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ABSTRACT: Two controlled-pore silica phases were pre-
pared with a sol–gel precursor from a sodium silicate solu-
tion. N-Propylsalicylaldimine was immobilized on these sil-
ica species to be used as chelating ion exchangers (IE11 and
IE2). The monomer phase was also prepared for compari-
son. The N-propylsalicylaldimine moiety was detected by
Fourier transform infrared and ultraviolet in both the ion
exchangers and the monomer phases. 1H-NMR and mass
spectrometry of the monomer also confirmed the structure.
The capacity (C) of the ion exchangers was dependent on the
porosity of the ion exchanger (CIE11 � 0.36 mmol of Cu/g

and CIE2 � 0.026 mmol of Cu/g). The uptake behavior of
IE11 toward some metal ions was studied, and log distribu-
tion coefficient (kd) was within the range of 2.19–5.16. Also,
thermogravimetric and differential thermogravimetric anal-
ysis data were used to study the kinetics of the thermal
decomposition process of IE11. Some thermodynamic pa-
rameters for the ion exchanger were calculated by the ap-
plication of the rate theory of the first-order reaction. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 88: 3159–3167, 2003
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INTRODUCTION

Because of the low concentration of heavy metal ions
and possible matrix interference, separation and pre-
concentration are prerequisites for determination.
Various methods, such as electrodeposition, coprecipi-
tation, solvent extraction, evaporation, and freeze dry-
ing, can be used before determination.1–7 Among the
different separation techniques, the chelating ion ex-
change method is advantageous because the sorbent
(ion exchanger) is totally insoluble and inert to the
solution. Also, the ion exchange method has a low risk
of contamination. Many common chelating ligands
have been immobilized on different supports to be
used as chelating ion exchangers. 8-Hydroxyquinoline
has been immobilized on polymeric vinyl solid sup-
ports,8 spherical cellulose,9 and fluorinated metal
alkoxide glass (MAF-8HQ).10 Pyridylazo-�-naphthol
(PAN) has been bonded to chemically modified chlo-
romethylated polystyrene.11 Izatt et al.12 enriched
traces of Ag� and Hg2� by the retention of their ions
on silica-gel-bound diazo-18-crown-6,3.

Silica has attracted particular interest as an impor-
tant alternative support for the immobilization of che-
lating agents because it is commercially available, has
good mechanical stability, and is less susceptible than

organic polymers to microbial and nuclear degrada-
tion, shrinking, and swelling.13,14 However, silica has
two serious disadvantages. First, it is susceptible to
hydrolysis at pH higher than 10, and so the working
range is limited to lower pH values. Second, it has a
small surface area, which yields a lower capacity. For
the surface area to be enlarged, either silica gel or
controlled-pore silica is used.

Although the Schiff bases are known to be easily
prepared chelating ligands and are well characterized,
little interest has been given to their immobilization on
polymers to be used as ion exchangers. The aim of this
study was to synthesize silica-based ion exchanger
functionalized with a Schiff base to be used in the
separation and preconcentration of heavy metals.

EXPERIMENTAL

Instrumentation

An analysis of Cd(II), Cu(II), and Pb(II) was per-
formed with a PerkinElmer 2380 flame atomic absorp-
tion spectrophotometer (Vernon Hills, IL).

For X-ray analysis, for structural investigations, a
powder diffractometer (Philips PW1730 X-ray gener-
ator, Eindhoven, The Netherlands) was used with Cu
K� radiation (30 kV, 8 mA).

For thermogravimetric analysis, an automatic re-
cording thermobalance (DuPont 951 instrument, Wil-
mington, DE) was used in this study. The samples
were subjected to heat at a rate of heating of 10°C/min
from room temperature to 750°C in N2.

Correspondence to: I. M. M. Kenawy (kh_sherbini@
yahoo.com).
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IR absorption spectra were recorded with a Mattson
5000 Fourier transform infrared (FTIR) spectrometer,
Cambridge, UK, for a sample of 2–3 mg diluted with
300 mg of KBr as a tablet pressed under 10 t/cm2.

