?SGF%H-ATN ISSN 1981-6723

OF FOOD Online version
| TECHNOLOGY

ORIGINAL ARTICLE

Removal of color and turbidity in sugarcane
juice treated by electrocoagulation with
aluminum electrodes

Remocdo de cor e turbidez de caldo de cana-de-acucar por
eletrocoagulacéo utilizando eletrodos de aluminio

Felipe Iwagaki Braga Ogando’, Tais Xastre?, Eduardo Sim&es?, Claudio Lima de Aguiar®*

"Universidade de S&o Paulo (USP), Agro-Industry, Food and Nutrition Department, Piracicaba/SP - Brasil
2Metrohm Brasil Instrumentagéo Analitica Ltda, Analytical Division, Sdo Paulo/SP - Brasil

SUniversidade de S&o Paulo (USP), Luiz de Queiroz College of Agriculture, Agro-Industry, Food and Nutrition
Department, Hugot Sugar Technology Laboratory, Piracicaba/SP - Brasil

*Corresponding author: Claudio L. Aguiar, Universidade de S&o Paulo (USP), Luiz de Queiroz College of
Agriculture, Agro-Industry, Food and Nutrition Department, Hugot Sugar Technology Laboratory, Av. Padua Dias,
11, CEP: 13418-900, Piracicaba/SP - Brasil, e-mail: claguiar@usp.br

Cite as: Ogando, F. |. B., Xastre, T., Simdes, E., & Aguiar, C. L. (2021). Removal of color and turbidity in sugarcane
juice treated by electrocoagulation with aluminum electrodes. Brazilian Journal of Food Technology, 24, €2020236.
https://doi.org/10.1590/1981-6723.23620

Abstract

The liming (Ca(OH), addition) and sulfitation (HSO3™ addition) is the conventional treatment for purification
of sugarcane juice (SCJ) in sugar cane mills to crystal sugar production. Although, the sulfite has been
associated to human health problems, this industrial step kept untouchable or few studies have been made
to change this scenery. This work aimed to evaluate the variables which influence the electrocoagulation
performance on the SCJ purification as a sulfur-free crystal sugar process. A fractional factorial design with
the surface response methodology was used to evaluate the influence of voltage, pH, soluble solids total
(Brix), temperature and distance between the electrodes in the electrocoagulation process. The outputs were
turbidity, juice color, sucrose contents (as pol%juice) and Reducing Sugars (RS). Residual aluminum was
analyzed by voltammetry to control de aluminum releasing into the treated juice. The electrocoagulation
reduced color and turbidity, in special at low pH (2.5), highest voltage (25 V) and minimal distance of
electrode (1.0 cm). Although in this conditions, sucrose was converted into RS indicating partial hydrolysis.
In this work, the most part of residual aluminum went to floated and precipitated phases (76.8% and 18.1%,
respectively), whereas only 5.1% remained in the SCJ clarified. Electrocoagulation/electroflotation proved
to be a potential technique as a substitute for sulfitation in SJC treatment, which ensures the production of
safe food for humans.

Keywords: Sucrose; Sulfitation; Clarification; Coagulation; Aluminum; Voltammetry.

Resumo

A caleagem [adicdo de Ca(OH);] e a sulfitacdo (adicdo de HSO3") sdo etapas do tratamento convencional do
caldo de cana (CCA) em usinas para a producdo de acUcar cristal. Embora a geracdo de sulfito esteja
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associada a problemas de salude humana, essa etapa industrial manteve-se intocavel, sendo que poucos
estudos foram feitos para alterar esse cendrio. Este trabalho teve como objetivo avaliar as varidveis que
influenciam o desempenho da eletrocoagulacdo na purificacdo de CCA como um processo alternativo a
producdo de acgucar cristal sem uso de enxofre. Um planejamento fatorial fraciondrio com a metodologia
de resposta de superficie foi utilizado para avaliar a influéncia da tensédo, do pH, dos sélidos solUveis totais
(Brix), da temperatura e da distancia entre os eletrodos no processo de eletrocoagulacdo do caldo de cana.
As respostas avaliadas foram turbidez, cor do caldo, teor aparente de sacarose (como pol%caldo) e aclcares
redutores (AR). O aluminio residual foi analisado por voltametria, para avaliar a liberagdo de aluminio no
caldo tratado. A eletrocoagulacdo reduziu a cor e a turbidez, em especial em pH baixo (=2,5), tensdo mais
alta (=25 V) e distancia minima do eletrodo (=1,0 cm). Verificou-se, contudo, que, nessas condigbes, a
sacarose foi parcialmente convertida em AR, indicando hidrélise. Neste trabalho, a maior parte do aluminio
residual foi para as fases flotada e precipitada (76,8% e 18,1%, respectivamente), enquanto apenas 5,1%
permaneceram no CCA clarificado. A eletrocoagulacdo/eletroflotacdo mostrou-se uma técnica potencial
como substituto a sulfitacdo no tratamento de CCA, o que garante a producdo de alimentos seguros para a
populagdo.

Palavras-chave: Sacarose; Sulfitagcdo; Clarificacdo; Coagulacao; Aluminio; Voltametria.

