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ABSTRACT

Biodiesel is commonly purified by washing with water, but its improper disposal poses
serious environmental and economic issues. Electrocoagulation (EC) is an attractive
technique for treating biodiesel fuel wastewater, owing to its effectiveness, ease of
operation, and low cost operation. In this study, an experimental factorial design was
employed to investigated the minimum parameters required for efficient and cost-
effective treatment (pH: 3 - 9; voltage: 5 - 20 V). All experiments were conducted at
room temperature (25° C) using a 1 L acrylic monopolar batch reactor. Aluminum
electrode (12x5x 0.1cm) were used. The effluents were characterized before and after
treatments, measuring Chemical Oxygen Demand (COD), pH, color, turbidity,
conductivity, Dissolved Oxygen (DO), Oil & Grease (O&G), Total Dissolved Solids
(TDS), fixed solids, and volatile solids. Kinetic experiments were performed to
determine the minimum operating time (30 min). The obtained results demonstrated
significant removal of turbidity (94.5%), color (96.4%), COD (83.9%), conductivity
(37%), and O&G (93%). Additionally, the experimental and theoretical values showed
good agreement, allowing for the development of predictive mathematical models for
the analytical responses.

Keywords: Sustainable water treatment, Electrochemical technology, Biodiesel
wastewater, Qil-rich phase.
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HIGHLIGHTS

The electrochemical treatment, despite its simplicity and speed, achieved significant

removal percentages of turbidity, color, and COD;
Mathematical models were successfully developed to predict the experimental results;

The removal percentage obtained in 30 min of treatment closely matches the

percentage obtained with one hour of treatment.

1.INTRODUCTION

Biofuels have emerged as a promising alternative to mitigate the environmental, social,
and economic impacts resulting from the extensive use of non-renewable energy
sources. These sustainable fuels not only contribute to improving environmental quality
but also reduce reliance on imported oil, thereby bolstering national economies and
generating employment opportunities (Liu et al., 2021; Jeswani, Chilvers and
Azapagic, 2020; Hoekman et al., 2012)

Within the realm of renewable and clean energy resources, biodiesel has garnered
increasing demand due to its distinct advantages over petroleum diesel. Notably,
biodiesel offers several technical characteristics such as its bio-origin, biodegradability,
higher flash point, excellent lubrication properties, and significantly lower emissions of
harmful compounds like sulfur oxide, carbon oxides, particulates, air toxics, and
unburned hydrocarbons (Chuah et al., 2017; Shimada and Cestari, 2020; Brasil, 2022).

Typically, biodiesel is produced through the transesterification reaction of vegetable
oils and animal fats using a strong base catalyst (KOH or NaOH) in the presence of an
excess of short-chain alcohol (methanol or ethanol). This process (Fig. 1) involves
vigorous stirring to ensure proper mixing between the alcohol and oil and temperature
control to enhance the conversion of triglycerides (oil) into methyl or ethyl ester
(biodiesel) and by-product glycerol (Daud et al., 2015; Farooq, Ramli and Subbarao,
2013; Saifuddin, Samiunddin and Kumaran, 2015; Ramos et al., 2011).
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Figure 1. Simplified flowchart of transesterification process for biodiesel production
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Source: Author, 2023.

As depicted in Fig. 1, additional critical steps in biodiesel production include the
separation of the alcohol/glycerol phase from the crude biodiesel, wet washing and
subsequent drying of the biodiesel, as well as acidification and separation of crude
glycerol phase from alcohol. However, the esters produced by transesterification still
contain various impurities, such as free glycerin, unreacted glycerides, soaps,
catalysts, and residual alcohol. High levels of these impurities can severely
compromise the burn emission quality and reduce engine lifespan (Daud et al., 2015;
Ramos et al., 2011; Jeswani, Chilvers and Azapagic, 2020; Saifuddin, Samiunddin and
Kumaran, 2015, Chuah, et al., 2017, Putra et al., 2018). Thus, a purification process is
to meet fuel quality criteria, as outlined in ANP’s Resolution 920/2023, (National
Agency for Petroleum, Natural Gas and Biofuels) (Brasil, 2023), and to remove excess

contaminants.

