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Mesoporous silicas have properties that allow their wide chemical application, due to the large amount of
silanol groups on their walls. The possibility of introducing functional groups inside and on the surface of
their pores becomes viable the use of these functionalized mesoporous materials for the adsorption of metal
ions. Cooper ions are essential for vital functions, but in high concentrations, they are responsible for
causing problems to the human organism. Therefore, it is important to monitor the species in different
media, such as sugar cane spirit. Mesoporous materials type MCM-41 functionalized were obtained by
three different methods using direct (in situ) and indirect (post-synthesis) routes. The mesoporous materials
have exhibited properties according to the IUPAC classification. Modified carbon paste electrodes
(MCPEs) were prepared by immobilizing the synthesized materials for Cu?* analysis. The modified
electrode obtained by the immobilization of functionalized mesoporous R2 (MCPE/R2) presented the best
sensitivity for Cu?* detection. Under optimum experimental conditions, the MCPE/R2 exhibited a linear
range in between 0.99 and 11.80 pumol L, a sensitivity based on the Limit of Detection (LOD) of 0.50
umol L7and Limit of Quantification (LOQ) of 0.99 umol L, precision (DPRms) equals to 10.6% and
recovery of 92.2%. The developed method proved to be efficient for Cu?* determination in sugar cane spirit

and the accuracy of the results were comparable to those obtained by AAS.
Keywords: Electrochemistry detection, cooper, sugar cane spirit.

Silicas mesoporosas possuem propriedades que permitem a sua vasta aplicagdo quimica, devido a grande
quantidade de grupos silandis em suas paredes. A possibilidade de introducdo de grupos funcionais no
interior e na superficie dos seus poros, torna-se viavel o uso desses materiais mesoporosos funcionalizados
para a adsor¢do de fons metalicos. Os fons Cu®* sdo essenciais para fungdes vitais, mas em altas
concentragdes, sdo responsaveis por causar problemas ao organismo humano. Portanto, € importante o
monitoramento da espécie em diversos meios como, em cachagas de cana de agucar. Materiais mesoporosos
funcionalizados do tipo MCM-41 foram obtidos através de trés métodos diferentes utilizando rotas diretas
(in situ) e indiretas (p6s-sintese). Os materiais mesoporosos apresentaram propriedades de acordo com a
classificacdo da IUPAC. Eletrodos de pasta de carbono modificado (EPCMs) foram construidos com a
imobilizagdo dos materiais sintetizados para a analise de Cu?*. O eletrodo modificado pela imobilizagdo do
material mesoporoso R2 (MCPE/R2) apresentou melhor sensibilidade para deteccdo de Cu?*. Em condigdes
experimentais otimizadas, o0 MCPE/R2 apresentou comportamento linear entre 0,99 e 11,80 pmol L7,
sensibilidade com base no Limite de Detecgdo (LOD) de 0,50 pmol Lt e Limite de Quantificagdo (LOQ)
de 0,99 pmol L, precisdo (DPRmax) igual a 10,6% e recuperacéo de 92,2%. O desenvolvimento do método
provou ser eficiente para a determinagio de Cu?* em cachaca de cana de aglcar e a precisdo dos resultados

foram comparaveis aos obtidos por AAS.
Palavras-chave: Detec¢do eletroquimica, cobre, cachaca de cana de agUcar.
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1. INTRODUCTION

Mesoporous silica has physical-chemical properties that can be modified to be applied in
several research areas [1]. Modifications of these materials can be carried out by direct
(hydrothermal or non-hydrothermal) methods and indirect (post-synthesis) methods such as
aqueous impregnation, ion exchange of the driver and immobilization. The use of direct synthesis
has many advantages, including better control of loads and more homogeneous distribution of
functional groups [2, 3]. Moadifications of mesoporous silica with amine functional group are one
of the most widely used approach, specially due its many applications, which include catalysis,
coupling and immobilization of functional molecules and biomolecules, drug delivery, synthesis
of nanoparticles, adsorption of metal ions [4] and others.