1 Introduction

The crystal sugar manufacturing from sugarcane is divided into extraction and treatment of the sugarcane
juice (SCJ); evaporation of clarified juice; crystallization, centrifugation, drying and bagging of the sucrose
(crystal sugar). The raw SCJ treatment is compound for sieving, sulfitation and liming of SCJ; heating and
flashing to remove the gas; and decantation of impurities (non-sugars like proteins, waxes, colloids, etc.)
from the SCJ. This set of techniques aims: (I) to form flocs that suspend organic and inorganic impurities;
(IT) to promote conditions of temperature, pH and ion concentration that avoid sucrose loss by hydrolysis or
Maillard reaction and/or caramelization; (III) to eliminate microorganisms that are harmful to the process
and quality of sugar (Rein, 2007). However, the use of sulfur (or sulfite) in the cane juice clarifying have
some limitations, for example, sucrose loss by the low pH (3.8 to 4.3) and the low solubility of sulfur dioxide
gas in the SCJ; environmental damage related to sulfur burning; and threats to human health in consequence
of sulfur (reduced chemical species) residues in the crystal sugar. Hence, there are trade barriers to white
sugar, and consequently, Brazil exports in its majority the Very High Polarization (VHP) sugar type (raw
sugar without sulfitation and with lower added value) (Machado and Toledo 2006; Machado et al., 2008;
Morilla et al., 2015a, 2015Db).

These conditions have intensified the search for alternative methods of cane juice treatment without
sulfur use, such as hydrogen peroxide (Campiol et al., 2019; Sartori et al., 2017a; Mandro et al., 2017;
Sartori et al., 2015; Nguyen & Doherty, 2011), ozone (Azevedo et al., 2019; Sartori et al., 2019;
Rodrigues et al., 2018; Sartori et al., 2017b; Silva et al., 2015), radiation (Lima et al., 2016), ceramic
membrane filtration (Shi et al., 2021; Vu et al., 2020; Akhtar et al., 2020a; Shi et al., 2019; Li et al.,
2018; Nogueira & Venturini-Filho, 2007) and thermosonication (Medeiros et al., 2021).
Electrocoagulation emerges as alternative clarifying technology to cane mills as showed previously
by Ogando et al. (2019). According to them, electrocoagulation was capable to reduce turbidity and
color in 99.9% and 70%, respectively. However, it is also important to monitor sucrose concentration
throughout the process once the electrocoagulation process causes aggressive and non-selective
decomposition (Moradi & Moussavi, 2019; Kobyaetal., 2017; Torres-Sanchez et al., 2014;
Manenti et al., 2015). Electrocoagulation process is the generation of coagulants species from
electrodes material (anode) in the own reaction site by electric current applied (Akhtar et al., 2020b).
According to pH, the metal released from the anode hydrolyses to form coagulant species capable of
removing impurities (Rafiee et al., 2020; Syaichurrozi et al., 2020; Hashim et al., 2019). Meanwhile,
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in cathode occurs the deposition of impurities and reduction of water to H> (Hakizimana et al., 2017).
For instance, electrocoagulation processes with iron or aluminum electrodes have been shown high
efficiency in carbon, nitrogen and turbidity removal (Garcia-Segura et al., 2017; Kyzas & Matis,
2016; Kushwaha et al., 2010; Tchamango et al., 2010; Sengil & Ozacar, 2006). The preference for
aluminum electrode instead of iron was due higher capacity of impurity adsorption by aluminum
hydroxides and oxides formed during the process (Emamjomeh & Sivakumar, 2009; Souza et al.,
2016), lower energy consumption per carbon removal, and lower sacrifice electrode consumption

13+

(Asha & Kumar, 2016). The concerns about the use of aluminum are related to residues of Al°" in the

1>* is harmful for human health and should be constantly monitored (Emamjomeh &

final product. A
Sivakumar, 2009). High quantities of aluminum ingested are distributed in all human tissues,
accumulating mainly in bones and even inside the brain. There are suspicious that the metal can be
associated to DNA mutations, carcinogenic problems and neurodegenerative diseases like
Alzheimer’s disease (Liaquat et al., 2019; Yousef et al., 2019; Colomina & Peris-Sampedro, 2017).
Consequently, Food and Agriculture Organization (FAO) of the United Nations defined an ingestion

limit of 1 mg of aluminum per kg of body weight per week (Aguilar et al., 2008; Stahl et al., 2011).

In the same reasoning, the use of sulfur in treatment of raw materials in the food industries (when
in high concentrations) also presents restrictions on the impacts on human health (Han et al., 2020;
D’Amore et al., 2020). In this sense, the understanding of the processes involved the
electrocoagulation with aluminum electrodes would allow the definition of mechanisms for its
removal below the limits of toxicity, as it is done for the sulfur with the use of the liming. Thus, this
work aimed to evaluate the electrocoagulation of raw SCJ extracted from healthy sugarcane, using
aluminum electrodes. The variables (voltage, electrode distance, pH, Brix (soluble solids content) and
temperature) were monitored to assess the reduction in SCJ color and turbidity and also considering
these conditions to avoid sucrose degradation and to predict the accumulation of aluminum residues
at clarified juice.

