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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Addition of pig blood protein caused the 
formation of protein-tannin complexes. 

• Insoluble protein-tannin complexes 
could be removed by precipitation. 

• Electrocoagulation further removed sol
uble protein-tannin complexes. 

• The overall tannin removal from anaer
obically treated POME was 93%. 

• Important parameters were protein- 
tannin ratios, protein type, and 
aqueous pH.  
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A B S T R A C T   

Despite the significant removal of chemical oxygen demand (COD) by anaerobic digestion, anaerobically-treated 
palm oil mill effluent (POME) still contains tannins and other phenolic compounds, resulting in residual COD and 
a brownish color. In this study, we investigated the removal of tannins from anaerobically treated POME using 
protein-tannin complexation in conjunction with electrocoagulation. The amino acid composition of the protein, 
aqueous pH, and protein: tannin ratios were found to be important parameters affecting the tannin removal 
efficiency. Pig blood protein was superior to casein protein in removing tannins, possibly because it had aspartic 
acid as the major amino acid component. At an optimal condition with a pig blood protein: tannin ratio of 0.33 
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(w/w), a current density of 30 mA/cm2, pH 5, and an electrolysis time of 10 min, the removals of tannins, COD, 
and color were 93%, 96%, and 97%, respectively.   

1. Introduction 

The palm oil industry is economically important in several Southeast 
Asian countries. However, palm oil production inevitably generates 
large amounts of heavily polluted wastewater known as palm oil mill 
effluent (POME). POME is typically treated using anaerobic digestion, 
which results in a COD removal efficiency as high as 90% and residual 
COD content of approximately 6960 mg/L (Seengenyoung et al., 2019; 
Khemkhao et al., 2016, 2022) However, the treated POME still contains 
a variety of compounds in relatively small quantities, such as fatty acids, 
humic acids, lipids, melanoidins, tannins, and phenolic compounds 
(Dexter et al., 2016). All of these compounds resulted in residual COD 
and a brownish color of the treated POME. The color intensity of the 
treated POME could be as high as 6400–19,600 Pt–Co owing to the 
presence of tannins and other phenolic compounds, as well as the 
repolymerization of coloring compounds (Rakamthong and Prasertsan, 
2011; Jalani et al., 2016). These residual compounds can also be toxic to 
aquatic life (Zahrim, 2014) and should be removed before discharging 
the effluent into the environment. The removal of these residual com
pounds is an important step in making water recycling more feasible 
during the palm oil milling process (Kamyab et al., 2018; Ujang et al., 
2021). 

Tannins have been recognized for their ability to interact with pro
teins and form protein-tannin complexes (Banch et al., 2019). The for
mation of protein-tannin complexes can lead to the precipitation of 
tannins and proteins, which depends on the chemical structures of 
proteins and tannins, protein charge, protein isoelectric point (pI), and 
their concentrations, as well as on environmental conditions, such as pH 
and ionic strength (Oh and Hoff, 1987; Adamczyk et al., 2012; Banch 
et al., 2019; Soares et al., 2020). In addition, the composition and 
temperature of the aqueous system can affect the formation of 
protein-tannin complexes (Soares et al., 2020). Over the past few years, 
several studies have demonstrated the use of tannins for the removal of 
various proteins from beverages (Jordão et al., 2005; Jones-Moore et al., 
2022) and animal food (Dentinho and Bessa, 2016). Compared with the 
precipitates from coagulation with inorganic salts, the precipitated 
protein-tannin complexes have relatively low volumes (Maeng et al., 
2017). In addition, the precipitation of protein-tannin complexes is 
considered more eco-friendly than inorganic coagulation because no salt 
is added to the aqueous system; thus, there is no significant increase in 
water conductivity or change in water pH (Al-Amshawee et al., 2020). 
For example, dos Santos et al. (2018) used a modified Tanfloc SL®, a 
tannin-based agent, with an applied concentration of 640 mg/L for 
treating cassava processing wastewater and showed the removal of color 
and turbidity of the wastewater by more than 52%. Additionally, Dashti 
et al. (2022) reported the removal of color and COD from POME by 54% 
and 44%, respectively, using 2 g/L chickpea powder protein. Based on 
these studies, the formation and precipitation of protein-tannin com
plexes is a potential method for removing color and COD from POME. 
However, the removal efficiency of this method alone is still low, 
possibly because some soluble compounds remain in POME. Therefore, 
other methods, such as coagulation and electrocoagulation, which can 
be operated in series or in combination with precipitation, are required 
to improve the tannin removal efficiency. 

In the past few decades, electrocoagulation has been demonstrated to 
be an effective method for treating POME (Mohamad et al., 2022; 
Nasrullah et al., 2022), tannery wastewater (Maisuria et al., 2022), and 
other wastewater containing phenolic compounds (Reilly et al., 2019; 
Oktiawan et al., 2021; Gasmi et al., 2022). In the electrocoagulation 
process, an electrical current is applied to anodic electrodes, that is, 
aluminum, iron, or their alloys, which are immersed in wastewater. The 

anodes are oxidized to release free metallic ions (Al3+, Fe2+ or Fe3+), 
which then combine with the hydroxyl ions released at the cathode to 
form metal hydroxides, polyhydroxides, and polyhydroxy metallic 
compounds (Phalakornkule et al., 2010c; Hakizimana et al., 2017). The 
efficiency of the removal of tannins and other phenolic compounds was 
as high as 80% using electrocoagulation with current densities ranging 
3–75 mA/cm2 and electrolysis times ranging 5–60 min (Adhoum and 
Monser, 2004; Ugurlu et al., 2008; Fajardo et al., 2015; Maisuria et al., 
2022). Despite the relatively high tannin removal efficiency, electro
coagulation requires high applied current densities and long electrolysis 
times, resulting in high material cost and energy consumption (Rana and 
Saini, 2022). Electrocoagulation requires high applied current densities 
and long electrolysis times, possibly owing to the low solubility of tan
nins and other phenolic compounds. 

Most previous studies reported treatment systems consisting of 
electrocoagulation as a pretreatment step followed by a biological 
treatment step (Al-Qodah et al., 2019), whereas this study presents a 
combined treatment process consisting of biological treatment, chemical 
coagulation, and finally electrocoagulation. Because the formation of 
protein-tannin complexes can reduce the solubility of tannins, we 
investigated the removal of tannins from POME using protein-tannin 
complexation in conjunction with electrocoagulation. POME-treated 
effluent with relatively low COD but high color intensity was collected 
from the discharge of an anaerobic-covered lagoon of a biogas plant. The 
precipitation of tannins in the POME-treated effluent was first per
formed by adding pig blood and casein proteins, followed by electro
coagulation of the remaining soluble protein-tannin complexes. The 
effects of protein type (pig blood and casein proteins), aqueous pH, and 
protein: tannin ratio on the tannin removal efficiency were investigated. 
In addition, the operating parameters of the electrocoagulation system 
(current density, inter-electrode distance, and electrolysis time) were 
optimized to minimize the energy consumption of the electro
coagulation process. Finally, the characteristics of the flocs from elec
trocoagulation with and without the protein-tannin complex formation 
step were compared. 

2. Materials and methods 

2.1. Materials 

The effluent samples were collected from the discharge of an 
anaerobic lagoon at a palm oil factory (Suksomboon Vegetable Oil Co., 
Ltd., Chonburi, Thailand). These samples are referred to as “the covered 
lagoon effluent” and were stored at 4 ◦C before use. Table 1 shows the 
properties of the covered lagoon effluent, with a tannin concentration of 
545 ± 13 mg/L. Pig blood was collected from a slaughterhouse and was 
stored at 4 ◦C before use. Commercial casein (tryptone type-I) was 
purchased from HiMedia Laboratories (India). Stock solutions of pig 
blood and casein were prepared with a fixed protein concentration of 
11,000 ± 230 mg/L. Aluminum chloride (AlCl3⋅6H2O, AR.grade) and 
ferric chloride (FeCl3⋅6H2O, AR.grade) were purchased from KemAus 
(Australia) and Qrec (New Zealand), respectively. 

2.2. Precipitation experiments 

The precipitation of tannins in the covered lagoon effluent using 
proteins was investigated in the batch mode. The covered lagoon 
effluent was added to a 500-mL beaker with a working volume of 300 
mL. Pig blood and casein proteins were added to the covered lagoon 
effluent in separate beakers in protein to tannin ratios of 0.20, 0.22, 
0.25, 0.28, 0.33, 0.40, 0.50, 0.67, 0.80, and 1.0 (w/w). Depending on 
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the trial, the pH of the mixture was adjusted to the desired value (in a pH 
range of 2–9) with solutions of 3 M HCl or 3 M NaOH. The mixture was 
stirred at 150 rpm for 3 min and then allowed to stand for 30 min prior to 
centrifugation for 1 min at 3300 g. The supernatant was collected for 
measurement of residual tannins. Each experiment was performed in 
triplicate. 

2.3. Electrocoagulation 

The electrocoagulation of the supernatant after precipitation with 
proteins was investigated in batch mode. After precipitation, the su
pernatant was added to a 300 mL beaker with a working volume of 200 
mL. A pair of anodic and cathodic electrodes was immersed in the test 
solution. Two types of electrodes were employed, iron (Fe) and 
aluminum (Al), each with an immersed (active) surface area of 100 cm2 

(5 cm × 10 cm) and inter-electrode distances, depending on the trial, of 
6, 8, 10, or 15 mm. The electrodes were connected to a direct current 
(DC) power supply (Matsui Denki, Japan) with a maximum voltage of 
15 V and a maximum current of 30 A. Output voltages were monitored 
using a digital multimeter (Toolwiz XL830L, USA). 

Before each experiment, the electrodes were cleaned with tap water, 
dipped in a 20% v/v HCl solution for at least 15 min, and rinsed several 
times with deionized water. The electrocoagulation was performed at 
three different current densities (20, 30, and 40 mA/cm2) and six 
different electrolysis times (5, 10, 15, 20, 25, and 30 min). After a 
certain electrolysis time, the mixture was allowed to stand for 15 min, 
and the supernatant and flocs were collected for the analysis of residual 
tannin and floc characteristics, respectively. 

2.4. Coagulation 

Chemical coagulation of the supernatant after precipitation with the 
proteins was performed in batch mode in a 300 mL beaker with a 
working volume of 200 mL. AlCl3 and FeCl3 were separately added to 
the test solution at concentrations of 84-503 mg/L Al and 260-1563 mg/ 
L Fe. The dosages of AlCl3 and FeCl3 yielded equal amounts of Al3+ and 
Fe3+ in the electrocoagulation experiments, with an electrolysis time 
between 5 and 30 min and a current density of 30 mA/cm2. Depending 
on the trial, the aqueous pH was adjusted to the desired value (in a pH 

range of 2–9) with solutions of 3 M HCl or 3 M NaOH. The mixture was 
stirred at 150 rpm for 3 min and 60 rpm for 5 min and then allowed to 
stand for 15 min. The supernatant was collected for the analysis of re
sidual tannins. 

2.5. Analytical methods 

2.5.1. Analysis of water compositions and properties 
Aqueous pH and conductivity and total dissolved solids (TDS) were 

measured using a pH meter (Horiba PH2000, Japan) and conductivity 
meter (Mettler Toledo LE703, USA), respectively. Tannin content, total 
hardness as CaCO3, and chemical oxygen demand (COD) were measured 
using closed reflux titrimetric methods according to the standard 
methods of the American Public Health Association (APHA et al., 2012). 
The color of the water samples was measured using a colorimeter 
(Thermo Fisher Scientific Orion AQ3700, USA). Total suspended solids 
(TSS), total solids (TS), and volatile solids (VS) were analyzed according 
to the standard methods of the American Public Health Association 
(APHA et al., 2012). Turbidity was measured using a turbidimeter (Hach 
2100AN, USA). 

2.5.2. Chemical analysis 
The functional groups of the tannins were determined using Fourier- 

transform infrared spectroscopy (FTIR; PerkinElmer Spectrum, USA) 
with wavenumbers between 400 and 4000 cm− 1. Amino acids in the pig 
blood and casein were extracted using 10% trichloroacetic acid and 
analyzed using an amino acid analyzer (Hitachi L-8900, USA). 

2.5.3. Floc characteristics 
The morphology of the dried flocs was investigated using a scanning 

electron microscope equipped with an energy-dispersive X-ray spec
trometer (SEM-EDS; JEOL JSM-IT300, Oxford X-Max 20, UK). The fresh 
sludge was investigated using a light microscope (Olympus DSX1000 
digital microscope, Japan). 

2.6. Calculation and statistical analysis 

The removal efficiency was calculated as the percentage removal for 
each parameter, (B0–B)/B0, where B0 and B are the concentrations of 
tannins, color, and COD in the wastewater before and after treatment, 
respectively. 

The amounts of aluminum and iron ions released owing to the 
electrolytic oxidation of the anodes were estimated using Faraday’s law 
as follows: 

w=

(
ItMAl/Fe

ZF

)

(1)  

where w is the amount of aluminum or iron dissolved (g), I = current (A), 
t = electrolysis time (s), MAl/Fe = molecular weight of Al (26.98 g/mol) 
or Fe (55.85 g/mol), Z = number of electrons involved in the redox 
reaction, and F = Faraday’s constant (96,500 C/mol of electrons). 

