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Abstract Inorganic-organic hybrid materials, such as sil-
ica gel functionalized with an organic group, offer many
applications in several areas of interest. The adsorptive
properties provided by these materials due to the presence
of active donor atoms such as O, N and S of grafted organic
groups, suggests their application in metal ions adsorption
as well as in the preparation of electrochemical sensors
for substances of interest. In this work a hybrid material
formed by interaction of a 3-chloropropyl silica gel modi-
fied with imidazole was characterized by techniques such
as infrared spectroscopy, 2°Si and '3C nuclear magnetic
resonance and analysis of surface area and porosity. Adsorp-
tion studies were carried out for cadmium (II) in different
media, and the quantity of adsorbed metal increased accord-
ing the following order of solvents: water < ethanol 42%
< ethanol 99%. After cadmium ions adsorption, the mate-
rial was reacted with potassium hexacyanoferrate forming
the material CdAHSGI that was incorporated into a graphite
paste electrode. Electrochemical studies were conducted
with cyclic voltammetry. The cyclic voltammogram showed
one redox couple with average potential EY = 0.25V (vs
Ag/AgCl, NaNO;3 1.0 mol L™!; v = 20 mVs™!), attributed
to the Fe?T(CN)g/ Fe>*(CN)g process. The modified elec-
trode allowed the electrocatalytic ascorbic acid determina-
tion. Through voltammograms it was possible to observe a
linear range from 1.0 x 107* mol L™! t0 9.0 x 10™* mol
L~! (R = 0.996) for the ascorbic acid determination with a
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detection limit of 7.9 x 107> mol L~! with a relative stan-
dard deviation of 3% (n = 3) and amperometric sensitivity
of 11.1 mA/mol L~

Keywords Silica gel - Imidazole - Adsorption -
Voltammetry - Graphite paste electrode - Ascorbic acid

1 Introduction

Silica gel is among the most widely used material as a
matrix for making adsorbents. This inorganic polymer has
a structure consisting of tetrahedral units of SiO4 linked
by siloxane bridges Si-O-Si with a large number of silanol
groups (Si-OH) distributed on its surface [1, 2]. Silica gel
use as supports is associated with properties such as excel-
lent thermal and mechanical stability, unique large surface
area and well-modified surface properties [2—4]. The hybrid
inorganic-organic materials such as silica gel functional-
ized with an organic group, offer many current potential
applications of interest and can have outstanding proper-
ties in areas such as adsorbents, since studies suggest that
the behavior of these materials used as adsorbents is mainly
dependent on active donor atoms presence such as O, N and
S of grafted organic groups [2, 5]. The most common
method of modifying the silica gel surface involves the
reaction of the surface hydroxyl groups with a silylating
agent which acts as a precursor for the immobilization of
additional organic groups [1, 2, 6].

Imidazole, also known as 1,3-diaza-2 ,4-cyclopentadiene
and officially designated as 1,3-diazole, is an organic com-
pound of molecular formula C3H4N»> [7] and part of the
structure of important biological molecules [7, 8]. Imida-
zole has the ability to coordinate with a variety of transition
metal ions due to the nitrogen donor atoms presence [9, 10].
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However, for metal ions adsorption from aqueous solutions
use, the imidazole group needs to undergo a type of chem-
ical modification by grafting onto a solid matrix, such as
silica gel, to help overcome deficiencies such as toxicity and
solubility in water [10].

In this work, 3-chloropropyl silica gel (SG) was
organofunctionalized with imidazole groups in order to
evaluate the adsorption capacity of metal ions in different
media and test it as a new material to prepare electro-
chemical sensors for biological substances of interest, for
example, ascorbic acid (AA). The development of a selec-
tive, simple and accurate method for the AA determination
is of fundamental importance, due to the increased inter-
est in the oxidative changes in food and recent advances
in the pharmaceutical industries. Many methods for the
AA determination are available [11], for example, enzy-
matic methods [14], titration [15], high performance liquid
chromatography (HPLC) [16] and UV-vis detection [17].
However, most of these methods have disadvantages such
as lack of reproducibility, sensitivity and selectivity [11].
Among the methods studied is the electrochemical method,
which owing to its selectivity and sensitivity has received
considerable attention, however, it is known that the accu-
rate AA determination using conventional electrodes is very
difficult due to their high overpotential. Therefore chem-
ically modified electrodes with silica or silsesquioxane
organically functionalized have been used for this pur-
pose associated with techniques such as cyclic voltamme-
try; but the silica is the cheaper and easier material handle
[18, 19].

