www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Influence of phenolic compounds
on color formation at different
stages of the VHP sugar
manufacturing process
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Phenolic compounds are natural dyes contained in sugarcane juice and represent an important
parameter in industrial processing, as they significantly affect the color formation of raw sugar. This
study investigated the relationship between color formation and phenolic compounds during a Very
High Polarization (VHP) sugar manufacturing process, in which the RB92579 genotype represents
about 50% of the processed sugarcane. The products evaluated during the industrial processing of
sugarcane were: raw juice, mixed juice, lime-treated juice, clarified juice, syrup, massecuite, and
VHP sugar. The polyphenols catechin (CAT), chlorogenic acid (CGA), caffeic acid (CAF), vanillin (VAN),
syringaldehyde (SYR), p-coumaric acid (p-COU), coumarin (CUM), and rutin (RUT) were quantified by
high-performance liquid chromatography (HPLC). The highest concentrations of CGA and SYR were
obtained from the sucrose crystallization product (massecuite), similarly to the parameters of color,
total phenols and the total polyphenol content. CGA was the predominant polyphenol in the samples
of clarified juice, syrup, massecuite and VHP sugar, with the latter presenting concentrations above
50%. The presence of phenolic compounds provided different indices of color during the production
process. In this context, chlorogenic acid (CGA) was the compound that presented the most expressive
results, contributing significantly to the formation of color in sugarcane processing products, which
is a fact that has not yet been reported in the literature. The color of the VHP sugar crystals also had a
positive relationship with the concentration of phenolics, with greater evidence for CGA.

Global sugar production approaches 200 million tons, with Brazil being the largest producer with approximately
20% of this total’. VHP (Very High Polarization) sugar has been used in several countries as a raw material for
the production of refined sugar or in other industrialization processes?.

In recent decades there has been a significant increase in the supply of sugarcane genotypes with excellent
agricultural and industrial productivity. However, some of these genotypes bring with them compounds that
add color to the juice, negatively interfering with the factory’s quality control. In Brazil, the genotype RB92579
marketed by RIDESA (REDE INTER UNIVERSITARIA PARA O DESENVOLVIMENTO DO SETOR SUCRO-
ENERGETICO) has already reached the third position of cultivation in Brazilian sugarcane fields in less than
20 years after the beginning of its commercial cultivation, with more than 487 thousand hectares planted”.
However, this genotype offers an extremely dark juice with a high content of phenols, making it difficult to
produce lower colored sugar®.

The sugar manufacturing process begins with the extraction of the juice, which is carried out through mills
or diffusers. The extracted juice is treated at 98-105 °C by using chemicals (lime, sulfur dioxide, phosphoric
acid, and flocculant) for the subsequent separation of impurities in the clarifier®. The next stage is evaporation,
in which the clarified juice is concentrated from approximately 15 to 60 °Brix, thus obtaining the syrup, a high
viscosity product that is concentrated in the cooking stage, promoting the formation of sucrose crystals. At the
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Figure 1. Major products obtained from the VHP sugar manufacturing process: raw juice, mixed juice, lime-
treated juice, clarified juice, syrup, massecuite, and VHP sugar.

end of crystallization, the cooked dough is cooled and sent to the sugar centrifuges, in which the separation
between sugar crystals and molasses occurs®.

Color is one of the main factors of sugar quality, being an important attribute used to determine the price in
its commercialization”®. Removing the color generated from the processing of raw sugar represents a high cost
for the sugar refining industry, thus being one of the main bottlenecks of the industrial process’. The chemical
components responsible for the darkening of sugar are found in the raw material itself (sugarcane) or originated
during the production process. The amount of coloring matter represents about 17% of the organic non-sugars
in the sugarcane juice'®. The main colorants found in the sugarcane are: chlorophylls, carotenoids, xanthophylls,
and flavonoids'!. The first three compounds are insoluble in water and are easily separated during juice clarifica-
tion. Phenolic acids, flavonoids and other phenolic compounds are low molecular weight plant pigments that
are present in sugarcane and play an important role in the formation of sugar color'?. Melanins, melanoidins,
caramels, and alkaline degradation products of hexoses are also formed during sugar production®®.

