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In this work, ultrasound was applied for the conversion of tannic acid into gallic acid using only diluted H,O, as
reagent. Experiments were carried out using several types of ultrasonic horns operating at 20 kHz (VC750W
processor). The following experimental conditions were evaluated: HoO5 concentration (0.2 to 8.5 mol L’l), horn
type (10 to 25 mm of diameter), ultrasound amplitude (20 to 70%), sonication time (10 to 45 min), tannic acid
concentration (170 to 1360 mg L’l), and reaction temperature (50 to 90 °C). Gallic acid production was
monitored with ultra-performance liquid chromatography with high-resolution time-of-flight mass spectrometry
(UPLC-ToF-MS). The isolated gallic acid was confirmed with nuclear magnetic resonance (*H and 3¢ NMR). It is
important to emphasize that this study was developed as a proof of concept to demonstrate the potential of
ultrasound for tannic acid conversion into gallic acid using just diluted Hy0,. Under selected conditions gallic
acid production yield was 128 + 4 mg g ! of initial tannic acid (using 170 mg L~ of tannic acid as starting
material). Reaction time was set as 30 min, which was carried out using 1 mol L™} Hy05 and ultrasound
amplitude of 50% at 90 °C. At silent conditions (mechanical stirring, from 100 to 1000 rpm), gallic acid pro-

duction was halved (less than 78 + 4 mg g~ of initial tannic acid).

1. Introduction

Tannic acid is defined as a natural biopolymer of high molecular-
weight (1701 Da) containing several phenolic groups. It is produced
from the secondary metabolism of plants with several phenolic groups in
the structure extremities [1,2]. The main biological functions of tannic
acid are associated with protein stabilization and production of insol-
uble complexes with cellulose and pectin [3]. Tannic acid is employed in
beer (organoleptic properties), cosmetic industry (skin treatment), and
is considered a potential alternative to the use of petroleum derivatives
for the production of industrial resins [4-6]. It is found in several agro-
industrial wastes, such as post-fermentation grape pomace, wood waste,
and spent coffee grounds [3].

Despite these applications, tannic acid is a molecule with low-
biodegradability rate and its unsuitable waste disposal under uncon-
trolled conditions can impair human health and ecosystems [7]. When
discharged without previous treatment in rivers or lakes, tannic acid can
be accumulated in aquatic animals and potentially cause cell death in
microorganisms [7-10]. The presence of tannic acid in potable water
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causes changes in color, flavor, and odor. It can also form complexes
with pesticides, drugs, and elements known to be potentially toxic [8].
Recent studies reported considerable amounts of tannic acid in natural
water sources (0.023 mg L’l) and industrial effluents (0.535 mg L’l),
which demonstrates the necessity of developing alternative protocols for
tannic acid conversion [7-11].

Some studies have proposed tannic acid conversion based on coag-
ulation, ultrafiltration, and adsorption from industrial effluents
[12-14]. However, the high amount of reagents required, the solid
waste generated in the treatments, the low degradability efficiency, and
the high costs of implementation are reported as drawbacks for tannic
acid conversion [12-14]. Recently, other authors proposed the use of
ultraviolet energy and hydrogen peroxide (H202) to complete the con-
version of tannic acid from wastewater [15]. The implementation of a
photoreactor was considered as a suitable alternative to tannic acid
control from wastewater but the long conversion time (180 min) and the
relatively high cost for implementation at industrial scale are still
challenging.

To overcome the limitations of tannic acid conversion by

Received 30 September 2020; Received in revised form 15 December 2020; Accepted 19 December 2020

Available online 24 December 2020
1350-4177/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license


mailto:ericommf@gmail.com
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2020.105442
https://doi.org/10.1016/j.ultsonch.2020.105442
https://doi.org/10.1016/j.ultsonch.2020.105442
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2020.105442&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Santos et al.

physical-chemical treatment [12-14], the use of enzymes has been re-
ported as an alternative for wastewater and effluents [16-18]. The main
enzymatic routes described in the literature suggest the use of Aspergillus
and Penicillium strains [16-18]. When in contact with tannic acid, these
microorganisms produce the tannase enzyme (tannin-acyl-hydrolase).
This enzyme hydrolyzes the ester group generating glucose and gallic
acid as main products [16-18]. Although tannase enables efficient
conversion of tannic acid (higher than 95% in up to 21 days), its action is
inhibited by the presence of metals (e.g., Cu, Zn, Fe, Mn, and Mg).
Additionally, tannase can be inhibited when in contact with sulfate and
chloride species, decreasing the applicability of this route for waste-
water treatment [16-18].