2 Experimental
2.1 Reagents and Solutions

All reagents and solvents were of analytical grade and were
used as purchased. All solutions and supporting electrolytes
were prepared using Milli-Q water. Ascorbic acid was used
without further purification and ascorbic acid solutions were
prepared immediately before use.

2.2 Synthesis of 3-chloropropyl Silica Gel (SG)

The silica gel used in the present work was pre-
viously dried at 150°C under vacuum for 4 hours.
Then, 160 g of activated silica gel and 55 mL of 3-
chloropropyltrimethoxysilane were added to 350 mL of
dry toluene. The mixture was maintained under reflux and
stirring at 150 °C for 40 hours, under nitrogen atmosphere.

The 3-chloropropyl silica gel resulting was filtered and
then washed with dry toluene using a Soxhlet system to
extract the 3-chloropropyltrimethoxysilane unreacted with
the silica matrix, and subsequently with ethanol. The final
product obtained was denoted by SG. Figure la shows a
representative scheme of this synthesis.

2.3 Organofunctionalization of 3-chloropropyl Silica
Gel with Imidazole

3-chloropropyl silica gel (SG) organofunctionalization
with imidazole was conducted according to a procedure
described in the literature [20] with some modifications.

In a 3-neck flask were added 10 g of 3-chloropropy] silica
gel (SG), 5.9 g (8.7 x 1072 mol) of imidazole and approx-
imately 200 mL of xylene. The mixture was refluxed at
150 °C with constant stirring for 96 hours. The organofunc-
tionalized material was separated in a sintered funnel and
washed with methanol in a Soxhlet extractor for 48 hours.
The product was dried at 100 °C for 4 hours and desig-
nated as SGI. The functionalization of SG is schematized in
Fig. 1b.

2.4 Isotherms of Adsorption

The batch technique was employed for studies of the adsorp-
tive capacity of organofunctionalized material (SGI) for
Cd%t ions from different media (aqueous, ethanol 42%
and ethanol 99%). For each adsorption isotherm, samples
containing 0.050 g of SGI in 50 mL solvent with vari-
able concentrations of cadmium chloride (0.25 x 1073 to
3.0 x 1073 mol L~!) were mechanically stirred for about 60
minutes, at a constant temperature of 25 + 1 °C. The metal

Fig. 1 Representative scheme a OCH; O
of the a preparation of _-OH " S~
ili - e, reflux —0—8i~~""Cl +CH;0H
3—chlor0pr0Pyl 81lhca. gel and b —OH + HyCO —$i 7 C] i /,1 T
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3-chloropropyl silica gel (SG) “OH CH, O
O .
N / '_::N‘ reflux
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~ / g \‘—ro/'
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ion concentration in solution, in equilibrium with the solid
phase, was determined by separating the solid phase and
titrating with different aliquots of solution containing the
metallic ion (Cd**) using the facile Rao and Shetty method
with some modifications [21]. The quantity of adsorbed
metal, Ny, in each flask was determined by the following
equation:

Ny = Na= s (1)

where m is the mass (g) of adsorbent and N, and N; are the
initial and the equilibrium amount of the number of moles
of the metal in the solution phase, respectively.