Among the phenolic compounds presented in the sugarcane juice are flavonoids (derivatives of apigenin,
luteolin, and tricine) and phenolic acids, mainly caffeic, synaptic, and chlorogenic acids'*. The main polyphenol
found in sugarcane fiber is lignin, which consists of an aromatic system composed of phenylpropane units that
will lead to the formation of phenols, acids, and aromatic aldehydes (vanillin and syringaldehyde)*>.

Some studies show significant content of phenolic compounds in the products of sugarcane processing, but
none of them show concrete relationships between these substances and the formation of color. Payet et al.'®
found high concentrations of ferulic and p-coumaric acids in the clarified juice and syrup, representing 82 and
70% of the phenolic compounds determined in these products, respectively. Nguyen and Doherty'” quantified
chlorogenic acid in large amounts in raw and burned sugarcane. The phenolic profile of the sugarcane varie-
ties studied by Duarte-Almeida et al.'® was predominantly composed of cinnamic acids (caffeic, chlorogenic,
p-coumaric and ferulic), with emphasis on chlorogenic acid, which was the substance found in the highest
concentration. Ogando et al.”® used electrocoagulation in the sugarcane juice clarification process and found
that the concentrations of benzoic acids (gallic, p-hydroxybenzoic, vanillic and syringic), hydroxycinnamic acids
(caffeic, p-coumaric and ferulic) and flavones (naringenin and quercetin) were not affected by the treatment,
and consequently, showed no correlation with the color of the juice.

The search for a more efficient and lower cost color removal process for VHP sugar represents a challenge for
the sugar industry, requiring a better understanding of the behavior of compounds that add color throughout
the production stages, such as polyphenols. In view of the above, this study investigated the influence of phe-
nolic compounds on the color formation of sugarcane processing products for the production of VHP sugar, in
a process with predominance of the genotype RB92579.

Materials and methods

Samples. Samples from six stages of the VHP sugar manufacturing process were collected from an industrial
unit located in the Zona da Mata region, state of Alagoas, Brazil. All collections took place with due authoriza-
tion from the aforementioned industry. This industry uses approximately 30 varieties of sugarcane, in which
RB92579 represents about 50% of this total. The collection period took place from October 2019 to March 2021,
with a total of 48 samples acquired for analysis. All samples were named according to the product obtained from
the different stages of the process: raw juice, mixed juice, lime-treated juice, clarified juice, syrup, and massecuite
(Fig. 1). The raw juice, from the sampling probe, was obtained from freshly crushed cane®’; while mixed juice,
lime-treated juice, clarified juice, syrup, and massecuite were obtained at the end of the extraction, liming, clari-
fication, evaporation, and crystallization processes, respectively. VHP sugar was collected in six different colors,
under the same production process conditions. Samples of VHP sugar were obtained once every 30 days during
the 2020/2021 harvest season as follows: 100 g of VHP sugar were collected every 2 h over a period of 6 h. At the
end, the whole amount was mixed, obtaining a mix of 400 g.

