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ABSTRACT

In this study, biodiesel wastewater was first subjected to acidification process, and then in the second step,
Electro-Fenton (EF) and Electro-Persulfate (EP) processes were applied as treatment method. Box-Behnken
Design (BBD) method was used for the optimization of process parameters in total suspended solids (TSS)
removal from biodiesel wastewater, and for formation of mathematical model. Current (1-4 A), H,O,/
Chemical Oxygen Demand (COD) (0.4-2.0) and time (15-45 min) for EF process and current (1-4 A),
persulfate/COD (1-5) and time (15-45 min) for EP process were selected as the independent variables whereas
TSS removal was selected as response. Optimum conditions were determined by means of variance analysis
(ANOVA), and response surface graphics, and second degree regression models were developed by the use of
Design Expert 11.0.1.0 software program for the estimation of TSS removal. According to the results
obtained by the application of response surface method, correlation coefficients of second degree polynomial
equation were determined as very high for the TSS removal of both processes, and the model's compliance
was observed. Model’s correlation coefficient (R?) for EF and EP processes were determined as 92.67% and
93.03% respectively. High R? values indicate that the experimental data are in conformity with the model’s
results. As the result of experimental study actualized under optimum conditions determined by the model for
obtaining maximum contaminant removal, TSS removal efficiencies were determined as 98.9% and 90.6%
respectively for the EF and EP processes. EF and EP processes, following the acidification process, are
suitable treatment alternatives for the removal of TSS from biodiesel wastewater, and BBD method is suitable
for the optimization of process.

Keywords: Biodiesel wastewater, electro-fenton, electro- persulfate, Box-Behnken Design.

1. INTRODUCTION

Increasing energy requirement, increase in the prices of crude oil, global warming arising
from greenhouse gas emissions, environmental pollution, and rapid decrease in the amount of
fossil fuels have directed to seeking alternative energy resources. Due to advantages of biodiesel
as being a renewable energy resource as an alternative energy resource, as being a non-toxic fuel,
as having less harmful emission, and as being renewable and biodegradable, it forms an
alternative to petroleum based fuels [1, 2]. Biodiesel waste is able to be generated from animal fat
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and domestic sludge, but its main raw material is vegetable oils [3]. Biodiesel (fatty acid with
methyl esters, or with eth yl esters) is being generated as the result of transesterification in the
presence of triglycerides (vegetable oil and animal fat), alcohols such as methanol and ethanol,
and basic or acidic catalyst [4-6]. But the generated biodiesel includes various contaminants such
as free glycerol, soap, methanol or ethanol, free fatty acids, catalyst and glyceride, and in case
these contaminants are not removed, they show negative effect on the performance and resistance
of diesel engines [5]. For this reason, it is required to apply purification process for purifying
biodiesel from contaminants. During the classic purification method, high amount of wastewater,
required to be treated prior discharge, forms [7].

Biodiesel wastewaters have a complex structure. Despite the wastewater has high pH value,
and high rate of oil and solid matter content depending on residual alkali catalyst, and thus high
concentrations of COD and TOC content, it includes low concentrations of nitrogen and
phosphorus constituents [4]. It is not possible for biodiesel wastewater, having high COD and
low nitrogen concentration, to be directly directed to biological treatment. The characteristic
structure of wastewater requires the use of physico-chemical processes, advanced oxidation
processes or integrated systems [8-10].

Advanced oxidation processes (AOPs) are ones that ensure disintegration of contaminants in
the presence of a strong oxidant and catalyst. Hydroxyl and sulfate radicals generated in AOPs
have high oxidation levels. At the beginning of AOPs comes the EF process in which hydroxyl
radicals are being used as strong oxidant, and which ensure ease of implementation, low reaction
time, simple installation, high rate of contaminant removal and formation of low amounts of
sludge. EF process is an effective advanced oxidation process in which the iron ions —used as
catalyst as different from the classic Fenton process- form on the anodic surface by the dissolution
of electrolyte, and which ensure the formation of hydroxyl radicals and the disintegration of
organic contaminants by the addition of H,O, under acidic conditions and by the generation of
H,0, in the presence of oxygen in cathodic area (Eq. 1-3) [11].

