor at low pHufnd increased with the increasing BP] pH value. Indeed, as the
point of zero charge (pzc) of silica was found at pH 2. So when the pH of solution
was at this value the silica surface wastalmost silanol group (SiOH), thus the
extraction was not favored. On the contrary, at pH greater than 2 the silica surface
was negatively charge (SiO”). The adsorption of Zn(Il) species was thus promoted.

This dissociation of silanol group on the silica surface could be expressed as:

SiOH," &= SiOH <= SiO" 4.1

Considering the effect of medium, it was found that the maximum Zn(Il)
extractability of both sorbents was reached at lower pH value when the metal solution
contained NaNOQO;. This phenomenon is the advantage for the application of this

modified silica to the extraction of metal from industrial samples containing salts.
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In addition, the amounts of Zn(Il) extracted by both materials were minor
different. These observations indicated that the HPMSP molecules incorporated in
silica might not affect significantly the Zn(II) extraction. '
4.4.1.5. Effect of foreign ions present in metal solution

The knowledge of effect of foreign ions present in metal solution is necessary
prior to apply the sorbent to the extraction of metal from various aqueous samples,
including natural water, seawater and industrial wastewater, which contain several
salts. The influence of foreign ions on the Zn(IT) extraction efficiency of non-doped
and HPMSP doped mesoporous silica waé‘/éus carried out using the Zn(Il) ions in
aqueous solution or in 102 M'HNO; as medlum-"l'f_xr,ee salts including sodium acetate,
sodium nitrate and soq_gg chlonde with=0.1 M concentratxon of each were

investigated. The resul%layed ’i)elow
2°% @ &l = N
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None NaOAc NaNO;  NaCl None NaOAc NaNO; NaCl
o :E — .a o
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Figure 4.32 Effect of foreigiirions present in 'metal solution on the Zn(Il) extractability
of non-doped 'and ‘HPMSP: doped_mesoporous. silica ‘when ithe experiments were
performed (a) in aqueous solution and (b) at pH 2,

It ds noteworthy from Figure 4.32 that|the Zn(Il) extractability of both sorbents
was increased with the presence of salts in metal solution. These results were
probably due to the replacement of CTA" on the surface of silica by Na* present in
solution. Consequently, the steric hindrance on the surface was decreased and the
extraction efficiency was promoted. Furthermore, when the extraction was occurred in
aqueous solution, the highest extraction was obtained when the metal solution
contained NaNO; salt. On the contrary, when the extraction experiments was
performed at pH 2, the NaOAc salt seemed to be the most influence salt for the
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enhancement of Zn(Il) extractability. This phenomenon may be caused by higher pH
of the metal solution due to the hydrolysis of acetate ions. The increase in Zn(II)
extraction efficiency of these materials due to the presence of salts in metal solution is
the advantage when applied these sorbents to the metal extraction from real samples
containing several foreign ions. |
Considering the amounts of Zn(Il) extracted from aqueous solution and those at
pH 2, it was found that the amounts of Zn(I) uptake were lower when the extraction
was performed at pH 2. This decrease in .'Zn(II) extractability was probably due to the
competition between the Zn(Il) ions and I amounts of proton present in metal
solution. Consequently, the available active.-Site.}wg%‘;rreduced. In addition, the amounts
of Zn(Il) extracted by HP’KEQ doped o €SOpOrous 7sﬂ‘ica were higher than those of
non-doped mesoporous sili all mediums studied. These results might be due to
the presence of HPMSIM insideithe silica as previously stated.
4.4.1.6. Effect of zinc sour /7%
The influence of

