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Abstract

Mesoporous SBA-15-type silica, with cylindrical pores hexagonally ordered, was obtained and modified with niobium oxide in
a highly dispersed way. Subsequently, a further modification with cobalt hematoporphyrin was performed. The ordered pore
structure of the SBA-15 was preserved after successive modifications, maintaining its textural properties. The material was used
to modify a carbon paste electrode that was successfully applied to the individual and simultaneous detection of both oxalic
acid and uric acid, by using cyclic voltammetry and differential pulse voltammetry. For individual evaluation, the obtained
detection limits for oxalic acid and uric acid were 9.94 and 0.17 umol-L ™', respectively. However, for the simultaneous
evaluation of both analytes, the detection limits were 2.83 and 0.14 umol-L ™!, for oxalic acid and uric acid, respectively.
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e Well-ordered silica grafted with niobia and cobalt hematoporphyrin.

SBA-15 texture preserved after successive modifications with niobium oxide and hematoporphyrin macromolecule.
Simultaneous electrochemical evaluation of oxalic acid and uric acid.

Modified carbon paste electrode for sensitive evaluation of uric and oxalic acids.
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1 Introduction

Mesoporous SBA-15-type silica materials exhibit high
surface area and cylindrical hexagonally ordered mesopores
[1]. The preparation of this type of material is based on the
hydrolysis and polycondensation reactions of silicon alk-
oxide precursors and a template is employed to build the
well-organized pore structure. This synthesis strategy
allows specific textural characteristics to be obtained that
lead to materials with high pore volumes, unimodal pore
size distributions and interconnected micropores and
mesopores [2] which allow their use as sorbents [3], cata-
lysts [4, 5], drug delivery systems [6], as well as matrices
for the development of electrochemical sensors [7]. Such
silica moieties with high surface areas and high pore
volumes led to a high electroactive area, which is an
important parameter to obtain efficient electrodes. It was
demonstrated that the best silica materials for manufacturing
CPEs were ordered systems, such as SBA-15, which pre-
sents high porosity, interconnected micropores and cylind-
rical mesopores, enabling electron transfer and allowing the
easy diffusion of species to specific sites [8].

SBA-15 silica materials can be chemically modified
by grafting reactions to produce metal oxide coatings
covalently bonded to the silica surface [9]. By using
planned and well-controlled experimental conditions, the
grafting reactions allow highly dispersed and amorphous
metal oxides to be obtained, in this way preventing pore
blocking and maintaining the textural characteristics of
the SBA-15 silica matrix [10, 11]. In the same way, the
modification of silica surfaces with thin coatings of metal
oxides, such as niobium oxide, provides reactive Lewis
and Brgnsted acid sites [11-13]. These sites facilitate
enabling interactions with other species with specific
organic functional groups, such as carboxylate [14] and
allow the immobilization of electroactive macro-
molecules [9, 15], which is useful for the development of
electrochemical sensors.

Despite exhibiting high solubility, oxalic acid chelation
with calcium or magnesium leads to the formation of
oxalate salts, which have rather low solubility. This pro-
cess, in addition to removing calcium ions from the blood,
can produce renal stones [16, 17]. In this way, the urinary
level of oxalic acid has been recognized as an indicator in
the diagnosis of renal stones. Another important compound
that is present in the human organism is uric acid, which is
the product of purine metabolism. The amount of uric acid
in the blood or urine also helps to diagnose several dis-
eases, such as hyperuricemia, Lesch—Nyhan syndrome,
obesity, gout, diabetes, high blood pressure, and high
cholesterol [18, 19]. Several methods have been described
to quantify oxalic and uric acids in body fluids, including
spectrometry [20, 21] and chemiluminescence [22, 23].

However, these methods are expensive and they involve
several sampling steps. Thus, simple and direct methods for
monitoring the amount of oxalic and uric acids are desir-
able. Therefore, electrochemical techniques stand out as
being easy and low-cost possibilities. In this context, this
work presents a CPE modified with mesoporous SBA-15
material, previously grafted with niobium oxide and cobalt
hematoporphyrin (CoHp), which allows the evaluation of
these analytes individually or simultaneously. As far as we
know, this is the first report of simultaneous evaluation of
oxalic acid and uric acid, making the developed electrode
very promising for application in diagnosis for both ana-
lytes that are simultaneously present in urine.