Currently, the industry employs wet washing to effectively remove biodiesel impurities
due to the high solubility that alcohol, alkaline catalyst, and glycerol in water, the
industry uses wet washing for the effective removal of such biodiesel impurities
(Quadros et al.,, 2011). This process involves using warm, slightly acidic water to
neutralize the alkaline catalyst, followed by successive washes with distilled water to
remove remaining hydrophilic contaminants. However, this approach generates a
significant volume of residual water effluent, especially considering Brazil’s annual
biodiesel production of approximately 5.5 billion liters, resulting in approximately 12.9

billion liters of effluent per year (Biofuels Annual, 2018). Furthermore, the composition
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of this effluent includes an alkaline pH, a significant presence of catalyst, a high content
of Oils and Greases (O&G), and low nitrogen concentration, making natural
degradation challenging (Farooq, Ramli and Subbarao, 2013). Therefore, establishing
economically attractive effective and easy-to-operate effluent treatment systems is
becoming increasingly critical to comply with stringent quality specifications and
environmental concerns, especially considering the mandatory increase in biofuel

misture percentages in fossil diesel (Brasil, 2023).

To address this issue, researchers have explored various technologies for biodiesel
wastewater treatment, including biological, physicochemical, electrochemical, and
combined processes (An et al., 2017; Jaruwat, Pitakpoolsil and Hunsom, 2016;
Gomes, Arroyo and Pereira, 2015; Sari-erkan, 2019; Goés et al., 2021a; Desai et al.,
2017; Savci, 2017; Alves et al., 2016; Daud, Nasir and Awang, 2013; Ngamlerdpokin
et al., 2011, Nidheesh, Zhou and Oturan, 2018). Among these methodologies,
electrocoagulation has gained significant interest in the past decade due to its
simplicity, ease of operation, shorter treatment time, rapid sedimentation of
electrostatic flakes, lower sludge production, and high efficiency (Chen et al., 2021,
Goés et al., 2021b; Shahedi et al., 2020). Another advantage of this technique is the
absence of chemical addition, since the electrolytic cell provides the necessary
coagulating (Goés et al., 2021b). Essentially, electrocoagulation involves passing an
electrical current through sacrificial electrodes (usually aluminum), leading to the
generation of a coagulating agent and Hz(g) bubbles (Shahedi et al., 2020).

Numerous studies have demonstrated the high efficiency of electrocoagulation in
removing various critical contaminants, including dyes, heavy metals, emulsions, and
especially O&G (Goés et al., 2021b; Nidheesh et al., 2021; Bazrafshan et al., 2015;
Razali, Hamid and Azoddein, 2016; Daud et al. 2015; De Meneses et al., 2012; An et
al., 2017; Rincén and La Motta, 2014; Cordeiro et al., 2015; Vieira et al., 2017;).
Notably, the reported efficiencies for O&G removal consistently been high ranging from
82% to 99% in just 30 minutes, motivating further exploration of simplified conditions
(pH and voltage parameters) for the treatment of biodiesel wastewater (Ahmadi et al.,
2013; Srirangsan, Ongwandee and Chavalparit, 2009; Siles et al., 2011).
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In this study, we investigate the use of electrocoagulation technology under simplified
conditions for the efficient treatment of biodiesel wastewater. By optimizing the key
parameters of this process, we aim to develop an economically viable and
environmentally friendly approach to meet the increasingly stringent regulatory

requirements for biodiesel production.

2. MATERIAL AND METHODS

The chemicals used in this study were of analytical grade and used directly as supplied.
They included KOH, KCI, methanol, and n-hexane (Isofar, Duque de Caxias, Rio de
Janeiro, Brazil), HCI (Emsure®, Merck-Millipore, S&o Paulo, Brazil). Distilled water was
exclusively used in the biodiesel washing and in the preparation of the acid solutions.

Refined soybean oil was purchased from a local store.

2.1 WASH WATER

The wastewater employed in this study was generated during the lab-scale preparation
of biodiesel. Briefly, the process involved using 1.0 Kg of soybean oil, 400 mL of
methanol, and 15.0 g of catalyst (KOH). The methoxide solution was prepared by
adding the KOH catalyst to methanol. The clean oil was then heated to 55 °C on a hot
plate, and the methoxide solution was carefully added to the oil flask while stirring for
90 min. Afterward, the mixture was transferred to the separatory funnel and after a 12

h of rest, the glycerin was removed.