3. Results and discussion 

3.1. 1 comparative removal of tannins using pig blood and casein proteins 

Fig. 1 compares the effectiveness of pig blood and casein proteins in 
removing tannins from covered lagoon effluents. The investigation was 
performed with varying protein: tannin ratios between 0.20 and 1.00 (g/ 
g) at an initial pH of 5. When using the pig blood protein, the tannin 
removal was highest at approximately 62–64% with protein: tannin 
ratios between 0.20 and 0.33 (Fig. 1a). When increasing the tannin: 
protein ratios further from 0.40 to 0.67 and 0.80, the tannin removal 
decreased from 59% to 47% and 12%, respectively. Similarly, Adamczyk 
et al. (2012) reported that the addition of bovine serum albumin protein 

Table 1 
Characteristics of anaerobically-treated palm oil mill effluent from a palm oil 
factory and after treatment with precipitation and electrocoagulation.  

Parameter Unit Anaerobically-treated 
POME 

After precipitation and 
electrocoagulation 

Without 
protein 

With 
protein 

Temperature ◦C 28 ± 1 – – 
pH – 8.0 ± 0.5 6.08 ± 0.04 5.63 ±

0.14 
Color Pt–Co 22,217 ± 325 4667 ± 142 743 ± 25 
Total 

hardness 
mg- 
CaCO3/L 

2200 ± 200 1733 ± 76 1433 ±
38 

COD mg/L 6146 ± 152 952 ± 72 248 ± 62 
TS g/L 16.05 ± 0.04 13.26 ±

0.48 
13.03 ±
0.40 

VS g/L 5.15 ± 0.01 4.68 ± 0.35 3.54 ±
0.06 

Ash g/L 10.89 ± 0.04 8.57 ± 0.13 9.49 ±
0.43 

TSS g/L 2.3 ± 0.2 1.65 ± 0.14 1.80 ±
0.20 

TDS mg/L 364 ± 0.6 357 ± 1 371 ± 7 
Turbidity NTU 267 ± 0.4 147 ± 12 16 ± 3 
Al3+ mg/L – 0.80 ± 0.05 0.75 ±

0.01 
Tannins mg/L 545 ± 13 158 ± 3 36 ± 2 
Conductivity μS/cm 605 ± 3 786 ± 8 832 ± 1  
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at a protein: tannin ratio of 0.43 could remove up to 80% of tannins from 
aqueous solutions. However, the tannin removal decreased significantly 
from 80% at a protein: tannin ratio of 0.43 to 40% at a protein: tannin 
ratio of 2.16. 

The tannin removal was much lower when using the casein protein, 
ranging between 10 and 16% (Fig. 1b). The tannin removal by the 
addition of casein protein was only slightly higher than that of 3–4% in 
the control sample without protein addition (Fig. 1c). The results suggest 
that the type of proteins (pig blood and casein proteins) and protein: 
tannin ratios had a profound effect on the removal efficiency of tannins. 
This is because the removal of tannins is caused by the formation of 
protein–tannin complexes, which can be easily precipitated from 
aqueous solutions (Adamczyk et al., 2012; Mezzomo et al., 2015). The 

formation of protein-tannin complexes depends on the interactions be
tween the functional groups of tannins and proteins (Adamczyk et al., 
2017), which in turn depends on the pH of the aqueous phase. Therefore, 
the pH of the wastewater should have a large influence on the effec
tiveness of removing tannins from pig blood and casein proteins. In 
addition, the formation of protein-tannin complexes depends on the 
protein: tannin ratio. For example, when the concentration of protein is 
too high compared to the concentration of tannins, the tannin molecules 
might dissociate from the protein-tannin complex and redissolve 
(Brooks et al., 2008). As observed in this study, when the protein: tannin 
ratio was higher than the optimal value, tannin removal was reduced. 

Fig. 1. Effects of protein: tannin ratios on residual tannin concentrations and percentage tannin removal by precipitation: (a) pig blood protein addition, (b) casein 
protein addition, and (c) without protein addition. 
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3.2. Effect of pH on precipitation of protein-tannin complexes 

Fig. 2 shows tannin removal as a function of initial pH values be
tween 2 and 9 using pig blood and casein proteins. When using pig blood 
protein at a protein: tannin ratio of 0.33 (g/g), the increase in pH from 2 
to 4 caused the tannin removal to increase from 50% to 72% (Fig. 2a). 
However, when the pH was increased from 5 to 8 and 9, the tannin 
removal decreased from 63% to 26% and 8%, respectively. Similarly, 
Kosińska et al. (2011) reported that a pH range of approximately 3-5 was 
optimal for removing tannins using bovine serum albumin and gelatin 
proteins, whereas pH 6–8 caused a sharp decrease in tannin removal. In 
addition, Adamczyk et al. (2012) and Engström et al. (2016) reported 
that pH 4.7 was optimal for tannin removal via the formation of tan
nin–protein complexes because of the relatively strong interaction 

between tannins and protein at this pH under low ionic strength con
ditions. Likewise, Osawa and Walsh (1993) reported that an increase in 
pH above 6.5 facilitated the dissociation of protein–tannin complexes, 
whereas a pH of 8.6 caused the hydrolysis of Gallo tannin. 

When using casein protein at a protein: tannin ratio of 0.67 (g/g), the 
tannin removal ranged between 18 and 25% at a pH range of approxi
mately 2–5 (Fig. 2b). When the pH was increased to 6–9, the tannin 
removal decreased to 6–12%. The tannin removal by the addition of 
casein protein was only slightly higher than that of 1–10% in the control 
sample without protein addition (Fig. 2c). An explanation for these re
sults is that the interactions between tannins and protein are pH- 
dependent (Oh and Hoff, 1987) because the two proteins have 
different amino acid compositions, and each amino acid in the proteins 
has a different isoelectric point and pKa value. 

Fig. 2. Effects of pH on residual tannin concentrations and percentage tannin removal by precipitation at a protein: tannin ratio of 0.33 g/g: (a) pig blood protein 
addition, (b) casein protein addition, and (c) without protein addition. 
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3.3. Removal of soluble protein-tannin complexes using 
electrocoagulation 

After separating the insoluble protein–tannin complexes by centri
fugation, the suspension was subjected to electrocoagulation to remove 
the remaining tannins in the form of a soluble protein–tannin complex. 
Fig. 3 shows the removal efficiency of tannins using electrocoagulation 
with Al and Fe electrodes at an initial pH between 2 and 9, an elec
trolysis time of 30 min, and a current density of 20 mA/cm2. When using 
the Al electrode, the tannin removal increased from 75% to 89% with an 
increase in the aqueous pH from 2 to 5, however, it then decreased from 
86% to 50% with a further increase in the pH from 6 to 9 (Fig. 3a). The 
tannin removal was significantly higher for the system with the addition 

of protein than those without the addition of protein (56–75%) (Fig. 3c). 
The addition of protein helped increase tannin removal because the 

efficiency of electrocoagulation in removing soluble components de
pends on the solubility of the target molecules (Ardhan et al., 2021). 
Once the blood protein was added to the system, the solubility of tannins 
was reduced owing to the formation of protein–tannin complexes. 
Aqueous pH has a clear effect on the efficiency of electrocoagulation 
because the formation and stability of metal hydroxide species and their 
interactions with both dissolved and suspended matter are 
pH-dependent (Ali and Yaakob, 2012). Hassoune et al. (2017) reported 
that electrocoagulation with Al electrodes at a pH of 3–6 could remove 
hydrolyzable tannins from aqueous solutions with an efficiency of 
90–95%. Tchamango et al. (2021) reported that the forms of Al (such as 

Fig. 3. Effects of pH on residual tannin concentrations and percentage tannin removal by electrocoagulation: (a) supernatant after precipitation treated with Al 
electrodes, (b) supernatant after precipitation treated with Fe electrodes, (c) anaerobically-treated POME treated with Al electrodes, and (d) anaerobically-treated 
POME treated with Fe electrodes. 
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aluminum hydroxide complexes) and the efficiency of the electro
coagulation process depend on the aqueous pH. For example, the 
removal efficiency increases with the formation of Al(OH)3 in an acidic 
medium in which the surface charges of colloidal particles are neutral
ized by cationic aluminum species. It should be mentioned that the 
presence of some compounds in the treated POME effluent could cause 
an early onset of electrode passivation. The operating pH of 5 offers the 
advantage of preventing the early onset of electrode passivation because 
the low pH environment inhibits the buildup of a surface layer (Ingels
son et al., 2020). In contrast, the removal efficiency decreased when the 
pH was increased above 7 because of the redissolution of Al(OH)3 in the 
presence of excess hydroxyl ions (OH− ) to form Al(OH)4

- as shown in Eq. 
(2):  

Al(OH)3 + OH− → Al(OH)4
-                                                             (2) 

In general, the redissolution of Al(OH)3 has a negative effect on the 
efficiency of the electrocoagulation process (Kabdaşlı et al., 2012; 
Tchamango et al., 2021). 

When using the Fe electrode, the tannin removal increased from 20% 
to 72% with an increase in the aqueous pH from 2 to 5 but then 
decreased from 65% to 48% with a further increase in the pH from 6 to 9 
(Fig. 3b). The tannin removal was significantly higher for the system 
with the addition of protein than those without the addition of protein 
(42–70%) (Fig. 3d). Electrocoagulation with Al electrodes resulted in 
higher tannin removal than with Fe electrodes, possibly because the 
formation of protein–tannin complexes is favorable at an acidic pH, 
whereas the formation of iron hydroxide complexes is favorable at an 
alkaline pH (Mansouri et al., 2011). In addition, aluminum hydroxide 
complexes exist in various forms with more definite binding sites when 
compared to iron hydroxide complexes (Kabdaşlı et al., 2012; Tibebe 
et al., 2019). 

3.4. Effects of current density and inter-electrode distance on the removal 
of soluble protein-tannin complexes by electrocoagulation 

Fig. 4 illustrates the tannin removal efficiency and energy 

consumption using electrocoagulation with Al electrodes, a current 
density between 20 and 40 mA/cm2, and a fixed inter-electrode distance 
of 15 mm. The tannin removal efficiency increased significantly when 
the current density was applied for 5 min but increased relatively slowly 
as the electrolysis time increased to 10 and 20 min. For the system with 
the addition of blood proteins, the tannin removal of approximately 81% 
was achieved with current densities of 30 and 40 mA/cm2 and an 
electrolysis time of 10 min (Fig. 4a). Conversely, for the system without 
the addition of blood proteins, the significant removal of tannins was 
achieved with much longer electrolysis times, specifically, 78% with an 
electrolysis time of 30 min and a current density of 20 mA/cm2, 78% 
with an electrolysis time of 25 min and a current density of 30 mA/cm2, 
and 80% with an electrolysis time of 15 min and a current density of 40 
mA/cm2. Owing to the shorter electrolysis time and lower current 
density, the system with the addition of blood proteins required signif
icantly less energy to remove tannins. Fig. 4b shows the energy con
sumption as a function of the current density and electrolysis time. The 
energy consumption for the electrocoagulation process varied signifi
cantly between 2.9 and 75 kWh/m3, depending on the electrolysis time 
(5–30 min) and current density (20–40 mA/cm2). For the system with 
the addition of blood proteins, a tannin removal of 81% was achieved 
with an electrolysis time of 10 min and a current density of 30 mA/cm2, 
consuming 12.5 kWh/m3. Without the addition of blood proteins, a 
tannin removal of 72% was achieved with an electrolysis time of 10 min 
and a current density of 40 mA/cm2, consuming 25 kWh/m3. 

To reduce the energy input of the electrocoagulation treatment, the 
inter-electrode distances were reduced from 15 mm to 10, 8, and 6 mm. 
Fig. 5 shows the tannin removal efficiency and energy consumption of 
electrocoagulation with inter-electrode distances of 6, 8, and 10 mm at a 
current density of 30 mA/cm2. For the system with the addition of blood 
proteins, a decrease in the inter-electrode distance from 15 to 10 mm 
increased the tannin removal efficiency from 81% to 88%, whereas the 
energy consumption decreased significantly from 12.5 to 6.3 kWh/m3. 
As the inter-electrode distance decreased further to 8 and 6 mm, the 
tannin removal efficiency decreased to approximately 82%, with a slight 
decrease in the energy consumption to 5.5 kWh/m3. The tannin removal 

Fig. 4. Effects of current density and electrolysis time on the electrocoagulation 
removal of tannins: (a) tannin removal efficiency and (b) energy consumption. 

Fig. 5. Effects of the inter-electrode distance on the electrocoagulation removal 
of tannins: (a) tannin removal efficiency and (b) energy consumption. 
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efficiency could be further increased by increasing the electrolysis time 
to >10 min (Fig. 5a), but with higher energy consumption (Fig. 5b). 