Reagents. The solvents used were: HPLC methyl alcohol (J. T. Baker), formic acid (Dynamics), and ultrapure
water obtained from a Milli-Q system. Gallic acid, catechol, catechin, chlorogenic acid, caffeic acid, vanillin,
syringaldehyde, p-coumaric acid, coumarin, rutin, myricetin, and quercetin were acquired by the Sigma-Aldrich
Brasil LTDA. All other reagents were of analytical grade.
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ICUMSA color test. The International Commission for Uniform Methods of Sugar Analysis (ICUMSA)
color intensity was obtained using an adaptation of the GS 2/3-9 and GS 1/3-7 methods?*"**. For juice, syrup, and
massecuite, the Brix degree of the samples was read for further dilution, promoting its correction to 5 °Brix. The
diluted material was vacuum filtered using an AP25 pre-filter and a filter membrane (0.45 pm porosity), and the
filtrate was pH-corrected to 7 + 0.1 with HCI (0.05 M) and NaOH (0.05 M). Finally, a new Brix measurement was
taken for subsequent reading on the spectrophotometer, configured at a wavelength of 420 nm and measured in
a 1 cm cuvette at 0.0 absorbance and 100% transmittance with distilled water. The color is expressed in ICUMSA
units (IU) and determined using Eq. (1).

ABS
Cor(IU) = e x 100. (1)
.C

In which: ABS: Absorbancy of the solution. b: the optical path length (cm). c: Filtrate concentration (g/mL)
(using the Brix value).

For VHP sugar, 20 g of sample was diluted in a 100 mL flask with the addition of 10 mL of the MOPS buffer
solution (4-morpholino propane sulfonic acid). Subsequently, the samples were filtrated and the Brix measure
was taken for the spectrophotometric reading, following the same protocols as described for juices, syrup, and
massecuite. Each assay was performed in duplicates with the results expressed in IU.

Total phenols. The total phenols were determined using the Folin-Ciocalteu? method, with some modifica-
tions. The calibration curve was prepared using galic acid solutions in concentrations between 2 and 10 mg/L. In
the quantification of phenols, 2 g of sample were solubilized and transferred to a 50 mL volumetric flask, com-
pleting it with distilled water. A 2 mL aliquot of the diluted sample was mixed with 0.4 mL of the Folin-Ciocalteu
reagent and 0.4 mL of the sodium hydroxide solution (7.0% v/v). After 60 min, the reading was performed with
a spectrophotometer adjusted to 760 nm, using distilled water for the blank, which is prepared in the same way
as the sample. Each test was performed in duplicate, with the results for juice, syrup and massecuite expressed in
ppm/°Brix, while the results for sugar samples were expressed in mg/kg.

Extraction. Samples of juice and syrup were previously centrifuged (2000 rpm) and filtered on filter paper
(7 cm diameter). Then, the solubilization of 0.50 g of the samples (juice, syrup, and massecuites) was performed
using 5.0 mL of cyclohexane in an ultrasound bath at 35 °C. The phenolic compounds were extracted using
15 mL aliquots of methanol: water (70: 30 v/v) divided into three sessions. The separation was carried out in
a decantation flask, with the solvent being evaporated under vacuum in a rotary evaporator to an approximate
volume of 2 mL. Finally, a new 0.45 um polyethylene membrane filtration (Millipore) was carried out and the
extract was placed in a 1.5 mL vial for injection.

Determination of phenolic compounds. Concentrations of gallic acid (GAA), catechol (COL), catechin
(CAT), chlorogenic acid (CGA), caffeic acid (CAF), vanillin (VAN), syringaldehyde (SYR), p-coumaric acid
(p-COU), coumarin (CUM), rutin (RUT), myricetin (MIR), and quercetin (QUE) were determined by High
Performance Liquid Chromatography (HPLC) in a Shimadzu chromatograph equipped with the following com-
ponents: an automatic sampler (SIL-20A), pump (LC-20A), oven (CTO-20A), UV/VIS detector (SPD-20A),
Shim-pack CLC-ODS (M)" C18 column (4.6 x 250 mm) (particle size of 5 um), and controlled by LC-Solution
1.0 software.