IR reflection spectra were recorded with a Bruker
IFS 48 FTIR spectrometer (Ettlingen, Germany) with a
gold ball as a reference. The sample, in the form of a
fine powder, was flattened on a stainless steel sheet,
with a drop of acetone, which was allowed to vapor-
ize, and then the reflectance was measured.

Raman spectra were recorded with a RFS100/s la-
ser, Ettlingen, Germany (1064 nm, power � 100–250
mV; IAAC/TU-Berlin). The reference was microcrys-
talline WO3.

Ultraviolet (UV) absorption spectrometric measure-
ments were performed with a Unicam ultraviolet–
visible UVZ spectrometer (Cambridge, UK), and the
samples were introduced as slurry with nujol on
Whatman filter paper strips.

1H-NMR measurements was performed for the
monomer of the ion exchanger N-propyltrihydrox-
ysilanesalicylaldimine (SAPHS) in dimethyl sulfoxide
(DMSO) with a JEOL 270 EX-spectrometer (Tokyo,
Japan).

Mass spectrometry was performed with a Finnigan
Mat SSQ 7000 gas chromatography/mass spectrome-
try mass spectrometer (Herts, UK).

Micrographs were taken with scanning electron mi-
croscopy (SEM; QJSM-T20 SEM, JEOL, Tokyo, Japan).

The pH-metric titration measurements were per-
formed with a Metrohm 736 GP Titrino automatic
potentiometer (Herisau, Switzerland), and the mea-
surements were recorded with a Metrohm Herisau
Brinkmann E536 potentiograph. The ion exchanger
(100 mg) was added to 25 cm3 of a 0.02M KCl, 0.002M
HCl, and 0.001M metal salt solution and titrated
against 0.0075M NaOH at 25°C.

For pH measurements, a Hanna pH meter (Rome,
Italy) with an expanded scale was used with an accu-
racy of �0.01 log unit. It was first standardized with
0.05M potassium hydrogen phthalate, yielding pH
4.01 and a tablet of pH 9.2 at 25°C.

Synthesis

Controlled-pore silica

Borosilicate glass (BSG) was prepared by a sol–gel
process according to the literature.15 In this method,

H3BO3 (435.48 and 34.84 g) was dissolved in the col-
loidal SiO2 sol in ratios of Si/B � 1:6.5 and 2:1 to
obtain BSG1 and BSG2, respectively; they were then
crushed and milled in a ball mill for 4 h, and the
resulting powder was sieved. To each fraction, 300
cm3 of 5M HCl was added and refluxed in a water
bath for 5 h/day for 2 weeks. The supernatant liquor
was daily renewed with fresh HCl so that controlled-
pore silicas CPS1 and CPS2, respectively, are obtained.
The porous silica was filtered, washed with distilled
water, and dried at 90°C for 24 h. The results are
shown in Table I.

Ion exchanger

For the grafting of silica, the method described in the
literature16,17 was followed. �-Aminopropyltrime-
thoxysilane (APMS; 36 cm3) was added to 18 g of
CPS11 or CPS21 (the subscript refers to the fraction size
number, which was less than 75 �m) suspended in 150
cm3 of xylene, and then the mixture was refluxed in a
water bath at 80°C with stirring for 24 h. The yield,
20.0 or 18.5 g (grafted porous silicas GPS11 and GPS21,
respectively), was washed with ethyl alcohol and
dried at 80°C. For a silica-based N-propylsalicylaldi-
mine Schiff-base ion exchanger to be obtained, 15 cm3

of salicylaldehyde was refluxed with 11 g of GPS11
suspended in 50 cm3 of DMSO in a water bath at 90°C
with stirring for 3 h. A bright yellow product was
obtained (IE11). The product was washed thoroughly
with ethyl alcohol, dried at 80°C for 6 h, and weighed
to be 13.5 g. The same process was repeated to obtain
11.4 g of IE2 from GPS21.