Ultrasound (US) has been applied for many processes, including
removal of contaminants, synthesis and extraction from several feed-
stocks [19-21]. Ultrasound (ranging from 0.3 to 1 MHz) has been used
to develop protocols to convert tannic acid into ellagic acid crystals with
no reagent addition [22]. It has been demonstrated that experimental
parameters such as US frequency, acoustic density, and sonication time
influenced the formation and morphology of crystals of ellagic acid [22].
Although conversion of tannic acid by US could be considered a suitable
alternative, there is a lack of studies about the use of this technology for
the treatment of effluents, wastes and biomass valorization.

In this work, the potential of ultrasound for tannic acid conversion
into gallic acid was evaluated. The experiments were carried out using
different types of ultrasonic horns operating at 20 kHz (750 W of
nominal power). The following experimental conditions were evaluated:
H0; concentration, horn type, ultrasound amplitude, sonication time,
tannic acid concentration, and temperature. Gallic acid was quantified
by ultra-performance liquid chromatography with high-resolution time-
of-flight mass spectrometry (UPLC-ToF-MS). The structure of gallic acid
was confirmed by nuclear magnetic resonance (1H and 13C NMR).
Additional experiments using mechanical stirring were performed for
comparison with the proposed US-assisted process.

2. Materials and methods
2.1. Instrumentation

In this work titanium horns with length ranging from 12.7 to 26 cm
and diameter from 10 to 25 mm were evaluated using an ultrasonic
processor (VC750, Sonics and Materials Inc., USA) operating at 20 kHz
with a nominal power of 750 W. The reaction temperature was
controlled using a water bath (MCT 110 Plus, Servylab Ltd., Brazil).

Conversion of tannic acid at silent condition was performed using a
mechanical stirrer (PT3100 D, Polytron, Switzerland) equipped with a
homogenizer tip (20 mm of diameter) operating from 100 to 1000 rpm.

Gallic acid was identified and quantified using an Acquity™ UPLC
system from Waters Corp. (USA). Separation was performed in a HSS T3
column (2.1 x 50 mm, 1.8 um, Waters) coupled to a time-of-flight mass
spectrometer (Xevo G2 Q-Tof, Waters), equipped with an electrospray
ionization source (ESI). Mass spectra were acquired from 50 to 1000 Da.
The ESI-ToF-MS detection was performed in negative ion mode with
capillary voltage of 2.00 kV, cone voltage of 20 V, and extractor cone
voltage of 2.00 V. Desolvation gas and cone gas flow rate were 400 Lh™?
and 100 L h™!, respectively. Desolvation temperature was set to 400 °C
and source temperature was 150 °C. System control and data acquisition
were performed using MassLynx V 4.1 software.

Gallic acid structure was confirmed using 'H and '*C NMR analyses.
The NMR spectra were acquired using 150.92 and 600.13 MHz for 'C
and 'H, respectively. Spectra were recorded on a Bruker Avance III NMR
spectrometer with 64 scans and were processed using Bruker-Topspin
software.

2.2. Reagents

Distilled and deionized water was purified using a model Milli-Q
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system (Millipore, USA). Tannic acid (94%), gallic acid (98%), HyO4
(30%) and ethyl acetate (98%) were obtained from Sigma (Sigma-
Aldrich, Germany). Acetonitrile (99%) and methanol (99%) used in
UPLC-ESI-ToF-MS were purchased from Fluka (Germany) and Tedia
(USA), respectively. Nitrogen and argon (purity of 99.999% and
99.998% respectively, White Martins, Brazil) were used as collision gas
in UPLC-ESI-ToF-MS.