The resulting crude biodiesel was washed initially with a 0.5 % HCI solution (to
neutralize the catalyst) at 50 °C, followed by successively washes with distilled water
(at least five times) until reaching a neutron pH. This process aimed to remove any
remaining methanol, catalyst, and glycerol from biodiesel. It is noteworthy that
approximately 3 L of water were required to wash and neutralize 1 liter of prepared
biodiesel. Samples of these wastewater streams were collected and analyzed for

further investigation.
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2.2 WASH WATER ANALYSIS

To assess the treatment efficiency, the following analyses were conducted on the
wastewater: pH, Dissolved Oxygen Concentration (DO), Conductivity, Turbidity, Oil,
and Grease (O&G), Total Dissolved Solids (TDS), Total Fixed Solid (TFS), Total
Volatile Solids (TVS), and Color. All characterization analyses were performed
following the official methods of analysis (Apha, Awwa and Wef, 2017). The pH
analyses (SM 4500-H*) were performed using a digital pHmeter from the Tecnal
Equipamentos Cientificos, equipped with temperature correction. The dissolved
oxygen concentrations (SM 4500-O) were measured using a multi-parameter
equipment from Hanna Instruments. Conductivity was determined using a digital
conductivity meter from Analyser Instrument, model 650. Turbidity measurements
were conducted using the Nephelometric (NTU) method with a turbidimeter from
Hanna Instruments, model HI 98713. For O&G determinations, the gravimetric method
(SM 5520) with n-hexane extraction was employed. Total solids, fixed solids, and
volatile solids were measured using Standard Method SM 2540 B and2540 E,

respectively. The effluent color was examined according to SM 2120 methodology.

2.3 EXPERIMENTAL DESIGN

In an effort to minimize the number of tests, reduce costs, and identify optimum
treatment conditions, we employed a simplified experimental approach known as a 2"

factorial design. Here, represents the number of controlled variables, and “2”
indicates the minimum and maximum numbers levels of various factors. Such a
streamlined approach proves valuable considering the time and resources required for
analysis. While this method may not comprehensively analyze all influencing factors,
when relevant variables are selected, the results can indicate the technique’s potential,
trends, and directions for further investigations. Consequently, this approach helps
expedite pilot-scale studies aimed at establishing the most efficient treatment

conditions.

The chosen variables for this factorial design were the initial pH (x1) and applied

voltage (x2), as they are recognized as significant factors in the electrocoagulation
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treatment, based on existing literature (De Meneses et al., 2012; Siles et al., 2011,
Chavalparit and Ongwandee, 2009; Fernandes et al., 2016, Fernandes et al., 2021).
Table 1 display the specific levels and combinations of these variables used as more

significant variables.

Table 1. Original and coded labels of the selected variables

Factors Original Factor (x) Coded Factors (X)

-1 0 +1
pHi x1 3.0 6.0 9.0
Applied Voltage/V X2 5.0 12.5 20.0

Source: Author, 2023.

According to this planning, five tests were performed in duplicate and in a random

manner. Table 2 shows the variation of the two major variables selected.

Table 2. Model matrix for 22design

Tests | Coded factors Process variables
x1 x2 pHi Applied Voltage/V
A -1 -1 3.0 5.0
B 0 0 6.0 125
C -1 +1 3.0 20.0
D +1 -1 9.0 5.0
E +1 +1 9.0 20.0

Source: Author, 2023.

The equations (1) and (2) were utilized to evaluate the similarity between the
experimental outcomes and the predictions generated by the model (Rodrigues and
lemma, 2014).
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Eadjustment =Y -Y" (1)

Eqdjustment
Ereiative — y x100 (2)

Where Ycorresponds to the experimental value and Y " to the model response.

The desirability function proposed by Derringer and Suich (1980) aims to identify the

optimal values for each analyzed variable based on the experimental design. Each

response variable is converted into a function (f) with a numerical range from O to 1,
where 1 represents the maximum desirability, and O indicates the minimum desirability,
as outlined in equations (3) to (5). In these equations, a and 3 represent the lowest
and highest values obtained from the i response variable, respectively, while wi
represents the importance level. The desirability predicted by the mathematical model
for each dependent variable is integrated with the Desirability Function (DF), leading

to determination of the overall desirability.