2.5 Formation of Complex CAHSGI

The CdHSGI complex was prepared as follows: 1.0 g of SGI
was added to 25 mL of cadmium chloride aqueous solution
1.0x103mol L~!. The mixture was stirred for 1 h at room
temperature. The solid phase was then filtered and washed
thoroughly with deionized water. The material resulting
from this first phase was dried at 70 °C and designated as
CdSGI. In the second stage, the CdSGI was added to 1.0
x 1073 mol L~} potassium hexacyanoferrate (III) solution
and the mixture was stirred for 1 h at room temperature and
then the solid was thoroughly filtered, washed with deion-
ized water and dried at 70 °C. The material resulting from
this stage was designated as CdAHSGI.

2.6 Preparation of the Graphite Paste Electrode
Modified with CAHSGI

Cyclic voltammograms were performed using the AUTO-
LAB PGSTAT potentiostat. The three electrode systems
used in this study consisted of a modified working elec-
trode (graphite paste electrode — GPE - CdHSGI), an
Ag/AgCl(sat.) reference electrode, and a platinum wire as
the auxiliary electrode. The measurements were carried
out at 25 °C. The graphite paste electrode modified with
CdHSGI was prepared by mixing 40 mg of CdHSGI with
60 mg of graphite (Aldrich) and 50 nL of mineral oil. The
electrode body was produced from a glass tube of 3 mm
i.d. and 14 cm height, containing graphite paste. A copper wire
was inserted through the opposite end of the glass tube to
establish electrical contact. The modified paste, after homo-
genization, was positioned on the tube tip to avoid possible
air gaps, which often enhance electrode resistance [22].

2.7 Procedure
For the CdHSGI voltammetric behavior study a system

was used of three electrodes: a modified working electrode
(graphite paste electrode), an Ag/AgCl (KCI1 3.0 mol.L™!)

reference electrode, and a platinum wire as the auxiliary
electrode. The solutions were prepared immediately before
use and were deaerated with nitrogen. In most of the exper-
iments, 1.0 mol L~! NaNO3 (pH ~ 6.6) was used as the
supporting electrolyte. In the determination study of ascor-
bic acid sensibility by graphite paste electrode modified
with CdHSGI, the current intensity was estimated by the
difference between the electrode current in the presence of
analyte compounds and that which was established in the
blank solution.

2.8 Techniques
2.8.1 Fourier Transform Infrared Spectra

The FTIR spectra were recorded on a Nicolet SDXB FTIR
spectrometer. About 150 mg of KBr were ground in a mor-
tar and a sufficient quantity of the solid sample was ground
with KBr to produce a 1 wt.% mixture resulting in pellets.
For the data collection a minimum of 64 scans was collected
for each sample at a resolution of & 4 cm™! in the range
4000 to 400 cm™".

2.8.2 NMR Solid State Analysis

All 2Si NMR (59.5 MHz) and '3C NMR (75.4 MHz) solid
state analyses were recorded on a Varian INOVA 300 spec-
trometer. The samples were packed in zirconia rotors and
spun at the magic angle at 4500 Hz, after relaxation delay
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Fig. 2 Vibrational spectra in the infrared region: a SG, b SGI and ¢
CdHSGI
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of 10.0 s and 6.0 s for 2°Si and '3C respectively. All chemi-
cal shifts are reported in units (ppm) using tetramethylsilane
(TMS) as external reference.

2.8.3 Scanning Electron Microscopy

The scanning electron microscopy of the materials was
obtained using a JEOL JSM T-300 microscope. The samples
were adhered to aluminum holders.

2.8.4 Surface Area and Porosity

The physical characteristics such as surface area and 3-
chloropropyl silica gel porosity before and after organofunc-
tionalization with imidazole were determined by nitro-
gen adsorption-desorption isotherms by the BET method
(Brunauer-Emmett-Teller), which is a standard procedure
much used to determine such characteristics. The pore distri-
bution was determined by the BJH method (Barrett-Joyner-
Halenda). Analyses were performed using a physico-
chemical apparatus Micrometritics ASAP 2010.