2 Experimental
2.1 Synthesis of SBA-15

SBA-15 type silica was synthesized from an adapted
procedure reported elsewhere [1]. In this procedure,
Pluronic” P-123 surfactant was used as a template and
tetraethylorthosilicate (TEOS, Sigma, 98%) as a source
of silica. For the purpose of this synthesis, 2 g of sur-
factant were first dissolved in 75 mL of 1.6 mol-L~' HCI
(Merck). The system was maintained at 40 °C under
magnetic stirring. Afterward, 4.6 mL of TEOS were
added slowly and the system remained under stirring and
heating for 24 h. Then the system was transferred to an
autoclave and heated at 100 °C for an additional 24 h.
The white solid obtained was filtered, washed with dis-
tilled water, and dried in an oven at 80°C for 4h.
Finally, the material was calcined in a muffle furnace for
6 h at 550 °C to remove the template. This procedure was
repeated several times to obtain a sufficient amount of
SBA-15 material.

2.2 Modification of SBA-15 surface with niobium
oxide (SBA/Nb)

SBA-15 material (2.5g) was previously activated at
120 °C, under vacuum, for 8h. Subsequently, it was
dispersed in toluene (Merck, 99.5%, 30 mL), under N,
atmosphere, at 80 °C. At the same time, 405 mg of nio-
bium pentachloride, provided by Companhia Brasileira de
Mineragdo e Metalurgia (CBMM) were dissolved in
10 mL of absolute ethanol (Merck, 99.9%), in a glove
chamber, under N, atmosphere. This solution was added
to the flask containing SBA-15 in toluene. The mixture
remained under mechanical stirring at 80 °C for 18h.
Afterwards, the supernatant was removed, and the mate-
rial was washed with the following order of solvents:
toluene, ethanol, water, and ethanol. The solid was then
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dried at 120 °C, under vacuum. This material is hereafter
called SBA/Nb.

2.3 Modification of SBA/Nb with cobalt
hematoporphyrin (SBA/Nb/HpCo)

Firstly, the metalation of hematoporphyrin was performed
by adapting the method described by Zahavi [24]. Hema-
toporphyrin (50 mg) was dissolved in 5 mL of chloroform
and 7mL of tetrahydrofuran (Merck). A cobalt acetate
(Synth, 50 mg)/acetic acid solution (Dynamics, 4 mL) was
added, under N, atmosphere and the system maintained
under stirring, for 4 h. A mixture of acetic acid:ethyl acetate
(1:8 v/v) was then added to precipitate the excess of cobalt,
which was separated by centrifugation. Hexane (Merck,
16 mL) was added to the supernatant and the system was
left in the refrigerator at 5 °C for 24 h. A CoHp precipitate
thus formed was separated by centrifugation, dried under
vacuum, and redissolved in 10 mL of ethanol. The CoHp
ethanolic solution was added to 2.0 g of SBA/Nb material.
The system was maintained under mechanical stirring for
24 h. Finally, the solid was filtered, washed with ethanol
and dried at 100 °C under vacuum. The solid obtained was
designated as SBA/Nb/HpCo.

2.4 Materials characterization

X-ray diffraction analysis (XRD) was performed using a
Siemens model D500 diffractometer, with Cu-Ka as source
(A=0.154056 nm). The N, isotherms were obtained at
77K, using a Tristar II Kr Micromeritics instrument, after
the samples were degassing at 120 °C, for 10 h. BET sur-
face area and BJH pore size distribution methods were
applied [25]. Transmission electron microscopy (TEM)
images were obtained using a JEOL JEM model 2010,
operating at 120keV. The samples were previously dis-
persed in isopropyl alcohol, in an ultrasound bath, and
dispersed onto a carbon-coated copper grid, before the
analyses. Scanning electron microscopy (SEM) images
were acquired in a Zeiss Auriga microscope. The samples
were previously dispersed on a conductive tape on
aluminum support and coated with gold film. EDS analysis
was acquired with an electron beam of 15keV and 5nA
current in a JEOL SEM with a LaBg filament and equipped
with a Thermo Fisher Scientific SDD spectrometer. The
samples were compacted as disks (5.0 ton cm~2). UV-Vis
spectra were obtained in an Agilent CARY 5000 spectro-
photometer, using transmission technique for liquid
samples and diffuse reflectance with integrating sphere
for solid materials. The Kubelka-Munk method was applied
in the latter case: k/s =[(1—R)?]/2R, considering (R) as
the diffuse reflectance, absorbed light as (k) and (s) as
scattering coefficient.