@f) = () wi (3)

dfp)=1U>p (4)
df)=0,U<a (5)
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2.4 BATCH REACTOR

There are various design possibilities for an electrolytic cell, and multiple factors can
influence the electrolysis reactions and, consequently, the treatment outcome of a
liquid effluent (Daud et al., 2015; An et al., 2017; Derringer and Suich, 1980). However,
to maintain simplicity, we opted for an elementary electrochemical module. The
experimental setup is illustrated in Fig 2. The EC cell was assembled using a 1 L
cylindrical acrylic beaker, with a wooden cover to support the set of electrodes. Two
aluminum plates, each measuring 12x5x0.1, were employed as the electrodes, and
teflon spacers were utilized to maintain a fixed distance of 0.01 m between them. The
respective area of each electrode was 0.00486 m?. Throughout the experiments, 500
mL of wastewater was placed in the EC cell and stirred at 200 rpm, with the
temperature maintained at 27+2 °C. The treatment process lasted for 60 min for each

run.

The current density in the batch reactor was controlled using a Nadal Digital Power
Feed Source, which allowed for voltage adjustment within the range of 0 to 25 V.
Regular samples of the liquid were taken at intervals for analysis, focusing on key
parameters such as COD and turbidity. Additionally, it was crucial to maintain the
settled wastewater at the desired pH level, which was achieved by carefully adjusting

the pH using either HCI or NaOH solutions.
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Figure 2. Schematic illustration of bench scale EC reactor with monopolar aluminum electrodes: a) DC

power supply; b) aluminum electrodes (+ anode; - cathode); c) acrylic container; d) stirring plate

ra W
" -
L.
-

Source: Author, 2023.

2.5 EVALUATION OF ELECTRODE CONSUMPTION AND ENERGY
EXPENDITURE

The consumed mass of the electrode and Energy Consumption (EC) were calculated
by Egs. (6) and (7), respectively, using the following parameters: where: i represents
the operating current (A), t is the reaction time (h), MM is the molar mass of the
aluminum (g mol?), F is the Faraday’s constant (C mol?), n is the number of electrons
involved in the aluminum oxidation reaction (nai = 3), V is the operating voltage (volt),
and v is the volume of effluent (m3). These equations are widely in the field, providing
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reliable estimations of electrode consumption and energy expenditure (Crespilho and
Rezende, 2004; Cerqueira, Souza and Marques, 2014; Kobya et al., 2006).

i.t.MM (6)
e = Ty
V.i.t 7
B — (7)
v

2.6 ELECTROCOAGULATION KINETICS

After the establishment of the best CE conditions, kinetic studies were carried out in
order to better evaluate the experimental design. Every 10 min, for a total of 60 min,
an aliquot was removed from the electrochemical cell for analysis of color, turbidity,
and COD. The results obtained were adjusted to the first and second-order kinetic

models according to equations 8 and 9 (Azizian, 2004):

qc = Q.eq(l - e_klt) (8)
_ kzngf
©@=17F Qeqkat ©)

where geq(mg gt) is the adsorbed amount on equilibrium; g: (mg g?) is the adsorption
capacity at time t (min); k1 (min't) and kz(g mg* min!) are the pseudo-first order and

the second-order rate constants, respectively.
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3. RESULTS AND DISCUSSION

3.1 WASTEWATER CHARACTERIZATION (CRUDE EFFLUENT)

The biodiesel production system strongly influences the characteristics of the biodiesel
wastewater, which can present different percentages of free fatty acids (non-
transesterified), alcohol, glycerol, soap, and part of the catalyst (Azizian, 2004; Daud
etal., 2015). As a result, some variation in the average values for the physical-chemical
parameters of this effluent is expected. Veljkovi¢, Stamenkovi¢, &Tasi¢ (2014), for
example, demonstrated ranges for pH (3.3-11.2), Chemical Oxygen Demand (COD,
11-590 g L'1), Biologic Oxygen Demand (BOD, 1.6-300 g/L), grease and oil (0.4-22 g
L-1), Total Organic Carbon (TOC, 1.7-40 g/L) and total suspended solids (0.3-8.9 g L
1). Table 3 presents the mean values for the analyzed parameters in this work and the
limits established by the National Environment Council, CONAMA Resolutions
430/2011 and 357/2005, which provides the conditions and standards for effluent
releases. Although CONAMA'’s Resolution 430/2011, does not establish turbidity, color
and DO values, it complements Resolution 357/2005, which determines the quality
conditions of Class 1 Fresh Waters for turbidity, DO, and color (Brasil, 2011; Brasil
2005).