It has been reported that the inter-electrode distance influences the 
interaction of colloidal particles during electrocoagulation, floc forma
tion, and their settling and flotation characteristics. Although electrical 
energy consumption decreases with decreasing inter-electrode distance, 
flocs created within a narrow inter-electrode distance of less than 10 mm 
possess poor settling characteristics (Shankar et al., 2014). Conversely, 
an inter-electrode distance of 10-12 mm is suitable for creating an 
electrostatic field in which ions can be easily transferred between the 
electrodes, stimulating aggregation of suspended particles to settleable 
flocs (Khandegar and Saroha, 2012). In contrast, floc formation becomes 
less effective when the inter-electrode distance is increased to >12 mm 
because the region with a low electric field becomes larger, causing the 
interaction between particles to become less important (Kumari and 
Naresh Kumar, 2020). 

Table 1 shows the properties of the effluents after treatment by the 
precipitation and electrocoagulation processes using the optimum con
ditions of pH 5, a current density of 30 mA/cm2, an inter-electrode 
distance of 10 mm, and an electrolysis time of 10 min. After tannin 
precipitation in series with electrocoagulation, the COD decreased from 
6146 ± 152 for the covered lagoon effluent to 248 ± 62 mg/L (with 
added blood protein) and 952 ± 72 mg/L (without added blood pro
tein). The covered lagoon effluent appeared dark brown in color 
(Fig. S1) with a color value of 22,217 ± 325 Pt–Co and tannin concen
tration of 545 ± 13 mg/L. After tannin removal without added protein, 
the sample appeared light brown (Fig. S1) with a color value of 4667 ±
142 Pt–Co and tannin concentration of 158 ± 3 mg/L, whereas that with 
the added protein appeared light yellow (Fig. S1) with a color value of 
743 ± 62 Pt–Co and tannin concentration of 36 ± 2 mg/L. 

3.5. Removal of soluble protein-tannin complexes using coagulation with 
AlCl3 and FeCl3 

Fig. 6 shows the tannin removal efficiency using chemical coagula
tion with AlCl3 and FeCl3 at an initial pH of 5. The concentrations of Al3+

(0–503 mg/L) and Fe3+ (0–1563 mg/L) used in the coagulation exper
iments were in the same range as the amounts of Al3+ and Fe3+ released 
from the electrolytic oxidation of the anode electrode with electrolysis 
times between 5 and 30 min and a current density of 30 mA/cm2. In 
addition, the Al3+ concentrations used in this study were in the same 
range as those previously reported for the treatment of paper and pulp 
mill effluents (Chaudhari et al., 2010; Gasmi et al., 2022). To ensure the 
effectiveness of the coagulation process, the concentrations of Al3+ and 
Fe3+ must be within the optimum range. Otherwise, the pH would 
decrease, causing the formation of other species with lower interspecies 
interactions than Al(OH)3 such as Al(OH)4

- and Al(OH)2+, resulting in a 
decreased removal efficiency of the coagulation process (Nowacka et al., 
2014; Gasmi et al., 2022). The results illustrated that the addition of 
blood proteins at a protein: tannin ratio of 0.33 (g/g) enhanced tannin 
removal by coagulation. With the addition of blood proteins, the tannin 
removal was 67% and 93% with Al3+ concentrations of 84 and 503 
mg/L, respectively (Fig. 6a). Conversely, without protein addition, the 
tannin removal was relatively low, in the range of 59-79%, for all 
applied Al3+ concentrations (Fig. 6a). 

Coagulation with FeCl3 could also effectively remove tannins when 
used in a concentration range of 260–1563 mg/L Fe3+. The tannin 
removal ranged between 62 and 91% with the addition of blood protein 
and between 55 and 72% without protein (Fig. 6b). The pH is an 
important parameter that affects the efficiency of coagulation with 
FeCl3. Abbas et al. (2021) found that coagulation with an Fe3+ con
centration of 2000 mg/L at pH 4 was optimal for COD removal from dye 
wastewater of approximately 87%, whereas an increase in the Fe3+

concentration to 3000 mg/L caused the pH to decrease below 4, and the 
COD removal decreased to 72%. 

In the coagulation of tannins using Al3+, the tannin molecule first 
interacts with Al3+ on the surface of Al(OH)3 via anion exchange be
tween the carboxylic group on the tannin and hydroxyl group on Al 
(OH)3, followed by gradual adsorption of the rest of the tannin molecule 
onto the surface of Al(OH)3 via van der Waals forces and H-bonding (An 
and Dultz, 2007, An and Dultz, 2007; acar and Şengil, 2003; Proença 
et al., 2022). In the coagulation of tannins using Fe3+, the hydroxyl 
group of catechol in tannin compounds interacts with Fe3+ to form 
quinones, which in turn self-polymerize to form brown-colored com
pounds. However, the oxidation of catechol by Fe3+ occurs relatively 
slowly, resulting in poor coagulation. (Bijlsma et al., 2020; Mur
ugananthan et al., 2005; Nkhili et al., 2014). 

When comparing the efficiencies of electrocoagulation with chemi
cal coagulation in removing tannins, electrocoagulation using Al elec
trodes was found to be more effective than chemical coagulation with 
AlCl3 and FeCl3. With the addition of blood proteins, the removal effi
ciency of tannins by electrocoagulation was 88% at a current density of 
30 mA/cm2, an inter-electrode distance of 10 mm, and electrolysis time 
of 10 min. For the same amounts of Al3+ and Fe3+ ions, the chemical 
coagulation with 168 mg/L Al3+ and 521 mg/L Fe3+ removed 76% and 
71% of the tannins, respectively. This can be explained by the fact that, 
in electrocoagulation, the released Al3+ and Al(OH)2+ species at the 
anode combine with OH− released at the cathode, leading to formation 
of metal hydroxides, and polyhydroxide and polyhydroxy metallic 
compounds (Phalakornkule et al., 2010a). These complex molecules 
have a relatively high affinity for dissolved solids (Ali and Yaakob, 
2012). In addition, H2 bubbles generated from water splitting at the 
cathode enhance floc flotation (Phalakornkule et al., 2010b; Hakizimana 
et al., 2017; Rakhmania et al., 2022). 

Fig. 6. Effects of coagulant dosages on the tannin removal efficiency at pH 5: 
(a) AlCl3 and (b) FeCl3. 
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3.6. Characteristics of tannin, pig blood, casein proteins, and protein- 
tannin complexes 

Fig. S2 compares the FTIR spectra of tannins in the covered lagoon 
effluent and Gallo tannins in the range of 500–4000 cm− 1. The FTIR 
spectra of the tannins in the covered lagoon effluent were similar to 
those of Gallo tannins, suggesting that the tannin sample was Gallo 
tannins. Both FTIR spectra exhibited a broad peak centered at 3234 
cm− 1, which can be assigned to hydroxyl groups (O–H) and aromatic 
C–H (Wahyono et al., 2019). The sharp peak around 2878-2800 cm− 1 is 
attributed to the symmetric and antisymmetric C–H stretching vibra
tions of the CH2 and CH3 groups of aliphatic hydrocarbons (Sub
ramonian et al., 2014; Wahyono et al., 2019). The peaks at 1651, 1558, 
and 1263 cm− 1 are due to C––O stretching vibrations in primary, sec
ondary, and tertiary amides, respectively (Fatombi et al., 2013). The 
peak at 1397 cm− 1 was due to the C–OH stretch of phenols, whereas the 
peak at 1035 cm− 1was due to the C–H in-plane deformation of aromatic 
compounds (Jensen et al., 2008). 

Table S1 shows the amino acid composition of the pig blood and 
casein. The major amino acids in the pig blood included aspartic acid 
(297.5 ± 77.3 μmol/mL), leucine (18.4 ± 5.8 μmol/mL), and tyrosine 
(18.9 ± 1.4 μmol/mL), whereas the major amino acids in casein 
included lysine (57.7 ± 2.2 μmol/mL), valine (50.6 ± 2.1 μmol/mL), 
and arginine (30.8 ± 1.2 μmol/mL). Because the experimental pH (pH 
4) was lower than the pKa2 of aspartic acid, the amine group of aspartic 
acid could accept a proton to become positively charged. The positive 
amino group can interact with the carboxyl group (-COO-) on the 
phenolic rings of tannins via ionic bonds (Braghiroli et al., 2013; Ghahri 
et al., 2016). In addition, the H-acceptor of the carbonyl, amide, and 
amine groups of aspartic acid could interact with the hydroxyl group 
(-OH) on the phenol rings of tannins via a hydrogen bond to form pro
tein–tannin complexes. After gradual coagulation, they become large 
enough to form insoluble precipitates, which then precipitate out of 
solution (Braghiroli et al., 2013; Ghahri et al., 2018, 2021). 

Similarly, at the optimal pH for the removal of tannins by the addi
tion of casein (pH 3), the amine groups of both lysine and valine are 
positively charged and can interact with the carboxyl group (-COO-) on 
the phenolic rings of tannins via ionic bonds. In addition, the phenolic 
carboxyl group on tannins forms an ionic bond with the NH3

+ side chain 
of the guanidyl group of arginine (Ghahri et al., 2016). The differences 
in the tannin removal efficiency between the addition of pig blood (72% 
at pH 4) and casein (26% at pH 3) could be due to the proportion of 
amino acids that can interact with tannins to form protein-tannin 
complexes. That is, the proportion of aspartic acid in pig blood was 
5.2-, 5.9-, and 9.7 fold more than that of lysine, valine, and arginine in 
casein, respectively. 

Fig. S3 shows the microscopic morphological characteristics of the 
flocs formed during electrocoagulation with a fixed current density of 
30 mA/cm2, inter-electrode distance of 10 mm, and electrolysis time of 
5-30 min. The flocs from the system with the addition of blood protein 
were the largest and densest at the optimum electrolysis time of 10 min, 
at which the tannin removal efficiency was the highest. However, when 
the electrolysis time was further increased from 10 min to 15, 20, and 
25 min, the floc size decreased but remained dense. When the electrol
ysis time was further increased to 30 min, the flocs broke and became 
less dense. In contrast, flocs from the system without the addition of 
blood protein were smaller and less dense. The floc size gradually 
increased until the electrolysis time of 15 min but broke apart and 
became less dense when the electrolysis time was longer than 20 min. 

Fig. S4 shows the SEM images and SEM-EDS spectra of the pre
cipitates in the electrocoagulation system with (Fig. S4a) and without 
pig blood (Fig. S4b). The flocs consisted of small aggregates that were 
densely interconnected. The major elements in the flocs were C, O, Na, 
Mg, Al, Cl, and K (Figs. S4c and d). The identified C and O elements 
supported the presence of C- and O-containing functional groups, and 
therefore tannins and blood proteins, in the precipitates, whereas Al 

originated from the released Al anodes. The composition of Al in the 
precipitates in the electrocoagulation system with pig blood (3.10%) 
was slightly lower than that without pig blood (4.33%). 

4. Conclusion 

In this study, protein–tannin complexation in conjunction with 
electrocoagulation was investigated to remove tannins from 
anaerobically-treated POME effluents. At an optimal condition with a 
pig blood protein: tannin ratio of 0.33 (w/w), a current density of 30 
mA/cm2, pH 5, and an electrolysis time of 10 min, the removals of 
tannins, COD, and color were 93%, 96%, and 97%, respectively. Pig 
blood protein causes the formation and precipitation of insoluble 
protein-tannin complexes, whereas subsequent electrocoagulation cau
ses the precipitation of soluble protein–tannin complexes. The addition 
of pig blood protein not only increased the tannin removal efficiency but 
also reduced the energy consumption of the process. 
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• The integrated process comprised
organic precipitation, EC, ion-exchange
resin, RO.

• The organic precipitation of tannins in
POME was performed using pig blood
proteins.

• The efficiency of COD removal from
anaerobically-treated POME was 98.5%.

• The integrated treatment process
increased water hardness removal to
99%.

• The properties of treated POME met the
criteria for industrial boiler use.
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A B S T R A C T

Anaerobically-treated palm oil mill effluent (POME) still has unacceptable properties for water recycling and
reuse, with an unpleasant appearance due to the brownish color caused by tannins and phenolic compounds. This
study proposes an approach for treating anaerobically-treated POME for water recycling by combining organic
precipitation, electrocoagulation (EC), and ion-exchange resin, followed by reverse osmosis (RO) membrane
filtration in series. The results indicated that the organic precipitation enhanced the efficiency of EC treatment in
reducing the concentrations of tannins, color, and chemical oxygen demand (COD) of the anaerobically-treated
POME effluent, with reductions of 95.73%, 96.31%, and 93.96% for tannin, color, and COD, respectively.
Moreover, organic precipitation affected the effectiveness of Ca2+ and Mg2+ ion removal using ion exchange
resin and RO membrane filtration. Without prior organic precipitation, the ion-exchange resin process required a
longer contact time, and the RO membrane filtration treatment was hardly effective in removing total dissolved
solids (TDS). The combined process gave a water quality that meets the criteria set by the Thailand Ministry of
Industry for industrial boiler use (COD 88 mg/L, TDS <0.001 mg/L, water hardness <5 mg-CaCO3/L, and pH
6.9).