The experimental conditions were configured for a flow of 0.6 mL/min, analysis time of 80 min, injection vol-
ume of 20 uL and oven temperature of 33 °C, with the mobile phase consisting of solvents A (formic acid solution
0.1%) and B (methanol), where samples and standards were eluted according to the gradient of variation: from 0
to 15 min (7-25% B); 15 to 38 min (25-50% B); 38 to 58 min (50-85% B); 58 to 62 min (85-25% B); 62 to 80 min
(25-7% B). The identity of the analytes was confirmed by the retention time of the sample peaks in comparison
with the chromatogram of the analytical standards. Each test was performed in duplicate, with the results for
juice, syrup and massecuite expressed in ppm/°Brix, while the results for sugar samples were expressed in mg/kg.

Statistical analysis. The data were evaluated using the Duncan test for comparison purposes with a sig-
nificance level set at 5%.

Results and discussion
The influence of phenolic compounds on color formation was assessed based in two situations: during the VHP
sugar manufacturing process as well as for different samples of VHP sugar.

VHP sugar production. To transparently and objectively represent the behavior of color and phenolic
compounds, six products from the VHP sugar manufacturing process were chosen for monitoring, namely:
raw juice, mixed juice, lime-treated juice, clarified juice, syrup, massecuite, and VHP sugar. In all samples, Brix,
ICUMSA color, total phenols (Folin-Ciocalteu), and polyphenols (HPLC) were obtained. Due to the significant
variation in solids concentration (°Brix) of the products during the manufacturing stages, the quantification of
total phenols and polyphenols were expressed in ppm/°Brix.

°Brix and ICUMSA color.  The raw juice represents the raw material of the production of VHP sugar, which
was obtained from individual samples of sugarcane collected before processing (sampling probe). Among the
analyzed products, the raw juice presented the lowest color indexes (Fig. 2). This fact can be explained due to
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Figure 2. Relationship between color of sugarcane products and: (a) total phenols (b) total polyphenol content
(c) catechin (d) Chlorogenic acid (e) caffeic acid (f) vanillin; (g) syringaldehyde; (h) p-coumaric acid; (i)
coumarin (j) rutin.

the individualization of the samples, which depend on factors related to the characteristics of sugarcane, such as:
genotype, climatic conditions, maturation and type of harvest.

Figure 2 shows that the color of the mixed juice (juice obtained from the mills) was superior to that of the
raw juice (p <0.05), meaning that, after extraction, the juice darkened. However, there was a significant decrease
(p<0.05) in the soluble solids content (°Brix) (Table 1) caused by the imbibition process carried out in the mills.

The browning of the mixed juice occurs due to the enzymatic oxidation of phenolic compounds by the action
of polyphenol oxidase enzymes (PPO), resulting in the formation of quinones and, after condensation, highly
colored polymers?!. This reaction occurs from the rupture of the sugarcane plant tissues in the mills and is cata-
lyzed by the presence of metals such as iron.
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Stages °Brix

Raw juice 20.7+1.3°
Mixed juice 14.0+£0.4°
Lime-treated juice 13.7+0.1°
Clarified juice 14.7£0.3¢
Syrup 61.4+3.2%
Massecuite 93.5+£0.4°

Table 1. Results of °Brix for the VHP sugar manufacturing stages. *>“4¢Values with different superscript
letters within the same columns are significantly different (p <0.05) pelo teste de Duncan.

Table 1 and Fig. 2 shows that the lime-treated juice (juice obtained after adding lime) had no significant
difference (p>0.05) in color, °Brix, and total phenols compared to the mixed juice. The main parameter to be
controlled in this juice is the pH, whose value must not exceed 8.0 to avoid the formation of color by the Maillard
reaction and not be lower than 6.0 to avoid sucrose inversion.

The clarified juice was obtained from a trayless SRI (Sugar Research Institute) clarifier, which works with a
fully automated control system with short juice retention times (approximately 40 min). The color of the clari-
fied juice (24,140 IU) is the result of the elimination of insoluble impurities, mainly high molecular weight dyes.
The color intensity of the clarified juice can be influenced by the quality of the sugarcane and the clarification
process itself. Stability in temperature and pH, shorter juice retention time in clarifiers and correct addition of
chemicals are factors that favor no color formation during juice clarification®. The clarification step is crucial
for the quality control of the VHP sugar that will be produced, because any impurity contained in the clarified
juice will hardly be removed in the subsequent steps.