The comparison between the values of the parameters presented by the CE and the
recommended effluent limitation guidelines in Brazil reveals that turbidity, color, and
DO are critical parameters for this class of effluent. For instance, color levels (mg Pt L
1) should be natural to the water body and virtually absent in the case of dyes from
anthropic sources. The high turbidity level presented by this effluent, which is related
to the concentration of emulsion droplets and the particulates present, exceeded the
recommended limits, indicating that high values of color and turbidity would impair the
penetration of light and, consequently, the photosynthesis, thereby interfering with the
natural balance of the aquatic environment (Sharma, Sharma and Soni, 2021).
Dissolved Oxygen (DO), which indicates the amount of this gas in solution and the
consequent water quality, also presented a problem. Low values of dissolved oxygen

(< 2 mg L) characterize an environmental condition called hypoxia, endangering the
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lives of several aquatic organisms. Although the DO value for the CE effluent falls
below the indicated regulated limits, it does not represent an extreme condition of
hypoxia or anoxia. However, it highlights the necessity to aerate the effluent during
treatment, and as such, this parameter should be closely monitored throughout the

tfreatment.

Table 3. Parameters of biodiesel wastewaters and permissible limit (range)

Parameter Average values found  Standards established by CONAMA 2

pH 3.01 5-9

Temperature / °C 25.7 <40 e AT < 3 at the mixing zone limit

Color / mg Pt L1 445 Natural to the water body

Turbidity / NTU b >750 <40

Conductivity / uS cm? 299 -

DO /mg L1 4.80 >6

COD/mg Oz L? 320 -

0O&G /mgL? 16.02 Mineral oils 20; vegetable oils and animal fats
50

Total Dissolved Solids / mg Lt 7.700 -
Total Fixed Solids / mg L 400 -
Total Volatile Solids / mg L 7.300 -

Source: 2CONAMA 430/2011, 357/2005. > NTU — Nephelometric turbidity unit.

In light of these findings, it is evident that further treatment is necessary for the
biodiesel wastewater before discharging it into the environment to comply with the
established regulatory standards. Potential aeration methods can be considered to
improve dissolved oxygen levels, while additional treatments may be explored to
address turbidity and color concerns. Implementing appropriate mitigation strategies
and optimizing the treatment process will be vital in achieving efficient and

environmentally responsible biodiesel wastewater management.
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3.2 STATISTICAL ANALYSES

Analysis of Variance (ANOVA) was conducted to obtain the predictive and adjusted
models. Table 4 presents the results obtained, with emphasis on terms that were not
statistically significant (p < 0.05). As shown, all effects were statistically significant for
color and turbidity, while only the voltage was significant for COD. The Pareto diagram
(Fig. 3) provides a clear representation of the statistically important effects. Effects
beyond the dotted line, defined at 0.05, should be included in the mathematical model.
The independent variable that most positively influenced responses was the applied
voltage. Thus, higher voltage led to greater removal of turbidity, color, and COD. The
pH and pH-voltage factors were not significant for COD, as predicted by ANOVA.

Figure 4 presents a comparative graph between the observed and predicted values, in
agreement with the percentage error values (> 20%) presented in Table 4. It is evident
that the proposed model accurately describes the experimental data, showing high
determination coefficients for turbidity (85.1%) and color (85.3%), with an even higher
value for COD at 96.7%.

Figure 3. Pareto chart for variables effects and their interactions: (a) turbidity, (b) color and (c) COD

: : i
| I |
b I |
o [ 1 1
S 104 Bp o145 g, L6
=5 | 1 1
| | |
= a) | A b) 1 > ! c)
I ! - : ! ! 1
e USNOUNNN - S SOOI -1 COSi
p=0.03 p=0.05 p=0.05
Standardized Effect Estimate (Absolute Value)
Source: Author, 2023.
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Figure 4. Experimental versus predicted values for the removal of (a) turbidity, (b) color and (c) COD
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Source: Author, 2023.
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Table 4. ANOVA and relative error results for removing turbidity and color, and for COD

Analysis of Variance

Turbidity

Color

COD

Relative error

Turbidity

Color
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Regr. coeff.
d

Regr. coeff.