1. Introduction

The main products of the palm oil industry are palm oil and its de-
rivatives, which are consumed and used as intermediates in thousands of
consumer product chains of over a million metric tons annually (Murphy
et al., 2021). However, palm oil mill effluent (POME), which is waste-
water generated during palm oil processing, is particularly damaging to
the environment because of its high chemical oxygen demand (COD) of
over 82,000 mg/L and acidity (pH < 5) (Khongkliang et al., 2019;
Khemkhao et al., 2022). A feasible approach for treating POME is
anaerobic digestion (AD), which uses microbial processes to break down
organic matter into methane, which can be used as an energy source.
The AD process could remove COD from POME as high as 80%, leaving
the residual COD content in the range of 16,500 mg/L (Kan et al., 2024).
In addition, the anaerobically-treated POME is brown because of tannins
and phenolic compounds, with a color intensity reaching up to 22,000
Pt–Co. These substances cause an unpleasant appearance in wastewater
and increase the COD content to as high as 6146 mg/L (Khongkliang
et al., 2023). Therefore, secondary and tertiary treatments are required
to improve water quality to meet effluent discharge standards, reduce
environmental impacts, and aid in the shift to a circular water economy.
Electrocoagulation (EC) is an alternative secondary treatment

applied to POME (Hakizimana et al., 2017; Nasrullah et al., 2018). In the
EC process, the electricity is supplied to the electrodes, causing a
sacrificial anode (typically Fe or Al) to release electrons and cations at
the anodes, and H2 and OH− ions at the cathodes. Under an electric field,
hydroxide flocs (metal hydroxides, polyhydroxides, and polyhydroxy
metallic compounds) that can adsorb both dissolved and suspended
solids onto their surfaces are generated (Phalakornkule et al., 2010;
Al-Zghoul et al., 2023). Previous studies have shown that the efficiency
of EC in removing tannins and phenolic compounds reaches 75% using
one pair of electrodes, current densities ranging from 3 to 30 mA/cm2,
and electrolysis times of 10–60 min. However, the extended electrolysis
time and high current density result in a high energy consumption of
6–40 kW h/m3 (Fajardo et al., 2015; Maisuria et al., 2022; Khongkliang
et al., 2023). In addition, inter-electrode distance is an important design
parameter of EC to obtain efficient distribution of electric fields and high
treatment efficiency. For example, an electrode gap of less than 10 mm
may lead to a rise in current density and consequent increase in energy
usage, whereas a large inter-electrode spacing (>15 mm) may decrease
coagulation effectiveness and lower the rates at which contaminants are
removed (Khongkliang et al., 2023).
The high energy consumption of EC demonstrates the importance of

combining additional techniques, such as organic precipitation, to in-
crease efficiency and lower the energy cost of the EC process when
treating POME. Prior research has demonstrated that organic precipi-
tation is a pretreatment technique that improves the effectiveness of the
EC procedure for the anaerobic treatment of POME (Khongkliang et al.,

2023). Organic precipitation forms complexes with proteins, leading to
the precipitation of tannin-protein complexes (Banch et al., 2019).
Khongkliang et al. (2023) demonstrated that pig blood protein, con-
taining aspartic acid as the main amino acid composition, could form
strong interactions with tannins, resulting in 60% tannin removal from
POME. Combining organic precipitation with EC may provide a more
sustainable method of tannin harvesting without the requirement for
inorganic coagulants. It can also extend electrode life and reduce sludge
production by reducing aluminum release.
The quality of the treated water can be further refined using a ter-

tiary water treatment. Ion exchange resins play a crucial role in the
removal of Ca2+ and Mg2+ ions from water, which are known to cause
limestone slag in boiler pipelines and heat-transfer equipment (Al-Asheh
and Aidan, 2021). In addition, reverse osmosis (RO)membrane filtration
is typically employed to remove dissolved solids, microorganisms, and
any remaining impurities from treated wastewater. The RO membrane
acts as a selective barrier, allowing only pure water molecules to
permeate, while blocking contaminants (Faroon et al., 2023). This
process yields high-quality treated wastewater that is well-suited for
recycling in various industrial processes. However, the RO system did
not work well when applied to POME because the present tannins and
phenolic chemicals cause membrane fouling (Yunos et al., 2019; Saad
et al., 2021). Therefore, applying organic precipitation before an RO
system might help enhance its efficiency and the lifetime of the
membrane.
This study proposes a new approach for treating anaerobically-

treated POME for water recycling and tannin harvesting by integrating
organic precipitation with EC as a secondary treatment and ion-
exchange resin and RO membrane filtration as a tertiary treatment.
The effects of prior organic precipitation (POP) on EC (removal effi-
ciency, energy consumption, characteristic of pitting corrosion, and
properties of floc formed through the EC), ion-exchange resin, and RO
membrane filtration efficiencies were investigated. In addition, the
electrode arrangement was studied to reduce the energy consumption in
the EC process. The proposed approach holds promise for addressing the
environmental challenges associated with POME, while promoting sus-
tainable water management practices within the palm oil industry.

2. Materials and methods

2.1. Raw materials

Wastewater samples were collected from the effluent discharge point
of the anaerobic cover lagoon at Suksomboon Vegetable Oil Co., Ltd.,
Chonburi, Thailand. These samples, known as “anaerobically-treated
POME,” were stored at 4 ◦C before use. Additionally, pig blood was
collected from a slaughterhouse to prepare a stock solution containing
11,000 ± 102 mg/L of stable protein, which was stored at 4 ◦C for
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further use.
Soda ash (Na2CO3, AR grade) and salt tablets (99.8% NaCl) were

purchased from Ajax Finechem Pty., Ltd. (Taren Point, New South
Wales, Australia) and Pen K Intertrading Co., Ltd. (Bangkok, Thailand),
respectively. The cation-exchange resin (Resinex KW-8, food grade,
Jacobi Carbons Ltd., Lancashire, UK) was made of crosslinked poly-
styrene divinylbenzene, with sizes ranging from 0.42 to 1.25 mm. The
ion exchange resin was stirred three times with 0.1 M NaCl for 30 min
and rinsed twice with deionized water before use. The RO membranes
(Ultratek TW 1812-50 GPD) were purchased from Function Interna-
tional Co., Ltd. (Bangkok, Thailand). RO membranes are thin-film
composites (TFC) with an ultrathin polyamide (PA) coating layer sup-
ported by a porous support membrane.
Gallotannin was purchased from HiMedia Laboratories Pvt., Ltd.

(Mumbai, India). Standard solutions of gallontannin were prepared at
five different concentrations (2.5, 5, 10, 20, and 30 μg/mL). Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich Co. (St. Louis,
Missouri, USA). The BSA standard solutions were prepared with eleven
different concentrations ranging from 0.5 to 10 g/L according to Martina
and Vojtech (2015).

2.2. Organic precipitation

The anaerobically treated POME was poured into a 2000-mL beaker
with a working capacity of 1500 mL. The 200-mL pig blood solution was
poured into 1350 mL of the anaerobically treated POME at a protein-to-
tannin ratio of 0.33 (w/w), and the pH of the mixture was adjusted to
5.0. The mixture was stirred for 3 min at 150 rpm and 5 min at 60 rpm,
after which it was allowed to settle for 15 min. Supernatants were
collected for subsequent treatment.

2.3. Secondary treatment with electrocoagulation process

Al electrodes were placed in a 700-mL reactor with a 540-mL
working capacity. Each electrode had a total contact area of 100 cm2

(5 × 10 cm). Each electrode was connected to a direct current (DC)
electricity source with a maximum current capacity of 30 A and
maximum output electrical power of 15 V. Before and following each
experiment, all electrodes were cleaned with tap water, immersed in

2.5% HCl (v/v) for at least 5 min, and then rinsed once more with
deionized water.
Two types of wastewater were treated with EC: (1) supernatant from

organic precipitation and (2) anaerobically-treated POME. In every test
run, the inter-electrode distance was set to 10 mm, and the current
density was fixed at 30 mA/cm2, according to a previous study
(Khongkliang et al., 2023). Four electrode arrangements were studied:
(1) monopolar in parallel (MP), (2) monopolar in series (MS), (3) bipolar
in series (BS), and (4) one pair (OPE) (Fig. 1). Data was collected at the
electrolysis times 2, 4, 6, 8, 10, 12, 14, and 16 min. After the allotted EC
period, the system was left to settle at ambient temperature for 15 min,
and the supernatant was collected for chemical analysis.

2.4. Tertiary treatment with Na2CO3 and ion-exchange resin

The removal of hardness in the EC-treated wastewater, both with and
without preceding organic precipitation, was performed using Na2CO3
and an ion-exchange resin in batch mode using a 300-mL Erlenmeyer
flask and a 150-mL working capacity. Na2CO3 and ion-exchange resin
were individually introduced into the aqueous test solution at 10–300 g/
L concentrations. After 5 min of stirring at 150 rpm, 25 min at 60 rpm,
and then left undisturbed for 1 min, the supernatant was collected to
measure the remaining hardness.
Water hardness was removed in continuous mode in a plastic column

with an internal diameter of 6.10 cm and height of 30.48 cm packed
with ion-exchange resin. Before each experiment, the ion-exchange resin
was washed with 0.1 M NaCl by pumping the saline solution through the
column at a constant flow rate of 100mL/min for 30min and rinsed with
deionized water for 30 min to remove any excess reagents. The experi-
ments were conducted using 3, 5, 10, and 15-min contact times. The
samples were collected every 4 min for 60 min to determine the residual
hardness of the aqueous solution.

2.5. Tertiary wastewater treatment with reverse osmosis membrane

A flat sheet membrane apparatus with an effective surface area of
0.39 m2 was used for the RO membrane filtration. Membrane filtration
was performed cross-flow with a feed flow rate of 188 mL/min for 12 h.
The efficiency of membrane filtration was evaluated regarding the

Fig. 1. Schematic of the experimental setup: (a) the combined process consisting of organic precipitation, EC, ion exchange resin, and RO in series; (b) the elec-
trocoagulation system with different electrode arrangements.
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permeate and rejection flow rates, transmembrane pressures (TMP),
percentage removal of tannins, COD, hardness, and color.

2.6. Analytical methods

2.6.1. Chemical and physical analysis
Aqueous pH was measured using a pH meter (Model LAQUA-

PH2000, Horiba Advanced Techno Co., Ltd., Kyoto, Japan). Total dis-
solved solids (TDS) and conductivity were measured using a portable pH
and TDS meter (Yieryi, C-600, Shen Zhen Yage Technology Co., Ltd.,
Longgang, China). The total hardness was measured using the titrimetric
method with EDTA, tannin content was measured using the colorimetric
method, total suspended solids (TSS) were measured using the gravi-
metric method, and chemical oxygen demand (COD) was measured
using the closed reflux titrimetric method. All measurements were
conducted according to standard methods (APHA, AWWA, WEF, 2012).
Calibration curves of the light absorbance as a function of the con-

centrations of standard tannin and BSA were obtained using a visible
spectrophotometer (Model V-1100D, Shanghai Mapada Instruments Co.,
Ltd., Shanghai, China) at wavelengths of 700 and 540 nm, respectively.
The concentrations of tannins (expressed as tannin equivalents) and
proteins (expressed as protein equivalents) in the liquid samples were
determined from calibration curves using linear interpolation of the
light absorbance readings. According to the manufacturer’s instructions,
the colors of the wastewater and treated water samples were assessed in
American Dye Manufacturers Institute (ADMI) units using a colorimeter
(MERCK Spectroquant Unk Prove 100, Merck Ltd., Darmstadt, Ger-
many). The turbidity of the water samples was assessed using a turbi-
dimeter manufactured by Hach Co. (Model 2100AN, Loveland,
Colorado, USA).
The concentrations of Al3+ in the supernatant and precipitate frac-

tions were analyzed using inductively coupled plasma optical emission
spectrometry (ICP-OES; PerkinElmer Optima 5300 DV, PerkinElmer
Inc., Shelton, Connecticut, USA). Before analysis, the precipitate frac-
tions were digested according to Baraud et al. (2020). The digested
liquid and supernatant fractions were filtered through a 0.45 μm syringe
filter to remove solid residues.
The chemical functional groups on the surfaces of the tannin stan-

dard, protein standard, and sludge after EC were determined using
attenuated total reflectance Fourier transform infrared spectroscopy
(FTIR) (Nicolet iS50, Thermo Fisher Scientific Inc., Waltham, Massa-
chusetts, USA) with a scan number of 64 over a wavenumber range of
400–4000 cm− 1 and a resolution of 4 cm− 1. Scanning electron micro-
scopy (SEM) with energy-dispersive X-ray spectrometry (EDS) (Model
JEOL JSM-IT300, Oxford Instruments Plc, Oxfordshire, UK) was used to
examine the characteristics and compositions of the dried flocs.
The electrodes’ surfaces were examined using a light microscope

(Olympus DSX1000 digital microscope; Tokyo, Japan). The electrodes’
mass was analyzed before and after the EC tests using microscope image
analysis software (PRECiV DSX, Olympus). Before analysis, the elec-
trodes were washed and dried to remove any impurities attached to the
surface.

2.7. Calculations

The electrical energy consumption was calculated as follows:

SEC=
E× I × t

V
(1)

where SEC is the specific energy consumption (kWh/m3), E is the cell
voltage (V), I is the current (A), t is the electrolysis time (h), and V is the
volume of the solution (m3).
The mass of pit electrode loss during the EC process was calculated as

follows:

MEP=
Vp

Ap
× ρ (2)

whereMEP is the mass of aluminum loss (kg/m2), VP is the volume of the
electrode pit (m3), AP is the area of the electrode pit (m2), and ρ is the
density of aluminum (2700 kg/m3).
The removal efficiency was determined by calculating the percent-

age (%) removal for each parameter using the formula (D0-Dt)/D0,
where D0 and Dt represent the initial and residual concentrations of
tannins and the hardness of the wastewater, respectively.

