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In this study the coagulation-flocculation process was evaluated as an alternative for treatment 
of biodiesel wastewater. The role of two coagulants, Al3+ and Fe3+, as well as its dosage, pH, 
treatment time, stirring and aeration were evaluated. It was observed that in the treatment using 
Al3+ the pH of the effluent (9.7) does not need to be adjusted, while for Fe3+ a previous adjustment 
to pH 5.0 was necessary. On the other hand, a high concentration of Al3+ (243 mg L-1) and a 
relatively long treatment time (70 min) were required to reach more than 96% of turbidity removal, 
when compared to the processing using Fe3+ (56 mg L-1 and 53 min), attributed to the formation 
of different mole fractions of hydrolyzed cationic species. Under the optimized conditions, more 
than 96% of turbidity, apparent color and suspended solids, and 82% of oil and fats were removed. 
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Introduction

The quality of the biodiesel is directly dependent on 
its refinement process, which produces large volumes of 
wastewater inappropriate for disposal in water bodies.1-4

In general, biodiesel wastewater is characterized by 
expressive values of chemical oxygen demand (COD) and 
biochemical oxygen demand (BOD5), respectively between 
9,500 and 230,000 mg L-1 and 1,650 and 3,200 mg L-1, 
due the presence of glycerin, alcohols (methanol and/
or ethanol), oil, fats and other contaminants;5 turbidity 
between 189 and 2,550 NTU; oils and fats between 124 and 
7,200 mg L-1; color between 361 and 1,500 mg Pt‑Co L-1; 
total solids between 3.7 and 25 g L-1; residual methanol 
between 8 and 29% (m/m) and residual glycerin between 
0.6 and 1.6 (m/m).3,4 In terms of oils and fats, the Brazilian 
legislation establishes as 50 mg L-1 the maximum disposal 
limit for wastewaters derived from the production of 
biodiesel.6 So, it is extremely important the study and 
proposition alternative processes for the efficient treatment 
of this kind of wastewater. This is a research field relatively 
new, once the first studies on biodiesel wastewater treatment 
started on 2005.4

Three reviews on biodiesel wastewater treatment have 

been recently published.1,4,5 One of them summarizes a 
significant number of possible processes and discusses their 
advantages and disadvantages as well as the possibilities 
of application for the improvement of the treatment of 
biodiesel wastewaters. The improvement of the operational 
parameters of the coagulation-flocculation process, based 
on the coupling of acidification and coagulation, has been 
pointed as promisor for this purpose.4 

Since biodiesel wastewaters contain soaps (presence 
of polar anionic and nonionic groups), oils and fats 
(presence of carboxylic groups), the cycle of emulsification-
demulsification tends to be strongly pH dependent. Low pH 
values favor the demulsification through the reduction of 
the electrical forces or by the commitment of the electrical 
double-layer,7 with the opposite effect at pH values above 7. 
In this context, the acidification of the effluent is important 
to reduce the electrical repulsion between carboxylic and 
other anionic groups. A similar behavior can be expected 
by addition of metal ions as coagulants, which acts by 
two primary mechanisms: (i) binding to anionic sites 
of organic compounds, neutralizing their charges and 
reducing the solubility, and (ii) by adsorption of organic 
substances on amorphous metal hydroxides, inducing the 
precipitation. The predominant mechanism will depend 
on the concentration of the metal ions, pH, and the ratio 
between hydroxide and Mn+ ions.8,9 
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The application of coagulation-flocculation in the 
biodiesel wastewater treatment has been evaluated in 
some other studies.2,10,11 However, in these studies the 
variables of the process were evaluated by the one-factor-
at-a-time methodology.2,10,11 To the best of our knowledge, 
corroborated by the review published by Veljkovic et al.4 
there are no studies published so far related to treatment 
optimization of this matrix by coagulation-flocculation using 
experimental design. Since these processes are affected by 
parameters such as the type and dosage of coagulant, time 
of treatment, pH, stirring and aeration,4,12,13 the working 
conditions will vary in each case, being so important to 
optimize them very carefully. In this way, the purpose 
of this study is the application of experimental design to 
evaluate the role (synergistic or antagonistic effects) of the 
above mentioned variables. Of these variables, only stirring 
and aeration were evaluated qualitatively by experimental 
design considering Fe3+ and Al3+ as coagulant ions, in order 
to optimize and validate the treatment proposed, as well 
as to compare the effectiveness of these coagulants in the 
process. The following parameters were monitored in the 
treatment: pH, apparent color, turbidity, chemical oxygen 
demand (COD), dissolved organic carbon (DOC), total 
solids (TS), suspended solids (SS), oil and fats and acute 
toxicity to Vibrio fischeri. 