Copper is an essential element for living organisms, but in excess, it can cause renal and
hepatic disorders in humans and it is usually associated with neurodegenerative diseases such as
Alzheimer and Parkinson [5, 6]. Copper is also known to be present in sugar cane spirit, a brazilian
alcoholic beverage, obtained by the fermentation of sugarcane juice. Its production usually
involves the use of copper stills, making the final product more susceptible to contamination by
Cu?". Brazilian legislation determines the limit of 5.0 mg L™ of copper in sugar cane spirit while
international legislation determines lower limits (2.0 mg L) [7, 8]. In this context, the search for
sensitive, portable, versatile, and low-cost technique to analyze traces of copper ions is necessary
[9]. Usually Cu?* is analyzed by atomic absorption and inductively coupled plasma mass
spectroscopy, but these methods, although sensitive, are expensive and require special pre-
treatment of the sample [10, 11]. Among the new methods suggested in the literature, such as
resonance, calorimetry, fluorescence, raman scattering and optical sensors, the electrochemical
sensors arise as a promising alternative, since they are sensitive and selective as conventional
methods, in addition to ease operation and capacity of miniaturization [12].

In the development of an electrochemical sensor, the sensitivity and selectivity is improved by
the choice of the modifying material. Thus, it is expected that this specific material will improve
the electrode to trigger, either by electrostatic attraction or complexation, a redox reaction. For
copper detection, the use of various materials such as functionalized polymers, drugs, fibers and
silicas immobilized on carbon paste electrodes have been studied [13-16]. The literature reports
a series of functionalized mesoporous materials for the removal and detection of copper ions as
well as the development of new optical and electrochemical sensors [17-19]. The use of
mesoporous material functionalized with 3-aminepropyltriethoxysilane (APTS) and 3-
aminepropyltrimethoxysilane (APMS) improve the efficiency of these materials for the detection
of trace metals, specially copper, due chelating ability of the amine groups present on them.
However, the functionalization is less common [4]. In this paper, we have successfully prepared
a Cu? sensor based on modified carbon paste electrodes with mesopourous silica obtained
through different synthetic routes.

2. EXPERIMENTAL SECTION
2.1 MATERIALS

Graphite powder and copper(ll) nitrate hydrate were purchased from Aldrich. Potassium
ferricyanide (Ks[Fe(CN)s]) was purchased from J. T. Baker. Dibasic sodium phosphate
dodecahydrate (Na;HPO..12H,0), anhydrous monobasic sodium phosphate (NaH.PO.) were
purchased from Synth. Ammonium chloride (NH4CI), acetic acid (CHsCOOH) were purchased
from Vetec. Ammonium hydroxide (NH4OH) was purchased from Merck. Sodium acetate
trihydrate (Na(CHsC0O),.3H,0) was purchased from Reagen. Ultrapure water was obtained
from deionized water using an ultrapure water generator device, Millipore.

2.2 SYNTHESIS

Synthesis of mesoporous silica (R1)
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The reagents wused in the synthesis were silica gel, sodium silicate,
hexadecyltrimethylammonium bromide (CTMABr) and distilled water [4, 20]. For the pH
adjustment, 30% of acetic acid was used. The reagents were mixed in order to obtain a gel with
the following molar composition: 4.58Si0,:0.44Na;O: 1.00CTMABr:200H,0. The pH was
adjusted in the range of 9.5 to 10. The synthesized gel was placed in a teflon-lined autoclave and
heated to 140 °C for 24 hours. After this, the white precipitate was recovered by filtration, washed
with water and drying at 100 °C for 2 hours. The CTMABTr surfactant was removed by calcination
at 450°C for 2 hours using a ramp rate of 10°C min™,

Mesoporous silica functionalization (R1)

The functionalization of mesoporous silica was performed by the adsorption method adapted
from the literature [4]. Briefly, 0.50 g of the calcined mesoporous silica was added to a mixture
of 0.94 mmol of toluene and 2.40 mmol of APMS and stirred 4 h at ambient temperature. The
product was filtered under vacuum and washed with toluene and dichloromethane, allowing to
stand for several minutes until dryness. Finally, the fine powder was transferred to a vacuum
desiccator in order to remove any residual solvent.