0, +2H* + 2¢~ > H,0, 1)
Fe?* + H,0, - Fe3* + OH™ + OH- )
Fe3t +e~ > Fe?* )

Persulfate is a new alternative chemical oxidant being extensively used in the treatment of
wastewater. It is a stable and strong oxidant having oxidation potential with E; =2.01 V. Various
activation methods are being used for the formation of sulfate radicals —from persulfate- which
are stronger oxidants having oxidation potential at the range of E; =2.5-3.1 V [12, 13]. For the
activation of persulfate, transition metals [14, 15], UV [16], and heat [17] are extensively used
activation methods. Iron ion is a homogenous and conventional catalyst for the formation of
radical from oxidants such as hydrogen peroxide and persulfate [18].

Fe?* + 5,03~ - SO; + Fe3* + 502~ @)

Fe?* ion mix in the solution electrochemically by anodic dissolution in the electrochemical
reactor in which iron is being used as anode [19]. On the other hand, formation of Fe?* is observed
on the cathode by the reduction of Fe** arising as the result of reaction in the equation. Thus, the
activation of persulfate, and amount of sulfate radical forming accordingly also shows increase
[18].

Fe(sy = Fely + 2~ 5)
Fet3+e~ - Fe't? (6)

Fe*2 jon reacts with the hydroxide forming on the cathode, and the arising coagulant agent
ensure the settlement of organic and inorganic compounds over the adsorption mechanism. In this
process that is defined as electropersulfate, coagulation and oxidation mechanisms actualize
synchronously, and Fe®" ion plays a significant role in both processes [20].
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Today, response surface meth od is being used being effective in the design of tests of various
water and wastewater treatment processes, in modeling of data, in the assessment of parameters
affecting the process, and in the determination of optimum conditions for the responses [21].
Among all the response surface methods BBD is able to actualize optimization of process by the
implementation of less test sets [22, 23]. Moreover, BBD allows the determination of interactive
effects and measurement of effect level of parameters [24].

Previously in the literature, although the acidification process was applied to biodiesel
wastewaters with high organic load, followed by different advanced oxidation processes, there is
no study in the literature evaluating the performances of EF and EP process after the acidification
process. The novelty of this study is that it both compares these two advanced oxidation processes
and models and optimizes TSS removal using BBD.

In this study, biodiesel wastewater was first subjected to acidification process, and then in the
second step, EF and EP processes were applied as treatment method. By the EF and EP processes,
TSS removal from wastewater, optimization of variables affecting the performance of process,
and determination of interaction among the variables were intended. Combined effects of
independent variables (current, H,O, or Persulfate/COD ratio, and time) on the efficiencies of
removal were determined by the use of BBD method by which the mathematical models are being
developed, and by which 3 dimensional surface graphs are being obtained.

2. MATERIALS AND METHODS
2.1. Biodiesel Wastewater

Biodiesel production wastewater used in experimental studies was obtained from biodiesel
production plant operating in Tuzla, Istanbul. In the plant frying and cooking oil waste is used for
biodiesel. About 30 L wastewater samples were taken from this stage and stored at 4 °C to prevent
biological activity. Prior to processes, the biodiesel wastewater had 128000 mg/L COD
concentration, 2370 mg/L TSS concentration, 4300 mg/L oil and grease concentration, and 7.32
pH value, and following the acidification, COD concentration had decreased to 9500 mg/L, TSS
concentration to 1300 mg/L, oil and grease concentration to 1360 mg/L, and its pH value had
been 2.

2.2. Analytical Methods

The Standard Methods (SM) was performed to determine the COD, TSS and oil and grease
values of biodiesel wastewater and treated wastewater samples (APHA 2005). The pH and
conductivity values were measured using the WTW Multi 9620 IDS device. The analysis of each
parameter in before and after treatment methods was performed in three replicates. Also, the
pollutant removal efficiency was calculated using following Eq.(7);

R=%"%%100 @
Co

where, R represents the pollutant removal efficiency, C, is initial pollutant concentration

(mg/L), C; is the pollutant concentration of treated wastewater.