Experimental

Reagents

The solutions were prepared using distilled water 
and analytical grade reagents. The coagulant solutions, 
containing 500 mmol L-1 of Fe3+ or Al3+, were prepared 
from FeCl3.6H2O (F. Marques de Sá) and Al2(SO4)3.18H2O 
(Proquimios). H2SO4 and NaOH (Vetec) were used for pH 
adjustment. 

Source of the biodiesel wastewater

The wastewater was produced during a lab-scale 
biodiesel refinement step of biodiesel produced by alkaline 
transesterification, involving different oleaginous by methyl 
and ethyl alcohol routes. Once collected, the samples were 
kept in the dark until the execution of the experiments.

Experimental design

Fractional factorial design (FFD)
The fractional factorial design (FFD) was used to 

investigate the influence of each variable on the response 
factor using the two coagulants selected in this study.

The percentage of turbidity removal was selected 
as response factor. It was quantified using turbidity 
measurements (2100-Q turbidimeter, HACH), considering 
as reference the initial turbidity of the effluent. For this a 
2k–2 FFD was done, consisting of 8 experiments for the five 
variables (k = 5) studied. All experiments were performed 
in triplicate. The variables were codified in two levels, 
defined in previous studies:12,14 +1 and –1, corresponding 
to 54 and 540 mg L-1 for Al3+, and 56 and 560 mg L-1 for 
Fe3+ (equivalent to 2 and 20 mmol L-1 of Al3+ and 1 and 
10 mmol L-1 of Fe3+), time of 30 and 120 min, pH 5.0 and 9.7 
(this last being the natural pH of the biodiesel wastewater), 
aeration (–1 for its absence and +1 for the presence), and 
stirring (–1 for the absence and +1 for the presence). 

Central composite design (CCD)
The central composite design (CCD) was used to 

optimize the experimental conditions as well as to evaluate 
the interaction among the studied variables, being used the 
same response factor defined in FFD. Based on FFD results 
and Pareto chart, all experiments were performed under 
aeration and stirring. 

Using Al3+ as coagulant, two CCD were applied 
to optimize the concentration of Al3+ and time, able to 
induce a high percentage of turbidity removal at the initial 
pH of 9.7, as well as to access the interaction between these 
two variables, once in the first CCD was not possible to 
achieve a maximum condition using the response surface 
methodology (RSM). In this case, the CCD is a star 
type project that consists of three sets of experiments: 
(i) a 2k factorial design (all possible combinations of the 
codified values between +1.0 and –1.0) consisting of four 
experiments for k = 2 variables; (ii) axial or star points 
(+1.4 and –1.4), and 0 for two variables-four experiments; 
and (iii) replicates of the central point (0)-five experiments. 
Thus, for this design it was necessary to do thirteen 
experiments codifying the two variables in five levels, 
within the range between +1.7 and –1.7, corresponding to: 
for the first CCD, Al3+ (from 200 to 879 mg L-1, equivalent 
to 7.4 to 32.6 mmol L-1) and time (from 18 to 102 min); for 
the second CCD, Al3+ (from 159 to 441 mg L-1, equivalent 
to 5.9 to 16.3 mmol L-1) and time (from 22 to 78 min). 

The range of variables for the first CCD was chosen 
in accordance with the data obtained from the analysis of 
the data of FFD and the Pareto chart. For the second CCD, 
the range of variables was set from information obtained 
from the first CCD.