The syrup (final product of the evaporation process of the clarified juice) presented a high level of soluble
solids (°Brix) due to the elimination of a large volume of water contained in the juice, but had no significant dif-
ference (p>0.05) in color compared to the clarified juice (Fig. 2). According to Mersad et al.'%, the caramelization
(process of thermal degradation of sucrose) of the juice, still in the first effect, can increase the color of the syrup
during the evaporation process due to high temperatures (above 180 °C). According to Shah?, some important
factors to minimize color formation during the evaporation process are: temperature, juice circulation, retention
time and concentration levels. Campiol et al.*” managed to reduce the color of the VHP sugar syrup by 82% using
hydrogen peroxide (H,0,) solution (35%, v/v) at pH 7.5 and a temperature of 50 °C.

Crystallization is the process in which sucrose crystals form and grow. The product formed at this stage is
called massecuite. The massecuite has a high concentration of solids (93.5°Brix) (Table 1) and high color intensity
(26,660 IU) (Fig. 2). Booysen and Davis® state that crystallization is the most critical process for color control in
the sugarcane factory, because it will depend both on the quality of the syrup to be processed and on the control
of operational parameters, such as: mass circulation, temperature and retention time.

Total phenols and total polyphenol content. The total phenols content ranged from 3130 ppm/°Brix
(limed-treated juice) to 4572 ppm/°Brix (massecuite), showing significant increase levels (p <0.05) with prod-
ucts with higher sugar concentration (syrup and massecuite) (Fig. 2a). Not considering the relationship with the
solids concentration (°Brix), the total phenols content of the raw juice and syrup would be 685 and 2446 mg/L,
respectively, which are values close to the 728 mg/L and 1988 mg/L reported by Eggleston®.

The total content of polyphenols, which were determined by HPLC, increased throughout the production
process, highlighting the increase of 33% from the lime-treated juice to the clarified juice (Fig. 2b).

In all stages analyzed, the amount of total phenols was greater than the total of polyphenols, ranging from
5.2 to 12.6%, which makes it evident that there is a significant amount of phenolic compounds in the analyzed
products (Fig. 2a,b). Furthermore, the Folin-Ciocalteu method measures all compounds (phenolic or not) that
oxidize under test conditions, overestimating the results®.

Phenolic compounds. Eight phenolic compounds were identified from the chromatogram of analytical
standards (Fig. 3): catechin (CAT), chlorogenic acid (CGA), caffeic acid (CAF), vanillin (VAN), syringealdehyde
(SYR), p-coumaric acid (p-COU), coumarin (CUM) and rutin (RUT).

VAN and RUT were not identified in the steps before juice clarification (raw, mixed, and lime-treated juices)
(Fig. 2,j). VAN was identified in the clarified juice, probably due to the decomposition of the lignin presented in
the fiber particles contained in the lime-treated juice, under alkaline conditions and heating®'. The decrease of the
RUT content (p <0.05) after obtaining the syrup may be attributed to hydrothermal decomposition (temperature
above 120 °C) caused by the evaporation process™.

In all stages of VHP sugar processing, the CUM content was higher than p-COU (Fig. 2h,i). For these two
compounds, there was a significant increase (p <0.05) in the concentration of the raw juice until the lime-treated
juice, with an increase of 175 and 315% for CUM and p-COU, respectively. After obtaining the clarified juice,
the CUM content decreased in the syrup and, subsequently, increased in the massecuite, while the opposite
occurred for the p-COU, both without significant difference (p>0.05). The concentrations of CUM identified in
the clarified juice, syrup and massecuite were expressive, with only CGA being lower. Payet et al.'® did not identify
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Figure 3. Chromatogram of analytical standards: (1) gallic acid; (2) catechol; (3) catechin; (4) chlorogenic acid;
(5) caffeic acid; (6) vanillin; (7) syringaldehyde; (8) p-coumaric acid; (9) coumarin; (10) rutin; (11) myricetin
and (12) quercetin.