2 Materials and methods

2.1 Plant material and extraction of sugarcane juice

Healthy canes were disintegrated in forage and then pressed at 250 kgf cm™ per 1 min to obtain the
raw SCJ. This process simulates the milling in sugar mills according to Consecana (Conselho de
Produtores de Cana-de-Agucar, Ac¢ucar e Etanol do Estado de Sdo Paulo, 2015). Then, SCJ was filtered
through 200 mesh sieves to remove inorganic impurities and fiber from cane plants, and the juice was
stocked at —18 °C until the tests was performed. SCJ was characterized and presented soluble solids
contents of 19 °Brix (total soluble solids), turbidity of 1,206 NTU (Nephelometric Turbidity Unit),
pH 5.34, conductivity of 4.87 mS cm™', 4.89 g L' of reducing sugars ([glucose]+[fructose] = RS),
pol%juice of 16.84% (apparent sucrose content) and ICUMSA color of 6494.2 TU (ICUMSA units).
The procedures to analysis the cane juice samples will be presented in the sequence and all of them
followed the official methods from ICUMSA and Consecana.

2.2 Treatment of sugarcane juice by electrocoagulation with aluminum electrodes

Electrocoagulation process was carried out using a jacket reactor with 400-mL capacity. It was
coupled to a thermostatic water-bath, where a bomb Pump-King (HP 1/30, 1,550 rpm, 60 cycles)
transferred water from water-bath to the reactor. The electrodes consisted of two aluminum sheets
(15%3.5%2 cm), as it was connected to a transformer (Superior Electric, Connecticut, USA) which
controls the voltage during the assays. The schematic reactor was shown in Figure 1.
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Figure 1. Schematic diagram of reactor for treatment of sugarcane juice by electrocoagulation with aluminum
electrodes. 1. Water bath. 2. Bomb pump (Model King HP 1/30, 1,550 rpm, 60 cycles). 3. Jacket reactor with 400-mL
capacity. 4. Two aluminum sheets (15x3.5%2 cm). 5. Transformer (model Superior Electric) to adjust the voltage. 6.

Sugarcane juice.

The fractional factorial 2*! (20 runs) was selected as multivariate experimental design. The factors were
as following: pH (X)); temperature (X3); voltage (X3); electrodes distance (distance; X4); and total soluble
solids (Brix; Xs), as shown in Table 1. The factors were performed in large range, once there are not enough
references for the use of electrocoagulation in SCJ treatment. The fractional design allowed evaluating the
influence of the factors isolated, but also the double interactions between voltage and soluble solids
(voltage*Brix); pH and voltage (pH*voltage); voltage and distance of electrodes (voltage*distance); pH and
distance of electrode (pH*distance); distance of electrode and soluble solids (distance*Brix); temperature
and voltage (temperature*voltage); temperature and distance of electrode (temperature*distance) as well the
triple interactions between temperature, voltage and distance of electrode (temperature*voltage*distance);
voltage, distance of electrodes and soluble solids (voltage*distance*Brix); pH, temperature and soluble solids
(pH*temperature*Brix); and pH, voltage and distance of electrodes (pH*voltage*distance).

-

|::>5AMPLES

:>SAMPLES

Table 1. Coded and real values of parameters analyzed during fractional factorial.

Coded values

Factors Parameters
-1 0 +1
Xi pH 2.5 6 9.5
X Temperature (°C) 25 47.5 70
X3 Voltage (V) 15 20 25
X4 Total soluble solid (Brix) 5 10 15
Xs Electrodes distance (cm) 1 2.5 4

The column values -1, 0 e +1 are minimum, central and maximum points, respectively.
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The outputs (Y7, Y2, V3, Yy) evaluated were: International Commission for Uniform Methods of Sugar
Analysis (ICUMSA) color and it expresses the SCJ color index; International Commission for Uniform
Methods of Sugar Analysis, 2011), turbidity (direct reading; Tecnopon turbidimeter Mod. TB1000),
Reducing Sugars (RS) (Miller, 1959) and pol%juice (Conselho de Produtores de Cana-de-Agticar, Agucar e
Etanol do Estado de Sao Paulo, 2015). The efficiency was measured according to the reduction of turbidity
and ICUMSA color and no decomposition of sucrose and no increase of RS (Table 2). All results were
calculated as a function of initial Brix so that the dilution effect would be undone. Analysis of Variance
(ANOVA) and regression (significance level of 5%) was made by statistic package MiniTab17 trial version
(2021).