Using Fe3+ as coagulant the variables pH and time, 
in addition to the concentration of Fe3+, were optimized 
by CCD. In this case, the CCD is a star type project, that 
consists of three sets of experiments: (i) a 2k factorial design 
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(all possible combinations of codified values between +1.0 
and –1.0), resulting in 8 experiments in the case of k = 3 
variables; (ii) axial or star points (+1.7 and –1.7), and 0 for 
three variables-6 experiments; and (iii) replicates of the 
central point (0)-five experiments. Thus, for this design 
it was necessary to do 19 experiments, in which the three 
variables were codified in five levels, varying within the 
following ranges: Fe3+ (from 39 to 73 mg L-1, equivalent 
to 0.7 to 1.3 mmol L-1), time (from 53 to 187 min) and 
pH (from 2.5 to 7.5). The ranges of these variables were 
chosen according to FFD and Pareto chart. The role of the 
variables was calculated using or not the hard-coded values, 
respectively, for qualitative and quantitative variables. 

For FFD and CCD, the equations used to describe 
quantitatively each system and draw the response 
surface and contour plots were built using the software 
STATISTICA 6.0. The statistical validation was obtained 
using the analysis of variance (ANOVA) test at 95% of 
confidence level.

Treatment by coagulation-flocculation 

These essays were performed in a lab-scale using 
a beaker containing 50 mL of biodiesel wastewater. 
Five  minutes before the end of the experiments, the 
magnetic stirring (350 rpm) and aeration (70 mL min-1) was 
turned off to promote the sedimentation and/or flotation. 
The supernatant was withdrawn from a point located about 
1.5-2.0 cm below the top of the liquid level and submitted 
to analysis.

Firstly, the influence of the five selected variables 
was evaluated using the FFD for Al3+ and Fe3+. The initial 
conditions used in the FFD are described in the FFD 
section. 

Secondly, experiments were carried out aiming to 
optimize the experimental conditions when using Al3+ or 
Fe3+ as coagulant agents under aeration and stirring, as 
described in the CCD section. 

Chemical analyses and toxicity assays

Turbidity and apparent color removal were measured 
using respectively a turbidimeter 2100Q (Hach) and a 
spectrophotometer (Shimadzu UV 1800), after calibration 
with standard solutions. 

DOC removal was followed using a TOC analyzer 
(Shimadzu TOC-VCPH/CPN) equipped with an ASI-V 
auto sampler. COD determinations were done according 
to the 5220D Standard Methods.15

The TS, SS and oils and fats were determined according 
to Standard Methods.15 

Acute toxicity to V. fischeri was evaluated measuring 
the intensity of the light emitted by the bacteria after 
a contact period of 30 min with the samples (before 
and after coagulation-flocculation treatment), and 
comparison with a control (2% NaCl solution), according 
to NBR  15411‑3:2012.16 A reference toxicant, Cr6+ 
(13.4  mg  L-1), as potassium dichromate, K2Cr2O7, was 
used as positive control. For these measurements, the 
temperature was kept at 15 οC using a thermoblock. Before 
these analyses the sample salinity was adjusted to 2%, the 
pH of the solutions was adjusted in the range between 6 
and 8, followed by filtration through 0.45 µm membranes.

Results and Discussion

Experimental design

In order to propose a coagulation-flocculation process 
with the goal of minimizing the environmental problems 
caused by an improperly treated effluent, it is necessary 
to evaluate the role of the variables involved as well as to 
optimize the processing conditions in order to maximize 
the treatment. 

Applying a FFD, it was possible to define the trend of 
each of the five previously selected variables (Tables S1 
and S2, Supplementary Information section). The analysis 
of the Pareto chart (Figure 1) obtained from the information 
collected using Al3+ as coagulant agent (Table S1), shows 
that all variables have a significant role on turbidity removal, 
since the main or fractional effects of the combined variables 
obtained were higher than the significance level. In addition, 
the turbidity removal was strongly influenced by stirring due 
to its high value even isolated, followed by the concentration 
of Al3+, aeration, time and pH. A high but negative value of 
the estimated effect (–25.12) was obtained by the interaction 
between pH and time (2:3), suggesting the need to reverse 
the trend of one of these variables in order to get a combined 
positive effect.17,18

Based on the estimated effects obtained from Figure 1, 
a better turbidity removal can be obtained using high levels 
of Al3+ (540 mg L-1), pH (9.7) and time (120 min), combined 
with aeration (+1) and stirring (+1). Since the combination 
between treatment time and pH (the natural pH (9.7) of 
the biodiesel wastewater) has a negative effect, and that 
the intensity of the separate effects of these variables is 
low (5.76 for pH and 5.75 for time), without statistical 
significance, the treatment time was then set at the low 
level-30 min (Figure 1). 