2.3. Pretreatment by Acidification

Raw biodiesel wastewater was acidified by the addition of 6 N H,SO, to remove free fatty
acids. According to the method used by Ngamlerdpokin et al. [5], pH of raw wastewater was
adjusted to 2. 1000 mL wastewater was shaken for 2 h then left for 2 h to allow the complete
phase separation between the upper oil-rich phase and the lower acidic aqueous phase. The
remaining aqueous phase was collected for treatment by EF and EP processes.
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2.4. Electro-Fenton/-Persulfate Processes

The schematic view of the electrochemical reactor in which experimental studies are carried
out is shown in Figure 1. Plexiglass electrochemical reactor having 9 cm diameter and 13 cm
height was used for experimental study. 500 mL pre-treated wastewater was fed to the reactor
with two-mono polar iron electrodes having 6.4 cm x 12 cm dimensions for each experimental
set. The distance between the iron electrodes was kept constant at 3 cm. Before each
experimental set, the iron electrodes were washed by 1 N HCI solution and dried at 105 °C. All
experimental sets were carried out at room temperature. Before each experimental set, the pH
value of pre-treated wastewater was measured and kept constant at 2 by using H,SO,. The
experimental sets determined by BBD and the ranges of independent variables were given in
Table 1.

Cathode
Connection Cable

Power
Supply

Plexiglass
reactor cell

Anode Connection

Cable Magnetic

stirrer

Figure 1. Schematic view of electrochemical reactor
2.5. Box-Behnken Design (BBD)

In this study, by the use of RSM, the optimization of operating parameters —being effective on
the process- as well as the optimization of EF and EP processes was intended. RSM, by
decreasing the experimental work — time load and cost of process, has the ability of analyzing the
effects of complex operating parameters on the process as well as the ability of determination of
optimum conditions [22, 25]. BBD that arises as an alternative to full factorial design, is a three-
level defective factorial design and second degree multiple variable design method, and it is one
of the sub-design models of RSM [26]. The number of test sets, required to be implemented for
BBD Design, was determined by the use of Eg. (8).

Experiment number = 2k(k — 1) + C, (8)

In here, k expresses the number of factors, and C, expresses the number of center points. In
BBD experimental design matrix, 3 center points were used, and thus the number of test sets was
calculated as 15.

Design Expert 11.0.1.0 software program was used for actalizing the BBD experimental
design. As seen in Table 1, A: current (A), B: H,0, or Persulfate /COD ratio and C: reaction time
were selected as independent variables, and coded levels for three level (-1, 0, 1) design were
determined.
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Table 1. Independent variables and their coded levels

Process Symbol Factor Coded levels
-1 0 +1

A Current, A 1 25 4
EF B H,0,/COD 04 12 20
C Time, min 15 30 45

A Current, A 1 25 4

EP B Persulfate/COD 1 3 5
C Time, min 15 30 45

Each independent variable was coded as per the following Eq. (9):

In here, x; represents the dimensionless value of the variable, Xi represents the real value of
the variable, X represents the real value of variable at center point, and AX represents the step
change.

Statistical analysis of the model was made by assessing the ANOVA by the assistance of
Design Expert 11.0.1.0 software program. In order to define the relationship in between the
operating parameters and responses of the model, second degree equation in Eq. (10) was used.

M= wo+ T wx; + Xy wx? + X Vi) wixix; + 8y (10)
M indicates the response estimated by the model, wg indicates the constant of the model, w;

indicates the linear coefficients, wjj indicates the quadratic coefficients, w; indicates the interaction
coefficients, k indicates the number of variables, and §, indicates the statistical error [24].

3. RESULTS AND DISCUSSION

Equations of the model developed in Design Expert 11.0.1.0 software program are used to
define the relationship among the variables of the process and responses of the model. In this
study, BBD with three independent variables — three levels was used, and its effects on the
suspended solid selected as response were searched. The equation of BBD model, obtained for
TSS removal from biodiesel wastewater by EF and EP processes, is given in Egs. (11-12).