Table 2. Fractional factorial design 2*! with the combination of parameters: pH (X:), temperature (X2), voltage (X3)
and electrodes distance (X4) and its outputs turbidity (Y7), ICUMSA color (Y2), pol%juice (¥3) and reducing sugars

(Y9).
Temperature  Voltage Distance . Turbidity Color Pol Reducing_l
Runs  pH Xi ©C) Xz WMXs  (emXxs PEX NTUY Y, ICUMSA Y2 (%) ¥ s“gary(fL )
1 -1(2.5) -1 (25) -1 (15) -1(1) -1(5) 109.93 0.21 0.87 768.16
2 +1 (9.5) -1 (25) -1 (15) -1(1) +1 (15) 73.40 0.26 0.83 457.09
3 -1(2.5) +1 (70) -1(15) -1(1) +1(15) 45.81 0.96 1.07 282.66
4 +1 (9.5) +1 (70) -1 (15) -1(1) -1(5) 121.42 0.02 1.09 1482.86
5 -1(2.5) -1(25) +1 (25) -1(1)  +1(15) 45.42 1.00 0.76 137.85
6 +1 (9.5) -1 (25) +1 (25) -1(1) -1 (5 78.47 0.19 0.88 459.77
7 -1(2.5) +1 (70) +1 (25) -1(1) -1(5) 1.39 0.89 0.67 250.06
8 +1 (9.5) +1 (70) +1 (25) -1 (1) +1(15) 75.95 1.14 0.85 114.55
9 -1(2.5) -1(25) -1 (15) +1 (4) -1(5) 158.33 0.20 0.87 1448.54
10 +1 (9.5) -1(25) -1 (15) +1(4)  +1(15) 81.53 0.19 0.87 613.97
11 -1(2.5) +1 (70) -1(15) +1(4) +1(15) 72.86 1.04 0.68 114.49
12 +1 (9.5) +1 (70) -1 (15) +1 (4) -1(5) 120.89 0.11 0.86 1324.69
13 -1(2.5) -1(25) +1 (25) +1(4) +1(15) 85.34 0.23 0.88 345.54
14 +1 (9.5) -1(25) +1 (25) +1 (4) -1 (5 94.84 0.19 0.86 811.95
15 -1(2.5) +1 (70) +1 (25) +1 (4) -1(5) 6.95 1.66 0.74 1619.15
16 +1 (9.5) +1 (70) +1 (25) +1(4) +1(15) 60.45 0.26 0.89 388.70
17 0 (6) 0 (47.5) 0 (20) 0(2.5) 0 (10) 104.79 0.31 0.89 553.85
18 0(6) 0 (47.5) 0 (20) 0(2.5) 0 (10) 107.42 0.30 0.91 469.64
19 0(6) 0 (47.5) 0(20) 0(2.5) 0 (10) 105.19 0.29 0.86 509.13
20 0 (6) 0 (47.5) 0 (20) 0(2.5) 0 (10) 108.01 0.33 0.87 437.76

The column values -1, 0 e +1 are minimum, central and maximum points, respectively.

2.3 Turbidity of sugarcane juice

The SCJ's turbidity was measured to determine the amount of cloudiness, and it would be expressed as
Nephelometric Turbidity Units (NTU). The turbidity of the samples was obtained by reading on a Tecnopon
TB1000 bench-top turbidimeter, properly calibrated against a curve between 0 and 1,000 NTU
(Ogando et al., 2019).

2.4 ICUMSA color of the sugarcane juice

The ICUMSA color analysis was performed according to the GS2/3-9 method of the ICUMSA Methods
(International Commission for Uniform Methods of Sugar Analysis, 2011). First, the Brix of each sample
was read in triplicate. Then, the calculation was made for the dilution, in triplicate, of the sample to obtain a
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Brix of 1.25. The samples were filtered through a vacuum filter using cellulose nitrate filter membranes (pore
size 0.45 pm) and the pH was corrected to 7.0 + 0.05. Then, the reading was performed on a
spectrophotometer at 420 nm with a 1 cm quartz cuvette. The ICUMSA color index was expressed by
Equation 1:

ABS 1,000
e — Q)

rixc

Icumsa color at 420 nm =
. B
density x
100

Where: ABS = absorbance at 420 nm; Brixc = total soluble solids of diluted sample; and density = calculated by

the following Equation 2:
L . 200 + Brixc BrixC
density =1+ (Brix x( 5,400 jx[ Brivg ] 2)

Where: Brixo = Reading value of soluble solids in the original sample; Brixc = Reading value of soluble
solids in the diluted sample with pH already adjusted.

2.5 Apparent sucrose content (pol% juice) of the sugarcane juice

The analysis of pol%juice was done through the saccharimetric reading of the clarified samples, using a
clarifying mixture based on aluminum, in a polarimeter model ADS 420 (Bellingham + Stanley Ltda.),
according to Consecana (Conselho de Produtores de Cana-de-Acucar, Agtcar e Etanol do Estado de Sao
Paulo, 2015). The conversion of saccharimetric reading with the aluminum-based clarifying mixture (La;) to
the equivalent reading in lead subacetate (Lpy) was done using the following Equations 3 and 4:

Lpp = ((1.00621x L 4;)+0.05117 Q)

and the calculation of pol%;juice (S) was done using the equivalent reading in lead subacetate (LPb), or:

S = Lpp, x(0.2605 — (0.0009882xBrix; ) @)

2.6 Reducing sugars by 3,5-dinitrosalicylic acid (3,5-DNS)

According to Miller (1959), 1 mL of the sample and 1 mL of 3,5-DNS were pipetted in a test tube, which
was placed in a water bath at 100 °C for 5 min. Then, a second dilution of the sample occurred until the
solution was 12.5 mL. Finally, the absorbance at 540 nm was read on a spectrophotometer (UV-Vis
Minil1240, Shimadzu Co.). The absorbance values were associated with the curve equation made previously
with standard glucose solutions (between 1 and 5 g L'!).