Regarding the use of Fe3+, it can be observed that a high 
turbidity removal was achieved when the treatment time was 
set in 120 min while the levels of Fe3+ (56 mg L-1, equivalent 
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to 1 mmol L-1) and pH (5.0) were kept low and combined 
with aeration (+1) and stirring (+1) (Figure 2). 

In addition, it is observed that the interaction pH:time 
(2:3) plays a negative role (–9.91) on turbidity removal. 
Thus, considering the high and positive effect estimated 
for the treatment time (14.89), the best option was to revert 
the tendency of pH, from low (5.0) to high (9.7). However, 
this change implies in a negative effect on the interaction 
pH:aeration (2:5), since a small but positive role (2.32) 
was observed for this interaction. In view of this, it was 
decided to not change the trends of these effects. Besides, 
using Fe3+ a negative effect on turbidity removal (Table S2) 
was observed in the experiments 2, 3, 6 and 7, implying in 
effluents more opaque than the raw material.

For both coagulants the qualitative variables were 
extremely important in the treatment. The combination of 

these variables favors the treatment since the stirring up 
to a certain speed contributes for the collision of the flocs 
causing an efficient particle agglomeration.19 The aeration 
favors the separation of the dispersed or emulsified oily 
materials.20 

The significance of the main effects and their 
interactions that influence the efficiency of turbidity removal 
was evaluated through analysis of variance  (ANOVA) 
(Tables S3 and S4, Supplementary Information, section). 
The sum of squares (SoS), mean square (MS) and degree 
of freedom (df) for all factors and their interactions were 
used to calculate the F-values. These values are related to 
the variance correlated to each effect and the experimental 
error. Each main effect and interaction has one degree of 
freedom since all the factors were analyzed in two levels; 
p is the probability associated to the value of F for a single 
factor or a 2-factor interaction. 

The correlation between the factors evaluated in the 
treatment using Al3+ in ascending order of significance 
is stirring > interaction pH:time (2:3) > Al3+ > aeration > 
time  > pH. The interaction pH:aeration (2:5) is not 
statistically significant. Using Fe3+, the sequence is stirring > 
Fe3+ > time > interaction pH:time (2:3) > aeration > pH > 
interaction pH:aeration (2:5). Thus, the results obtained 
using ANOVA are in agreement with the data collected 
from the Pareto charts (Figures 1 and 2). The fractional 
factorial models resulted in the predicted R-squared of 
0.9911 and 0.9959 and adjusted R-squared of 0.9872 
and 0.9940, respectively for Al3+ and Fe3+. The predicted 
R-squared value represents the model quality, i.e., it is 
a measure of how close the model predicts a response 
value. A suitable precision value compares the range of 
the predicted values at designed points with the average 
prediction error. For the levels studied, the factors were 
found to be relevant since the p-value was lower than 5%. 
The standard deviation values are smaller than the actual 
value of the effects and their interactions, validating the 
proposed models (Tables S3 and S4).

The results calculated using ANOVA (Table S3) also 
indicates which variables are significant. The SoS, MS and 
df are used to determine the value of F, which is compared 
with the standard value in the statistical F-test at 5% 
probability. For these experiments, F ≥ 2.66 suggests that 
a certain variable or a combination between variables is 
significant for the process. Thus, for the treatment using 
Al3+ (Table S3) only the interaction pH:aeration resulted 
in a value lower than 2.66, indicating that this variable was 
not significant in the process. This can also be seen in the 
analysis of the Pareto chart (Figure 1), since this interaction 
was below the assessed level of confidence. For Fe3+, all 
variables and interactions yielded values of F greater than 

Figure 1. Pareto chart obtained by fractional factorial design (25-2), for 
turbidity removal during the treatment of biodiesel wastewater using Al3+ 
as coagulant agent. 