3 Results and Discussion

In the preparation of 3-chloropropyl silica gel, the
3-chloropropyltrimethoxysilane reacted with the silanol
groups present on the silica gel surface via methoxy
groups. The 3-chloropropyl silica gel appeared as a white
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Fig. 3 Solid state NMR of 13C for SG (a) and SGI (b)
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solid. Subsequently, in the organofunctionalization of 3-
chloropropyl silica gel with imidazole groups, the chlorine
atom (Cl) of the structure is very reactive and it is easily
replaced by stronger bases, and it is a likely center for nucle-
ophilic attack [23]. The connection of the imidazole with the
matrix occurs probably through the nitrogen atom at posi-
tion 1. Organofunctionalization resulted in a solid with light
yellow color, described here as SGI.

The vibrational spectrum of 3-chloropropyl silica gel,
illustrated in Fig. 2a shows a broad band in the region
between 3000 and 3700 cm™~! which is related to OHuo-hn)
stretching of silanol groups and remains of adsorbed water
[2] and a band at ~ 1635 cm™! corresponding to the angular
deformation of water molecules (sgon). Also are observed
vibrations at ~ 1100 cm™! which are attributed to the chain
Si-O-Si(ysi—0—si) vibrations present in the silica structure
[24, 25].

Figure 2b and c illustrate the spectra in the infrared
region for SGI and CdHSGI, respectively. In these spec-
tra characteristics of precursor materials were observed as
bands at ~1100 cm™! present in the silica structure. Axial

10pm EHT =3.00 kV

WD = 10.5 mm Mag=1.00KX

2um EHT =3.00 kV

WD = 10.5 mm Mag=5.00 KX

Fig. 4 SEM images of SG at a 1000 X and b 5000 X
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deformation vibrations of the imidazole ring bonds, which
occur in the region between 1400 and 1550 cm™!, also
were observed. In addition, it is possible to observe vibra-
tions at ~2110 cm™!, which are attributed to C= Nuwc=n)
stretching, characteristic of the precursor potassium hexa-
cyanoferrate, in the CdHSGI spectrum [24].

Figure 3a and b show the spectrum of the '3C nuclear
magnetic resonance at solid state (MAS-NMR) for all stud-
ied materials. The three CH; groups («, 8, y) to the terminal
silicon atom (a), are clearly seen in the I3C.NMR (a-CH;
at 10.1, B-CH, at 26.4, and y-CH; at 49.8 ppm). After the
3-chloropropyl silica modification with imidazole groups
(Fig. 3b) these resonances in the aliphatic region shifted
upfield, as seen in the I3C.NMR (a-CH; at 8.2, B-CH; at
24.2, and y-CH; at 49.5 ppm). The carbon atom attached to
the electropositive Si group («¢-CHj) is more shielded and
therefore shows an upfield shift resulting in the peak at 8.25
ppm. In the aromatic region, three resonance peaks at 138.5
(C1); 126.8 (C2) and 117.0 (C3) ppm are observed and
these results are in concordance with reports in the literature
[26, 27].

10 pm EHT =3.00 kV

‘WD =10.5 mm Mag=100KX

2pm EHT =3.00kV
WD = 10.5 mm

Mag=500K X

Fig. 5 SEM images of SGI at a 1000 X and b 5000 X

In the 2°Si (MAS-NMR) (spectrum not shown here) of
the SG and SGI materials there were four relevant peaks at
-114,8,-112.2,-101.7, -54.6, and -64.4 ppm. The peaks at (§)
-112.2 and -101.7 ppm can be assigned as the Q4 [Si(OSi)4]
and Q3 [Si(OSi)3;OH] sites of silica. The silica spectrum has
already been reported in the literature and is known to have
peaks at -109, -100, and -91 ppm corresponding to the Q4,
Q3, and Q2 [Si-(OSi)2(OH)] [28, 29].

The T3 structural unit which corresponds to the peak at
(8) -64.4 ppm indicates the formation of a Si-O-Si linkage
of the imidazolin-1-propyl group on the surface silica sili-
con atoms through three siloxane bonds. The T2 structural
unit gives a peak at around -60 ppm, and the remaining OEt
group of triethoxychloropropylsilane that is not anchored
onto the surface of silica may undergo hydrolysis to form
a Si-OH species on the support. The relatively high peak
intensity at -64.4 ppm (T3 structural unit) confirms that the
imidazole groups have attached to the silica surface [30, 31].