2.7 Quantification of residual aluminum by voltammetry

Aluminum quantification in treated SCJ was by differential pulse voltammetry technique (Metrohm,
2019). In this analysis were evaluated only samples from Essays 5 which had a great performance in turbidity
reduction. The methodology used the complexation of ion Al** with calcon (Eriochrome blue-black B metal
indicator) in buffered medium at pH 4.5. Minor changes in pH can shift the aluminum peak in 0.02 V. The
formed complex was easily electrochemistry reduced at 60 °C, for that it was used vase with jacket,

thermostated bath and peristaltic bomb to circulation.

Initially, samples were treated in digester UV (909 UV Digester, Metrohm). After that, it was put in quartz
tube with 5 mL of ultrapure water and 0.1 mL of hydrogen peroxide (30%, v/v). After 60 min at 90 °C, it
was added more 1 mL of hydrogen peroxide (30%, v/v) to the samples, which was digested for another 60
min at 90 °C. Samples were diluted before voltammetry analysis. The digestion step was necessary because
preliminary analysis with sugarcane juice did not present peaks after addition of standard of AI(III),
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indicating that compounds (probably sugars) formed complex with the ions. The concentration of AI** was
determined according to:

(AP ) = e (AP x T led 5)
sample
Where c(AI*") represent the concentration of aluminum in sample without dilution (mg L), cgittea(AI*")
is the concentration of aluminum founded after the analysis (mg L™); Vinted is the flask volume used to dilute
samples after digestion (mL) and Viued 1S the aliquot of samples used in digestion (mL).

Reliability tests of aluminum analysis were made with two analysis of recuperation of standard added per
samples. At the end, the results of AI** recovery in SCJ analysis were inside the normal (between 90 and
110%). In addition to that, the external calibration curve after nine 0.05 mL addition of Al(IIl) standard
solution (1 mg L") had determination coefficient (R?) of 0.9922 (results not shown — preliminary studies).
This indicated that additions were inside the linear range of methodology.

Analyses were carried out in triplicate and the collected data were evaluated according to mean followed
by standard deviation, through statistical package R. The data were also submitted to ANOVA through F test
and the means was compared by Tukey’s test at 1% probability level.

3 Results and discussions

Most of the factor was significant and reduced ICUMSA color. The single factors, distance and voltage
and the double interaction voltage*Brix stood out in the Pareto chart as the most significant parameter.
However, the double interaction pH*distance and triple interaction distance*temperature*Brix did not
influence the ICUMSA color (Figure 2). The lower ICUMSA color, clearer was the SCJ or whiter would be
the sugar.

Color; alfa=0.05

_4
BRBoRR>Bamn il

Factor Name A
‘“: A pH B temperature
- B temperature G voltage
e € voltage D electrodes distance
BC D electrodes distance w E Brix
A E: Brix sco
B ACD
ACD (a) DE ( b)
0 i cDE H
0 s ) 3 20 25 0 o 0 20 30 % 50 )
Standardized Effect Standardized Effect

A A
Lt B temperature
B temperature o c vokage
g C voltage = D electrodes distance
D electrodes distance E Brix
: E Brix g
CE BCD
= (c) < B (d)
0 1 2 3 a s 6 7 8 9 o 0 20 30 4 50 &
Standardized Effect Standardized Effect

Figure 2. Pareto (5% of significance) of influences from pH, temperature (Temp.), voltage (Volt.), distance between
electrodes (Dist.), percentage of total soluble solids (Brix) and their respective interactions in the analysis of ICUMSA
color (a), turbidity (b), pol%juice (c) and RS (d) from the samples treated by electrocoagulation. The bars that extend
beyond the horizontal line indicated significance.
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Variations in factors voltage and distance led to greater amplitudes of ICUMSA color (Figure 3). Higher
voltage applied led to lower ICUMSA color, whereas distance between electrodes shorter led to greater

ICUMSA color reduction.
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Figure 3. Medium effect of factors none combined for of ICUMSA color (a), turbidity (b), pol%juice (c) and RS (d)
from samples of SCJ treated by electrocoagulation. Temp. means temperature, Volt. means voltage and Dist. means
distance between electrodes. The axis X values, -1 and 1 indicated the maximum and minimum conditions tested,
whereas Y axis was the mean values from ICUMSA color.

The contour plots (Figure 4) between voltage and other factors showed that lowers values of
ICUMSA color was obtained when applied higher voltage, independent of the combinations. The
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lowest values of ICUMSA color were obtained by combining higher voltage with lower distance
between electrodes. Then, voltage was a significant factor in reduction of SCJ ICUMSA color treated
by electrocoagulation with aluminum electrodes. Higher voltage generated more flocs (Al polymer
and organic matter) and consequently increased the removal efficiency of organic material, including
phenolic compounds (Tchamango et al., 2010; Stahl et al., 2011), which was related to the sugarcane
juice color (Nguyen & Doherty, 2011). Hu et al., (2016) reported that aluminum hydrolysis reactions
during electrocoagulation process, active coagulant species were generated in situ by anodic
dissolution of sacrificial Al electrode. Aliz species could be generated and they were positively
correlated with the removal of turbidity.