2.3. Methods

The proposed process was carried out in a glass cylindrical reactor
with 5 cm of internal diameter and 20 cm of height. Initial experiments
were arbitrarily performed using 170 mg L™! tannic acid at 50 °C, 30
min, and 50% acoustic amplitude. Tannic acid was transferred to the
reactor with 20 mL diluted HyO5. The US horns were immersed in the
reaction mixture at 3 cm from the bottom of the reactor in all experi-
ments using US.

A univariate design was proposed to optimize the experimental
conditions for tannic acid conversion into gallic acid. The following
experimental parameters were evaluated: HoO5 concentration (0.2 to
8.5 mol L’l), horn type (10 to 25 mm of diameter), ultrasound ampli-
tude (20 to 70%), sonication time (10 to 45 min), tannic acid concen-
tration (170 to 1360 mg L’l), and the reaction temperature (50 to
90 °C).

Acoustic density was determined by calorimetry, according to pre-
vious works [23,24]. These experiments were performed using an ul-
trasonic horn or mechanical stirrer with 170 mg L~} of tannic acid, 20
mL of 1 mol L™! HyO, and 5 min. Temperature was monitored using a
digital thermometer and the acoustic density was calculated in W cm ™3,

Prior to chromatographic analyses, all samples were filtered using a
polytetrafluoroethylene filter (0.22 um), and diluted in methanol.
Chromatographic separation was achieved with an acquity HSS T3
column (50 xx 2.1 mm, 1.8 um) with a mobile phase consisting of (A)
aqueous solution containing 0.1% (v/v) formic acid, and (B) methanol.
A gradient elution was used as follows: 0 min — 5% B; 0.5 min — 20% B;
7.0 min - 50% B; 11.0 min — 80% B; 11.5 min — 100% B; 13.0 min — 5% B.
Flow-rate was set at 0.3 mL min~' and the total chromatographic run
time was 15 min. Injection volume was 5 uL and the column temperature
was set at 40 °C. The MS parameters were optimized by infusion of in-
dividual gallic acid and tannic acid solutions directly into the mass
spectrometer. The chromatogram and spectrum are presented in Fig. S1
(Appendix A. Supplementary data).

For gallic acid analysis by NMR, liquid-liquid extraction was carried
out using ethyl acetate, followed by solvent evaporation at reduced
pressure [25].

3. Results and discussion
3.1. Influence of Hy02

Different H,O5 concentrations (0.2 to 8.5 mol L™1) were evaluated,
as the gallic acid production and reaction selectivity are dependent on
this parameter. In this study, 20 mL of tannic acid solution (170 mg L™!)
containing HyO2 were submitted to US-assisted process. The experi-
ments were performed using an ultrasonic horn (length of 26 cm and
diameter of 15 mm) operating at 20 kHz. Ultrasound amplitude was set
at 50% and it was applied at controlled temperature (50 °C) for 30 min.
Gallic acid production was estimated by UPLC-ToF-MS (Fig. 1).

The conversion to gallic acid increased while HyOy concentration
increased up to 1 mol L. When H0, concentration higher than 1 mol
L~! was used, a significant decrease in gallic acid production was
observed, which is associated to further oxidation of starting material.
For these conditions, the MS spectrum showed a significant signal in-
tensity for pyrogallol (Appendix A. Supplementary data — Fig. S2). When
experiments were carried out in the absence of Hy0,, gallic acid pro-
duction was as low as 20 mg g~ * of initial tannic acid (4 times lower than
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Fig. 1. Effect of H,O, concentration on the gallic acid production from tannic
acid. Experimental conditions: ultrasonic horn operating at 20 kHz with 50%
acoustic amplitude, and 20 mL of 170 mg L™! tannic acid at 50 °C for 30 min
(error bars represent standard deviation, n = 3).

when using 1 mol L1 H,0,), which demonstrates the role of HyO5 in the
proposed process. Thus, 1 mol L™ HyO, was selected as the most suit-
able condition in order to evaluate the influence of other experimental
parameters.