Monomer phase of the ion exchanger

For the preparation of the monomer phase of the ion
exchanger, 20 cm3 of APMS was refluxed with 200 cm3

of distilled water for 72 h at 80°C, and then water was
allowed to evaporate to dryness. Five grams of the
glassy yellowish product [suggested to be �-aminopro-
pyltrihydroxysilane (APHS)] was milled into a fine pow-
der and put in a basket filter paper in a Soxhlet con-
denser. Salicylaldehyde (10 cm3) was added to 150 cm3

of ethyl alcohol in a round-bottom flask connected to the
Soxhlet condenser, and then the apparatus was refluxed
for 3 weeks. Finally, a deep yellow oily product (sug-
gested to be the Schiff base of salicylaldehyde with

TABLE I
Fraction Analysis of BSG and the Yields After the Leaching of Boron

No.
Particle

size (�m)
BSG1

(g)
CPS1

(g)
B2O3
(%)

B(ex)
(%)

BSG2
(g)

CPS2
(g)

B2O3
(%)

B(ex)
(%)

1 �75 121.9 28.2 9.75 97.1 60 53.9 14.6 43.7
2 112 � 75 81.9 19.4 11.86 96.4 2.2 — — —
3 160 � 112 28.6 7.0 14.7 95.4 0.5 — — —

B(ex) � extracted boron.
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APHS, i.e., SAPHS) formed, which was then boiled sev-
eral times with pure ethyl alcohol and water, dried at
80°C, and kept in desiccator.

RESULTS AND DISCUSSION

Controlled-pore silica

X-ray diffraction (XRD)

XRD patterns of the BSG samples BSG1 and BSG2
indicated that both samples showed diffractograms of
typical amorphous phases, an important indication of
the glassy properties of the samples.15,18 BSG1 showed
high sensitivity toward humidity, as indicated from
the detection of diffraction lines at 2� � 28.00 and
14.62° due to H3BO3 (sassolite, PDF no. 30-0199) in
powdered samples subjected to air for several days.
This was expected because of the high content of
boron in this glass sample. However, an amorphous
hump was observed at 2� � 22.4°, especially in BSG2,
which was attributed to amorphous crystoballite, but
no lines from any crystalline B2O3 or SiO2 phases were
detected.

IR spectra

BSG1 and BSG2 showed band-rich IR absorption pat-
terns (Fig. 1). BSG1 showed IR bands at 457, 644, 718,
796, 1194, 1389, 1496, and 1656 cm�1, which were
assignable to the vibration modes of SiOOOSi bend-
ing,19 OOBOO out-of-plane bending,20 BOOOSi
bending,19,21 symmetric SiOOOSi stretching,20 longi-
tudinal SiO2 lattice vibration,20 ring stretching vibra-

tion of the broxol ring ( ),15 stretching of trigo-

nal BO3 units,15 and bending of molecular H2O,20 re-

spectively. The same bands were observed in BSG2,
except for the band assigned to BOOOSi bending,
which could not be observed. Also, the band assigned
to the ring stretching vibration of the broxol ring de-
creased.

The IR spectra of BSG1 indicated the presence of
B2O3 as broxol groups bonded to the SiO4 lattice net-
work and to each other, whereas in BSG2, these
groups decreased as a result of the lower B/Si ratio.

IR absorption spectra of the porous silicas CPS11
and PSO21 (Fig. 1) showed the disappearance of the
peaks assigned to BOO and BOOOSi vibrations at
644, 718, 1389, and 1496 cm�1. This was due to the
leaching of boron from the SiO2 network.

Raman spectra

The Raman spectra of the BSG samples are shown in
Figure 2. BSG1 showed two sharp peaks at 499 and 879
cm�1 that were assignable to the ring OOBOO in-
plane bending (�7, E)22 and the broxol ring vibra-
tions.23 These peaks were strongly shifted to higher
wave numbers than those reported for ternary BSG
(475 and 810 cm�1, respectively). Accordingly, a stron-
ger bending within the BOO network may be con-
cluded that could be due to weaker bending to the
neighboring Si atoms or more likely to severe hydra-
tion from air humidity to H3BO3. These two peaks
appeared also in the Raman spectra of BSG2 but with
much lower intensity because of the B/Si ratio. The
stretching vibration peaks of bonded water appeared
at 3166 and 3247 cm�1. BSG1 also showed a small peak
at 1166 cm�1 that might correspond to the stretching
vibration of the nonequivalent oxygen of the SiO4
group.22 This peak could not be detected in BSG2,

Figure 1 IR absorption spectra of BSG and porous silica yielded after HCl leaching.
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apparently because of the low B/Si ratio leading to fewer
BOOOSi bonds. However, these results agreed well
with those obtained from IR absorption measurements.