Synthesis of mesoporous silica (R2)

For this synthetic route, the mesoporous silica was functionalized in situ with APMS during
the mesoporous structure formation [21]. The molar composition of the reagents used was
0.10CTMABr:0.25 Na,O: 1.00SiO,: 20.00H,0:0.10APMS. Once mixed, the solution was stirred
to obtain the final gel. The product was filtered under vacuum and washed with a mixture of
hydrochloric acid:hexane (1:1) and heated to 70 ° C in order to remove the driver from the pores
of the material.

Synthesis of mesoporous silica (R3)

The synthesis was adapted from Iliade et al. (2012) [22]. Briefly, the mesoporous material was
functionalized in situ and the reagents used in the synthesis were TEOS, sodium hydroxide,
CTMABr, APMS and distilled water. The molar composition of the synthesis was
0.002CTMABI:2.00Na.0:0.018Si0,:18.67H,0:0.002APMS. The mixture was stirred for 2 hours
at 80 ° C. The precipitate formed was vacuum filtered and washed with distilled water and
methanol, and then dried under vacuum at room temperature. The template was removed by
ultrasonic scattering in ethanolic HCI solution. The obtained mesoporous was dried under vacuum
at room temperature.

Instrumentation

X-ray were carried out in a Bruker (D8 Advance) X-ray equipment using Cu-Ka radiation in
20 angle of 1 to 10°. Schimadzu (IR Prestige-21) FTIR spectrometer was used to obtain the IR
spectra of all silicain the range of 4000 to 400 cm™'. The thermogravimetric curves were obtained
in a TGA-50 Shimadzu using nitrogen as carrier gas at 40 mL min-t. The samples were heated
from room temperature up to 900 °C, at 10 °C min~*. Nitrogen adsorption-desorption isotherms
were performed at 77 K by using a ASIQMO000-4 Quantachrome superficial area analyzer to
determinate physical properties such as pore diameter, pore volume, pore wall thickness and
surface area. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET
method) and pore size distributions from the branch adsorption isotherms by Barrett-Joyner-
Halenda (BJH) method.

Pore wall thicknesses (Wt) were estimated using W; = [ao —Dp] (a0 = Mesoporous parameters,
nm; D, = Diameter pore, nm). The electrochemical measurements were carried using a Autolab
100 Potentiostat/Galvanostat. Differential pulse and stripping voltammetric experiments were
performed in a one-compartment cell, using a carbon paste as working electrode, a platinum wire
as auxiliary electrode and Ag/AgCI as reference electrode. The experiments were performed at
25+ 1 °C. The pH value of aqueous solutions were buffered (pH 4.0 — 9.0).
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Modified electrodes

Unmaodified carbon paste electrodes containing 7:3 by weight of carbon powder: mineral oil
were used for comparison purpose. The modified carbon paste electrodes were prepared daily
according to the mass ratio between carbon powder (graphite + modifier) and mineral oil (7:3)
(Table 1). The mixture was subjected to mechanical maceration for 20 min in an agate mortar,
obtaining a homogeneous mixture. The carbon paste mixture holder was constructed using a
thick-walled glass tube with 0.10 cm internal diameter. A copper sleeve equipped with a copper
wire plunger was mounted at the top of the glass tube. By rotating the sleeve, the plunger extruded
the used paste layer which was sliced off and a fresh paste surface was formed and hand-polished
on a weighing paper.

Table 1. Modified carbon paste electrodes.

Syntetic route Abbreviation
R1 MCPE/R1.
e R1-funcionalized MCPE/R1,
Modified electrodes R2-funcionalized MCPE/R2
R3-funcionalized MCPE/R3

Analytical procedure

A stock solution of hydrate cooper (l1) nitrate (10 mmol L) was prepared and aliquots were
diluted with phosphate buffer solution (pH 6.0) to obtain the concentration range of 0.99 up to
11.9 umol I'Y. The Cu?* determinations using electrodes with different silicas were carried out by
stripping voltammetric analysis. All measurements were performed at room temperature.

Sugar Cane Spirit Samples

The sample of sugar cane spirit (“cachaca”) was acquired from artisanal producers from
Sergipe state. The ratio 9.5:0.5 (phosphate buffer:sugar cane spirit) was used to determine copper
ions in the sugar cane spirit samples.