Contour Plot of Color (a) Contour Plot of Color (b)

05

Hold Values.
0
Temp. 0
Bix O

00

Volt.

-1.0 -0.5 0.0 05 10 BX E 0.0
Dist. Temp.

Contour Plot of Color (C) Contour Plot of Color (d)

Volt.
Volt.

Brix

Figure 4. Contour plot for ICUMSA color in SCJ treated by electrocoagulation. The interactions involving voltage
(Volt.) and (a) distance between electrodes (Dist.); (b) temperature (Temp.), (c) pH and (d) Brix. The values of X and
Y axis, -1 and 1, represented factors maximum and minimum point, respectively.

When combined lower voltage with large distance between electrodes, ICUMSA color was seven
times (86% of reduction) higher than after combination between higher voltage and shorter distance
between electrodes. This variation was elevated when compared with other alternative process.
According to Sartori et al. (2017a), they found a reduction of 16% in ICUMSA color of SCJ after
applying 50,000 ppm of hydroxide peroxide. Meanwhile, Mbanjwa et al. (2011) showed a reduction
between 11 and 15% comparing with a control after applying 300 ppm of hydrogen peroxide in sugar
solutions during refining process. In this sense, the use of hydrogen peroxide was efficient in the
removal of sugarcane juice impurities; however, this process required large amounts of chemical
inputs. This fact has promoted in our research group the search for green technologies and with lower
operation costs. Electrocoagulation has proven to be efficient and is a simple technique to be deployed
and operated in the sugar production mills.
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In the regression model analysis for ICUMSA color, the regression equation (Equation 6) had an adjusted
and predicted determination coefficient (R?) of 0.9982 and 0.9887, respectively. The high adjusted R? value
indicated that regression equation of ICUMSA color explained almost perfectly the impact of parameters in
outputs, whereas predicted R? near to 1 indicated that regression model was capable to predict answers in
new observations within the intervals worked. In this case, according to Ogando et al. (2019), the equation
was predictive.

Comparing the experimental values with predict values by equation, it was noted that median of results
showed higher reproducibility. Although, some outliers were noted and for those cases the proposed model
could not predict.

ICUMSA color =492.6 +42.9x pH +33.4 x temperature

—147.8 x voltage +169.6 x dis tan ce + 87.6 x Brix —115.1

xpH *voltage — 91.5x pH *distance+ 43.8 x temperature * voltage

— 5.0xtemperature* distance + 105.8 xvoltage* dis tan ce (6)
— 356.9xvoltage* Brix — 44.1xdistance* Brix + 171.2

xpH * temperature* Brix — 27.3x pH *voltage* dis tan ce +140.4

x temperature * voltage * dis tan ce —110.8 x voltage * dis tan ce * Brix

Wherein, * indicates the interactions.

Voltage, Brix and temperature according to analysis of variance and Pareto were the factors that most
influenced the turbidity in SCJ treated by electrocoagulation. Meanwhile, the only factors not
significance were the double combination distance*Brix and triple combination voltage*distance* Brix
(Figure 2b).

Turbidity decrease was expressed by removing impurities (flocs) in SCJ suspension. The combination
pH*voltage also stood out. Indeed, pH had important role in the mechanism action of electrocoagulation,
once the species of aluminum hydroxide formed depends on initial pH. The released AI** during
electrocoagulation participates in various hydrolysis, leading to the formation of diverse monomeric species
of Al. According to Sartori et al. (2015), the reaction sequence that happens was described by Equations 7, 8

and 9:

Al > AP 43¢ @)
2 HyO + 2¢ — Hz(g)+ 2 OH™ (8)
AP gy + 3HL0 > Al(OH),+ 3 H (4 ©)

Depending of pH solution, from AI(OH)3 could promote the formation of ionic species different,
for example, AI(OH)s~ and Al,(OH)>*" or polymeric species as Al;3(OH)s4>". Finally, at the end of
flocculation, a solid species AI(OH); was formed and it could sediment quickly with colloidal
impurities, once they had high density and molecular weight (Hu et al., 2016; Tak et al., 2015).

As well as for ICUMSA color, the increased of voltage meant expressive amplitude between turbidity and
higher voltage caused lower turbidity. Temperature had a similar effect, however with less amplitude,
whereas Brix, pH and distance had inverse behavior (Figure 3b).

The voltage behavior combined with other factors indicated lower values of turbidity when it was
applied higher voltage. The combination with high temperature (70 °C) and low pH (=2.5) achieved
the lowest turbidity (Figure 5). At high pH, occurred the accumulation of OH" in the solution,
compromising the release of hydrogen by cathode (Tak et al., 2015). It was concluded that the
electrocoagulation treatment was capable to reduce suspended solids (organic matter as non-sugars)
in SCJ and then reduced turbidity.
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Figure 5. Contour plot for turbidity in SCJ treated by electrocoagulation. The interactions involving voltage (Volt.)
and (a) distance between electrodes (Dist.); (b) temperature (Temp.), (¢) pH and (d) Brix. The values of X and Y axis,
-1 and 1, represented factors maximum and minimum point, respectively.