3.2. Influence of horn type and amplitude of US

The horn type is an important aspect for the optimization of the
proposed process. In the US system used in this work, the horn is
responsible for the transmission of the mechanical wave to the liquid
medium and, in some conditions, the magnification of the mechanical
vibration produced by US transducer [26,27]. Depending on the selected
horn type, the energy delivered to the solution can be modified [26,27].
This parameter is directly associated with the acoustic density in the
reaction medium, which can change the sonochemistry taking place and
thus, gallic acid production. In this study, 20 mL of tannic acid solution
(170 mg L™Y) containing 1 mol L™! Hy0, were sonicated. The experi-
ments were performed using an ultrasonic horn operating at 20 kHz
(50% acoustic amplitude) for 30 min at controlled temperature (50 °C).
The results obtained for all the evaluated horn types are shown in
Fig. 2a.

When the horn type was evaluated (Fig. 2a), gallic acid production

10mm x14.5¢cm 15mm x12.7¢cm  15mm x 26 cm 20 mm X 12.7 cm 25 mm x 12.7 cm
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Fig. 2. Dependence of gallic acid production by using (a) horn type (diameter
x length) and (b) amplitude of US. Experimental conditions: ultrasonic horn
operating at 20 kHz and 20 mL of tannic acid solution (170 mg L) containing
1 mol L™! H,0 at 50 °C for 30 min (error bars represent standard deviation, n
=3).
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ranged from 15 to 91 mg g~ of initial tannic acid. The most suitable
length and diameter of US horn were 26 cm and 15 mm, respectively.
The acoustic density ranged from 0.4 to 13 W cm™>, which enabled an
effective mass transfer and increased the interaction between tannic acid
and hydroxyl radicals produced from H,0, degradation. Based on this
result, the ultrasonic horn with 26 cm of length and 15 mm of diameter
was selected for further evaluations.

This ultrasonic horn (26 cm x 15 mm) was used for evaluating the
influence of acoustic amplitude on the gallic acid production. The
acoustic amplitude was varied from 20 up to 70% (30 min of sonication
at50 °C), and the average ultrasonic power delivered to the solution was
determined through calorimetry. Tannic acid solution (20 mL,170 mg
L™1) was sonicated considering previously optimized conditions (1 mol
L~ H,0,). The effect of US amplitude on gallic acid production is shown
in Fig. 2b.

When 50% acoustic amplitude was applied, gallic acid production
was about 91 + 3 mg g~ ! of initial tannic acid and remained constant
(considering a p-value of 0.05) for higher acoustic amplitudes (60 and
70%). For lower amplitude values (20 to 40%), gallic acid production
was reduced to half this value (51 + 4 mg g’1 of initial tannic acid),
demonstrating the influence of acoustic density in the proposed process.

Regarding energy consumption, increasing the amplitude from 20 to
70%, the average ultrasonic power delivered to the horn was increased
from 11.5 kJ to 183.6 kJ. The US amplitude was selected based on the
relationship between gallic acid production and energy saving condi-
tion. Hence, the amplitude of 50% was chosen for subsequent
experiments.

3.3. Influence of tannic acid concentration, time and temperature

After evaluating the HyO» concentration (1 mol L’l), horn type (26
cm x 15 mm), and ultrasound amplitude (50%), the evaluation of the
initial tannic acid concentration (170 to 1360 mg L’l), sonication time
(10 to 45 min), and reaction temperature (50 to 90 °C) was carried out.
The obtained results are presented in Fig. 3.

As was expected, an increase in the initial tannic acid concentration
resulted in a reduction of gallic acid production from 91 to 11 mg g~ of
initial tannic acid (using 1 mol L~! H,0,). At lower concentration,170
mg L™}, tannic acid is easily solubilized, increasing its conversion rate.
As initial tannic acid mass increases, the solubilization process starts to
impair the reaction rate. In other words, part of the US energy is
consumed for the solubilization of tannic acid in this condition. Hence,
when using lower tannic acid concentrations, most of the US delivered
energy is available for the fragmentation of the tannic acid structure,
which enables an increment in the gallic acid production. Based on this
result, 170 mg L™! of tannic acid was selected for further evaluations.

The sonication time was also evaluated, from 10 to 45 min, as it is
possible to observe in Fig. 3b. After 30 min of sonication, gallic acid
production reached approximately 91 + 3 mg g~" of initial tannic acid.
Further increase in sonication time (45 min) resulted in a decrease of
gallic acid production (56 + 4 mg g~ ! of initial tannic acid), due to
further oxidation, as evidenced by the significant increase in signal in-
tensity for pyrogallol in the MS spectrum (Appendix A. Supplementary
data - Fig. S3). For sonication times lower than 30 min, lower gallic acid
productions were achieved (33 and 68 mg g~ " of initial tannic acid) for
10 and 20 min, respectively. Thus, the sonication time of 30 min was
chosen for further experiments.