Regr. coeff.

Mean pH
* 127
* <0.05
82.0 - 4.96
<0.05 <0.05
* 250
* <0.05
77.2 -4.92
<0.05 <0.05
* 30.1
* 0.18
46.4 -1.47
<0.05 0.12
68 474 879
73.4 523 92
7.94 10.3  4.66
68.8 427  98.2

Ava
2011
<0.05
0.369

0.107
3031
<0.05
1.13
<0.05
2460
<0.05
1.94
<0.05

94.3

97.1

2.97
95.5

pH-AV
343
<0.05
0.291

<0.05
243

< 0.05
0.245
<0.05
18
0.29
0.07
0.29

926 71.2

79.4 | 734

14.3  3.09

93.3 66.1

Lack of fit
419
<0.05

*

547
<0.05

24.8
0.22

*

*

51.9

52.4

0.96
50.2

PE b
16

88.5

92

3.95
92.5

97.1

2.64
97.3

Total SS
2916

*

946 92

79.4

13.7
98.2
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Pred. 71.7 495 99.6 995 81 71.7 495 99.6 99.5
Value

Re /% 4.22 159 143 419 132 8.47 139 7.68 2.26

COD E.value 50.6 49.4 82.6 80.1 713 53.0 41.1 85.2 86.4
Pred. 52.7 45.9 84.8 839 67.2 52.7 459 84.3 83.9
Value

Re /% 4.15 709 266 474 575 057 11.7  1.06 2.89

2 Applied voltage, ® Pure error, ¢ Sum square, ¢ Regression coefficient, ¢ experimental value,
predicted value, 9 relative error, * not applicable.

Source: Author, 2023.

Despite the lack of significant adjustment for turbidity and color (Table 4), this does not
preclude the development of a predictive model. The evaluation of the relative error
was essential for constructing possible models with predictive characteristics (turbidity
and color). Deviations less than or equal to 20% between observed and predicted data
ensure a viable predictive model (Rodrigues and lemma, 2014). Coded coefficients for
each significant factor was determined (Table 4). These coefficients are important for
validating the proposed models and describing the system's behavior. The following
eguations express the response variables as a function of the statistically significant

linear factors (p <0.05):

Turbidity = 82 — 4.96pH + 0.291pHAV (10)
77.2 — 4.92pH + 1.13AV + 0.245pHAV (11)
COD = 46.4 + 1.94AV (12)

Response surfaces (Fig. 5) allow visualization of the experimental conditions that yield
the best system operating responses. In this case, the response parameter is a
function of two significant main effects of the model. Predicting the COD behavior could
not be achieved in this manner, since the voltage is the only significant factor for the
determined model, and at least two factors are necessary for its execution. For the

other variables, it is evident that there is a linear behavior arising from the interaction

151
RC: 149407
Available in: https://www.nucleodoconhecimento.com.br/quimica-en/simplified-electrocoagulation

81

175
69.4
67.2

3.17


https://www.nucleodoconhecimento.com.br/
https://www.nucleodoconhecimento.com.br/quimica-en/simplified-electrocoagulation
https://www.nucleodoconhecimento.com.br
https://www.nucleodoconhecimento.com.br/wp-content/uploads/2023/10/Formula-05.png

MULTIDISCIPLINARY SCIENTIFIC JOURNAL  REVISTA CIENTIFICA MULTIDISCIPLINAR NUCLEO DO
;: 0 ENUCLEO D) CconHECIMENTO ISSN: 2448-0959

https://www.nucleodoconhecimento.com.br

between them. On both surfaces, higher voltage values promote an increase in the
response variable. The pH profile has minimal interference in the best-operating

conditions for the two three-dimensional sets since there is little curvature as a function

of pH in the regions with the greatest potential for turbidity and color removal.

Figure 5. Response surfaces for the variables: turbidity and color

oo Popaan y.

Source: Author, 2023.

The desirability function revealed that pH 6.0 and an applied voltage of 12.5 V were
identified as the optimal conditions investigated in this study. These values are
represented by red dashed lines at the bottom of Fig. 6. On the right side of the figure,
the desirability of achieving 100% removal for the three studied responses is illustrated.
By considering these ideal conditions, it becomes feasible to attain the optimized
values highlighted on the left side of the figure, thereby adapting the treated effluent to

meet the standards for disposal in water bodies, as prescribed by Brazilian legislation.
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Figure 6. Expected values and desirability for the removal of turbidity, color and COD

pH AV, V Desirability

Turbidity, NTU

=1100
705
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Source: Author, 2023.