Figure 2. Pareto chart obtained by fractional factorial design (25-2), for 
turbidity removal during the treatment of biodiesel wastewater using Fe3+ 
as coagulant agent.
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2.66 (Table S4). Thus in this case, all are significant for 
the treatment.

Once determined the interaction between the variables 
and tendency of the levels for both coagulant agents, a CCD 
was applied to optimize the conditions for the treatment 
using Al3+ (Tables S5 and S6, Supplementary Information 
section) or Fe3+ (Table S7, Supplementary Information 
section). 

The results presented in Tables S5 and S7, were treated 
using STATISTICA 6.0. The data related to the treatment 
using Al3+ were firstly analyzed (Table S5) applying the 
response surface methodology (RSM), being obtained a 
RSM without a maximum point for the turbidity removal 
(Figure S1). However, it was observed a tendency of a 
maximum point at concentrations of Al3+ between 100 and 
300 mg L-1 (between 3.7 and 11.1 mmol L-1). This trend 
can also be seen in the essays 1, 2 and 5 (Table  S5), 
where the concentrations of 200 and 300 mg L-1 provided 
excellent results for turbidity removal. Therefore, as 
the RSM is based in obtaining a maximum point, a 
second CCD for Al3+ was built in order to optimize the 
experimental conditions, ranging the concentration of Al3+ 
and treatment time respectively between 159-441 mg L-1 
(5.9-16.3 mmol L-1) and 22-78 min (Table S6). After the 
treatment of the results of the second CCD (Table S6), the 
mathematical relationship between the response function 
and the independent variables, the turbidity removal (TR), 
can be approximated by a quadratic polynomial in 
terms of treatment time and concentration of Al3+  
(equation 1):

(TR, %) = (94.79 ± 0.74) + (0.030 ± 0.003) × [Al3+] – 
(0.000060 ± 0.000005) × [Al3+]2 + (0.05 ± 0.02) × t – 
(0.0003 ± 0.0001) × t2 – (0.00002 ± 0.00003) ×  
[Al3+] × t	 (1)

where t is the treatment time. The percentage of turbidity 
removal (TR) in equation 1 is the expression of the response 
factor. The coefficients were calculated by least-square 
multilinear regression analysis. The importance of each 
variable is related to their signals, values and absolute value 
of the relative errors. Thus, in the turbidity removal using 
Al3+ all coefficients presented significance once that the 
relative error in all coefficients was lower than the values 
of the corresponding coefficients.

A positive coefficient indicate that the turbidity 
removal is favored in presence of a high level of the 
respective variable within the range studied, while negative 
coefficients suggests that the reaction is favored under 
low levels. Positive coefficients of the combination of the 
variables concentration of Al3+ and treatment time suggest 

a synergistic effect, while negative coefficients, correspond 
to an antagonistic effect.21-23 

Analyzing equation 1, the linear positive coefficient 
equal to +0.03 for Al3+ indicates that high concentrations 
of this coagulant favor the turbidity removal. Although 
negative, the quadratic coefficient is quite low (–0.00006), 
meaning a very small influence on the net effect. A similar 
behavior is observed for the reaction time: an expressive 
linear positive coefficient (+0.05) with a small and negative 
quadratic coefficient (–0.0003). 

An antagonistic effect is observed between the 
concentration of coagulant and treatment time, suggesting 
the need to change the tendency of one of them. However, 
considering the magnitude of the isolated linear coefficients 
of these variables, compared to the combined coefficient 
(–0.00002), the tendency of the isolated variables was kept. 
Thus, analyzing the linear coefficients, a longer treatment 
time is needed. Besides, it can be observed that a high 
turbidity removal can be reached using any experimental 
condition within the range evaluated, since a significant value 
for the linear coefficient (94.79%) was found (equation 1). 
This agrees with the results presented in Table S6, since the 
lower percentage of turbidity removal obtained in the range 
evaluated was equal to 97.5 ± 0.2%. The overall effect can 
be observed in Figure 3 that presents a diagram representing 
the polynomials related to the treatment, built from the 
data presented in Table S6. The analysis of the surface in 
Figure 3 suggests that a high percentage of turbidity removal 
can be reached using an intermediate concentration of Al3+ 
(243  mg  L-1) and time of treatment near the maximum 
(70 min) in the range evaluated, as described by the linear 
coefficients of equation 1. 