3. RESULTS AND DISCUSSION
3.1 CHARACTERIZATION OF MESOPOROUS SILICA MATERIALS

Table S1 and Figure S1 show the main bands observed in the FTIR spectra for the mesoporous
silicas (R1) and for the materials modified with APMS (R1b, R2 and R3). The bands around
1080, 790 and 460 cm™ present in all samples are typical Si-O-Si bonds, attributed to the
condensed silica network [23]. The band around 1640 cm™* is mainly from the bending vibration
of adsorbed water. The materials exhibited a band in 960 cm™, which was assigned to the
symmetric stretching vibration of the Si-OH groups. The hydroxyl groups on mesoporous
structure also appear at 3466-3442 cm range. It is observed that the CTMA* was fully removed
from the mesoporous structure due the vibration bands in 2930-2854 cm™ range, typical of C-H
stretching bonds of CH, and CH3 groups on CTMA* species. It is also observed at 1487 cm™ the
asymmetric deformation of methyl group (CHs—N*) disappearing after calcinations process [24].
The bands around 1555 and 693 cm™ are attributed to NH deformation bond, evidencing the
process of functionalization of the mesoporous silica [25]. Other evidence that the APMS was
added to the mesoporous structure is the presence of the low intensity band around 2943 cm?,
attributed to the C-H (sp® carbon) stretch of the propyl group [4].

Figure 1 shows the isotherms obtained for the mesoporous silicas. They can be assigned astype
IV, characteristic of mesoporous materials according to IUPAC classification. At low relative
pressures, P/Po <0.2, a monolayer coverage is expected. The sharp inflections in P/Po around 0.3
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are characteristic of uniform capillary condensation, indicating the presence of ordered
mesoporous. The horizontal hysteresis loop after P/P; = 0.45 suggests the existence of
mesoporous secondary texture and the increase in nitrogen adsorption from P/Po = 0.8 indicates
the presence of larger pores and its pore size distribution is rather broad [26]. The specific surface
area (Sger), pore volume (Vy), pore wall thicknesses (Wt) and pore diameter (Dp) values are
typical for these mesoporous silica (Table 2). After functionalization with APMS, the N
adsorption-desorption isotherms demonstrate a significant change in the profile, indicating that
the materials lose their initial textural characteristics. A significant reduction in the surface area
and pore volume were observed, probably due to the almost complete filling of the pores with
amine functional groups. Similar results were found by Liu et all (2016), working with highly
hydrophobic MCM-41 mesoporous molecular sieves [27].

Volume adsorbed (cm’g™)

Figure 1. Adsorption/desorption isotherms for synthesized mesoporous materials.

Table 2. Textural properties of mesoporous silicas.

Materials Sger (M? g1) Vp (cm® g?) Dp (nm) Wi*
Rla 187.05 0.28 3.60 1.05
R1b 158.17 0.26 3.30 1.35
R2 430.53 1.28 3.64 -
R3 11.88 0.05 1.93 -

*W;=a - D,

The mesoporous silica R1a (Figure S2) X-ray analysis is characteristic of a material with
hexagonal channel order, which is consistent with that obtained by Beck et al. [28]. The MCM-
41 material is characterized by five diffraction peaks, referring to the index planes (100), (110),
(200), (210) and (300), which indicates how the material is ordered, wherethe planes (100) (110)
and (200) are the most important. [28, 29]. The mesoporous silica R1b X-ray diffraction profile
has changed after adding the APMS (Figure S2). The peaks intensities decreased significantly
and were shifted to higher 26 angles. However, the more intense diffraction peak in 2.18° for
mesoporous silicas R1b still remained, indicating the preserved meso-channel structure after the
introduction of amine groups. The diffractograms of the functionalized materials from the second
and third synthetic routes did not reveal any evidence of MCM-41 mesostructures plane
formation, althoughthe surface areas and pore diameters are characteristic of mesoporous silica.
The Thermogravimetric (TG) analysishave showed the following stages: desorption of
intracrystalline water; decomposition of the amine group and decomposition of the template
strongly bond to the surface (Figure S3 and Table S2). As shown in Figure S3, the mesoporous
silica R1a has two mass loss, one in between 30 and 100 °C and one from 100 to 600 °C. These
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events of mass loss can be attributed to desorption of physically and chemically adsorbed water,
respectively [30]. TG curves for R1b, R2 and R3 mesoporous materials show three different mass
loss regions: the first from 30 to 100°C refers to desorption of physically adsorbed water; the
second from 100 to 400 °C attributed to desorption of physically adsorbed amine; and the third
from 400 to 700 °C due residual amine decomposition which is more strongly linked and due to
the loss of silanol groups [30, 31]. This result show that the maximum temperature that the R1b,
R2 and R3 materials should be lower than 100°C, because above this, the decomposition of the
APMS begins to occur.