TSS removalgr = +95.67 + 0.58754 — 0.05B + 0.7125C — 1.27AB + 0.85AC —

0.7250BC + 1.72A% — 0.0083B2 — 0.4833C* (112)
TSS removalgp = +95.07 + 1.42A + 1.55B + 0.3C — 0.8754B — 0.175AC + 0.275BC +
0.6042A2% + 0.0042B2 + 0.1042C? (12)

In here, A represents the current (A), B represents the H,0,/COD ratio, and C represent the
reaction time (min). Estimated and experimental values obtained for TSS removal by EF and EP
processes are listed in Table 2, and the graphical view of the data is given in Figure 2. It is being
seen from Table 2 and Figure 2 that the data estimated by the assistance of the model and the
experimental data are in conformity. Also, Figure 2 shows the normal plot of residuals on TSS
removal for EF and EP processes. As seen in Figure 2, residual values had been randomly
distributed at the lower and top part of the normal distribution line, and it can be said that they are
placed very close to the line. Adequacy of the model may be assessed by applying diagnostic
plots actual values versus predicted values). As seen from Figure 2 the predicted versus actual
value plot approximates along a straight line implying that the second-order regression model was
satisfactory.

The positive state of the coefficients indicates the synergic effect of the relevant parameter,
and the negative state of the coefficients indicates the antagonistic effect of the relevant parameter
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[27]. In the TSS removal from biodiesel wastewater by EF process, current and reaction time —
from among linear parameters-, current —from among quadratic parameters-, and current and
reaction time —from among interactive parameters- have positive effect. And in EP process, all
linear parameters, all quadratic parameters, and the interactive parameters of H,0,/COD and
reaction time have positive effect on the removal efficiency of TSS.

The R? values of graphs being above 90% express that the estimation capacity of regression
equations is high. Determination coefficients of graphs, in which the data estimated by the model
and experimentally obtained for removal of TSS from biodiesel wastewaters by EF and EP
processes was compared, were determined as 92.67% and 93.03%, respectively. This means that
only 7.33% and 6.97% of the total variation for EF and EP processes cannot be explained by the
model. It is being seen from Figure 2 that experimental and estimated values obtained for the
system’s responses are very close to each other. R? value being higher than the value 0.80 is
sufficient for the verification of conformity in between the experimental and estimated values
[28].

Table 2. BBD of three independent variables and responses

EF TSS removal, EP TSS removal,

Factor o Factor o
RUNA B C C”r:’”" H,0,/COD M8 act pred. CUTeM persulfate/coD M Act. Pred.
min A min
1110 1 0.4 30 9500 9556 1 1 30 91.20 91.83
2 +1-10 4 0.4 30 9910 9929 4 1 30 96.20 96.43
3 -1+10 1 2 30 9820 9801 1 5 30 96.90 96.68
4 41410 4 2 30 9720 9664 4 5 30 9840 97.78
5 10-1 1 12 15 9630 9645 1 3 15  93.70 93.88
6 +10-1 4 12 15 0540 9592 4 3 15 9650 97.08
7 101 1 12 45 9670 9618 1 3 45 9540 94.83
8 +10-1 4 12 45 9920 9905 4 3 45  97.50 97.33
9 0-1+1 25 0.4 15 0450 93.79 2.5 1 15 94.40 93.60
10 0+1+1 25 2 15 9510 9514 2.5 5 15  96.10 96.15
11 0-1+1 25 0.4 45 9670 9666 25 1 45  93.70 93.65
12 04141 25 2 45 9440 9511 25 5 45 96,50 97.30
13000 25 12 30 9580 9567 25 3 30 94.80 9507
14000 25 12 30 9580 9567 25 3 30 95.00 95.07
15000 25 12 30 9540 9567 25 3 30 95.40 9507
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Figure 2. The predicted vs. actual plots and the normal plot of residuals