Figure 3. Response surface of the quadratic model for turbidity removal 
during the treatment of biodiesel wastewater using Al3+ as coagulant agent 
with the initial pH of the sample equal to the natural pH (9.7), under 
aeration and stirring.
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The results for CCD design (Table S8), based on 
ANOVA test, resulted in a predicted R-squared of 0.9784 
and an adjusted R-squared of 0.9630. These factors can be 
considered relevant once p < 5%. In addition, these results 
demonstrated that the proposed model was not overfitted.

The same statistical treatment was applied for the 
process using Fe3+. The results are presented in Table S7. 
After the statistical treatment, it was observed that under 
the experimental conditions evaluated (Fe3+ between 39 
and 73 mg L-1, treatment time between 53 and 187 min, 
and pH between 2.5 and 7.5) only pH was significant, with 
a maximum turbidity removal close to the central point 
(pH = 5.0). In addition, a RSM without a maximum point 
was obtained (Figure S2). However, analyzing the results 
shown in Table S7, it is observed that the lower turbidity 
removal was of 87.7%, which can be considered a good 
result. In this context, and assuming the pH 5 as being the 
experimental condition able to provide good results, in the 
combination of the following parameters: Fe3+ = 56 mg L-1, 
treatment time = 53 min and pH 5.0, it was possible to 
achieve a turbidity removal of 98.6 (± 0.7)% (Table S7). 
This combination can contribute to the reduction of the 
costs of the treatment. This choice is corroborated by the 
result furnished by the software STATISTICA 6.0, using 
minimal concentration of Fe3+ and treatment time. 

On the other hand, it was observed in the experiments 2, 
4 and 14 (Table S7), a negative effect on turbidity removal. 
Comparing firstly the experiments 2 and 6, it can be observed 
that, keeping constant the time of treatment (80 min) and 
initial pH value (6.5), the efficiency of turbidity removal was 
completely different when the concentration of coagulant 
increased from 46 to 66 mg L-1. In the experiment 2 this 
occurs because 46 mg L-1 Fe3+ was not sufficient to generate 
hydrolysis products to interact with the components of the 
negative colloidal suspension, resulting in destabilization 
and coagulation.9 So, the electrical repulsion occasioned by 
the colloids was maintained in the solution, which keep the 
particulate material containing iron in suspension, increasing 
consequently the turbidity of the solution. A similar behavior 
can be observed comparing the experiments 4  and  8 
(Table  S7), reinforced by the comparison of the results 
obtained in experiments 4 and 14, because even increasing 
the initial pH from 6.5 to 7.5 with a simultaneous increasing 
in the concentration of Fe3+ from 46 to 56 mg L-1, there 
was a decrease in the turbidity of the solution. In contrast, 
the increase in the turbidity observed in the experiment 2, 
compared with the 6 (Table S2) is a result of excessive 
dosage of Fe3+, which reversed the charge stabilizing the 
colloidal particles. 

To check the optimized values for the process 
mediated by Al3+, an experiment was performed using 

243  mg  L-1 Al3+, 70 min of treatment time and pH 9.7, 
under aeration and stirring. The theoretical result (100% 
of turbidity removal) calculated using equation 1 and the 
optimal concentration of Al3+ and treatment time, agree 
very well with the experimental result (99.8% of turbidity 
removal) using the above mentioned conditions. The 
standard deviation was of ± 0.1% for turbidity removal 
(value obtained from five replicates at the central point of 
CCD). This demonstrates that the RSM can be considered 
a useful tool in optimizing of the turbidity removal of 
biodiesel wastewaters using physical processes. 