3. Results and discussions

3.1. Effect of organic precipitation treatment and electrode arrangement
on the electrocoagulation process for removing soluble protein-tannin
complexes

Fig. 2a shows the efficiency of tannin removal using ECwith different
electrode arrangements with and without POP. In all the setups, the EC
with POP required a significantly shorter electrolysis time than those
without POP to achieve the same tannin removal efficiency. For
example, with an MS arrangement and electrolysis time of 8 min, the
tannin removal efficiencies of EC with and without POP were 90% and
72%, respectively. The role of blood proteins in the EC of tannins has
been described previously (Khongkliang et al., 2023). The remaining
blood proteins helped form protein-tannin complexes during EC treat-
ment, resulting in decreased solubility of tannins and an increased
ability of Al3+ ions to coagulate tannins. It was also noted that the
organic precipitation treatment had a greater effect on tannin removal
efficiency than the electrode arrangement.
When comparing different electrode arrangements, the MS

arrangement provided higher tannin removal efficiencies than the OPE,
MP, and BS. For example, the tannin removal efficiencies of EC with

Fig. 2. Effects of electrode arrangement and electrolysis time on the tannin
removal: (a) tannin removal efficiency and (b) energy consumption.
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added blood protein and an electrolysis time of 8 min were approxi-
mately 90, 83, 86, and 86%with MS, OPE, MP, and BS, respectively. The
higher removal efficiency of EC with MS compared to that with OPE can
be explained by the fact that the effective area of the electrode in the MS
arrangement is larger than that of the OPE, resulting in increased
amounts of Al3+, OH− , and Al(OH)3 (Solak et al., 2009; Nugroho et al.,
2021; Al-Zghoul et al., 2023). Compared with MP, the higher removal
efficiency of EC with MS can be explained by the fact that the current is
divided between all the electrodes in theMP arrangement. In contrast, in
the MS configuration, the current passing through the electrodes is kept
constant at the expense of a higher potential difference (Bazrafshan
et al., 2015). In addition, the higher removal efficiency of the EC with
the MS than that with BS can be explained by the fact that current bypass
(or parasitic electrical currents) is likely to occur in bipolar electrode
stacks (Muthukumar et al., 2004). Similar to the results of this study,
Nasrullah et al. (2018) reported that EC with an MS arrangement was
more efficient at removing COD from POME (65%) than those with MP
(61%) and BS (56%) arrangements.

3.2. Effect of organic precipitation treatment and electrode arrangement
on energy consumption

Fig. 2b shows the energy consumption of the EC system with
different electrode arrangements with and without POP. The energy
consumption varied between 0.31 and 12.07 kW h/m3, depending on
the application of organic precipitation, electrode arrangements, and
electrolysis time. The POP not only improved the efficiency of tannin
removal but also decreased the energy consumption for the same elec-
trode arrangement and electrolysis time. With MS arrangement and 8
min electrolysis time, the tannin removal was 90 and 72%, and the
energy consumption was 2.43 and 2.87 kW h/m3 for the EC with and
without POP, respectively. The POP helped reduce the energy con-
sumption because the conductivity of the system with added blood
protein (23,500 ± 1200 μm/cm) was almost double that without added
blood protein (12,180 ± 531 μm/cm), resulting in decreased ohmic
resistance and decreased applied voltage for the same applied current
(Hakizimana et al., 2017; Kadier et al., 2022).
The electrode arrangement was found to have a greater effect on

energy consumption than organic precipitation. With POP and 8 min
electrolysis time, the energy consumption of different electrode ar-
rangements can be ranked as follows: OPE (4.01 kW h/m3) > BS (3.53
kW h/m3) > MS (2.43 kW h/m3) > MP (1.22 kW h/m3). Without POP
and 8 min electrolysis time, the energy consumption of different elec-
trode arrangements can be ranked as follows: OPE (6.04 kW h/m3) > BS
(5.99 kW h/m3) >MS (2.87 kW h/m3) >MP (1.73 kW h/m3). Reducing
energy consumption is associated with a decrease in the applied voltage
for the same electrical current. For the system with POP, the applied
voltages for OPE, BS, MS, and MP were 5.41, 4.76, 3.29, and 1.65 V,
respectively. Without POP, the applied voltage was 8.15, 8.08, 3.88, and
2.34 V for OPE, BS, MS, and MP, respectively. Similarly, Demirci et al.
(2015) reported that applied voltages of 73, 53, and 22 V were required
for EC with BS, MS, and MP arrangements to treat textile wastewater at
the same electrolysis time of 60 min and a current density of 10.4
mA/cm2. The total voltage of the MP arrangement was the lowest
because the current was divided between all the electrodes in the MP
arrangement, resulting in a lower voltage for each individual cell
compared with the other electrode arrangements (Hakizimana et al.,
2017; Ghernaout et al., 2019).

3.3. Characteristics of flocs formed during EC with and without POP
treatment

Fig. S1 shows the SEM images and EDS spectra of the flocs formed
during EC with and without POP for the same electrode configuration
(MS arrangement), fixed electrolysis time of 8 min, inter-electrode dis-
tance of 10 mm, and current density of 30 mA/cm2. Flocs from the EC

with POP appeared relatively smooth (Fig. S1a), whereas those from EC
without POP had rough surfaces and irregular shapes (Fig. S1b). A
possible explanation is that the added blood proteins that remained in
the aqueous phase helped bridge the small particles, resulting in dense
flocs. The EDS analysis revealed that the primary elements present in the
flocs were Al, Mg, O, C, Cl, K, and Na. In addition, flocs from EC with
POP had higher C and O contents because of the presence of blood
proteins (Fig. S1c). In contrast, the percentages of Al and Cl in the flocs
from EC without POP were significantly higher (4.26% and 21.34%,
respectively) than those from EC with POP (1.96% and 10.52%,
respectively). These results suggest that, without blood proteins, a
higher dose of Al is required to form flocs of approximately the same
size. In addition, the presence of Cl in the flocs suggests the formation of
cationic monomeric and polymeric aluminum hydroxides, that is, Al
(OH)+, Al(OH)2+, and Al6(OH)153+, which are favorably formed over a
relatively large pH range of 5–7.5 (Trompette and Lahitte, 2021).
Fig. S2 compares the FTIR spectra of commercial tannins, proteins,

and flocs from 400 to 4000 cm− 1. The FTIR spectra of the flocs were
similar to those of the commercial proteins and tannins. The vibrations
of the hydroxyl groups (–OH) were responsible for the broad and strong
peaks at 3351 and 3241 cm− 1. (Pantoja-Castro and Gonzalez-Rodriguez,
2011; Omwene and Kobya, 2018), whereas the peaks between 1631 and
1606 cm− 1 indicate the presence of aromatic C––C, the characteristics of
the phenolic group in tannins (Cefarin et al., 2021). The FTIR peaks
between 1585 cm− 1 and 1514 cm− 1 were due to the stretching vibration
of the C––C bonds of the phenolic aromatic ring. The peaks at 1444 cm− 1

were ascribed to the C–H bending transition of the aromatic ring, C–O
stretching, and C–OH deformation (Konai et al., 2017). The peak at
1405 cm− 1 is associated with the stretching of the C–C bonds. (Espina
et al., 2022). The FTIR spectra suggest the presence of blood proteins in
the flocs from the EC with POP. The peaks between 1647 and 1620 cm− 1

are attributed to the strong N–H bending vibration of aspartic acid (Liu
et al., 2019). Similarly, Khongkliang et al. (2023) reported that aspartic
acid is the major amino acid with the highest concentration in pig blood
protein and plays an important role in binding with tannin to form
protein-tannin complexes. Furthermore, the peaks observed at 1647
cm− 1 in the FTIR spectrum are attributed to the stretching vibration of
the C––O bond in aspartic acid, which is crucial to forming interconnected
nanoparticles (Răcuciu et al., 2022).

3.4. Pitting corrosion of aluminum electrodes subjected to EC with and
without POP

Table 1 lists the mass losses of the electrodes due to the EC process
with an electrolysis time of 8 min, an inter-electrode distance of 10 mm,
and a current density of 30 mA/cm2. The metal loss during the process
with and without POP was not significantly different (P > 0.05) but was
significantly higher than the theoretical value based on Faraday’s law.
This can be explained by the pitting corrosion, which causes additional
metal dissolution. The degree of pitting corrosion depends not only on
the applied current but also on other design and operating parameters,

Table 1
Effect of prior organic precipitation on the pitting corrosion of Al electrodes.

Al electrode
erosion

With prior organic
precipitation

Without prior
organic
precipitation

Theoretical
electrode
dissolution

Pitting mass
(kg/m2)

0.042 ± 0.003 0.048 ± 0.005 0.013

Pitting depth
(μm)

73.94 ± 12.70 38.98 ± 4.72 –

Pitting width
(μm)

176.94 ± 15.92 138.95 ± 13.06 –

Pitting
corrosion
shape

Elliptical Elliptical –
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such as the inter-electrode distance, aqueous pH, and chloride concen-
tration (Garcia-Segura et al., 2017; Changmai et al., 2019; Cruz et al.,
2019).
Fig. 3 shows a comparison of the surfaces of the spent electrodes.

Despite the comparable mass loss, the depth, width, and number of pits
(black areas in Fig. 3a and b) on the surfaces of the two electrodes were
remarkably different. The pits were lower for the spent electrode sub-
jected to EC with POP. However, an optical micrograph at 140×
magnification showed that the depth and width of the pits on the spent
electrode subjected to EC with POP were significantly greater than those
without organic precipitation (Table 1). This might be because the
aqueous pH of the EC system with POP was weakly acid with a pH of
5.30 ± 0.01 (Table 2). Acids can disrupt the passive film that protects
metal surfaces, accelerating metal dissolution, and pit formation (Chen
et al., 2016). The increase in chloride concentration in the EC system
with POP may be another factor that promotes the degree of pitting
corrosion (Wellner et al., 2018). This is because the chloride concen-
tration in the pig blood protein was as high as 18,180 mg/L, causing
increased water conductivity from 12,180 ± 531 to 23,500 ± 1200
μS/cm along with increased pitting corrosion.
The assumption for the effect of chloride concentration on pit for-

mation was tested by performing two EC experiments on the waste-
water: one with added NaCl to obtain a water conductivity of 23,517 ±

25 and the other 12,173 ± 15 μS/cm to represent the EC with and
without POP, respectively. Fig. S3 shows the pattern and size of the
corrosion pits on the electrode surface. The distribution and size of the
pits on the surface of the electrodes subjected to EC with higher NaCl
concentrations were the same as those subjected to EC with POP. The
distribution and size of the pits on the surface of the electrode subjected
to EC with lower NaCl concentration were similar to those subjected to
EC without POP. Similar to this study, Wint et al. (2019) investigated the
effect of NaCl concentrations in the 10–1000 mg/L range on the size and
distribution of pits on Al electrodes. They found that when the NaCl
concentration increased from 10 to 100 and 1000 mg/L, the pit size
increased, whereas the pits decreased. In contrast, the pit size decreased,
whereas the number of pits increased with decreasing NaCl

concentration. An increase in pits caused the electrode surface to
become rougher, potentially decreasing the efficiency of the EC process.
Chen et al. (2000) suggested that the rough surface of an electrode
associated with a high number of pits makes it more difficult to generate
small bubbles, resulting in decreased efficiency in removing both sus-
pended and dissolved solids. Therefore, the lower number of pits asso-
ciated with the EC with POP could benefit the sustainability of the
combined process.

3.5. Effect of prior organic precipitation on aluminum distribution

Fig. 4 shows the concentrations of Al in the precipitate and super-
natant fractions from the EC process with an inter-electrode distance of
10 mm, current density of 30 mA/cm2, electrolysis time between 0 and
16 min, and with and without POP. Compared with the EC without POP,
both the precipitate and supernatant fractions from the EC process with
POP had lower Al contents. Table 2 lists the mass balance of Al and its
distribution in precipitate and supernatant fractions. The Al input was
42.02 ± 3.01 g and 47.95 ± 5.22 g for the EC with and without POP,
respectively. With POP, more than 99% of the Al input (41.68 ± 4.50 g)
of Al ended up in the precipitate fraction, whereas less than 1% (0.39 ±

0.03 g) was accumulated in the supernatant fraction. Without POP,
about 95% of the Al input (45.56 ± 0.13 g) was accumulated in the
precipitate fraction and 3% (1.16 ± 0.05 g) in the supernatant fraction.
These results suggest that the added protein helped increase the inter-
action between the protein-tannin complex and aluminum ions, result-
ing in higher aluminum accumulation in the precipitate fraction. In
addition, the aqueous concentration of Al was lower for the EC with POP
because the aqueous pH (pH 5.30 ± 0.07 for the EC with POP and pH
6.50± 0.01 for the EC without POP) was closer to the pH range in which
aluminum has a minimum solubility (pH 5.5–6.0) (World Health
Organisation, 1998). However, the aluminum concentration in the su-
pernatant was higher than the standard value for drinking water, 0.20
mg/L (Aly et al., 2014), and should be reduced before discharge to the
environment.