Scanning electron micrographs of SG and SGI in Figs. 4
and 5, respectively, were obtained at 1000x and 5000 x
magnification. Apparently, the 3-chloropropyl silica gel sur-
face is smooth and becomes rough presenting fouling after
the modification reaction. It was observed that the particle
appearance and size of both samples were similar, demon-
strating that the silica gel particles had good mechanical
stability and they had not been destroyed during the whole
reaction. Furthermore, it is clear that the functional groups
were distributed on the whole surface and may block part of
the pore region, verified also by the surface area analysis.
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Table 1 Parameters of porous

structure of SG and SGI Samples BET surface area Volume of pores BJH sorption average pore
(m? gfl) (cm? (g nm)~ 1) size (nm)
SG 778 43 5.6
SGI 669 3.7 52

The IV isotherm type is characterized by having a hys-
teresis curve that is associated with capillary condensation.
This isotherm type is presented by many industrial meso-
porous adsorbents. Isotherms with H1 isotherm type present
both nearly vertical and parallel curves within a consid-
erable range of gas uptake [32]. The nitrogen adsorption-
desorption isotherms for SG and SGI are shown in Fig. 6a
and b. From the isotherms it is seen that the amount of
nitrogen adsorbed increases at a medium relative pressure
(p/po) indicating capillary condensation of nitrogen within
the uniform mesoporous structure, which confirms the char-
acteristic of both materials having a IV isotherm type with
HI1 isotherm type. The two lines are approximately parallel
indicating that the silica pores have radii nearly uniform and
are open, which is very favorable for reactions carried out
on the silica gel surface [2, 32]. It was also observed that
the volume of nitrogen adsorbed decreased with functional-
ization, meaning that there was a decrease in size and pore
volume due to organic molecules immobilization. Accord-
ingly, there was a decrease in surface area (BET) of SGI
(669 m? g~ in relation to the SG (778 m? g~ 1), as is listed
in Table 1.

The pore size distributions (BJH) of the silica gel SG
and its derivative SGI are shown in Fig. 6¢ and d, where it
can be seen that the average pore size is about 5.6 and 5.2
nm for SG and SGI, respectively. In the reaction process,
the quantity of pores gradually became smaller and the size
distribution of pores decreased.
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Fig. 7 Adsorption of Cd** ions in different concentrations in the
media: a aqueous, b ethanol 42% and ¢ ethanol 99%
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An analysis using the classical Kjeldahl method [20]
was performed to determine nitrogen percentage in the
SGI organofunctionalized material. The result obtained was
2.3% nitrogen.

For the SGI each molecule of the modifier attached to
the silica surface has 2 nitrogen atoms in its structure; thus
dividing the nitrogen percentage in the elemental analysis
obtained for the molecular mass of nitrogen atoms contained
in one molecule (2.3 x 1072/2 x 14 g mol™!) we get a
result of 8.2 x 10~% moles of nitrogen groups per gram of
functionalized materials.

The evaluation results for metal ions adsorption capac-
ity in different media (aqueous, ethanol 42% and ethanol
99%) were obtained through adsorption isotherms by plot-
ting Ny against C, where C is the equilibrium concentration
of the solute in solution phase. Figure 7a, b and c illustrate
the adsorption isotherms for cadmium ions from different
solvents onto the SGI surface.