3.2 ANALYTICAL CHARACTERISTICS OF MODIFIED ELECTRODES

The electrochemical behavior of MCPE/R2 was investigated in the presence of Ka[Fe(CN)]s
in KCI 0.1 mmol L. It revealed a linear correlation between the square root of scan rates (v'?)
versus peak currents (Figure 2) and a characteristic behavior of reversible electrochemical
processes with diffusional control. An average effective area of 0.0308 cm was obtained, which
is higher than the geometric area (0.0078 cm™), resulting in a greater electrode- analyte
interaction and enhancing the current signals, according to Randles-Seycik equation [32].

600

Current (pA)

0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs. Ag/AgCI

Figure 2. Cyclic voltammograms of MCPE/R2 in presence of 50 mmol L™ [Fe(CN)s]** in 0.1 mol L
KClI solution at different scan rates (a — e). Inset: Relationship between square root of scan rates (142)
Versus peak currents.

The above mentioned comparative study evaluated the voltammetric profiles of Cu?* ions
obtained by unmodified carbon paste electrodes and its modified version with 10% of mesoporous
materials. MCPE/R1, have showed a broad oxidation signal in the absence of Cu?*, which
overlaps with the analyte oxidation signals (Figure S4), indicating that MCPE/R1. is not
sufficiently selective for copper determinations. The copper was electroactive for all
othersmodified electrodes, generating an oxidation peak (Cu%Cu?*) at + 0.1 V (Ag/AgCl) (Figure
3). The decrease of MCPE/R3 signal intensity suggests that the high hygroscopy of the material
plays an important role in the carbon paste conductivity. For MCPE/R1, and MCPE/R2, an
increase in the analytical signals was observed. This behavior may be associated with the presence
of the amine groups, which has the ability to coordinate with copper ions. Parida et al. (2012)
have attributed this behavior to the presence of amine groups in the electrode surface [33]. The
MCPE/R2 was chosen for later studies, since it have showed better analytical signal and
sensitivity for the detection of copper ions.
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Figure 3. Anodic stripping differential pulse voltammograms of carbon paste electrode (CPE) and carbon
paste electrode modifieds (MCPES) in the presence of 1.0 x 10 mol L of Cu?*. Inset: Anodic stripping
differential pulse voltammograms of MCPE/R2 a) blank, b) 1.0 x 10 mol L Cu?*. The experimental
conditions were phosphate buffer (pH 6.0), accumulation potential -0.3 V for 300 s and scan rates of 10
mvV s,

3.3 OPTIMIZATION OF EXPERIMENTAL PARAMETERS AT MCPE/R2

The optimization of an electrochemical methodology is very important in order to improve the
analytical response profile. The stripping peak current is pH dependent, showing its maximum at
pH = 6 (Figure 4). This behavior may be explained by the presence of protons and its influence
on amino-group chelating ability. The lack of H* (pH > 6) favors the the desorption of copper in
the oxidation stage, while the excess of H* (pH < 6) leads to the competition of H* and Cu?* ions
during the adsorption step, reducing the detection of copper ions [35]. The anodic peak current
obtained in alkaline media is justified by the presence of hydroxyl ions in solution, leading to the
formation of Cu(OH)2 [36, 37].

100 +

80

60

Current (uA)

40

20 ./.\

0 T T T T T T
4 5 6 7 8 9

pH

Figure 4. Variation of the anodic peak currents as a function of pH in presence 1.0 x 10 mol L Cu?* in
MCPE / R210%. Conditions: scan rates 10 mV s, pre-concentration potential -0.5 V for 300 s.