The increase in reaction temperature from 50 to 90 °C (Fig. 3c)
resulted in an improvement in reaction rate and gallic acid production
(from 91 to 128 mg g’1 of initial tannic acid). In addition, H,O5 con-
version was also increased, liberating more hydroxyl radicals and
consequently increasing gallic acid production. The obtained gallic acid
was separated from the reaction medium using liquid-liquid extraction
with ethyl acetate and subsequent solvent evaporation at reduced
pressure [25]. The efficiency of these procedures for the isolation of
gallic acid was confirmed by 'H and '3C NMR analysis (Figs. 54 and S5,
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Fig. 3. Dependence of gallic acid production:(a) tannic acid concentration, (b),
sonication time, and (c) reaction temperature. Experimental conditions: ultra-
sonic horn (length of 26 cm x and diameter of x 15 mm) operating at 20 kHz
with 750 W of nominal power andand 50% of amplitude,and 20 mL of tannic
acid solution containing 1 mol L™! H,0, (error bars represent standard devia-
tion, n = 3).

Appendix A. - Supplementary data).

3.4. Evaluation of gallic acid production at silent conditions

In order to evaluate the effects of US on gallic acid production, ex-
periments using only mechanical stirring (silent condition) were carried
out using the optimized conditions. The reaction took place in the
absence of US, and mechanical stirring was varied from 100 to 1000
rpm. The results for gallic acid production at silent conditions are shown
in Fig. 4.

When applying only mechanical stirring, gallic acid production was
below 78 + 5 mg g~ ! of initial tannic acid for all evaluated rotation
speeds. The reduction in gallic acid production can be attributed to the
lower energy which the reaction mixture was exposed to by mechanical
stirring only. When US was applied, an acoustic density of about 13 W
cm 3 was obtained by calorimetry, while for mechanical stirring, the
values were lower than 0.4 W cm ™2,

As it is reported in literature, a frequency range of US between 300
and 500 kHz is considered as ideal for the production of -OH and -H
radicals by homolytic cleavage of water molecules. The formed radicals
can contribute for the hydrolysis of ester linkage, C-C coupling re-
actions, and condensation reactions [22,28].

However, as it was observed in the present study, the increase of
H20; concentration also increased the tannic acid degradation rates,
which might be associated to radical attack. Although the used fre-
quency (20 kHz) is not considered ideal for radical production, the use of
H,0, probably contributed to the formation of reactive species [29].
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Fig. 4. Gallic acid production at silent conditions (using mechanical stirring).
Experimental conditions: 20 mL of 170 mg L' tannic acid solution containing
1 mol L™ H,0, for 30 min at 90 °C (error bars represent standard deviation, n
=3).

Additionally, the mechanic effects associated with the strong shear
forces, as well as the extreme conditions of temperature and pressure
gradients upon bubble collapse at low frequency US (20 kHz), could
significantly increase the degradation rate of the tannic acid into gallic
acid. The obtained results, combined with the evidences about de-
pendency on the horn type, and US amplitude for an efficient gallic acid
production, makes it possible to infer that US has contributed to the
production of gallic acid, showing a synergistic effect when combined to
H20o.

4. Conclusion

The proposed process was considered a promising alternative for
tannic acid conversion into gallic acid using only diluted HoO2 and US
energy. The US horn (20 kHz and 750 W of nominal power) enables
higher gallic acid production when compared to those obtained when
using only mechanical stirring, showing an increase as high as 64%
when using the optimized conditions. Using 170 mg L ™! of tannic acid
with 1 mol L™ Hy0,, amplitude of 50%, at 90 °C and 30 min, a gallic
acid production of 128 + 4 mg g~! of initial tannic acid was achieved.
The main advantages of the proposed treatment were: i) use of diluted
solutions, ii) relatively low sonication time, iii) reactor operating at at-
mospheric pressure, and iv) no need for organic solvents.
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