@ Springer

2.5 Electrochemical measurements

Electrochemical measurements were performed on an
IviumStat galvanostat/potentiostat by using a three-electrode
cell constituted by: a saturated calomel electrode (SCE) as
reference; a platinum wire as counter electrode and a CPE as
a working electrode. The modified CPE was prepared by
using SBA/Nb/HpCo material (8 mg), analytical grade gra-
phite powder (Sigma, 99%, 12 mg) and mineral oil (5 mg).
The components were mixed and a fraction of the paste was
deposited in a Teflon cavity with 1 mm depth, connected to a
platinum disk (6 mm of diameter) glued to a glass tube with
a copper wire. The modified CPE is hereafter referred to as
SBA/Nb/HpCo-CPE and was used to evaluate oxalic and
uric acid contents (Sigma, 98%) using cyclic voltammetry
and differential pulse voltammetry techniques. All mea-
surements were carried out at room temperature in the pre-
sence of I1molL™' KCl (Merck, 99.5%) as a support
electrolyte. The potential range used for cyclic voltammo-
grams for oxalic acid was between 0.3 and 1.0V, with
20mV-s~! scan rate; for uric acid, the corresponding para-
meters were 0.1-0.6V, and 20mV-s~!, respectively. For
differential pulse voltammetry, the potential range used was
between 0.1 and 0.4 V, with 5mV-s~! scan rate. Phosphate
buffer solution (PBS, 0.1 mol-L™!, pH 6.0) was prepared
from NaH,PO, (Vetec) and Na,HPO, (Vetec).

3 Results and discussion

Niobium (V) oxide was grafted onto a mesoporous SBA-15
surface to generate the SBA/Nb material by using an
anhydrous ethanolic NbCls solution as niobium precursor.
The grafting reaction was planned to yield 0.5 mmol of
niobium per gram of SBA/Nb. Subsequently, this material
was further modified with CoHp to obtain the SBA/Nb/
HpCo. Figure 1A shows the XRD patterns of materials at
small angles, from 0.5 to 2.8°. All diffractograms presented
a typical pattern of mesoporous SBA-15 material with
hexagonally ordered cylindrical pores. The peaks at 0.9°,
1.5°, and 1.7° angles are due to the 100, 110 and 200
planes, respectively [1, 5, 10]. The ordered cylindrical pore
structure is illustrated in the inset Fig. 1A. The XRD results
demonstrate that the hexagonal ordered structure of SBA-
15 is preserved, even after the subsequent surface mod-
ifications with niobium oxide and CoHp. Figure 1B pre-
sents a SEM image of the SBA-15, showing silica particles
with similar morphology with dimensions around 500 nm.
The TEM image of SBA-15, which is depicted in Fig. 1C,
shows a lateral view of the ordered structure of the
cylindrical pores.

Figure 2A shows the backscattered electron image of the
SBA/Nb/HpCo material and the EDS spectrum is depicted
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Fig. 1 A XRD analysis of SBA-
15, SBA/Nb and SBA/Nb/HpCo
materials. The Inset to (A)
illustrates their cylindrical pore
structure; B SEM image of
SBA-15; C TEM image of
SBA-15
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Fig. 2 EDS analysis: (A) backscattered electron image of sample pressed at 5.0 ton cm?; B EDS spectrum; C silicon elemental mapping; D niobium
elemental mapping and (E) cobalt elemental mapping