CUM in the sugar manufacturing stages; however, high concentrations of p-COU in the clarified juice and syrup
were found, representing 54 and 39% of the phenolic compounds determined in these products, respectively.

The concentrations of CAT (p>0.05) and CAF (p <0.05) showed an increase during the first stages of the
process (raw, mixed, and lime-treated juices) and a sharp drop in the following steps (clarified juice, syrup, and
massecuite) (Fig. 2c,e). This behavior was more evident and significant with CAF in the clarification stage, where
a reduction of more than 55% in its concentration was found compared to the previous stage.

SYR and CGA were the only phenolic compounds that increased their concentrations after obtaining the
clarified juice, mainly CGA with 187% increase (Fig. 2d,g). A similar increase (166%) was obtained by Paton®,
who related the CGA concentration of the clarified and mixed juices. CGA was predominant in the last stages
of production, representing 40% of the total phenolic compounds quantified in the syrup, which is higher than
the 19% found by Duarte-Almeida et al.’®, who also evaluated the VHP sugar manufacturing process, but did
not determine the color. The highest indexes of CGA and SYR were obtained from the massecuite, in the same
way as the color, total phenols, and total polyphenol content. Figure 4 shows the chromatograms obtained from
syrup and massecuite, which showed the highest concentration of chlorogenic acid.

Regarding the clarified juice, the contrast between the significant increase in the CGA content and the
abrupt reduction in the CAF content was evident (Fig. 2d,e), which may be explained by the formation of CGA.
The most common and the only commercially available chlorogenic acid is 5-O-caffeoylquinic acid (5-CQA),
which is formed by esterifying caffeic acid (3,4-hydroxycinnamic acid) with quinic acid (1 L™! (OH), 3,4/5-tet-
rahydroxycyclohexane carboxylic acid)*?°. The hypothesis that this reaction occurred in the clarification stage
was considered for some reasons: the sugarcane juice has quinic acid®; the pH close to neutrality and the high
temperature (105 °C) favor the reaction®’; and calcium added to the juice in the form of Ca(OH), in the liming
step is proven to be a good catalyst®®*. Therefore, it may be inferred that the juice clarification stage promoted
the formation of CGA by the degradation of CAE

The relationship between color and phenolic compounds.  Figure 2 shows the relationship between
color and phenolic compounds in the main products of the VHP sugar manufacturing stages. Three significant
variations (p <0.05) in color were observed throughout the industrial process: an increase in the mixed juice, a
decrease in the clarified juice and another increase in the massecuite.

The increase in color of the mixed juice in relation to the raw juice was the highest among all the analyzed
steps (26.0%) (Fig. 2) and also the only one that showed an increase in the concentration of all identified poly-
phenols, especially p-COU (Fig. 2h). In addition to the enzymatic browning mentioned previously, the juice
extraction step promotes the simultaneous use of sugarcane in the most diverse varieties and characteristics, and
this may reflect on these quality parameters.

The color reduction promoted by the clarified juice was 9.2% in relation to the lime-treated juice (Fig. 2).
Booysen and Davis? reported that this discoloration can reach 20-25% during the clarification process. In this
step, there was a significant increase in the content of polyphenols, due to the growth of CGA (Fig. 2d), SYR
(Fig. 2g) and also by the quantification of VAN and RUT, which had not occurred in the previous steps (Fig. 2f}j).
Figure 2g shows that SYR had a profile similar to that of color formation, highlighting the increase in concentra-
tion in the mixed juice and massecuite.