Finally, for these coagulants under the optimized (for 
Al3+) and the best experimental conditions (for Fe3+), 
a pronounced decrease in the pH was observed only 
10  seconds after the addition of coagulant (from 9.7 to 
3.9 for Al3+ and from 5.0 to 3.2 for Fe3+), decreasing 
respectively to 3.7 and 2.8 after 70 and 56 min of treatment 
(Figure S3). So, despite the different initial pH values, 
the pH of both suspensions almost immediately after the 
addition of coagulant decreased to values very close. For 
Al3+ this occurs due the higher extent of hydrolysis suffered 
due to their high concentration. For Al3+ at pH 3.7-3.9 the 
main species are Al(OH)2+ (5-10%) and Al3+ (87-90%), 
while for Fe3+ at pH 2.8-3.2 the predominant species are 
Fe(OH)2+ (55-65%) and Fe3+ (5-20%).9,24 It is generally 
thought that hydrolyzed cationic species such as Al(OH)2+ 
and Fe(OH)2+ are more strongly adsorbed on negatively 
charged surfaces than the free hydrated metal ions. So, the 
use of a lower concentration of Fe3+ can be justified due the 
high mole fraction of the hydrolyzed cationic specie when 
compared with Al3+.9 Besides, it is important emphasize that 
theoretically it is expected the use of a higher concentration 
of Al3+, once its solubility (KPS Al(OH)3  =  3  ×  10–34) 
is almost 150,000 times higher than that of Fe3+ (KPS 
Fe(OH)3 = 2 × 10–39).25 

Application of the treatment under the optimized (Al3+) and 
best (Fe3+) experimental conditions

After evaluating the interactions between the variables 
in the processes studied and optimize or choose the best 
experimental conditions, some relevant water quality 
parameters of the biodiesel wastewater, in addition to 
turbidity, were quantified before and after application of 
the treatment (Table 1).

The raw wastewater is opaque with a milky appearance, 
a color of 20,497 mg L-1 Pt/Co, turbidity of 1,752 NTU and 
5,004 mg L-1 of TS, being 637 mg L-1 of SS, 2,166 mg L-1 
of oils and fats, and pH equal to 9.7. The soluble fraction 
presents a high organic load (DOC = 3,943 mg C L-1 and 
COD = 26,376 mg O2 L-1) (Table 1). 
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As described in Table 1, the application of this process 
using either Al3+ or Fe3+ is efficient for removal of turbidity, 
color, SS and oils and fats, reaching efficiencies between 
82 and 99%, but is inefficient in removing the organic load 
(respectively 14-20 and 35% of DOC and COD removal), as 
well as to acute toxicity to V. fischeri. In addition, although 
a decrease from 2,166 mg L-1 to 321 and 388 mg L-1 of 
oils and fats has been observed using respectively Al3+ and 
Fe3+ (Table 1), these values are above the limit defined by 
Brazilian legislation.6 In relation to the organic load, the 
limit in the Brazilian legislation is based on biochemical 
oxygen demand after five days (DBO5), defining the need 
of a removal of 60% of the initial DBO5 before the effluent 
discharge. Although this parameter has not been evaluated 
in this work, based on the removal of DOC (14-20%) and 
COD (35%) (Table 1), it is likely to be observed a similar 
behavior from the data analysis of DBO5. In this way, 
the integration of this process to an additional treatment 
is necessary for removal of organic matter, oils and fats 
to attend the Brazilian legislation. Considering the high 
level of the remaining organic load in addition to toxicity, 
an advanced oxidation process,26-30 electrochemical31 or 
the coupling between advanced oxidation and biological 
processes,32,33 would be the most appropriate options for 
the complete treatment of biodiesel wastewaters.

Conclusions

The use of fractioned factorial design and central 
composite design permitted to evaluate the interactions 
between the selected variables as well as to optimize the 
experimental conditions for obtaining a high efficiency 
of turbidity removal of biodiesel wastewaters, using Al3+ 
and Fe3+ as coagulants. These coagulants showed to be 
advantageous under certain conditions and disadvantageous 

in other. So, this study demonstrated the importance of 
evaluating simultaneously the variables of the process 
before scaling-up. Under the best experimental conditions 
for Al3+ and for Fe3+, the removal efficiencies for apparent 
color, turbidity, SS and oils and fats were between 82 and 
99%. On the other hand, a low removal of organic load 
(between 14 and 35%) and acute toxicity to V. fischeri 
(34%) was achieved, evidencing that this process needs 
to be coupled to an additional treatment, so as to ensure 
a significant reduction of these two parameters, adjusting 
the treated to the conditions defined by the current 
environmental legislation. The integration of this process 
to an advanced oxidation process is being studied in our 
research group.
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