C

Figure 4.33. =, =; -

As could be seeg from Flgure 433 (a), WI;;n the eﬁtractlon was performed in
aqueous solution, thQﬁghest Zn(II) extractability of both .s_di‘bents was obtained when
Zn(NOs), was used aswgzmc source. On the contrary, tj_ag lowest Zn(II) uptake was

obtained when Zn(OAc), was used. These_ results could be explained by the steric

hindrance of thesacetate-anion present in metal solution. The comparison between the
capacities of both'sorbents to the extraction of Zn(II) from aqueous solution and those
at pH 3 had Shown'the @iminution) of the Sorbent Capacities wheil\the extraction was
performed at lower pH. This phenomenon was probably due to the effect of protons

present in metal solution as described previously.
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Figure 4.33 Effect of zinci‘dsoureei-lon thé-iq(ll) extractability of non-doped and
HPMSP doped mesoporous sﬂlca’from dlﬁ‘p’rent mediums: (a) in aqueous solution,
(b) in aqueous solutlor; with the presence of O l M NaNO;; (c) at pH 3 and (d) at pH 3
with the presence of \07 1 MNaNO;. _-:_J'

Considering the ___,_effect of NaNOj; present in ;metal solution, the Zn(Il)
extractabilities of both sorbents were significantly enhanced with the presence of this
NaNOs; salt. These results seemed- to be the advantage of both materials for the
extraction of Zn(Il) from real samples containing this kind of salt. Interestingly, for all

conditions Studied, the, HPMSP. doped‘meSoporous silica fiad higher Za(II) extraction

capacity than the non-doped mesoporous silica. This higher capacity was resulted
from the anchored organic molecules as previously mentioned.
4.4.1.7. Effect of NaNO; present in metal solution

As previously mentioned in section 4.4.1.5, the presence of NaNO; in metal
solution enhanced significantly the Zn(Il) extractabilities of HPMSP doped
mesoporous silica. In this study, the effect of this salt on the extractability of other
metal ions by HPMSP modified silica was then performed. The six target metal ions
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were Co(II), Cu(ll), Fe(Ill), Ni(Il), Mn(Il) and Zn(II). The obtained results from
triplicate experiments were displayed in Figure 4.34.
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Figure 4.34 Effect of N 'th‘e:' exégciion of different metal ions: by HPMSP

doped mesoporous silica. 2 5‘ i

It is obviously seen orrL‘Figure 41‘-{3’4-that the presence of NalNO; in metal
solution enhanced 51gmﬁcantly {he metabeftractablhty of the HPMSP modified
sorbent especially for, the extractIon of Feﬁlﬁ" These re?ults may be caused by the
replacement of C'L" o ' e of silica Iﬁa present in solution.
Consequently, the sterib hindrance on the surface was “decreased and the extraction
efficiency was promoted
4.4.1.8. Kinetic'of metal eéxtraction

The sorption Kinetic studies were carried out to determine the equilibrium time
of extraction of the HPMSP. modified sorbent. The-Fe(II). Mn(ID)-and Zn(II) were the
three metal ions 'studied. ‘The meétal concentration was 200 ppm ‘and' the extraction
medium was 0.1 M NaNO;. The kinetic of each metal extraction experiment was
performed in triplicate. The profiles of amounts of each extracted metal as a function

of time for the three metal ions were displayed in Figure 4.35.
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From Figure 4.35,the ki é'cin'ée‘for Fe(Il) ions revealed that the extraction

of these ions was extrem d.in| the;sﬁnst few minutes, reached the equilibrium

after approximately 48 d remameﬂ‘. constant for 24 hrs which represented the
ot ..-‘J'-}* L
saturation of the active sites/of the' modx{j,ed material and the possible monolayer

coverage of these metal io onﬁhe sorbent_ gtrface For the extraction of Zn(IT) and
Mn(Il), the kinetic behaviors _Were. &mlla;"‘ﬁz_that of Fe(IIl), the extraction reached
eventually a plateau\,_ within 600 min, and remained _sat_i:igated until the end of the
experiment (24 hrs!}.?hlese results implied that 7&6—@ﬁon time used for all
previous batch experint;bnts was sufficient 0 attain the extraction equilibrium. In
addition, it was noteworthy,that the time of 50'% sorption (t;,2) for all three metal ions
was less than 20°min. This sHort tinte indicated the rapid Kinetié extraction of HPMSP

doped mesoporous material.