Similar to the IR measurements, the Raman spectra
of the porous silicas CPS11 and PSO21 (Fig. 2) showed
the disappearance of all bands previously assigned to
the BOO vibrations. Also, a band at 477 cm�1 ap-
peared in both samples and was due to SiO4 without
nonbridging oxygen ions. In general, the Raman spec-
tral patterns of the porous silica samples were charac-
terized by broad and weak peaks, indicating the amor-
phous structure.

The SEM photos of CPS11 and CPS21 showed that
there were observable differences in the morphology

of the particles: CPS21 showed dense and flattened-
surface particles with a low surface area, whereas
CPS11 showed a creased surface with many cavities in
the particles and a larger surface area.

Ion exchangers

IR spectra

The IR absorption spectrum of GPS11 (Fig. 3) shows
three bands at 1100–1200 (broad), 800, and 463 cm�1

assigned to longitudinal SiO2 lattice vibration,20 sym-
metric SiOOOSi stretching,20 and SiOOOSi bend-
ing,19 respectively. Weak absorption bands were also

Figure 2 Raman spectra of BSG and controlled-pore silica.

Figure 3 IR absorption spectra of grafted silica and Schiff-base ion exchangers.
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observed at 1485 and 2943 cm�1 that were assignable
to the CH2 symmetric deformation (�s) and asymmet-
ric stretching (�as) vibrations, respectively.24 The
shoulder at 2863 cm�1 could be assigned to the sym-
metric stretching (�s) vibration of CH2. The absorption
band at 3449 cm�1 corresponded to �(OH). The band
at 1640 cm�1 may be an overlapped band due to
�(OH), �(NOH)in-plane, and the SiO2 overtone. The
IR absorption bands at 3064 and 3189 cm�1 may be
attributed to NH2 (�s and �as). They were strongly
shifted to lower wave numbers because of the strong
hydrogen bonding with the SiOH groups.24 These two
bands were detected in the alike monomer APHS at
3108 and 3240 cm�1, closer to the free amine, which
may be attributed to the lower population of the OH
groups, as concluded from the lower intensity of the
bending vibration band. The shift of the band at 1358
cm�1 in the spectrum of GPS11 to 1300 cm�1 in the that
of APHS may be similarly explained, as it was assign-
able to �(CON). The stronger the hydrogen bonding
was between the NOH and the oxygen atoms in the
silica lattice, the stronger the CON bond was and vice
versa.

The bands due to the organic constituent could not
be detected in GPS21, and this was an indication of the
very low content of the organic constituent. The weak-
ness of the bands due to the organic constituent in the
IR spectrum of the grafted porous silica in comparison
with those from silica was attributed to the fact that
organic grafting is a surface phenomenon that de-
pends largely on the surface area of silica. Accord-
ingly, the structure of the grafted silica is suggested to
be as shown schematically in the following structure:

The IR absorption spectrum of IE11 (Fig. 3) showed
the disappearance of the NH2 modes of vibrations and
the appearance of IR bands related to the organic
moiety as weak bands or shoulders in relation to that
of silica. A shoulder at 1620 cm�1 assigned to the
azomethine group [�(CAN)] and a weak band at 1406
cm�1 assigned to �(CON) were detected in the IR
spectrum of the ion exchanger.25

The structure suggested from IR was confirmed by the
spectrum of the alike monomer SAPHS (Fig. 3), which
clearly showed the bands suggested to be due to
�(CAN) and �(CON) at 1581 and 1406 cm�1, and the

disappearance of the NH2 modes of vibrations observed
in its free amine adduct. The bands due to the SiO2
vibrations, longitudinal SiO2 lattice vibration, symmetric
SiOOOSi stretching, and SiOOOSi bending appeared
also, indicating a partial dehydration polymerization of
the trihydroxysilane groups. This can also be concluded
from the absence of the OH stretching vibration band.