The values of the maximum amount adsorbed (N ¢) in the
concentration range tested for Cd>* ions were 9.7 x 107>
mol g~!, 13.8 x 107 mol g~ and 24.2 x 107> mol

-1
C/N, (gL

0.0 0.5 1.0 1.5 20 25 3.0

2 T T T T T
0.0 0.5 1.0 1.5 20 25 3.0

C_ (mmol L")

Fig. 8 Adsorption isotherms of Cd2* ions in several solvents solu-
tions on SGI as plot of Cy/Ny against Cy at 25 £ 1 °C: a aqueous, b
ethanol 42% and c ethanol 99%
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Table 2 Adsorption of metal ions by SGI from different solvents at 25 £ 1 °C and the corresponding correlation coefficients (r)

Metallic ion Solvent N?é’“m". 105 (mol g=") N;.10° (mol g~ 1) k.1073 (L mol™!) R
Water 971 14.29 0911 0.983

Cd2t Water/ethanol 42% 13.83 16.44 2.175 0.996
Ethanol 99% 24.17 32.29 1.258 0.990

g~ ! for aqueous solution, ethanol 42% and ethanol 99%,
respectively.

Equation 2 shows a schematic representation of the
equilibrium that occurs between the SGI and CdCl,.

SGI . solvent + CdCl, . solvent 2 SGI . CdCl, . solvent + solvent

2

Based on the results, the SGI has an excellent potential
for adsorption of the metal ions studied in different media,
presenting a greater adsorbent capacity in ethanol 99%,
followed by ethanol 42% and finally, in aqueous medium.

More information about the system behavior can be
obtained from a fit of the data to the modified Langmuir
equation represented by Eq. 3, from which one can obtain
the linearization curve [33, 34].

c G 1

=+
Ny~ Ny kN,

3

In this equation, Cy is the concentration of the solu-
tion at equilibrium (mol L™1), N r the quantity of solute
adsorbed by the material (mol g~!), Nj is the adsorption
capacity (mol g~!) and k is the equilibrium constant. Plot-
ting Cs /Ny against Cy allows the slope and intercept to be
determined from which Ny and k are calculated. Figure 8a, b

20

T/uA

T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

E/V vs Ag/AgCl

Fig. 9 Cyclic voltammograms of a graphite paste electrode, b
graphite paste electrode in 9.0x 10~ mol L~ ascorbic acid, ¢ graphite
paste electrode modified with CdHSGI and d graphite paste modified
with CdHSGI in 9.0 x 10~* mol L~! of ascorbic acid. (NaNO3 1.0
molL™'; pH 7.0, v=20mV s~!)

and c represent the linearized Langmuir isotherms for the
SGI in the solvents studied for Cd** ions.

Table 2 list the parameters calculated from adsorption
in CdCl, solution onto the SGI surface. The results show
that there is proximity between the experimental values and
empirical Langmuir isotherms. High values obtained for the
equilibrium constant, in the order of magnitude of 10° L
mol~!, suggest that the complexes formed on the adsorbent
surface are thermodynamically stable [35]

Complex CdSGI and CdHSGI were characterized by
cyclic voltammetry. The cyclic voltammogram of CdHSGI
exhibited only one redox pair with a midi poten-
tial B = 025 V, attributed to the redox process
Fe?t(CN)g/Fe’+ (CN).

Figure 9 illustrates the electrocatalytic oxidation of
ascorbic acid at the graphite paste electrode modified with
CdHSGI. It was observed that the graphite paste electrode
(a) did not show any redox pair in the potential range
between -0.2 and 1.0 V in the absence of ascorbic acid,
however, in the presence of ascorbic acid (b) it showed an
oxidation peak at 0.31 V. The graphite paste electrode mod-
ified with CdHSGI (c) exhibited a redox pair with EY =
0.14 V in the absence of ascorbic acid, and in the presence
of ascorbic acid (d) there was an increase in the anodic peak
current intensity, followed by a decrease of the cathodic

20
9.0x10™ mol L"

0.0 0.2 0.4 0.6 08 1.0
Ascorbic acid / mmol L'

1.0x10™ mol L

I/uA

02 00 02 04 06 08 10
E/V vs Ag/AgCl
Fig. 10 Cyclic voltammograms obtained for the graphite paste elec-
trode modified with CdAHSGI in the presence of different ascorbic acid

concentrations (1.0 x 107* to 9.0 x 10~* mol L~!). (NaNO3 1.0
molL~'; pH 7.0, v=20mV s™!)
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Table 3 Comparison of this work with previous reports of ascorbic acid detection