The electrode composition was evaluated in the range of 0 to 25% (m/m). The peaks currents
increased with the increasing of mesoporous silica amount up to 15% (Figure S5) and decreased
after that due to a decrease in the graphite content in the paste and reduction of the electrode area
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conductivity [33, 34]. The assessment of the pre-concentration potential (-0.2 to -0.7 V) indicates
that -0.5 V was sufficient to promote the reduction of copper ions (Figure 5). Pre-concentration
time (0.5 to 15 minutes) showed an increase of the stripping peak current up to 10 minutes of pre-
concentration, above that time, no significant differences were found (Figure S6). The variation
of stripping peak current as a function of the scan rates (5 to 50 mV s?) was not significant,
however, it was observed a widening in the voltammetric profile when using scan rates greater
than 20 mV s*. Within this context, 10 mV s was determined as the ideal scan rates for the
present study.

140

0.2V

Current (uA)

T T
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
E (V) vs Ag/AgCI

Figure 5. Anodic stripping differential pulse voltammograms of MCPE/R210 in presence 1.0 x 10 mol
L Cu?* varying pre-concentration potential for 600 s. Conditions: phosphate buffer pH 6.0 and scan
rates10 mv st

3.4 ANALYTICAL PERFORMANCE OF SENSOR

The analytical curve obtained by the standard addition method under optimized conditions
(Figure 6) revealed that linearity of anodic stripping peak currents increase as Cu?* concentrations
increases from 0.99 to 11.80 umol L. The linear regression equation is described by Ipa = 3.106
[Cu?*]—9.079 x 1077, with R? = 0.995 for n = 8 and LOD = 0.50 umol L* and LOQ = 0.99 umol
L1

60,0

——0.99 pmol L™

= 1.96 umol L

52,5 -
——2.91 umol L’
—— 4.76 umol L
— 5.96 umol L
——— 7.90 umol L~

9.90 ymol L~
——— 11.80 pmol L

45,0 4
3

1
1
1
1
1

37,54 °

1
30,0

Current ( uA)

22,5

15,0

7,54

0,0

-0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2 0,3

E (V) vs Ag/AgCl

Figure 6. Anodic stripping differential pulse voltammograms of MCPE/R219¢ in the detection of different
concentrations of Cu?*. Conditions: phosphate buffer pH 6.0; scan rate 10 mV s, pre-concentration
potential -0.5 V for 600 s. Inset: analytical curve.
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The relative standard deviation (RSD) and recovery of the method were evaluated by means
in nine samples at three concentrations of Cu?* (2.91, 5.96 and 11.80 umol L) in triplicate [38].
The RSD values (7.00, 10.62 and 7.10%) were satisfactory, since 20% is the usual limit for trace
elements determinations [39]. Recovery levels of 92.24%, 93.99% and 93.20% for the three
concentrations were also acceptable, taking into account the range established by ANVISA (70 -
120%) and in agreement with what have been reported for electrochemical methods (over 90%)
[40-41]. The selectivity of the proposed method was also investigated in a range of 0.1:1, 1:1,
10:1 (M?*:Cu?*) proportions (Table S3) [35, 42-43]. The interference of the ions follows the order
Pb?*> Mn?"> Zn?"> Cd?*> Fe?* and presents higher interference with lead ions that can be justified
by competition with copper ions (Figure 7) and thepreference to coordinate to RNH; groups. The
matrix effect was evaluated and the ration amatrix/asoivent Was equal to 1.1 (> 1), indicating that the
matrix effect in the voltammetric response is positive, resulting in a slightly increase of signal
[44]. In order to minimize the matrix effect, it was decided to electrochemically quantify Cu?*
ions through the curve using the matrix itself.

—110:1
120 . 11
2 X X X =0 R
o 0 N © o
n N - o n
100_,0’ ,,,,,,, 0’3 ,,,,,, O’ ,,,,,,, mw
80
S
g 60
S
(@]
40
20
0 To. N T2+ T T2+ T T 2+ T bz+
Fe Cd Zn Mn P

Figure 7. Variation of the anodic peak currents of the determination of Cu?* using MCPE/ R210¢ in the
presence of interferents (M?*).