The phenolic OCACO vibration band appeared at
1533 cm�1 in the absorption spectrum of IE11 and
SAPHS. The CH2 deformation band appeared in the
IR spectrum of IE11 as a shoulder at 1453 cm�1, whereas
it was a moderate band in that of SAPHS. The weak
band at 1492 cm�1, suggested to be due �(NOH)in-
plane, was yielded from the tautomeric enamine.26

The IR reflection measurement of IE11 (Fig. 4) con-
firmed the information concluded from the IR absorp-
tion spectrum, producing stronger bands from the
grafted surface. Moreover, a band was detected at
1276 cm�1 assignable to �(OOH)in-plane that could
not be observed in IR absorption analysis because of
the overlapping with the huge band of the longitudi-
nal SiO2 lattice vibration at 1100–1200 cm�1.

No information could be extracted from IE2 as its
organic constituent was much lower because of the
smaller surface area. It can be explained that the low
B/Si ratio in the parent BSG phase BSG2 (1/2), in
comparison with that of BSG1 (6.5/1), led to lower
porosity of the yielded controlled-pore silica CPS21
than that of CPS11 after acid leaching. Moreover, be-
cause of the existence of SiOOH groups on the sur-
face, at which the grafting process took place, it was
necessary that these groups be accessible by the graft-
ing agent APMS and then salicylaldehyde to form the
Schiff base. This requirement was obviously present in
CPS11 more than CPS21 because of the greater pres-
ence of the large broxol groups in parent BSG1 than in
BSG2. These groups left after acid-leaching pores large
enough to accommodate the organic substrate.

The structure of the ion exchangers is suggested to
be as follows:

UV measurements

The UV spectrum of IE11 showed the presence of two
absorption bands at 314 and 400 nm; this was in good

MODIFICATION OF CONTROLLED-PORE SILICA 3163



agreement with those reported previously for Schiff-
base salicylaldimine.27

1H-NMR and mass spectrometry of the monomer
SAPHS

For further confirmation of the structure of the ion
exchanger, 1H-NMR and mass spectrometry were per-
formed on the monomer compound SAPHS, as it was
not possible to do these analyses directly on the ion
exchanger because it was insoluble. 1H-NMR of
SAPHS dissolved in DMSO showed aromatic protons
as multiplets at � � 6.0–7.9 ppm, CH2OSi at � � 0.5
ppm, COCH2OC at � � 1.5 ppm, and the last meth-
ylene group CH2ON at � � 3.3 ppm.24 Phenolic OH
disappeared, probably because of the enamine tau-
tomerism. HOCANO appeared at � � 8.1 ppm with
a broad singlet signal. The three SiOOOH protons
appeared in a broad signal (because of hydrogen
bonding) at � � 13.4 ppm.

The mass chromatogram of SAPHS dissolved in
ethanol showed the presence of a single peak indicat-
ing the purity of the sample. The 100% fragment ap-
peared at m/e � 143 and may be due to C9H5ON.24

The results obtained from 1H-NMR and mass spec-
trometry of SAPHS, which was the monomer of the
ion exchanger, were in good agreement with the sug-
gested structure.10 The presence of the partial poly-
merization was expected because of the dehydration
of the SiOOO H groups.

Thermogravimetry (TG)

The TG curves of IE11 and IE2 are shown in Figure 5.
The TG curve of IE11 shows that the ion exchanger

was thermally degraded in two steps. The first stage
was attributed to the moisture content (6.1%). The
degradation of the organic part of the ion exchanger
occurred during the second step between 150 and
480°C. This step was divided into two stages; the first
one might have been due to the liberation of the
aromatic part. This was confirmed by mass spectros-
copy of the prepared monomer phase SAPHS, as it
showed fission at m/e � 107, representing m � 1 of

. However, mass spectrometry showed a minor

fragment at 94 corresponding to m � 1 of .
During the second part of this stage, the thermal

degradation of the organic substrate was extended to
approximately 477°C.