4.4.1.9! Selectivity of material to metal extraction

The ability of sorbent to seleétive extraction of metal of interest from samples
contained several metal ions is a prime importance. In this work, the selectivity of
non-doped and HPMSP doped mesoporous silica to the extraction of metal from
mixture solution of three metal ions including Fe(IlT), Mn(Il) and Zn(I) with 66.67
ppm as a concentration of each were determined. The obtained results were displayed
in Table 4.23.
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Table 4.23 The amounts of each metal ion extracted by batch method from mixture

solution using non-doped or HPMSP doped mesoporous silica as a sorbent.

Extraction (mol/kg)
Type of metal
Non-doped silica HPMSP doped silica
Fe(III) 0.0000 = 0.0000 0.1485 + 0.0025
Mn(II) 0.0109 £ 0.0032 0.0390 + 0.0025
Zn(10) 0.0828 + 0.0032 0.1126 + 0.0025

The results from Table 4.23 reveﬁl_pd t the metal extractability of HPMSP
doped mesoporous silica was_higher than ‘ _,{t:gpn-doped mesoporous silica for all
metal ions studied. It is also.noteworthy for the extraction of Fe(IIl) that these metal .
ions could not be extratted by the on-doped mesoporous silica. These results:
suggested that the HP i
extraction. The metal

d/mesoporous silica had strong selectivity to Fe(Ill) -

’ cxengy of HPMSP doped mesoporous silica
towards the metal ions o be m—&us order: Fe(ll) > Zn(II) >> Mn(II).

4.4.2. SPE column me ‘-:' i

4.4.2.1. Determination of column 'c@acityfd'r the extraction of Fe(IIl).

Apart from Cu(1l),
was also determined for the ex’tt-'aenon ofﬂﬁﬂ) This element became the ions of
interest since it could not be extracted by {he'hon-dope? silica. So the amounts of
Fe(Ill) extracted by HPM 1 : ity
chelating molecules msrde the sorbent. In this work, the'F e(IIT) extraction capacity of
the HPMSP modified sﬂlca in the column was determined using Fe(III) solution in

0.1 M NaNOs; medium¢ The range of Fe(Ill) concentration-was; varied from 100 ppm

to 300 ppm. The flow rate was fixed at 2 mL/min for the whole experiments. Each
concentration was performed in triplicate. The results which illustrated in Figure 4.36
revealed that the available active sités 0f silica on thie Fe(IlI) extraction were saturated
when the concentration of Fe(IIl) was greater than or equal to 200 ppm.
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Figure 4.37 demo ngmu orption isotherm type of the
extraction results. The ¢ ion, ‘ linearization of the Langmuir plot gave
the maximum extraction ca ao{ﬁd the lum constant equal to 10.19 mg/g
(0.1825 mol/kg) and 0 0167 m_I,;tgtg,r sspectively. This obtained extraction capacity

was superior to the Fe(Ill) extraction capacity of other | netionalized silica reported
elsewhere (i.e. 0.0025‘mol/k he Fe apacity of iminodiacetic groups
modified silica [45], 0.0038 mol/kg for wakogel C-100 (ulca gel) [46].
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Figure 4.37 (a) Adsorption isotherm of Fe(Ill) on HPMSP doped mesoporous silica
obtained from column experiments and (b) Linearization of the adsorptioﬁ isotherm.
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4.4.2.2. Selectivity of material to metal extraction.

The selectivity of sorbents to the extraction of various metal ions was also
determined by SPE column method using 2 mL/min as a flow rate. The mixture of
three metal ions including Fe(Ill), Mn(Il) and Zn(Il) with 66.67 ppm as a
concentration of each was used. The results of metal extracted values expressed in
mol/kg from three replicate experiments were exhibited in Table 4.24.

Table 4.24 The amounts of each metal ion extracted by SPE column method from

mixture solution using non-doped or HPMSP doped mesoporous silica as a sorbent.