The formation of color in the massecuite (12.8%) compared to the syrup (Fig. 2) followed the increase in
total phenols (14.7%), total polyphenol content (7.8%), CGA (22.7%) and SYR (37.6%), as shown in Fig. 2a,b,d,g,
respectively. VAN had an insignificant increase in the crystallization step. It can be observed that as the juice was
concentrated (°Brix increase) during the VHP sugar processing, the CAT and CAF contents decreased signifi-
cantly, with their lowest indices obtained in the massecuite, the opposite behavior to the color (Fig. 2c,e). The
CUM and p-COU profiles (Fig. 2h,i) were similar, with expressive concentrations in the last stages, but without
significant change.
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Figure 4. Chromatograms of the products obtained from the VHP sugar manufacturing stages: (a) syrup and
(b) massecuite.

VHP sugar. The analysis of VHP sugar were performed from six samples with different color intensities
distributed in ascending order (Fig. 5). The high color range studied (675-2981 IU) (p<0.05) was considered
because, during storage, VHP sugar can undergo significant variations*. The color of the VHP sugar produced
can vary based on three main factors: quality of raw material, type of juice treatment and specifications desired
by buyers.

The concentration of phenolic compounds in VHP sugar (Fig. 5) was much lower compared to the produc-
tion steps (Fig. 2), which may be explained by the fact that these substances are added into molasses, eliminated
in the sugar centrifuges, leaving only a thin layer that surrounds the faces of the crystals. The concentration of
total phenols ranged from 51 to 679 mg/kg, values similar to those found by Simioni et al.*!, who evaluated 14
samples of VHP sugar with an ICUMSA color range between 270 and 1240 IU and total phenols between 78
and 260 mg/kg.

The following phenolic compounds were found in the VHP sugar (Fig. 6): CGA, VAN, p-COU, and CUM. As
reported by Bento'?, phenolic acids (CGA and p-COU) are difficult to remove during extraction and refining,
reaching the sugar crystals. CGA was the compound that presented the highest concentration in all samples, with
values greater than 50% of the polyphenol composition. The concentrations of p-COU and CUM were similar in
the first two samples, but from sugar crystals with a more accentuated color, there was a greater difference in the
values due to the increase in the CUM content and no growth of p-COU, reaching the last sample with a differ-
ence of 153% between the two (p <0.05). Although VAN was the phenol that showed the lowest concentrations
in the first five samples, its growth was the most significant (137%) (p <0.05) when the color of the sugar changed
from 1156 to 2981 IU. Payet et. al. quantified the polyphenols present in brown sugar samples, not identifying
any flavonoids and highlighting VAN and p-COU as the phenolic compounds contained in this type of sugar.

In Fig. 5, the correlation between color, total phenols, polyphenols, and CUM, VAN, and CGA phenols
showed a good fit to the linear equation, with coefficients of determination (R?) greater than 0.98. Figure 5b-d,{
also shows a strong positive correlation of color with total polyphenols by HPLC analysis, CGA, VAN, and CUM,
presenting r=0.99, whereas p-COU did not show significant correlation (r=0.34) (p>0.05) (Fig. 5e).

Conclusions

The results of this study present an important and innovative analysis regarding the evaluation of the concentra-
tion of phenolic compounds in the color formation of the products formed in the stages of VHP sugar production,
in a process with predominance of the genotype RB92579. At all stages of the process, there was variation in
the composition of polyphenols, with emphasis on clarification of the juice. SYR showed a positive relationship
with color in the manufacturing stages, despite not being identified in VHP sugar. CGA, CUM and VAN showed
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significant interference in the color increase of the darker VHP sugar crystals. Chlorogenic acid (CGA) proved
to be the phenolic compound with the greatest influence on color formation during the processing of sugarcane
for the manufacture of VHP sugar, due to the strong relationship with color and high concentrations in the final
product and in the production stages. The results of this study suggest that the phenolic profiles obtained may
represent an interesting tool in the development of new technologies associated with color removal in the sugar
industry.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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