Fig. 3. Light microscope images of electrode surface after electrocoagulation with a fixed current density of 30 mA/cm2, inter-electrode distance of 10 mm, and
electrolysis time of 8 min: (a) with and (b) without prior organic precipitation.
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3.6. Comparative hardness removal of wastewater with and without prior
organic precipitation

Fig. S4 shows the hardness removal as a function of the Na2CO3 dose
from EC-treated wastewater with and without POP treatment. With POP
treatment, the hardness removal rates were 41.1% and 66.5% at Na2CO3
doses of 10 and 300 g/L, respectively. Without POP treatment, the
hardness removal was only 19.5–56.3%. In both cases, an increase in the
Na2CO3 dose from 50 to >100 mg/L only slightly increased hardness
removal. This was because the high Na2CO3 dose caused the pH to rise
above 10, which hindered the precipitation of Mg and Ca (O’Connor
et al., 2009).
Fig. S5 shows the hardness removal as a function of ion-exchange

resin dosage from EC-treated wastewater with and without POP treat-
ment. For an ion-exchange resin dosage of 10–100 g/L, the hardness
removal was in the range of 27.3–89.3% and 24.6–91.2% with and
without POP treatment, respectively. Increasing the ion-exchange resin
dosage from 100 to 150, 200, 250, and 300 g/L further increased the
hardness removal to >90% in both cases. Fig. 5 shows the effect of the
contact time on the hardness removal performance of the ion-exchange
resin. With POP treatment, an increase in the contact time from 3 to 5
min increased the hardness removal efficiency from 62.2 to 96.7% and
decreased the residual hardness from 432.5 ± 17.7 to 38.8 ± 1.8 mg-
CaCO3/L. With an extended contact time of 10–15 min, the hardness
removal efficiency increased to 99.7% with a residual hardness of 3.8 ±
1.8 mg-CaCO3/L. Without the POP treatment, the hardness removal
efficiency at a contact time of less than 5 min was significantly lower
than that of the POP treatment. When the contact time was extended
from 3 to 5 min, the hardness removal increased from 25.1% to 86.3%.
When the contact time was increased to 15 min, the hardness removal
efficiency increased to 99.6% with a residual hardness of 6.3 ± 1.8 mg-
CaCO3/L (Fig. 5b).
The removal of hardness from EC-treated wastewater, both with and

without POP treatment, was more successful than that from ground-
water. Apell and Boyer (2010) reported removing 54% of hardness from

groundwater using the MIEX-Na cation exchange resins with a contact
time of 50 min. They achieved a reduction in hardness from 275 to 127
mg-CaCO3/L. Compared to the hardness removal by CaCO3 and MgCO3
precipitation, there was a small difference in the hardness removal from
EC-treated wastewater with and without POP treatment when using the
ion-exchange resin. This is because the binding preference of the
styrene-divinylbenzene resins for calcium and magnesium ions over
sodium and potassium ions was due to the charges of the ions (Moran,
2018; Al-Asheh and Aidan, 2021; Dzyazko, 2023).

3.7. Comparative reverse osmosis treatment of secondary effluent with
and without POP

This section referred to the wastewater treated with EC and an ion-
exchange resin as the secondary effluent. Fig. 6 shows the residual
concentrations of tannins, COD, hardness, and color of the secondary
effluent as a function of the RO membrane filtration treatment time.
With POP, the permeate flux was 5.07± 0.41 L/m2 h, the permeate flow
rate was 1.98 L/h, and the concentrate was rejected at a rate of 3.49 L/h
(Fig. S6), corresponding to an overall water recovery rate of 36.1%.
Compared with the secondary effluent treated with organic precipita-
tion, the concentrate flow of the secondary effluent without POP was
higher at 4.56 L/h. In contrast, the permeate flow and overall water
recovery were significantly reduced to 0.97 L/h and 17.6% (Fig. S6). In
addition, the TMP in the cross-flow mode of the RO membrane module
without POP (2.89–2.93 bar) was higher than that with POP (2.48–2.52
bar) (Fig. S7). An explanation for this is that the secondary effluent

Table 2
Mass balance of aluminum.

Conditions Mass loss of Al electrode (g)a Distribution of Alb Balance of Al % Error

Amount of Al in precipitate fraction
(g)

Amount of Al in supernatant fraction
(g)

With prior organic precipitation 42.02 ± 3.01 41.68 ± 4.50 0.39 ± 0.03 0.05 0.12
Without prior organic
precipitation

47.95 ± 5.22 45.56 ± 0.13 1.16 ± 0.05 − 1.26 2.64

Note: a,b Data were obtained from an image analysis and ICP-OES as described in Section 2.6.1.

Fig. 4. Al3+ concentrations in the supernatant and precipitate fractions after
electrocoagulation with and without prior organic precipitation with a fixed
current density of 30 mA/cm2, an inter-electrode distance of 10 mm, and
electrolysis time of 4–16 min.

Fig. 5. Effects of empty bed contact time on the hardness removal with the ion
exchange resin: (a) with and (b) without prior organic precipitation.
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without POP contained a higher concentration of soluble tannins, which
could have led to a higher rate of fouling layer accumulation and higher
mass transfer resistance to water permeation. Yang et al. (2021) re-
ported that cake formation is the main pore-blocking mechanism during
ultrafiltration of tannin wastewater. In addition to the higher permeate
flow, RO treatment of the secondary effluent with POP could remove
more tannins, COD, and color with removal efficiencies of 84.5, 75.1,
and 45.9%, respectively. These results imply that the efficiency of the
RO system depends on the degree of membrane fouling, which is likely
to be higher for secondary effluents without POP.
Table 3 compares the properties of the permeate flow with and

without POP. The color and COD of the treated wastewater with POP
followed the criteria specified by the Thailand Ministry of Industry that
regulated the color of water for industrial boilers to be < 300 ADMI,
COD <120 mg/L, water hardness <10 mg-CaCO3/L and pH in the range
of 5.5–9.0 (Ministry of Industry, 2006, 2017). In contrast, the color and
COD of the treated wastewater without POP (1312.25 ± 57.42 ADMI
and 370.74 ± 31.21 mg/L) were higher than the control values. The
water hardness of the treated wastewater with POP was substantially
reduced from 1150.25 ± 7.32 to 4.58 ± 0.77 mg-CaCO3/L by the
ion-exchange resin with 10 min contact time and further to 0.71 ± 0.29

mg-CaCO3/L by RO membrane filtration treatment. Without POP, the
water hardness of the treated wastewater was reduced from 1528.94 ±

4.53 to 6.50 ± 0.97 mg-CaCO3/L by the ion-exchange resin with 15 min
contact time. Furthermore, the subsequent RO membrane filtration
treatment only marginally decreased the water hardness.
The optimal operating parameters for each unit in the combined

process were as follows: a protein-to-tannin ratio of 0.33 (w/w) and pH
5.0 for the organic precipitation, an MS arrangement, an electrolysis
time of 8 min, pH 5, an inter-electrode distance of 10 mm, and a current
density of 30 mA/cm2 for the EC operation, 10 min contact time for the
operation of ion-exchange resin, and a feed flux of 5.1 L/m2 h and a
driving pressure of 252 kPa for the RO membrane filtration. The COD
removal of the combined process was higher than the removal efficiency
obtained from a series of treatments consisting of a membrane biore-
actor, ultrafiltration, and an RO membrane, as reported by Loh et al.
(2013). In their study, the initial and final COD values and the COD
removal were 2523 and 701 mg/L and 72%, respectively, whereas, in
this study, the initial and final COD values and the COD removal were
6104 and 88 mg/L and 98.6%, respectively.

3.8. Cost analysis

Table S1 estimates the operating costs for the combined process,
including power consumption and chemical costs. For the first stage of
organic precipitation, the estimated cost was 25.57 USD/m3 for pig
blood protein, 3 M HCl, and electricity costs. For the EC unit, the main
expense was the electricity cost of 21.54 USD/m3. The main expense for
the ion exchange resin process was the NaCl reagent and electricity costs
of 17.99 USD/m3. For the final stage of RO membrane filtration, the
electricity cost was 8.49 USD/m3. The total operational cost of the
combined treatment process amounted to 73.59 USD/m3.
The organic precipitation cost was relatively high compared to the

existing advanced oxidation treatment, e.g., ozonation. The operating
cost of ozonation was estimated to be 0.0031 USD/m3 based on the
value of 0.2 g O3/m3 POME (Krishnan et al., 2023) and the value of 250
g O3/1.9 kW h (Watcharasuwanseree and Phalakornkule, 2020).
Nevertheless, tannins were not valued because the ozone treatment
caused the deterioration of tannins. The revenue from the harvested
crude tannin-protein complexes, a valuable by-product of the treatment
process, can be as high as 260.32 USD/m3, resulting in a substantial net
profit of 186.73 USD/m3. This preliminary economic study demon-
strated the combined treatment process’s sustainability by highlighting
its resource efficiency and offsetting its operational expenses with a
sizable revenue generated.

4. Conclusion

This study investigated the effectiveness of the combined process of
organic precipitation with blood proteins, EC, ion exchange resin, and
RO in series in treating anaerobically-treated POME for water recycling
and tannin harvesting. In the context of wastewater treatment, placing
the organic precipitation in front of the conventional secondary treat-
ment increased the efficiency of each treatment. With POP, the effi-
ciency of the EC treatment in reducing the concentrations of tannin,
COD, and color was higher. That is, using EC with an optimal configu-
ration (an MS arrangement, an electrolysis time of 8 min, pH 5, an inter-
electrode distance of 10 mm, and a current density of 30 mA/cm2), the
concentration of tannin, COD, and color in the anaerobically-treated
POME effluent decreased from 545.25 ± 13.10 mg/L, 6104.53 ±

89.60 mg/L, and 9630.01± 253.57 ADMI to 23.26± 2.18 mg/L, 368.65
± 12.09 mg/L, and 355.33 ± 4.62 ADMI (with POP) and to 55.37 ±

1.36 mg/L, 671.50 ± 8.06 mg/L, and 1563.33 ± 5.77 ADMI (without
POP). The water hardness of the treated wastewater with POP was
substantially reduced from 1150.25 ± 7.32 to 4.58 ± 0.77 mg-CaCO3/L
by the ion-exchange resin with 10 min contact time. In contrast, without
POP, it was necessary to use an ion-exchange resin treatment in series

Fig. 6. Properties of wastewater after RO treatment: (a) tannin concentration,
(b) COD concentration, (c) hardness concentration, and (d) color. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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with RO membrane filtration to reduce the water hardness to <10 mg-
CaCO3/L. With POP, the properties of the treated wastewater followed
the criteria specified by the Thailand Ministry of Industry for industrial
boilers. In the context of waste valorization, the harvested tannin in the
form of tannin-protein complexes is a potential value by-product.
Further research should evaluate the integrated treatment technique
on a pilot scale, and a more thorough investigation of electrode
passivation-a significant issue in EC- is warranted.
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Răcuciu, M., Barbu-Tudoran, L., Oancea, S., Drăghici, O., Morosanu, C., Grigoras, M.,
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Abstract
Palm oil mill effluent (POME), wastewater generated from palm oil production, is known for its extremely high chemical 
oxygen demand and brownish color. Anaerobic digestion is the primary treatment method for POME in the palm oil industry; 
however, anaerobically treated POME has high concentrations of residual contaminants and color intensity. This study 
proposes an approach to treat anaerobically-treated POME in recycled water for industrial applications by integrating 
preliminary organic precipitation, electrocoagulation, and electrooxidation (EO). The EO process was optimized in terms 
of the current density, electrolysis time, electrode arrangement, and feed flow rate. At a current density of 60 mA/cm2 and 
an electrolysis time of 9 min, the EO process with a graphite anode and stainless-steel cathode in the monopolar electrode 
configuration reduced the phenolic concentration and color in the preliminary-treated POME from 8.95 mg/L and 317.19 
ADMI to 0.25 mg/L and 26.10 ADMI, respectively. Additionally, the EO process exhibited a 92.26% efficiency in lowering 
the ammonium-nitrogen content.