Electrode material Technique Linear range (M) Limit detection (M) Reference
G-MWCNT/THAI-I2PE / GPE? cvb 5.6 x 1077 to 1.2 x 1072 3.6 x 107 [36]
MWCNT / GPE? cvb 5.0 x 1073 t0 5.0 x 10~° 3.4 x 107 371
2,7-BFEFOMCPE / GPE? cvb 5.0x 1072 t02.6 x 1073 1.8 x 1073 [38]
CdHSGI / GPE? cvb 1.0x 107410 9.0 x 107 7.9 x 1073 This work

4graphite paste electrode
bCyclic Voltammetry

peak current, and a decrease in the oxidation potential of
ascorbic acid (20 mV).

Figure 10 shows the CdAHSGI voltammetric behavior in
different ascorbic acid concentrations and the analytic curve
of the anodic current as a function of ascorbic acid con-
centration for CdHSGI (see graph insert in Fig. 10). The
modified graphite paste electrode showed a linear response
in the concentration range of 1.0 x 10~* mol L™! to 9.0
x 10™* mol L~! with a corresponding equation Y(uA) =
8.5 4+ 11.1 x 103 [ascorbic acid] and a correlation coeffi-
cient R = 0.996. The detection limit was 7.9 x 10~> mol
L~! with a relative standard deviation of & 3 % (n = 3) and
amperometric sensitivity of 11.1 mA/mol L™!.

The anodic current intensity increases due to the electro-
catalytic oxidation of ascorbic acid. Fe3* produced during
the anodic scan, chemically oxidizes the ascorbic acid,
whereas Fe3t is reduced to Fe’*, which will again be
electrochemically oxidized to Fe3*. For this system, the
electrocatalytic process can also be represented according to
the Egs. 4 and 5:

‘{Neu[Fe”(CN)(,]}z — ‘{Nag[Fe"'(CN)b]}z + 2Na + 2¢

“

‘{Na;[Fem(CN)f,]}z +2Na' + AA T .{NaA[Fe“(CN)b])Z + DAA" + 2H'

=
@ scica

&)

where AA- and DAA- correspond to the dissociated forms
of ascorbic acid and of dehydroascorbic acid, respectively.

Table 3 presents a comparison of similar reports in the
literature for ascorbic acid detection. These results show the
analytical benefits obtained by the use of CdHSGI, which
showed a good limit of detection when compared with
previous reports.

4 Conclusions

The 3-chloropropyl silica gel (SG) synthesis and its func-
tionalization with the imidazole ligand were performed with
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success. The material obtained (SGI), is shown to be an
adequate matrix to (transition metals sorption) in several
solvents. The excellent adsorptive capacity (9.7 x 1073 to
24.2 x 107> mol g~!) make it a potential candidate for
applications in removing and preconcentration of metallic
ions from real samples, such as alcohol fuel and beverages,
whose alcohol content is about 42%.

Additionally, the hybrid composite SGI after cadmium
adsorption and subsequent hexacyanoferrate (CdHSGI)
reaction was used to prepare chemically modified electrodes
and applied in the electrocatalytic detection of ascorbic acid.
In this context, the cyclic voltammogram of the modified
graphite paste electrode with CdHSGI showed one redox
couple with formal potential EY =025V (vs Ag/AgCl,
NaNO;3 1.0 mol L=!; v = 20 mVs_l), attributed to the
redox process Fe>*(CN)g/ Fe3*(CN)g. The modified elec-
trode gives a linear range from 1.0 x 10™* mol L™! to
9.0 x 107* mol L~! (R = 0.996) for the ascorbic acid
determination with a detection limit of 7.9 x 107> mol
L~! with a relative standard deviation of 3% (n = 3) and
amperometric sensitivity of 11.1 mA/ mol L~! for ascor-
bic acid. The graphite paste electrode with CdHSGI was
electrochemically stable for 8 months.

In general, the materials prepared are potential candi-
dates for metal ions removal and separation in various
media, as well as electrochemical sensors for the detection
of ascorbic acid.
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