According to the weight loss accompanied by the
degradation of the organic phase (13.34%), the theo-
retical capacity of the ion exchanger should have been
0.67 milliequivalent/g.

The TG curve of IE2 similarly showed two degra-
dation stages but with much lower weight loss values
attributed to the small surface area with respect to
IE11. The first stage was attributed to moisture,
whereas the organic degradation stage started at
187°C and finished at 579°C, representing a weight
loss of 3.82%. The capacity was accordingly expected
to be 0.23 milliequivalent/g. This stage was composed
of three stages, as shown in Table II.

Kinetic study

This was based on Chatterjee’s method28 with the
following general equation for the rate of the hetero-
geneous kinetics (V):

Figure 4 IR reflectance spectra of Schiff-base ion exchangers IE11 and IE2.
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V � 	 dm/dt � kmn (1)

where k, m, n, and t are the specific reaction rate
constant, the active mass of the decomposing material
(mg), the reaction order (1), and the time elapsed from
the start of the experiment (min), respectively.

Substituting k from the Arrhenius equation into eq.
(1) gives

LogV � log A 	 n log m 	 Ea/2.303RT (2)

where A is the frequency factor and R is the gas
constant. This equation gives the relationship between
the reaction rate and temperature. The energy of acti-
vation (Ea) can be calculated from the slope S of the

straight line from the plot of log V versus 1/T, where
Ea � 2.303RS.

The magnitude of Ea measured for a solid phase
decomposition reaction has often been explained by
the energy barrier in the limiting step, such as bond
rupture, electron or proton transfer, or enthalpy of
decomposition. The evaluated values of k and Ea are
given in Table II. It is clear that the order of the
decomposition reaction for all cases was unity. This
indicates that the decomposition reaction followed the
same mechanism.29 The second stage in IE11 and the
third in IE2 were suggested to be due to the liberation
of the aromatic part of the substrate, as it had the
highest Ea value and the aromatic part needed more
energy to destroy the strong bonds CAN and COPh.

Figure 5 Thermogravimetric analysis of ion exchangers IE11 and IE2.

TABLE II
Analysis of the TG Curves of the Thermal Decomposition of IE11 and IE2

IE11

Stage
Range

(°C)
Midpoint

(°C)
Weight loss

(%)
k � 103

(s�1)
Ea

(kJ mol�1)
	S*

(J K�1 mol�1)
	H*

(kJ mol�1)
�	G*

(kJ mol�1)

IE11
First 78–152 115 6.1 1.33 9.93 172.00 6.68 60.09
Second 174–258 207.1 2.49 4.83 57.81 215.98 53.63 52.01
Third 258–421 310.7 10.84 0.84 15.72 168.72 10.58 92.78
Total 83.96 556.70 70.89 204.88

IE2
First 71–128 92.3 0.75 4.26 27.37 197.81 24.28 48.01
Second 187–301 218.0 0.98 2.43 32.03 190.51 27.88 65.69
Third 301–372 333.0 1.30 2.97 57.16 203.09 52.01 71.09
Fourth 372–579 475.5 1.66 1.41 38.27 180.90 31.96 103.47
Total 159.83 77.31 136.13 288.26
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Thermodynamic parameter calculation

The thermodynamic parameters 	H*, 	G*, and 	S* for
the thermal decomposition process were calculated
with the values of the specific rate constant in each
stage according to the rate theory and the Arrhenius
equation.29 The obtained values are summarized in
Table II. According to this table, the values of 	H*total
and 	S*total for all stages were positive, and this
clearly means that the decomposition process was en-
dothermic and was accompanied by an increase in the
disorder of the decomposition products. It is clear also
that IE2 had Ea and other thermodynamic parameters
such as 	H*total, 	G*total, and 	S*total higher than those
of IE11 (Table II). This indicates that IE11 was more
active than IE2 because of its high surface area.

pH-metric titration

Representative pH-metric titration curves of IE11 and
IE2 with 0.0075M NaOH are shown in Figure 6. Both
ion exchangers showed two inflection points. The val-
ues of pK1

H � 3.8 and pK2
H � 9.7 refer to the stepwise

dissociation of two protons.30 The first inflection point
was due to proton gained from the HCl solution caus-
ing a retardation in the pH curve with respect to that
of 0.002M HCl.