Keywords  Palm oil mill effluent · Anaerobically-treated POME · Organic precipitation · Electrocoagulation · 
Electrooxidation · Electrode configurations
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Abbreviations
POME	� Palm oil mill effluent
EC	� Electrocoagulation
EO	� Electrooxidation
POP	� Prior organic precipitation
POP-EC-EO-treated POME	� Prior organic precipitation–

electrocoagulation–
electrooxidation-treated 
POME

EC-EO- treated POME	� Electrocoagulation–
electrooxidation-treated 
POME

ADMI	� American dye manufacturers 
institute

COD	� Chemical oxygen demand
AD	� Anaerobic digestion
BSA	� Bovine serum albumin
MP	� Monopolar-parallel
MS	� Monopolar-series
BS	� Bipolar-series

Introduction

Over a million metric tons of palm oil and its products are 
consumed and utilized annually in thousands of corporate 
supply chains (Murphy et al. 2021). However, the palm 
oil production process generates a substantial volume 
of wastewater known as palm oil mill effluent (POME), 
characterized by high chemical oxygen demand (COD), 
brownish color, and acidic pH. (Khongkliang et al. 2019; 
Khemkhao et  al. 2022). Most palm oil mills employ 
anaerobic digestion (AD) as the primary treatment to convert 
POME's biodegradable portions to methane for energy 
generation and COD reduction. However, ammonium, 
tannins, and phenolic chemicals are barely removed by AD, 
resulting in residual COD in anaerobically-treated POME of 
approximately 5000–6000 mg/L (Khongkliang et al. 2023) 
and ammonia–nitrogen of approximately 200–350 mg/L 
(Zahrim et al. 2014; Khongkliang et al. 2023). Furthermore, 
anaerobically-treated POME has a brownish color due to 
the presence of plant constituents such as lignin, tannin, 
humic and fulvic acid, and phenolic compounds (caffeic, 
ferulic, gallic, protocatechuic, p-coumaric, syringic, 
4-hydroxybenzoic, and 4-hydroxyl phenylacetic acids) 
(Edem 2002; Zahrim et al. 2009; Kongnoo et al. 2012).

Secondary treatments for removing plant constituents 
in POME have been proposed using various techniques 
such as coagulation/flocculation (Zahrim et  al. 2014; 
Khongkliang et al. 2023; Aryanti et al. 2024), flotation (Poh 
et al. 2014), membrane processes (Tan et al. 2017; Aryanti 
et al. 2024), Fenton processes (Taha and Ibrahim 2014), 
and photocatalysis (Alhaji et al. 2016). Various coagulants 

have been studied for the coagulation/flocculation process, 
including calcium lactate (Zahrim et al. 2014), blood protein 
(Khongkliang et al. 2023), Moringa Oleifera extract (Yap 
et al. 2021), and polyhydroxide and polyhydroxy metallic 
compounds produced in situ from iron and aluminum anodes 
by electrocoagulation (EC) (Saad et al. 2022). However, 
additional operating costs often hinder secondary treatment 
of anaerobically-treated POME. This has prompted 
increased attention to waste valorization when dealing with 
anaerobically-treated POME. In a recent study, Khongkliang 
et al. (2023) proposed an economically feasible approach 
that integrates protein-tannin complexation and EC at pH 
5 to harvest plant constituents from anaerobically-treated 
POME effluents and improve the quality of the treated 
wastewater. One advantage of an operating pH of 5 is 
that it helps postpone the onset of electrode passivation, 
which is a significant obstacle to the implementation of 
EC (Al-Qodah et al. 2024). This is because the low pH 
environment effectively inhibits the formation of surface 
layers (Ingelsson et al. 2020). In addition, the proteins in 
pig blood can form complexes with condensed tannins via 
hydrogen bonds, hydrophobic interactions, and covalent 
bonds between the amino acids in the protein and the 
hydroxyl and phenolic groups in the tannins (Girard et al. 
2018; Pizzi 2021), resulting in the simultaneous harvesting 
of tannins and > 90% removal of COD and color. The 
tannins harvested by the protein–tannin complexation 
method could be further utilized as animal food additives 
and nutraceuticals for pets. In addition, the quality of the 
treated POME can be further improved using subsequent 
EC, which precipitates highly soluble plant constituents. 
As a result, the secondary-treated POME has a remaining 
ammonia–nitrogen of approximately 23–27 mg/L, a color 
of approximately 700–800 Pt–Co, and a yellowish color 
owing to the presence of a residual tannin concentration of 
approximately 30–40 mg/L. The properties did not meet the 
criteria specified by the Thailand Ministry of Industry that 
regulated the color of water for industrial effluent to be < 300 
ADMI, COD < 120 mg/L, phenolic compound < 1 mg/L, and 
pH in the range of 5.5–9.0 (Ministry of Industry 2017).

Due to the presence of residual ammonia–nitrogen 
(NH3–N) in the secondary-treated POME, discharge of 
the secondary-treated POME to the environment can 
cause nitrogen deposits, which have a direct effect on soil 
acidification and vegetation (Bashir et al. 2016; Jefferson 
et al. 2016). Furthermore, the color of the secondary-treated 
POME might cause public resistance to recycled water for 
industrial applications. Thus, removing ammonia–nitrogen 
and decolorizing secondary-treated POME is an essential 
step toward water recycling in the palm oil industry. The 
application of electrooxidation (EO) in the decolorization 
of various types of wastewater is well documented: tannery 
wastewater (Rao et  al. 2001), ammonium-containing 
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wastewater (Zöllig et al. 2015), textile wastewater (Kaur 
et al. 2018; Gilpavas et al. 2020), and phenolic wastewater 
(Kiss et al. 2023; Pu et al. 2023; Đuričić et al. 2023). In 
addition, the EO of ammonium-containing water generates 
strong oxidizing agents in  situ (hypochlorite, nitrogen 
oxide radicals, and ozone), causing color reduction and the 
oxidation of ammonium ions into N2 and large phenolic 
compounds into small molecules (Rao et al. 2001). However, 
to our knowledge, no studies have reported the application 
of EO in refining the quality of treated POME.

This study investigated the simultaneous reduction of 
ammonia–nitrogen and decolorization of secondary-treated 
POME using EO. Specifically, the effects of secondary 
treatment (EC alone and organic precipitation followed 
by EC), electrode configuration of an EO reactor with a 
graphite anode (monopolar in series, monopolar in parallel, 
and bipolar), and feed flow rates on the efficiency of EO 
in removing residual tannins and ammonia–nitrogen, 
decolorization efficiency, and energy consumption were 
examined.

Materials and methods

Raw materials

Wastewater samples were collected from the effluent 
discharge point of an anaerobic cover lagoon at Suksomboon 
Vegetable Oil Co., Ltd., Chonburi, Thailand. These 
samples, labeled "anaerobically-treated POME," were 
kept at 4  °C before usage. The anaerobically-treated 
POME had a concentration of phenolic compounds of 
224.46 ± 13.17  mg/L, total chemical oxygen demand 
(tCOD) of 5440.80 ± 78.40  mg/L, pH of 8.32 ± 0.06, 
NH3-N concentration of 37.98  mg/L, and color of 
13,337.5 ± 1178.60 ADMI. Additionally, pig blood was 
collected from a slaughterhouse to prepare a stock solution 
containing 11,297 ± 79 mg/L of stable protein, which was 
kept at 4 °C.

Gallotannin was purchased from HiMedia Laboratories 
Pvt. Ltd. (Mumbai, India). Standard solutions of gallotannin 
(phenolic compounds) were prepared at five different 
concentrations (2.5, 5, 10, 20, and 30  µg/mL). Bovine 
serum albumin (BSA) was purchased from Sigma–Aldrich 
(St. Louis, Missouri, USA). The BSA standard solutions 
were prepared with eleven different concentrations ranging 
from 0.5 to 10 g/L according to Martina and Vojtech (2015). 
Ammonium chloride (NH4Cl, AR grade) was purchased 
from Elago Enterprises Pty. Ltd. (New South Wales, 
Australia). The NH3-N standard solutions were prepared at 
five different concentrations ranging from 0.25 to 2 mg/L 
according to Le and Boyd (2012).

Preliminary treatment using organic precipitation 
in series with electrocoagulation

The anaerobically treated POME was transferred to a 2000-
mL beaker with a working capacity of 1660 mL. The pig 
blood solution was added to the anaerobically treated POME 
at a tannin-to-protein ratio of 0.33 (w/w), and the pH of the 
mixture was adjusted to 5.0 ± 0.2. The mixture was stirred 
for 3 min at 150 rpm and 5 min at 60 rpm, then allowed 
to settle for 15 min. The supernatants were collected for 
subsequent treatment and referred to as POP-treated POME.

Two types of wastewater were treated with EC: (1) 
POP-treated POME, and (2) anaerobically-treated POME 
without organic precipitation. The EC process was 
conducted in a 700 mL acrylic reactor, assembled with 
four Al electrodes in the monopolar parallel  electrode 
connection mode. Each electrode had a surface area of 
100 cm2 (10 cm × 5 cm × 0.2 cm) and was placed 10 mm 
apart. Each electrode was linked to a direct current (DC) 
electricity source with a maximum current capacity of 30 
A and an output electrical power of 15 V. The EC reactor 
was filled with 620 mL of wastewater, and the reaction was 
initiated by supplying an electrical current to the electrodes 
at a fixed current density of 30 mA/cm2 for 10 min. After 
the allotted EC period, the system was left to settle at 
ambient room temperature (298–303 K) for 15 min, and 
the supernatant was collected for subsequent treatment and 
chemical analysis. The supernatants from the EC treatment 
of POP-treated POME and anaerobically-treated POME 
are referred to as POP-EC-treated POME and EC-treated 
POME, respectively. Before and after each experiment, all 
the electrodes were cleaned with piped water, immersed in 
2.5% HCl (v/v) for at least 5 min, and rinsed with DI water.

Electrooxidation reactor setup with different 
electrode arrangements

POP-EC-treated POME and EC-treated POME wastewater 
samples were further treated with EO. The EO process 
was conducted in a 910 mL acrylic reactor with a graphite 
anode and a stainless-steel cathode. Figure 1 shows the 
reactor configuration with the water inlet, outlet, and 
electrodes. Each electrode had a total surface area of 260 
cm2 (10 cm × 13 cm × 0.1 cm) and was placed 10 mm apart. 
Three electrode configurations were investigated: monopolar 
in parallel (MP), monopolar in series (MS), and bipolar 
in series (BS). The electrodes were connected to a DC 
electricity source with a maximum current capacity of 30 A 
and a maximum output electrical voltage of 15 V.

The EO reactor was filled with 750 mL of each wastewater 
sample. The reaction was initiated by supplying an electrical 
current to the electrodes at specified current densities (20, 
30, 40, 50, 60, or 70 mA/cm2) and electrolysis times (3, 
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6, 9, 12, 15, 18, or 21 min). Wastewater was circulated 
in the reactor at a specified flow rate (80, 100, 120, 140, 
or 160 mL/min) until the total hydraulic retention time 
reached the specified electrolysis time. After the allotted 
EO period, the system was left to settle at ambient room 
temperature (298–303 K) for 15 min, and the supernatant 
was collected for chemical analysis. The supernatants from 
the EO treatment of POP-EC-treated POME and EC-treated 
POME are referred to as POP-EC-EO-treated POME and 
EC-EO-treated POME, respectively.

Analytical method

Aqueous pH was measured using a pH meter (Model 
LAQUA-PH2000, Horiba Advanced Techno Co. Ltd., 
Kyoto, Japan). The phenolic compound content was 
measured using a standard colorimetric method (APHA 
et al. 2012). The NH3-N content was measured using the 
salicylate method described by Le and Boyd (2012).

Calibration curves of light absorbance as a function of the 
concentrations of the standard phenolic compounds, BSA, 
and NH3-N were obtained using a visible spectrophotometer 
(Model V-1100D, Shanghai Mapada Instruments Co. Ltd., 
Shanghai, China) at wavelengths of 700, 540, and 640 nm, 
respectively. The concentrations of phenolic compounds 
(expressed as phenolic compound equivalents), proteins 
(expressed as protein equivalents), and NH3-N (expressed as 
NH3-N equivalents) in the liquid samples were determined 
from the calibration curves using linear interpolation of 
light absorbance readings. The colors of the wastewater 
and treated water samples were assessed in American Dye 
Manufacturers Institute (ADMI) units using a colorimeter 

according to the manufacturer's instructions (MERCK 
Spectroquant Unk Prove 100, Merck Ltd., Darmstadt, 
Germany).

The output voltages and currents were monitored using 
a digital multimeter (Model XL830L, Shenzhen Ruizh 
Industrial Co. Ltd., Guangdong, China).

The chemicals in POP-EC-treated and POP-EC-EO-
treated POME were analyzed using a gas chromatography-
mass spectrometer (GC–MS, QP2020 NX series, 
Shimadzu Co., Kyoto, Japan) equipped with an Rxi-5Sil 
MS capillary column (30 m × 0.25 mm ID × 0.25 μm df). 
The splitless injection was performed at a ratio of 1:10, and 
the injection temperature was maintained at 280 °C. The 
column temperature was increased from 50 to 300 °C at a 
rate of 10 °C/min. Helium was the carrier gas at a constant 
flow rate of 3 mL/min. The mass spectrometer was operated 
in the electronic-impact mode with an ionization energy of 
70 eV. The detection was performed in the full scan mode 
from 35 to 500 m/z.

Calculations

The electrical energy consumption was calculated as follows:

where SEC is the specific energy consumption (kWh/m3), E 
is the cell voltage (V), V is the volume of treated water (m3), 
t is the electrolysis time (s), and I is the current (A).

The boundary layer thickness, which represents the film 
layer on a smooth plate under laminar flow conditions, was 
calculated using the Blasius equation:

(1)SEC =
E × I × t

V

Fig. 1   Schematic configuration of the electrooxidation reactor
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where δ is the boundary layer thickness (cm), Re
x
 is 

Reynolds number, ν is the kinematic viscosity (m2/s), U
∞

 is 
the liquid upstream velocity (m/s), and x is the distance from 
the edge of the electrode (cm) along the horizontal axis.