Fig. 3 Textural analysis of
materials: (A) N, adsorption-
desorption isotherms; B BJH
pore size distribution, obtained
from the desorption branch of
isotherms
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in Fig. 2B. The image is consistent with the pressed powder
preparation of the sample (5.0 ton cm?). The Si-Ka and Nb-
Lo peaks are clearly observed, and they were estimated as
98 wt.% Si0O, and 2 wt.% Nb,Os. In the case of the Co-Ka
peak, quantification was not possible. Qualitatively, how-
ever, the presence of cobalt can be securely established. The
elemental mapping is presented in Fig. 2C, 2D and 2E for
silicon, niobium and cobalt, respectively. As can be seen,
the niobium and the cobalt showed homogeneous distribu-
tion at the micrometric level, even though the latter is sta-
tistically poor.

Nitrogen adsorption-desorption isotherms are depicted in
Fig. 3A. Type 1V isotherms with vertical parallel H1 hys-

Table 1 Textural data of materials

Sample Surface area (%5 ng’l) Pore size® (nm)
SBA-15 768 6.7
SBA/Nb 730 6.3
SBA/Nb/HpCo 670 6.5

®Pore diameter, obtained from the maxima of the BJH pore
distribution curves

teresis are clearly seen for all materials. This behavior is
typical of materials with cylindrical and highly ordered
mesopores [1, 10]. The BJH pore size distribution curves
shown in Fig. 3B, which were obtained from the desorption
branch of isotherms, confirm the ordered mesopore struc-
ture with narrow size distribution, characteristic of SBA-15-
type materials. The surface areas and pore diameters are
presented in Table 1. After the grafting reaction, from SBA-
15 to SBA/NbD, the surface area decreases by 5%, and the
pore diameter decreases by 0.4 nm. This result indicates that
the niobium oxide is highly dispersed on the surface (SBA/
Nb), which is compatible with a coating of about 0.2 nm
thickness [11]. Further modification of the surface with
CoHp (SBA/Nb/HpCo) leads to an additional decrease in
the surface area of about 8%, and also an increase of 0.2 nm
in the pore diameter. This behavior, of increasing diameter,
was already reported during the immobilization of macro-
molecules on porous silica materials, and it was interpreted
as a possible leaching process which occurs during the
CoHp immobilization, resulting in some erosion of the
silica pore wall [26]. This interpretation makes sense, since
the matrix for immobilizing CoHp (SBA/Nb) has not
undergone previous heat treatment, precisely to remain

Fig. 4 UV-Vis spectra of: (A)
ethanolic solution of
hematoporphyrin (Hp) and
cobalt hematoporphyrin (CoHp),
the Inset shows their structures
and symmetries; B solid
materials, the inset shows a
representation of cobalt
hematoporphyrin I
functionalizing the SBA/Nb/ ’
HpCo pores
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Fig. 5 A Cyclic voltammograms in the absence (segmented line) and
in the presence of 4120 pumol L~ of oxalic acid (straight line) for
unmodified CPE, SBA-CPE, SBA/Nb-CPE and SBA/Nb/HpCo-CPE.
B Cyclic voltammograms of SBA/Nb/HpCo—CPE in the presence of
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different concentrations (490 and 6520 umol-L~") of oxalic acid, using
1 mol-L ™! of KCI and scan rate of 20 mV-s~'; The Inset to (B) shows
the linear correlation between peak current and oxalic acid
concentration
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Fig. 6 Cyclic voltammograms
obtained with SBA/Nb/
HpCo—CPE at different scan
rates (20-200 mV-s~') in the
presence of oxalic acid

(4500 umol-L "), performed in

1 mol-L™! KCI; A linear
correlation between the current
peak intensity (Ip) versus square
root of the scan rate (v”z);

B linear correlation between log
Ip versus log v

I (uA)

y=-37.085 + 16.555x
R =0.9958

4 6 8 10 12 14 16
2 1172
v'? (mvs')

y =0.769 + 0.666x

0.4
100 4 100 6140
& umol Lt
z &

80 2w 980

2 y =7.075+0.015x

R =0.9956

60 2000 4000 6000

[Oxalic Acid] pmol L

I (uA)