In Table 3, ANOVA analysis of regression parameters of quadratic model is given. High F
value, low p value, and high sum of squares value obtained for the model indicate that the model
is significant. According to the results of ANOVA of second degree response surface model
applied for TSS removal from biodiesel wastewater by EF and EP processes, F values were
obtained as 7.03 and 7.41 respectively, and p values were obtained as lower than the value of 0.05
for both processes. The Prob>F value being smaller than the value 0.05 indicates that the model is
significant, and it being smaller than the value 0.0001 indicates that it is very significant [29].
And the values of sum of squares were found as high (Table 3). For EF process, current —from
among linear and quadratic parameters-, and current and reaction time, and H,O,/COD ratio and
reaction time —from among interactive parameters- were found to be significant. And for EP
process, current and Persulfate/COD ratio —from among linear parameters- are significant. Lack
of fit value was found to be insignificant for both processes. The lack of fit value being
insignificant is an indicator that the predictability capacity of the model is high.
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Pareto analysis is being applied in the determination of effect value of the factors. In Figure
3, graphical Pareto analysis is given. The contribution level of each parameter (linear, quadratic,
or interactive) on TSS removal efficiency, being the system response was calculated by the
following equation, and the graph of Pareto analysis by which the linear, quadratic and interactive
effects of independent variables on the response were being shown is given in Figure 3. It is being
observed from Figure 3 that reaction time and current —from among linear parameters-, current —
from among quadratic parameters-, and again current and H,0,/COD ratio —from among
interactive parameters- are effective in the TSS removal by EF process. The most effective linear
parameters in TSS removal by EP process are current, and Persulfate/COD ratio. And Persulfate
/COD ratio —from among quadratic parameters-, and current —from among interactive parameters-
are effective.
b}

Pi = Zblz

x100 (i # 0) (13)

Table 3. ANOVA results of quadratic models

Source SS DF MS F-value P-value Remark
Electro-Fenton

Model 3066 9 341 7.03 0.0225 S
A-Current, A 2.76 1 2.76 5.70 0.0627 NS
B-H,0,/COD 0.0200 1 0.0200 0.0413 0.8471 NS
C-Time, min 4.06 1 4.06 8.38 0.0340 S
AB 6.50 1 6.50 1341 0.0146 NS
AC 2.89 1 2.89 5.96 0.0585 S
BC 2.10 1 2.10 4.34 0.0918 S
A? 1088 1 10.88 22.44 0.0052 S
B2 0.0003 1 0.0003 0.0005 0.9825 NS
C? 0.8626 1 0.8626 1.78 0.2398 NS
Residual 242 5 0.4848
Lack of Fit 2.32 3 0.7725 14.48 0.0653 NS
Pure Error 0.1067 2 0.0533
Corr. Total 33.08 14

Electro-persulfate
Model 4104 9 4.56 7.41 0.0200 S
A-Current, A 1624 1 16.24  26.40 0.0037 S
B-Persulfate/COD 1922 1 19.22 31.24 0.0025 S
C-Time, min 0.7200 1 0.7200 1.17 0.3288 NS
AB 3.06 1 3.06 4,98 0.0761 NS
AC 0.1225 1 0.1225 0.1991 0.6741 NS
BC 0.3025 1 0.3025 0.4916 05145 NS
A? 1.35 1 1.35 2.19 0.1990 NS
B2 0.0001 1 0.0001 0.0001 0.9923 NS
c? 0.0401 1 0.0401 0.0651 0.8088 NS
Residual 3.08 5 0.6153
Lack of Fit 2.89 3 0.9633 10.32 0.0896 NS
Pure Error 0.1867 2 0.0933
Corr. Total 44.12 14

“SS:Sum of square, MS: Mean square, S: Significant, NS: Not significant

Numeric optimization was applied based on response surface model for the determination of
optimum process parameters for maximum TSS removal by EF and EP processes. Table 4 shows
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the optimum conditions and maximum TSS removal effciencies for both processes. Optimized
conditions are current of 3.85 A, H,O,/COD ratio of 0.67, and reaction time of 41.2 min for EF
process; and current of 1 A, Persulfate/COD ratio of 1, and reaction time of 15.6 min for EP
process. According to the experimental results obtained under the optimum conditions obtained
by the assistance of the model, TSS removal efficiencies were determined as 98.9% and 90.6%
for EF and EP processes, respectively. Additionally, TSS removal efficiencies were found to be
97.3% and 86.8% for EF and EP processes through validation experiments, respectively.