Type of metal f)ﬁt/ractlon (mol/kg)
Non-doped T HPMSP doped silica
Fe(IIl) o 0.0000 4 0.0000 | 0.1139 = 0.0025
Mn(TD) i /6 0067 ¢\0 .0032 0.0175 £ 0.0025
Zn(ID) P4 ﬂ ‘0081 i'b 0032 0.0252 £ 0.0025

From Table 4. 2/

almost absent. On the ¢on

sorbent was found to follow

pxtrac b;hty of non-doped mesoporous silica was
the¢meta44 ‘adsorption capacity of HPMSP modified

."'-v

e o;rder FepIIS >> Zn(Il) > Mn(Il). This order was
p,ateh method. .

_.-

4.5. Application of HPMSP do]fed mesopot‘du?' silica to /ne removal of metals from

industrial wastewatérj ~ J

s
As previously n‘lgntioned, the HPMSP doped mesoporous silica can act as an

consistent with that reporte

effective sorbent for metal extraction. In this section,"—:che feasibility of using this
modified silica”tothefréemovalof metals=from industrial, wastewater sample was
demonstrated.

4.5.1. Removal of Pb(ID) and Zn(ID)

Two sources 'of ‘industiial’ wastéwater weré used lin this Sectien. The sample
containing Pb(Il) was collected from an electroplating factory at Bangkhen in
Bangkok and the other sample containing Zn(Il) was collected from a rubber factory
in Chonburi. Prior to analysis, both samples were filtered through a 0.45 um cellulose
membrane. The extraction experiment was performed in triplicate using both batch
and SPE column method. The sample volume used in each experiment was 25 mL.
The obtained results in Table 4.25 demonstrated the successful application of this
sorbent to the removal of Pb(II) and Zn(II) from industrial wastewater samples.
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Table 4.25 The amounts of removed metal ions from industrial wastewater using
batch and SPE column method.

Extraction (mol/kg)
Type of metal
Batch method SPE column method
Pb(II) 0.0941 + 0.0001 0.0165 + 0.0009
Zn(1) 0.1904 + 0.0009 0.0270 + 0.0010

4.5.2. Removal of metals from wastewater;sample containing different metal ions

In general, wastewater samples confaﬂx;d various metal ions. In this work,
the application of HPMSP incdified sﬂlca wasﬁzlused on the removal of three metal
ions including Fe(III), Mn_al)md Zn(Il). The wastewater sample was from Bangpoo
Estate in Samutprakam,%/ 0/extra tion experiments, the samples were filtered
through a 0.45 um cell)/

particles. The amounts c

e to remove the contaminants and capture all

etal Lt;ﬁs containing in the samples were also
determined using AAS. It dsthat‘}hc:‘ content of these metal ions were below
the detection limit of T ent. Thué to demonstrated the feasibility of using
this sorbent for the removal of me-tals frofyj wastewater sample containing different
spﬂied some: z{mmgnts of metal ions into the sample. In
this work, 34 mL of 200 ppm of each 1onslwexg spiked into 100 ml of wastewater
sample. So, the cogcdntratlon of each metal in the solﬁt;on was 66.67 ppm. The
extraction expenmem/(yas performed in triplicate using t be{h batch and SPE column
method. The sample volume used in each experiment was 25 mL. The results of each

metal ions, it is necessary

extracted ion expressed ift mol/kg were compiled in Table 4.26. As seen, this sorbent
could extracted efficiently all metal ions studied especially the Fe(IIl) ions from the
wastewater sample.

Table 4.26 The amounts of each extracted metal ions from“wastewater sample
containing different metal ions by batch and SPE column method.

Extraction (mol/kg)
Type of metal
Batch method SPE column method
Fe(1IT) 0.1486 + 0.0022 0.1142 + 0.0023
Mn(1I) 0.0394 + 0.0025 0.0176 + 0.0025
Zn(1I) 0.1123 £+ 0.0023 0.0256 + 0.0022
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