40 1

20

. . ; . ; . .
0.4 0.5 0.6 0.7 0.8 0.9

E (V) vs SCE
Fig. 7 Differential pulse voltammograms obtained with SBA/Nb/
HpCo-CPE, in the presence of oxalic acid, in the concentration range
from 980 to 6140 umol-L~", using 1 mol-L ™! KCl as support electro-

lyte and v =20 mV-s~'. The Inset shows the linear correlation between
peak current and oxalic acid concentration

more reactive. In this way, the textural analysis is in
accordance with the XRD data, showing that the successive
surface modifications do not produce changes in the ordered
pore structure and the texture of materials remains almost
unchanged.

The UV-Vis spectra of hematoporphyrin before and
after the metalation with cobalt are presented in Fig. 4A.
The spectrum of hematoporphyrin presents four bands,
assigned as Q bands of the porphyrin ring, associated with
the D,, symmetry, while the spectrum of metalated
hematoporphyrin shows only two Q bands, which are
associated with the Dy, symmetry [27-29]. The spectrum
of SBA/Nb/HpCo material is depicted in Fig. 4B. Two Q
bands are evident in the latter spectrum, identifying the
presence of the CoHp in which the porphyrin ring presents
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T T
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Fig. 8 Cyclic voltammograms obtained with SBA/Nb/HpCo—CPE in
the presence of different concentrations of uric acid, in phosphate
buffer solution (0.1 mol-L ™", pH 6), using 1 mol-L™' KCI and v=

20mV-s~!. The inset shows the linear correlation between uric acid
concentration and the intensity of the peak current

Dy, symmetry. The spectra of SBA-15 and SBA/Nb
materials show no bands in the visible region (Fig. 4B).
The SBA/Nb/HpCo material was used to modify the
CPE (SBA/Nb/HpCo—CPE) in order to verify the viability
of its use in the electrochemical determination of oxalic and
uric acids. Firstly, cyclic voltammograms were obtained in
the absence and in the presence of oxalic acid for unmo-
dified CPE, SBA-CPE, SBA/Nb-CPE and SBA/Nb/
HpCo—CPE, using 1 mol-L™' KCI solution as electrolyte
support. The resulting cyclic voltammograms are shown in
Fig. 5A. For all the electrodes, no oxidation peak was
detected in the absence of oxalic acid, in the potential range
studied. However, for SBA/Nb/HpCo—-CPE, in the presence
of oxalic acid, a well-defined irreversible anodic peak,
which corresponds to its oxidation, was observed at a
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Table 2 Comp ara.tlve Electrode Experimental Electrochemical Linear range LOD Reference
performance of different conditions techniques (umol-L ™) (umol-L ™)
electrodes in the electrochemical d K H
determination of oxalic acid Graphite/Ag/  H3PO, (0.05 M) EIS, CV, DPV 10-750 37 [31]
AgCI® v=350mV-s!
TiOy/ HC1O4 (0.1 M) CvV 100-10000 33 [35]
MWCNTS/GC® v=50mV-s~!
PdAuNP/ H,SO,4 (0.2 M) CV, LSV 5-100 2.7 [36]
graphene® v=100mV-s~!
Pd/SBA-15/ H,SO, (0.1 M)/0.1M  CV, LSV 10-140 04 [37]
CPE¢ PBS (pH 6.00) v =
50mV-s~!
PtNP/Glassy HCIO4 (0.1 M) CV, Amperometry 1.4-595 0.28 [38]
Carbon® v=100mV-s~'
Ag-doped PBS (0.1 M) CV, DPV 16-1800 55 [39]
ZSM-5' v=20mV-s!
PANP/rGO# H,SO, (0.1 M) CV, DPV 50-10,000 50 [40]
v=50mV-s"
AgNRs/ PBS (0.1 M) CvV 3000-30,000 40 [41]
Graphene” v=50mV-s!
PdPY/GC' HCIO4 (0.1 M) CV, Amperometry 10-4700 1 [42]
v=100mV-s~!
SBA/Nb/ KCI (1 M) CV, DPV 980-6140 9.94 This work
HpCo-CPE v=20mV-s~!
SBA/Nb/ KCI (1 M) CV, DPV 1456-4128 2.83 This work
HpCo-CPE/ y=20mV-s~!