50 17 EF

40 -

20 -

% Effect

10 -

A C AB AC BC A2 Cc2

071 EP

30

% Effect

10 -

A _ a

A B C AB BC A2

Figure 3. Pareto curve for TSS removal

Table 4. Optimum conditions for EF and EP processes and maximum TSS removal efficiencies

Parameter Lower Limit Upper Limit EF EP
A:Current 1 4 3.85 1
Bgr:H,0,/COD 0.4 2 0.67 -
Bep: Persulfate/COD 1 5 - 1

C:Time 15 45 412 156

Pred. TSS removal, % - - 98.9 90.6

Act. TSS removal, % - - 97.3 86.8

1775



S. Yazici Guvenc, G. Varank / Sigma J Eng & Nat Sci 38 (4), 1767-1780, 2020

Graphs of response surface model are given in Figure 4. As observed from Figure 4, while
one variable is being kept fixed at the center, the other two variables are getting values within the
determined limits. Response surface and contour graph are a function of a variable being kept
fixed, and of two variables getting values within the limits.

As can be seen in Figure 4a, 4b, 4d and 4e, TSS removal increases as the electrical current
increases at both processes. The electric current is the primary parameter that controls the reaction
rate in electrochemical processes [30].

According to Faraday's Law, the increase electric current increases the formation of metal
ions on the sacrificial anode surface. In electrochemical processes using iron electrodes, the
increase in electric current increases the rate of iron ions formation.

Depending on the increase of electrical current, the formation of iron ions and the rate of
persulfate degradation increases, which ensures the production of sulfate radical, thereby
increasing the removal of organic matter. The generation of sulfate radicals was enhanced by the
combination of electron transfer reactions and quenching of radicals [31]. At low current values
H,0, formation is not enough, and at high current values, O, and H, accumulate and settle due to
the reactions occurring at the anode and the cathode [32]. Therefore, increasing current and
H,O,/COD ratio increases TSS removal by increasing hydroxyl radical formation. This increase
in the removal efficiency is shown in Figure 4a and 4c. Increasing the persulfate dose increases
the possibility of more sulfate radical formation, however, as the amount of sulfate radicals
reaches high values, excess sulfate radicals in the solution react with each other instead of
reacting with organic matter and as a result persulfate formation occurs again [33]. As can be seen
from Figure 4d and 4f, TSS removal efficiency increases as the Persulfate/COD ratio increases. It
can be observed from Figure 4b and 4c that TSS removal efficiency shows increase up to a
specific reaction time, and then that the efficiency does not change significantly as the reaction
time increases. In EF process, organic matter rapidly degrades in the initial 30 minutes. As for EP
process, Figure 4e and 4f show that the reaction time of 15 minutes is sufficient for maximum
TSS removal.

Similar to this study, high TSS removal efficiencies were obtained by Chavalparit and
Ongwandee [34], Srirangsan et al. [35].
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4. CONCLUSION

In this study, treatment of biodiesel wastewater by EF and EP processes following
acidification process was investigated. The removal of TSS from biodiesel wastewater was
modeled using the BBD, which is one of the response surface method designs. According to
ANOVA results, 92.67% and 93.03% of the high determination coefficients for EF and EP
processes, respectively. TSS removal efficiencies were determined as 98.9% and 90.6% for EF
and EP processes, respectively. Optimized conditions are current of 3.85 A, H,O,/COD ratio of
0.67, and reaction time of 41.2 min for EF process; and current of 1 A, Persulfate/COD ratio of 1,
and reaction time of 15.6 min for EP process. This validation explains good correlation between
the values of experimental and predicted responses and the reliability of modeling by RSM.
Sequentially applied acidification-both processes are suitable treatment alternatives for TSS
removal from biodiesel wastewater.
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