3.3 TREATMENT EFFICIENCY

Figure 7 visually illustrates the appearance of the generated effluent in biodiesel
purification (RE) and after the electrolytic treatment, based on the predetermined
conditions established by the factorial planning (Table 2).
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Figure 7. Raw effluent (RE) and treated effluents (A - E) for each performed test (Table 2)

Source: Author, 2023.

The raw Effluent (RE) exhibited a cloudy appearance with high turbidity (> 750 NTU)
and color values. However, for most the conditions (except for the D and A-test with
an applied voltage of 5 V), significant removal of turbidity and color was achieved,
surpassing 90%, particularly reaching 92% in B (pH 6, applied voltage 12.5 V) and
94% in E (pH 9, applied voltage 20 V). Detailed results for all experimental conditions

are presented in Table 5.

Table 5. The overall removal efficiency of the treatment processes (30 min)

Tests Process variables Removal, % Experimental values
pHi  Voltag, Turbidity, Color, COD, pHs Conductivit DO, mg L-
1
\% NTU uH mg O:2 puScm-?t
L—l
A 3.00 5.00 69.6 67.4 51.8 4,95 200.5+1.1 5.43+1.51
+1.6 +1.3 +1.2 +1.42
B 6.00 12.5 92.3 95.8 70.3 8.42 260.5 +0.8 = 4.49+0.87
+0.3 +2.4 +0.9 +0.67
C 3.00 20.0 88.2 95,3 83.9 4.85 202.1+0.9 | 5.50
+0.3 +2.9 +1.3 +2.18 +1.28
D 9.00 5.00 49.6 46.5 45.2 8.16 258.1+1.5  4.95+0.97
+2.3 +3.8 +4.1 +0.95
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E 9.00 200 945 96.4 83.3 8.77 2545+22 4.12
+0.2 +0.9 +0.3 +1.48 +2.36

Source: Author, 2023.

The chemistry of AI** is highly dependent on the pH, making the initial pH of the effluent
a crucial operational factor that significantly influences the performance of the
electrochemical process. Throughout the electrocoagulation process, there is
observed variation in the pH of the effluent, as indicated in Table 5. Similar findings
were reported by Mouedhen et al. (2008), who observed that an initially acidic pH
results in an increase in the final pH, while the opposite occurs for an alkaline initial
pH. This phenomenon can be attributed to the production of hydrogen at the cathode,
generating an excess of OH"ions, as well as the formation of the aluminate ions in the
presence of an alkaline environmental, reducing the availability of OH" ions. Moreover,
the increase in pH is also influenced by the transfer of COz2, which is released from the

medium due to the agitation caused by H2 bubbles (Chen, Chen and Yue, 2000).
3.4 KINETICS STUDIES

Kinetic tests were conducted under the optimal experimental conditions, specifically at
pH 6 and 12.5V, and pH 9 and 20 V, to determine the minimum required time for the
electrochemical treatment to achieve maximum efficiency in treating the effluent. The
results presented in Fig. 8 illustrate the impact of varying the electrolysis time (0 to 60
min) on turbidity and color removal efficiency, as well as the percentage reduction in
the amount of chemical oxidant needed to oxidize the remaining organic matter (COD)

in the effluent.

Notable, a substantial removal of turbidity and color (~ 90%) is observed within the first
20 minutes. As the electrolysis time is extended, the removal efficiency improves,
leading to visually clear effluent with values that comply with the current Brazilian
regulations. The minimum time required to attain maximum removal values under both
conditions was approximately 30 minutes. The kinetic model that exhibited the best fit
was the pseudo-first order, yielding compatible theoretical and experimental removals

(Table 6), except for COD values, at pH 6 and 12.5 V. In this particular case, the
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velocity constant value suggests no adsorption, which contradicts the experimental

observations, indicating a lack of fit for the model.