LOD Limit of detection, EIS Electrochemical impedance spectroscopy, CV Cyclic voltammetry, DPV
Differential pulse voltammetry, LSV Linear sweep voltammetry, v = scan rate

#Silver and silver chloride deposited on graphite

°Ti0, nanoparticles/multi-walled carbon nanotubes/glassy carbon

“Palladium nanoparticles on reduced graphene oxide

dpalladium-doped SBA/carbon paste electrode

®Platinum nanoparticles modified glassy carbon electrode

fSilver incorporated in ZSM-5/carbon paste electrode

£Palladium nanoparticles on reduced graphene oxide

hSilver nanorods dispersed on graphene

'Palladium and Platinum/glassy carbon

JSimultaneous analysis with Uric Acid

potential near to 0.85 V. For all other electrodes no oxalic
acid oxidation peak was observed, in the potential range
studied. These results confirm the electrocatalytic properties
of the SBA/Nb/HpCo—CPE system. The peak irreversibility
is due to the formation of carbon dioxide during the oxi-
dation, which is rapidly released from the electrode’s sur-
face, thus making the process irreversible [30, 31].

The cyclic voltammograms of SBA/Nb/HpCo-CPE,
obtained by using different oxalic acid concentrations, in
the range between 490 and 6520 umol-L~!, are shown in
Fig. 5B. An increase in the intensity of the acid oxalic
oxidation peak was observed with increasing oxalic acid
concentration and the inset Fig. 5B shows the linear cor-
relation between the anodic peak current and the analyte

@ Springer

concentration, considering only the Faradaic current. In this
way, it is revealed that this electrode has potential applic-
ability as a sensor, within the chosen concentration range.
With the purpose of evaluating the electrochemical beha-
vior of the SBA/Nb/HpCo—CPE, in the oxalic acid oxidation,
cyclic voltammograms were performed with different scan
rates, between 20 and 200mV-s~', in the presence of
1.0 mol-L ™" KClI solution. The voltammograms are shown in
Fig. 6. The linear correlation between the current peak
intensity (Ip) and the square root of the scan rate (Fig. 6A)
suggests a diffusional mechanism for the electroactive species
on the electrode surface. The correlation between log v versus
log Ip was obtained in order to confirm whether the process is
really controlled by diffusion. A slope close to 0.5 indicates a
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diffusional process, while a slope value close to 1.0 indicates
that the process occurs by adsorption [32, 33]. As the obtained
linear correlation value was 0.666 (Fig. 6B), we can infer that
the oxidation process of the oxalic acid on the SBA/Nb/
HpCo—CPE is controlled by a diffusion mechanism, because
the slope is near 0.5.

Measurements using differential pulse voltammetry
techniques, with the SBA/Nb/HpCo-CPE electrode, were
performed with concentrations of oxalic acid between 980
and 6140 umol-L~!. The voltammograms are depicted in
Fig. 7, and they show that the anodic peak current increases
with increasing oxalic acid concentration. The inset to
Fig. 7 shows the linear correlation between the anodic peak
current and the oxalic acid concentration. According to the
slope of this curve, the sensitivity was estimated as
0.015 pA-L-umol ', The limit of detection (LOD) was cal-
culated from (3 x SDb/slope) [34], where SDb is the stan-
dard deviation of the blank measurements (n = 10). The
obtained LOD value was 9.94 umol-L "

Table 2 presents the concentration range, the experimental
conditions, the applied technique and the LOD for other
types of electrodes, which were recently reported for oxalic
acid determination. As can be seen, the SBA/Nb/HpCo—CPE
presents a LOD value comparable with the values of other
electrodes. However, considering the concentration range
above 1000 umol-L~!, the SBA/Nb/HpCo—CPE electrode is
among those with the lowest LOD values.