In the regression analysis of turbidity (Equation 10), the coefficient of determination value (R?) presented
closer to 1 than for ICUMSA color. The adjusted R?> was 0.9997, whereas predicted R? was 0.9982.
Identically to occurred for ICUMSA color model, turbidity model presented a low error when considered the
median of experimental results, however the error was higher in outlier cases.

Turbidity =106.4 + 11.3x pH + 13.9xtemperature — 21.0xvoltage
+ 8.1xdistance + 20.2x Brix — 10.0x pH *voltage — 7.0x pH * distance

+ 6.1xtemperature* voltage — 6.0 x temperature * distance

(10)

+ 2.3xvoltage* distance — 9.5xvoltage* Brix — 0.9 x distance* Brix
+ 29.3x pH *temperature® Brix — 1.4x pH *voltage* distance

+ 2.3 xtemperature * voltage * distance — 0.6 x voltage * distance * Brix

Wherein, * indicates the interactions.

In variance analysis of the process impact in apparent sucrose (pol%fjuice), double combinations
voltage*distance and temperature*distance, plus the triple combination temperature*voltage*distance were
the only factor with significance (Figure 2c).

It was noticed that voltage had a negative impact on pol%juice, in other words, higher voltage led to
apparent sucrose loss. In the turbidity and color ICUMSA analysis, lower distance between electrodes
indicated a greater effect in both outputs. The reverse behavior of pol%juice was important once it would
allow work in best conditions to reduce impurities, without sucrose reduction (Figure 3c). The non-effect of
temperature is an important observation, once allows a flexibilization of these parameters in the moment of
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optimization. And it is an important control parameter at sugarcane industry, once higher temperature means
higher steam costs and it is also related to sucrose degradation (Eggleston et al., 2014).

Contour Plot of Pol (a) Contour Plot of Pol (b)
10 !
Pol Pol
™1 < 084 < 082
W 084 - 087 W 062 - 084
087 - 0390 W 084 - 086
030 - 093 m 086 - 0.8
05 093 - 096 ™ 085 - 030
W 096 - 099 I 090 - 092
= > 099 092 - 034
- > 094
Hold Values
. pH 0O Hold Values
] Temp. 0 w0
r= 001 Brix O h ® Captura Dist. 0
Bix 0
-0.5
10 i
1.0 -05 00 05 10
Volt.
Contour Plot of Pol (C) (d)
Pol Pol
< 0.800 - < 082
0800 - 0.825 0.82 - 084
- 0825 - 0.850 I 084 - 086
| 0850 - 0875 | 086 - o8&
W 0875 - 0.900 088 - 030
| 0500 - 0925 m 050 - 092
1 > 0925 m 052 - 034
- > 094
Hold Values
2 Temp. O Hold Values
‘—5 Dist 0 PH O
s Brix 0 Temp. O

-1.0 -0.5 0.0 05 1.0
pH

Figure 6. Contour plot for pol%juice in SCJ treated by electrocoagulation. The interactions involving voltage (Volt.)
and (a) distance between electrodes (Dist.); (b) temperature (Temp.), (¢) pH and (d) Brix. The values of X and Y axis,
-1 and 1, represented factors maximum and minimum point, respectively.

The interpretation of higher values of pol%juice at basic pH (Figure 6) must be interpreted as the more
negative effect of acid conditions, once according to Eggleston & Vercellotti (2000), there were studies
showing that sucrose is degraded in solutions with pH outside the range of 5.5—7.0. Lower concentrations of
pol%juice was obtained with higher voltage, once in this situations there were greater release of AI** and,
consequently greater removal of organic compounds, including sucrose. Bazrafshan et al. (2013) showed
similar results. Lower concentrations of apparent sucrose were obtained with shorter distance between
electrodes, lower pH and Brix, and higher temperature. The difference between the highest range and lowest
range was 13% (0.925 and 0.800) (Figure 3). Eggleston et al. (2014) tested two coagulants in clarification
step and found sucrose loss of 0.4% after using calcium saccharate and 3.6% with lime milk at the end of
treatment. In the same work, the authors calculated a daily financial loss and showed that lime milk generated
a cost of US$ 22/day higher than calcium saccharate. Then, even small sucrose loss resulted in great financial
losses.

The coefficient of determination (R?) in the pol%juice analysis was near 1 (Equation 11). The adjusted R?
was 0.9925 and predictive R? 0.9524 and both had significance. Over again, it was not possible to preview
outliers from experimentation.

Pol% juice =0.883 + 0.037x pH + 0.001xtemperature — 0.038 xvoltage

— 0.022 x distance + 0.030x Brix + 0.015x pH * voltage + 0.002x pH * distance
— 0.032x temperature*voltage — 0.041x temperature* distance

+ 0.049x voltage* distance — 0.001x voltage* Brix + 0.015x distance* Brix
—0.029%x pH * temperature* Brix — 0.024x pH * voltage* distance

)

+ 0.042x temperature * voltage* distance — 0.00004 x voltage* distance* Brix

Braz. J. Food Technol., Campinas, v. 24, €2020236, 2021 | https://doi.org/10.1590/1981-6723.23620 12/17



Removal of color and turbidity in sugarcane juice treated by electrocoagulation with aluminum electrodes
Ogando, F. I. B. et al.