Figure 8. Time-dependent removal efficiency for color, turbidity and COD
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Table 6. Results of pseudo-first-order kinetic model fit for turbidity, color and COD removal.
Response Experimental Re. exp?, Re. theo?, K1, R2
variable conditions

% % min-t
Turbidity pH 6.0; 125V 99.2 99.5 0.100 1.00
pH 9.0; 20.0 V 94.2 93.6 0.100 1.00
Color pH 6.0; 125V 91.0 92.5 0.100 1.00
pH 9.0; 20.0 V 96.0 95.7 0.100 1.00
COD pH 6.0; 12.5V 79.0 92.9 0.000 1.00
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pH 9.0; 20.0 V 81.0 81.2 0.100 1.00

a Experimental removal rate, ® Theoretical removal rate.

Source: Author, 2023.

Although Brazilian regulations do not specifically mention the chemical oxygen
demand parameter (COD) in classifying water bodies or setting standards for the
discharge of liquid effluents, this analysis is commonly used as an indicator of organic
matter concentration in samples (Brasil, 2011). As evident from Fig. 8, after 30 min of
treatment, the amount of material to remove the remaining organic matter in the
effluent significantly decreases (70% for pH 6, 12.5V; and 80% for pH 9, 20V) compare
to untreated effluent, highlighting the efficiency and success of the adopted
procedures. The use of this technique, depending on the pH, impacts electrode
consumption. Additionally, metal ions released as result of pH-dependent hydrolysis of
aluminum interact with suspended particles, facilitating their removal (Goés et al.,
2021b).

Table 7 display the electrode and energy consumption at 30 minutes and 60 minutes.
The experimental obtained values align with literature data (De Meneses et al., 2012;
Cerqueira, Souza and Marques, 2014). A comparison between theoretical and
experimental mass loss indicates that due to aluminum’s oxidation potential and its
amphoteric nature, AI** ions are spontaneously formed. Typically, at alkaline pH (>9),
aluminum hydroxide flakes exhibit reduced reactivity, leading to less effective
flocculation (Cerqueira, Souza and Marques, 2014). Nevertheless, the results
demonstrate significant removal efficiency at pH 9.

Table 7. Loss of electrode mass and energy consumption in the best conditions.

Used conditions Theoretical Experimental = Energy
pH Voltage, V Time, min mass loss, mass loss, consumed

Mg mg kWhm-
6.0 12.5 60 100.73 135+ 25.1 7.5
6.0 125 30 50.36 72 +15.7 3.7
9.0 20.0 60 301.17 382 +29.4 11.8
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9.0 20.0 30 195.40 210+ 25.1 9.4

Source: Author, 2023.

Under the best pH and voltage conditions, as well as the lower cost (lower electrode
mass loss, reduced electrical power, and pH closer to the effluent), parameters such
as conductivity, dissolved oxygen, and O&G were also investigated in the final effluent.
The original values of conductivity and O&G in the crude oil (Table 3) were respectively
reduced by 37 and 93%, with no significant variation observed for DO. As evident, the
simplified methodology employed was highly effective, aligning the effluent
characteristics with the regulatory requirements for discharge into water bodies or for

potential reuse.

4. CONCLUSION

The electrocoagulation process demonstrated remarkable efficiency in removing key
parameters such as pH, O&G, color, turbidity, and COD. In just 30 minutes of
treatment, we achieved impressive removal efficiencies of up 98% for color, turbidity,
and COD parameters and 93% for O&G. All investigated parameters were effectively
treated. Despite its simplified nature, this treatment method enabled the effluent to

meet current Brazilian legislation requirements.

The kinetic study further highlighted the effectiveness of the electrocoagulation
process, showing that significant removal could be attained within a much shorter
treatment time compared to longer durations. This finding not only underscores the
efficiency of the technique but also has implications for cost-effectiveness, as shorter

treatment times can reduce operational expenses.

However, despite achieving high removal rates and the obtaining treated effluent under
optimal conditions, it is crucial to identify a working range that generates statistically
significant effects to develop a systematic approach to the electrolytic treatment.

In conclusion, the electrocoagulation process holds great promise for the treatment of
biodiesel wastewater, offering substantial removal efficiencies for color, turbidity, and
158
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COD. While meeting regulatory standards remains a challenge, continued research
and optimization efforts can lead to an environmentally compliant and cost-effective
solution for treating biodiesel effluents. By establishing a well-defined working range
and refining the electrolytic treatment process, we can ensure sustainable and efficient
wastewater treatment, contributing to environmental preservation and resource

conservation.
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