3.5 DETERMINATION OF Cu*? IONS IN REAL SAMPLES

The electrochemical signal of Cu?* in sugar cane was observed by the increase of the anodic
peak currents around -0.1 V and its quantification was done by the standard addition method.. An
amount of 0.90 umol L of Cu?* was determined by extrapolating the calibration curve (Figure
8), described by Ip, = 3.31 [Cu?] - 3.00x10°, R? = 0.995 (Figure 8). The value was comparable
with the results obtained by flame atomic absorption spectroscopy (FAAS) (0.94 umol L?). The
anodic stripping voltammetric method using modified electrode MCPE/R2 indicated that the
analyzed sample contains 1.14 mg.L* of copper, which is lower than the limit established by the
Brazilian resolution (5.0 mg L™2).
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Figure 8. Anodic stripping differential pulse voltammograms of MCPE/R210y in different concentrations
of Cu?*. a) blank, b) 5% sugar cane spirit. Conditions: 5% sample, 95% phosphate buffer pH 6.0 and
scan rates 10 mV s, pre-concentration potential -0.5 V for 600 s. Inset: variation of the anodic peak
current at the 0.08 V potential as a function of the Cu?* concentrations.

4. CONCLUSIONS

The proposed routes were able to synthesize functionalized mesoporous silica matrices with
pore sizes within the IUPAC established for this classification. It was observed that the high
surface area of the mesoporous silica showed a higher sensitivity for the electrochemical detection
of Cu?* by differential pulse anodic stripping voltammetry (DPASV). The method developed with
a linear range of 0.99 to 11.80 umol L (R? = 0.995) showed acceptable precision (RSDmax =
10.6%), recovery 92.2%, LOD = 0.50 umol L and LOQ = 0.99 umol L. The electrochemical
detection of copper(ll) using MCPE/R210 Was efficient for the analysis of sugar cane spirit
samples, since the Cu?* content obtained for the artisanal sample was comparable to that obtained
by AAS.
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Table S1. Main bands observed in the FTIR spectra of the mesoporous silica.
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Wavenumber (cm™)

Attributions Rla R1b R2 R3
v(Si-0-Si) 1093 1077 1081 1084
v(Si-0-Si) 794 786 794 797

v(Si-0) 465 458 461 461

v(Si-OH) 960 - 946 951
v(OH) 3447 3466 3450 3442
v(OH) 1641 1641 1623 1641
S(NH) - 1554 1511 1515
v(NH) - 693 689 -

Table S2. Temperature range and respectively mass loss of the mesoporous silicas.

Mass loss (%)

Attributions R1, R1, R2 R3
Water desorption 0.3 6.2 0.4 29.3
Template decomposition - - 4.0 4.1
APTS Decomposition - 10.3 3.2 2.1
Hydrolysis Si-OH 3.6 2.1 0.5 2.0
Total 3.9 18.6 7.7 37.6
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Figure S1. IR spectra of the mesoporous materials obtained by the first (R1a - unfunctionalized / R1;-
functionalized), second (R2) and third (R3) synthetic routes.
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Figure S2. X-ray diffractograms of mesoporous silicas.
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Figure S3. TG curves of the mesoporous silicas.
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Figure S4. Anodic stripping differential pulse voltammograms of the MCPE R1,: (a) Absence of Cu?*, (b)
1x10* mol L Cu?*. Conditions: ammonia buffer pH 9, scan rates 10 mV s, pre-concentration potential
-0.3 Vv for 300s.
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Figure S5. Variation of the anodic peak currents as a function of pH for detection of 1.0 x 10 mol L*

Cu?* in MCPE/R210%. Conditions: scan rates 10 mV s, pre-concentration potential -0.5 V for 300 s.
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Figure S6. Differential pulse voltammograms of MCPE/R2105 in 1.0 x 10 Cu?* mol L varying of the
preconcentration time. Conditions: phosphate buffer pH 6.0, scan rates 10 mV s, pre-concentration
potential -0.5 V.
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Figure S7. Calibration curves for electrochemical detection of Cu?*, using MCPE/ R2105 in the absence
and presence of matrix. Conditions: phosphate buffer pH 6, scan rates 10 mV s, pre-concentration
potential -0.5 V for 600 s.
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Figure S8. Anodic stripping differential pulse voltammograms of MCPE/R210% in the absence of
sugar cane spirit (--), 5% sugar cane spirit (--) and after addition of Cu?* (--). Conditions:

phosphate buffer pH 6.0; scan rates 10 mV s, pre-concentration potential -0.5 V for 600 s.



