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Article Info ABSTRACT

Article type: research paper Obijective: Microalgae, as photosynthetic biological resources, have high potential for the
production of biofuels, including biodiesel. However, the separation of biomass from the
culture medium is considered one of the most costly and challenging steps in the industrial

Article history: exploitation process. Among the existing methods, flocculation is recognized as an
Received: 18 August 2025 efficient, rapid, and cost-effective approach for biomass harvesting. The objective of this
Received in revised form: 10 research is to investigate the flocculation process of the Chlorella sp. species using ferric
December 2025 chloride (FeCls) and to model it utilizing artificial neural networks for accurate prediction
Accepted: 18 December 2025 of the process yield/efficiency.

Published online 21 December 2025 Materials and methods: In this study, the flocculation of Chlorella sp. was carried out under
various conditions, including changes in pH, cell concentration (OD), and flocculant dosage
(FeCls). The obtained experimental data were modeled using three different artificial neural
network architectures: Multilayer Perceptron (MLP), Radial Basis Function (RBF), and
Ensemble MLP model. The data were divided into training (70%) and testing (30%) sets, and
the performance of the models was evaluated based on statistical indices, namely the
coefficient of determination (R?) and mean squared error (MSE)

Results: The results showed that the MLP and RBF models independently were not capable

Keywords: of accurately predicting the process behavior, whereas the Ensemble MLP model achieved
artificial neural network the highest prediction accuracy with R2 = 96.37% and MSE = 0.0035. The R2 values for the
flocculation MLP models ranged from 92.5 to 94.5 percent, and for the RBF model it was 79.8 percent.
modeling The ensemble model, by significantly reducing error and increasing generalization capability,
microalgae was able to reproduce the nonlinear and complex variations of the flocculation process with
Chlorella sp. high accuracy.

Conclusions: The use of ensemble neural networks provides higher accuracy and better
generalization capability compared to single models in predicting complex biological
processes such as microalgae flocculation. The results of this study indicate that the Ensemble
MLP architecture can be employed as an intelligent tool in the design, control, and
optimization of biomass separation processes and biofuel production.
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Table 1: Primary statistical information related to input and parameters in the flocculation of Chlorella sp. cells

Variable Unit Min Max Median Mean SD CV%
oD - 1.00 3.00 2.00 2.00 0.94 46.11
pH - 4.50 12.00 8.35 8.28 2.38 28.76

Dosage g/L 0.015 10.000 0.93750 2.907 3.503 120.500

Efficiency % 0.00 100.00 37.18 46.37 31.53 67.99

CJM o po CV s)L,,:w s.él/ou'\ SD

Chlorella sp. slasks s3luasd sl JolS' lole 25l GhalesT 15 sy 3590 slaj2elly gslaw =¥ Jgar
Table 2: Levels of parameters studied in a full factorial design experiment for the flocculation of Chlorella sp. cells

Parameter Number of Levels Parameter Levels
oD 3 1,2,3
pH 7 45,6.0,7.5,8.0,9.0, 10.5,12.0

0.015, 0.031, 0.062, 0.125, 0.156, 0.187, 0.312, 0.625,

Dosage (g/L) 16
1.250, 2.500, 3.750, 5.000, 6.25, 7.500, 8.750, 10.000
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Table 3 Results of analysis of variance (ANOVA) to investigate the effect of effective parameters on the
flocculation efficiency of Chlorella sp. Cells

Sum of Mean F p-
Source df
Squares Square Value value
Statistical <
1.719E+005 122 1408.74 3.73
Model 0.0001
<
A-OD 8883.39 2 4441.70 11.77
0.0001
B-pH 6613.97 6 1102.33 2.92 0.0120
C- <
50436.74 14 3602.62 9.55
Dosage 0.0001
A*B 2511.99 12 209.33 0.55 0.8721
<
A*C 33539.12 22 1524.51 4.04
0.0001
<
B*C 59073.71 66 895.06 2.37
0.0001
Error 33575.54 89 377.25
Total 2.054E+005 211
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Figure 3: Flocculation efficiency of Chlorella sp. cells versus the amount of iron (111) chloride flocculant under
different OD conditions and pH ranges, (a): acidic pH and OD=1, (b): alkaline pH and OD=1, (c): acidic pH and OD=2,
(d): alkaline pH and OD=2, (e): acidic pH and OD=3 and (f): alkaline pH and OD=3
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Table 4: Architectural characteristics of neural networks with the best performance in modeling the flocculation of
Chlorella sp. cells

Number Number Number Number

Network Type of of hidden of Neurons of Neurons of Neurons

Name network Lavers in Hidden in Hidden in Hidden

y Layer 1 Layer 2 Layer 3

N1 MLP 3 25 30 20

N2 MLP 3 5 30 25

N3 MLP 3 10 30 15

N4 MLP 3 20 15 10

N5 MLP 3 15 10 25

N6 RBF 1 213

N7 Ensemble Average of N1 to N5 network outputs

e 45ad 3 Klas ¥
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Table 5: Comparison of performance evaluation indices (R2, SSE, MSE, MAE) for different neural networks used
in coagulation modeling

Network Name R-Squared Values (%) SSE! MSE? MAE?
N1 94.54 1.1332 0.0053 0.4292
N2 93.07 1.4396 0.0067 0.5961
N3 92.96 1.4615 0.0068 0.6169
N4 92.52 1.5534 0.0072 0.5536
N5 92.47 1.5635 0.0073 0.5949
N6 79.81 4.1937 0.0197 1.5136

N7 96.37 0.7536 0.0035 0.4696
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Figure 4: Performance of different neural network architectures for validated test data versus experimental data
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Table 6: Generalization performance of different neural network architectures in predicting cross-validation test
data
N1 N2 N3 N4 N5 N6 N7
SSE 0.7282 0.9358 0.8988 0.9184 1.1723 2.3219 0.0603
MSE 0.0347 0.0446 0.0428 0.0437 0.0558 0.1106 0.0029
MAE 0.1753 0.1861 0.2008 0.1969 0.2156 0.3303 0.0533
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