The SBA/Nb/HpCo—CPE was also used in the investi-
gation of the electrochemical behavior of uric acid, using
cyclic voltammetry and differential pulse voltammetry.
Figure 8 shows the cyclic voltammograms for uric acid in
the concentration range from 49 to 698 umol-L~", using
ImolL™" KCI and a scan rate of 20mV-s~'. In the
absence of uric acid, no oxidation peak was detected.
However, a well-defined and irreversible anodic peak was
observed at a potential close to 0.35 V, thus characterizing
the oxidation of uric acid by the SBA/Nb/HpCo—-CPE.

R =0.9996

T T
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Fig. 10 Differential pulse voltammograms obtained with SBA/Nb/
HpCo-CPE in the presence of different concentrations of uric acid, in
phosphate buffer (0.1 mol-L ™!, pH 6), KCl 1 mol-L ™! and v=5mV-s;
The Inset shows the linear correlation between uric acid concentration
and peak current intensity

With regard to the inset in Fig. 8, two linear concentration
ranges are clearly identified.

The influence of the scan rate on the electrochemical
behavior of uric acid was also investigated by cyclic vol-
tammetry and the results are shown in Fig. 9. An increase
in the current peak intensity and also a peak displacement
to higher potentials were observed with increasing scan
rate. Figure 9A provides information about the uric acid
oxidation process, showing a linear correlation between
the current peak intensity (Ip) and the square root of the
scan rate (v'’?). As observed for oxalic acid, this result also
suggests that the mechanism of uric acid oxidation on the
SBA/Nb/HpCo—CPE surface is controlled by diffusion of
electroactive species [33]. However, the linear correlation
between log Ip versus log v, which is presented in Fig. 9B,
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Table 3 Comp ara.tlve Electrode Experimental Electrochemical Linear range =~ LOD Reference
performance of different conditions techniques (umol-L™ (umol-L ™)
electrodes in the electrochemical d a a
determination of uric acid GO/GCE® PBS (0.1M, pH 65) CV 20-490 3.45 [43]
v=>50mV-s~!
RGO-ZnO" PBS (0.1 M, pH 6) CV, DPV 1-70 0.33 [44]
y=50mV-s!
N, atmosphere
Pd/RGO/GCE® PBS (0.1 M, pH 7) CV, DPV 6-470 1.6 [45]
v=0.05mV-s"
GNP/FTO! PBS (0.1 M, pH 7) CV, DPV 10-100 0.28 [46]
v=100mV-s~!
Au-Cu,0O/rGO®  PBS (0.1 M), CV, DPV, EIS 100-900 6.5 [47]
v=100mV-s~'
PB/rGOf ABS (0.1 M, pH 6) CvV 40-415 8.0 [48]
v=25mV-s~!
NiO/MWCNT? PBS (pH 7) CvV 10-2500 1 [49]
v=50mV-s~
Fe;0,/CPE" PBS (0.1M, pH 7.5) CV, EIS 160-2110 80 [50]
3D-ACNT! PBS (0.01M, pH 7.4) CV 100-1000 1 [51]
v=50mV-s!
SBA/Nb/ PBS (0.1 M, pH 6) CV, DPV 25-350 0.17 This work
HpCo-CPE KCI (0.1 M)
y=20mV-s~!
SBA/Nb/ PBS (0.1 M, pH 6) KCl CV, DPV 98-260 0.14 This work
HpCo-CPE (0.1M) v=20mV-s~!

LOD Limit of detection, EIS Electrochemical impedance spectroscopy, CV Cyclic voltammetry, DPV
Differential pulse voltammetry, LSV Linear sweep voltammetry, v = scan rate

“Uricase onto graphene oxide/glassy carbon electrode

°Graphene zinc oxide/glassy carbon electrode

“Palladium on reduced graphene oxide/glassy carbon electrode

dgraphene nanoplatelet-modifiedfluorine-doped tin oxide electrode

¢Au-Cu,O nanoparticles/reduced graphene oxide

Prussian blue/reduced graphene oxide

ENiquel oxide/multi-walled carbon nanotube

"Magnetite modified carbon paste electrode

i3D-aligned carbon nanotube

JSimultaneous analysis with Oxalic Acid

shows a slope of 0.765. This value of slope, between 0.5
and 1.0, indicates that the process is controlled simulta-
neously by diffusion and adsorption [32]. This adsorption
can be explained by the high porosity of the electrodes
containing nanostructured SBA and by the presence of the
Nb,0Os, which presents Lewis acid sites that can interact
with the uric acid [12, 14].