The protonation of the nitrogen atom was also con-
firmed by IR, 1H-NMR, and mass spectrometry. The
tendency of nitrogen-containing ion exchangers to
form protonated species was mentioned previously
for the chemically modified chloromethylated poly-
styrene–PAN ion exchanger31 and for silica-based ion
exchangers.32

The second inflection was suggested to be attributed
to a deprotonation process through the phenolic OH
group. The capacity calculated at the end of this pro-
cess was found to be 0.44 and 0.059 milliequivalent/g
for IE11 and IE2, respectively; this is the same order of
those predicted from thermal analysis.

Capacity

The capacity measured for IE11 and IE2 with the
amount of separated Cu(II) at pH 5.5 were 0.36 and
0.026 mmol of Cu/g, respectively. These values were
lower than those found by the pH-metric method, and
this may be attributed to the presence of some of the
Schiff-base groups in tunnels and pores of the silica
that could not be accessed by the Cu2� ions, whereas
it was accessible by H� because of the large difference
in size.

Generally, IE11 showed much higher capacity than
IE2, and this agreed with the results of the thermo-
gravimetric analysis. The obtained capacity of IE11
was relatively high in comparison with reported silica-
based ion exchangers; MAF-8HQ has a capacity of 0.28
mmol of Cu/g,10 and silica grafted with 3-aminopro-
pyltriethoxysilane33,34 or 3-mercaptopropyltrimethox-
ysilane34 has a capacity of 0.032 mmol of Cu/g. This is
an important indication of obtaining highly porous
silica.

The distribution coefficient (Kd) and recovery (R) of
the metal ions are calculated by the following equa-
tions:11

Kd(cm3/g) � CIE11/Csol (3)

Figure 6 pH-metric titration curves of IE11 and IE2.
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where CIE11 and Csol are the concentrations of the
metal ion in the ion exchanger matrix IE11 (�g/g) and
that in the solution (�g/cm3), and

R
%� � kdEIE11 � 100/(kdWIE11 � V) (4)

where WIE11 is the weight of the ion exchanger used
and V is 25 cm3, which is the volume of the solution
used.

The distribution of some metal ions [chosen to be
Cd(II), Cu(II), and Pb(II]) between the solution and
IE11 was evaluated with Kd and R values (Table III).
They reflected the possibility of using IE11 in some
analytical applications, such as preconcentration and
separation.

CONCLUSIONS

IR, UV, 1H-NMR, mass spectrometry, and thermal
analysis confirmed the immobilization of N-propyl-
salicylaldimine on controlled-pore silica. A larger po-
rosity increased the capacity (C) of the ion exchanger.
Also, thermogravimetric and differential thermogravi-
metric analysis data were used to study the kinetics of
the thermal decomposition process of IE11.

IE11 acquired a capacity as high as that of known
chelating ion exchangers (CIE11 � 0.36 mmol of Cu/g).
Log Kd values of IE11 toward some metal ions was
within the range of 2.19–5.16, and this indicated the
possibility of using it in some analytical applications.
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TABLE III
kd (cm3/g) and R (%) Values of Some Metal Ions

at Different pH Values

pH

Cd(II) Cu(II) Pb(II)

R Log kd R Log kd R Log kd

10.7 80.65 3.72 92.0 4.16 92.62 4.20
8.8 97.41 4.67 94.24 4.31 96.22 4.50
7.5 22.09 2.55 97.06 4.62 97.19 4.64
5.5 11.07 2.19 46.49 3.04 46.57 3.04
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