Wherein, * indicates the interactions.

Sucrose degradation initially led to formation of reducing sugars (glucose and fructose) (Martins et al.,
2001). In the analysis of variance only double combination pH*voltage had significance (Figure 2d).

It was not possible to establish a perfect parallel between RS and pol%juice analysis because they had
different principles, subjected to different influencers. However, some tendencies were noticed. The factor
pH, temperature and voltage had acted inversely to the noticed in pol%juice, in other words, the higher
temperature and voltage in acid conditions led to higher concentrations of reducing sugars. Then, there was
a tendency to sucrose inversion to glucose and fructose when applied electrocoagulation (Figure 3d).

Evaluating the influence of combination between voltage and other factors, it was conclusive that voltage
had strong correlation with reducing sugar concentration. Increasing voltage resulted in increase of reducing
sugars. Higher values of reducing sugar could be founded combining with acid pH (Figure 7).
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Figure 7. Contour plot for reducing sugars (glucose+fructose) in SCJ treated by electrocoagulation. The interactions
involving voltage (Volt.) and (a) distance between electrodes (Dist.); (b) temperature (Temp.), (¢) pH and (d) Brix.
The values of X and Y axis, -1 and 1, represented factors maximum and minimum point, respectively

The analysis of regression of reducing sugar indicated a determination coefficient (R?) closer to 1 than the
other. The adjusted and predictive R? were 0.9998 and 0.9984, respectively (Equation 12). Just like for the
other models, outliers were not suitable.

Reducing sugars =0.31 — 0.24x pH + 0.23xtemperature + 0.16xvoltage

— 0.05x distance — 0.14x Brix — 0.01x pH * voltage — 0.06x pH * distance

+ 0.07x temperature *voltage + 0.06x temperature * distance — 0.06x voltage * distance (12)
+ 0.10x voltage* Brix — 0.15x distance* Brix + 0.23x pH * temperature* Brix

— 0.05x pH * voltage * distance + 0.03x temperature * voltage * distance — 0.15x voltage * distance * Brix

Wherein, * indicates the interactions.
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After analyzing the parameters, it was done an analysis of residual aluminum in the three phases after
electrocoagulation. Without any treatment, SCJ presented 10.9 mg L' of AI** (Table 3). This value was
inside the range value normally found between 7 and 15 mg L™ (Souza et al., 2016).

Table 3. Aluminum concentration in SCJ without treatment and after electrocoagulation treatment (Essay 5 and Essay
8) of factorial fractional.

Aluminum (mg L)

Samples Mean Standard deviation Coefficient of variation
SCJ without treatment 10.9 0.5 5%
Essay 5 — Clarified 107.0 2.6 2%
Essay 5 — Floated 1619.7 17.0 1%
Essay 5 - Precipitate 383.0 6.6 2%
Essay 8 — Floated 2986.7 166.5 6%
Essay 8 - Clarified 1497.0 86.9 6%

The Essay 5 presented very high concentration of aluminum in the three phases (clarified, floated and
precipitated: 2,109.7 mg L'"). However, the most part of aluminum was concentrated in foam (76.8%) and in
the mud (18.1%), whereas it was found only 5.1% in the clarified juice. It was believed that the mechanism
is similar presented by Jiang et al. (2002). The electrodes could release AI(III) ions that was not dissolved in
the solution, the flocs formed with impurities were floated after being captured by hydrogen gas bubbles
generated in the cathode surface.

This distribution of aluminum was important once there are many works presenting risks to the health
related to aluminum in food (Aguilar et al., 2008). Although, the aluminum concentration in the SJC clarified
(107.0 mg L") was within the ranges raised by Stahl etal. (2011), they evaluated 1,431 samples from
European Community (breads, pastas, teas, chocolates, candies, wines, among others) and concluded that
aluminum concentration varied between 0.4 and 737 mg kg™'.

Then, the concentration of aluminum in SJC clarified did not limit the technique. Water treatment plants
use aluminum sulfate as coagulant and even though the limit of aluminum in drink water is very low, i.e.,
around 100 and 200 pg L' (Zhang et al., 2016). The low presence of aluminum after the treatment happened
once the quantity applied was optimized (Sillanpdi etal., 2018). The same can be done with
electrocoagulation, once the process duration can be optimized according to aluminum deposited.
Furthermore, electrocoagulation can be coupled with decantation. Decantation applied normally in sugarcane
industry could decrease the concentration of aluminum from 15.0 mg kg' to around 1.0 mg kg’
(Takahashi et al., 2016; Asikin et al., 2018).

4 Conclusion

The electrocoagulation decreased color and turbidity. The best condition for ICUMSA color and turbidity
reduction was associated with higher voltage (25 V), shorter distance of electrodes and lowest pH. Though,
this same condition was related to sucrose degradation and more RS content. It was also possible to conclude
that voltammetry was an efficient technique for the determination of AI** in sugarcane juice and the
concentration of residual aluminum was not a problem regarding the process.
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