Differential pulse voltammograms were obtained with
SBA/Nb/HpCo—CPE for uric acid, by varying its concentra-
tion in the range from 24.9 to 283.0 umol-L ™', The voltam-
mograms are depicted in Fig. 10 and they show that the anodic
peak current increases with increasing uric acid concentration.
The inset to Fig. 10 shows a linear correlation between the
anodic peak current and the uric acid concentration, within the
applied concentration range. The sensitivity was determined
from the slope of the calibration curve, whose value was

@ Springer

0.384 pA-L-umol ~!. The calculated LOD was 0.17 yumol-L ™.
Therefore, compared with the oxalic acid, the SBA/Nb/
HpCo—CPE showed higher sensitivity toward uric acid.

Table 3 presents a comparison of the performance of
different electrodes recently used for the determination of
uric acid with that of SBA/Nb/HpCo—CPE. As can be seen
in Table 3, the electrode developed in this work showed a
lower LOD value when compared with other electrodes
already reported. Therefore, the electrode proposed in this
work showed high sensitivity in the determination of uric
acid over a wide linear concentration range. These results
are promising and indicate that this electrode can be used as
a sensor to determine uric acid.

The reproducibility of the SBA/Nb/HpCo—CPE was eval-
uated using four similar electrodes. The cyclic voltammograms
were made using 9.8 mmol-L~' of oxalic acid and the
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obtained standard deviation was 12.38%. In addition, the
SBA/Nb/HpCo—CPE was evaluated using one electrode and
9.8 mmol-L ™" of oxalic acid. The standard deviation for six
cycles, after 1 min of stirring and 2 min of rest, was 5.91%.

Taking into account the considerable oxidation peak
separation between the two analytes, simultaneous analyses of
oxalic and uric acids were also performed by differential pulse
voltammetry, using SBA/Nb/HpCo—CPE, KCI 1 mol-L ™! and
a scan rate of 20mV-s~'. The voltammograms, shown in
Fig. 11, exhibit an increase in peak current after consecutive
additions of oxalic acid and uric acid. Figure 11A shows the
linear correlation between peak intensity versus oxalic acid
concentration, within the range from 1456 to 4128 umol-L™";
whereas Fig. 11B presents the linear correlation for uric acid,
in the concentration range between 98 and 260 pumol-L ™.
Based on these linear regressions, in the presence of both
analytes, the sensitivities increased to 0.035 and
0.704 pA-L-umol ' for oxalic acid and uric acid, respectively.
In this way, the calculated LOD values in the simultaneous
evaluation of oxalic acid and uric acid have been decreased to
2.83 and 0.14 umol-L™", respectively. These results indicate
that the developed electrode (SBA/Nb/HpCo—CPE) allows the
simultaneous evaluation of oxalic acid and uric acid con-
centrations with high sensitivity.

4 Conclusions

A high surface area mesoporous SBA-15 silica material
with highly ordered and interconnected pore structure was
obtained and successfully modified with niobium oxide
(SBA/ND). Afterwards, a further modification with CoHp
was performed (SBA/Nb/HpCo). XRD and N, adsorption-
desorption isotherms show that the modified material
maintains the well-ordered pore structure as well as the
textural properties of the SBA-15 silica material. The
modified mesoporous material was used to manufacture a

CPE (SBA/Nb/HpCo—CPE), which was applied to the
evaluation of oxalic and uric acids by using cyclic vol-
tammetry and differential pulse voltammetry, in a wide
linear range of concentration. When compared with other
reported electrodes, the modified CPE developed in this
work presents the lowest LODs for uric acid. In addition, it
allows the simultaneous evaluation of both analytes with
high sensitivity, which makes it a very promising system for
its applicability as a sensor for oxalic and uric acids.
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