The removal efficiency was determined by calculating 
the percentage (%) removal for each parameter using the 
formula (D0–Dt)/D0, where D0 and Dt represent the initial 
and residual concentrations of phenolic compounds, color, 
and NH3-N in the wastewater, respectively.

Results and discussion

Effect of preliminary treatment with organic 
precipitation on the removal of color and phenolic 
compounds by electrooxidation

Figure 2 shows the removal efficiency of color and (poly)
phenolic compounds from two wastewater samples (POP-
EC-treated POME and EC-treated POME) using EO with 
an MP configuration at an electrolysis time of 12 min and 
current density between 20 and 70 mA/cm2. The POP-EC-
treated POME wastewater samples had lower initial phenolic 
compound concentrations in the range 7.64–11.12 mg/L, 
and the removal efficiency of phenolic compounds by EO 
in this wastewater was almost 100% at a current density of 
60 mA/cm2 (Fig. 2a). In contrast, the EC-treated POME 
wastewater samples had higher initial phenolic compound 
concentrations in the range 30.14–36.46  mg/L. They 
required a higher current density of 70 mA/cm2 to reach 
96.99% removal of phenolic compounds and a residual 
phenolic compound concentration of 1.09 mg/L (Fig. 2b). 
EO oxidizes phenolic compounds to simpler compounds 
through both direct and indirect oxidation mechanisms 
(Saputera et al. 2021). In the direct oxidation mechanism, 
phenolic compounds diffuse through the mass-transfer 
boundary layer and are oxidized at the anodic surface by 
radicals such as ⋅O, ⋅OH, and ⋅Cl. In the indirect oxidation 
mechanism, relatively stable oxidants such as active chlorine 
species are generated at the electrodes and diffuse across the 
boundary layer to the bulk liquid, where they are transferred 
by mass convection to react with complex phenolic 
compounds (Rao et al. 2001; Serrano 2018). These results 
suggest that preliminary organic precipitation substantially 
boosts the removal efficiency of phenolic compounds by EO, 
possibly by eliminating condensed tannins, thus lowering the 

(2)� =
5x

√

Re
x

(3)Re
x
=

U
∞
x

v

interference of large tannin molecules on the mass transfer 
of active species and interactions between active species and 
phenolic compounds.

The effect of preliminary organic precipitation on 
color removal was similar to that on phenolic compound 
removal. Figure 2c shows the efficiency of color removal 
using EO in POP-EC-treated POME wastewater with initial 
color concentrations in the 347.12–393.04 ADMI range. 
The EO treatment of the wastewater caused a significant 
reduction in the color concentrations from above 300 ADMI 
to 104.10 ADMI (70% color reduction) using a current 
density of 20 mA/cm2 and to 4.85 ADMI (98.61% color 
reduction) using a current density of 70 mA/cm2 (Fig. 2c). 
In contrast, the wastewater samples without preliminary 
organic precipitation had higher initial color concentrations 
in the range of 546.50–569.50 ADMI and required a higher 
current density of 70 mA/cm2 to reach a color removal 
of 70.57% and a residual color concentration of 160.82 
ADMI (Fig. 2d). The results showed that EO was effective 
in removing color caused by phenolic plant constituents, 
particularly when current densities > 60  mA/cm2 were 
applied to the wastewater samples with preliminary organic 
precipitation.

Effect of electrode configurations and current 
density on the removal of color and phenolic 
compounds by electrooxidation

As established in section "Effect of preliminary treatment 
with organic precipitation on the removal of color and 
phenolic compounds by electrooxidation", preliminary 
organic precipitation improves the efficiency of the EO 
process; therefore, further investigations in this study will be 
performed on POP-EC-treated POME wastewater samples. 
Figures 3 and 4 show the removal efficiencies of phenolic 
compounds and color from POP-EC-treated POME using EO 
with different electrode configurations (MP, MS, and BS), 
current densities (20–70 mA/cm2), and electrolysis times 
(0–21 min). For all electrode configurations, increasing 
the current density increased the phenolic compound 
removal efficiency and color. Zhang et al. (2011) reported 
that using higher current densities during the EO process 
led to increased chlorine generation, which increased the 
reaction rates and extent of indirect oxidation. Moreover, 
the increased current density accelerates the electron transfer 
rate, thereby facilitating the direct oxidation of organic 
pollutants (Zhou et al. 2016).

Regarding the total elimination of phenolic compounds 
at lower electrolysis times and current densities, the EO 
process with the MP configuration performed better than 
those with the MS and BS configurations. The removal 
efficiency of phenolic compounds by the EO process with 
the MP configuration was 98.01% at a current density of 
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Fig. 2   Removal of phenolic 
compounds and color by EO: a 
removal of phenolic compounds 
from POP-EC-treated POME; b 
removal of phenolic compounds 
from EC-treated POME; c 
removal of color from POP-EC-
treated POME; d removal of 
color from EC-treated POME
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60 mA/cm2 and an electrolysis time of 9 min (Fig. 3a). In 
contrast, under these operating conditions, the removal 
efficiencies of phenolic compounds were only 40.24% and 
59.19% in the MS and BS configurations, respectively. A 
current density of 70 mA/cm2 and an electrolysis time of 
15 min was required for the EO process with the MS and 
BS configurations to achieve removal efficiencies of 96.34% 
and 83.45%, respectively (Fig. 3b, c). The superior removal 
efficiency of phenolic compounds in the MP configuration 
might be attributed to its relatively uniform electric field 
compared with those associated with the MS and BS 
configurations. The more uniform the electric field, the more 
stable the generation of radicals and oxidizing agents and, 
therefore, the higher the reaction efficiency (Nava and de 
León 2018; Reza and Chen 2022).

The EO process with the MP configuration also 
performed better for color removal than those with the 
MS and BS configurations. For example, at an electrolysis 
time of 9 min and a current density of 60 mA/cm2, the 
efficiencies of color removal were 93.10%, 57.64%, 
and 18.83% for the MP, MS, and BS configurations, 
respectively (Fig.  4a–c). In addition, with the MP 
configuration, a current density above 50 mA/cm2, and 
an electrolysis time ≥ 15 min, the color was completely 
removed (100% removal efficiency). The treated POME 
wastewater samples became transparent, revealing very 
low concentrations of light-absorbing substances (Fig. 5).

Fig. 3   Removal of phenolic 
compounds from POP-
EC-treated POME by EO 
with different electrode 
arrangements: a MP; b MS, and 
c BS
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Effect of electrode configurations on energy 
consumption in the electrooxidation process

Figure 6 shows the energy consumption of the EO process 
with the MP, MS, and BS configurations. The energy 
consumption by the EO process varied greatly from 
0.39 to 21.80 kWh/m3, depending on the current density 
(20–70 mA/cm2), electrolysis time (3–21 min), and electrode 
configuration (MP, MS, and BS configurations). In the MP 
configuration, the current is divided between the electrodes, 
whereas in the MS and BS configurations, the current 
passing through each electrode pair is kept constant. In this 
study, we kept the current passing each electrode pair in 
all configurations at 2.4 A, and the total current in the MP 

configuration was 7.2 A. For the same electrolysis time and 
current density, the energy consumption of the EO with the 
MP configuration was slightly higher than those with BS 
and MS configurations. For example, with a current density 
of 60 mA/cm2 and an electrolysis time of 9 min, the ranking 
order of energy consumptions was: MP (4.81 kWh/m3) > BS 
(4.78 kWh/m3) > MS (3.89 kWh/m3). Energy consumption 
was directly proportional to the applied voltage: 4.81 V for 
the MP, 4.78 V for BS, and 3.89 V for MS.

The electrode configuration had a greater effect on the 
removal of phenolic compounds and color than on the 
reduction in energy consumption. Considering the removal 
efficiency of the phenolic compounds, the EO process 
with the MP configuration resulted in a removal efficiency 

Fig. 4   Removal of color from 
POP-EC-treated POME by 
EO with different electrode 
arrangements: a MP; b MS, and 
c BS
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of 98.01% at the lowest current density (60  mA/cm2), 
electrolysis time (9 min), and energy consumption (6.93 
kWh/m3). With the MS and BS configurations, the removal 
efficiencies of the phenolic compounds were 96.34% and 
83.45%, respectively, with a current density of 70 mA/cm2, 
electrolysis time of 15 min, and energy consumption of 
14.00 and 11.70 kWh/m3, respectively.

Effect of feed flow rates on the removal of phenolic 
compounds, ammonium‑nitrogen, and color 
by electrooxidation

To examine the effects of feed flow rate on the removal of 
phenolic compounds, ammonium, and color, the feed flow 
was adjusted to rates between 80 mL/min (equivalent to a 
fluid velocity of 0.0017 m/s) and 160 mL/min (0.0033 m/s), 
the current density was fixed at 60  mA/cm2, and the 
hydraulic retention time was maintained at an optimal 
electrolysis time of 9 min. Figure 7a shows the energy 
consumption and color removal in the EO process at feed 
flow rates of 80, 100, 120, 140, and 160 mL/min. The 
results show that varying the feed flow rates between 80 and 
160 mL/min caused only small changes in the color removal 
efficiencies (in the range 98.02–100%). However, the feed 
flow rates had a profound effect on energy consumption, 
showing the lowest energy consumption of 3.12 kWh/m3 at 
the lowest flow rate of 80 mL/min and the highest energy 
consumption of 9.22 kWh/m3 at 160 mL/min. It should be 
noted that the direction of water flow was normal to the 
transport of charged species across the electrodes. Therefore, 
as the water flowed faster, the charged species traveled along 
longer paths across the electrodes due to the transverse 
liquid motion, thus increasing the electrical resistance.

Figure 7b shows the relationship between the removal 
efficiency of phenolic compounds, the thickness of the 

boundary layer developed in the vicinity of the electrodes 
as calculated by the Blasius equation with x = 0.25 cm, and 
the water velocity. There was a relatively large variation in 
the removal efficiency of phenolic compounds in the range 
75.89–97.22% at different water velocities. The flow regime 
in this study was considered laminar, with a Reynolds 
number in the range 166–333. As expected, the increase in 
the feed flow rate and thus the water velocity led to a decrease 
in the boundary layer thickness from 0.61 to 0.44 cm for 
water velocities of 0.0017 m/s and 0.0033 m/s, respectively. 
The decreased boundary layer thickness, in turn, increased 
the mass transport rate of the oxidizing agents and phenolic 
compounds between the electrode surface and bulk liquid. 
Yavuz and Shahbazi (2012) suggested that an increase in 
the liquid flow rate could reduce heat accumulation in an 
EO system because the liquid flow helps dissipate heat by 
promoting convective heat transfer. In addition, Angulo 
et al. (2020) suggested that an increase in the liquid flow 
rate could reduce the accumulation of gas bubbles near the 
electrode surface, impeding mass and electron transfer and 
leading to localized heating. However, the removal efficiency 
of phenolic compounds in this study was highest at a median 
velocity of 0.0025 m/s (corresponding to a feed flow rate of 
120 mL/min). An explanation for this is that as the water 
velocity increased, the contact time for both the oxidizing 
agents and phenolic compounds in the bulk decreased, 
causing the reaction efficiency to decrease. Therefore, the 
results revealed that the interplay among the water flow 
rate, boundary layer thickness, and reaction contact time is 
important for optimizing the removal efficiency of phenolic 
compounds in the EO process.

EO, with its proven ability to effectively remove NH3-N, 
offers promising solutions. For instance, Zhou et al. (2016) 
reported the removal of NH3-N from landfill leachate using 
an EO system with boron-doped diamond electrodes at a 

Fig. 5   Visual appearance of 
the treated POME wastewater 
samples
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current density of 50 mA/cm2, electrolysis time of 6 h, and 
feed flow rate of 100 mL/min. They achieved a removal 
efficiency of NH3-N of 74.06%, with an energy consumption 
of 223.2 kWh/m3, demonstrating the energy efficiency of the 
EO system. The removal of NH3-N is suggested to occur via 
an indirect oxidation reaction, as follows (Rao et al. 2001):

In this study, the effect of the feed flow rate on NH3-N 
removal was investigated and found to be similar to that on the 
removal of phenolic compounds. Figure 7c shows the removal 
efficiency of NH3-N at various feed flow rates in the range of 

(4)2NH
+

4
+ Cl

2
→ N

2
+ 2HCl

80–160 mL/min. The highest removal efficiency of NH3-N 
(92.26%) was achieved at a feed flow rate of 120 mL/min and 
the residual NH3-N concentration was 2.36 mg/L. In contrast, 
when the feed flow rate was increased or decreased from the 
optimal value, the removal efficiency of NH3-N decreased. 
For example, at feed flow rates of 80 and 160 mL/min, the 
removal efficiency of NH3-N was reduced to 85.82% and 
86.85%, respectively.

Fig. 6   Energy consumption of 
the EO process with different 
electrode arrangements: a MP; 
b MS, and c BS
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GC–MS analysis of profiles of phenolic compounds 
before and after electrooxidation

Table 1 presents the major phenolic compounds in the POP-
EC-treated POME based on GC–MS analysis (Table 1). 
The major phenolic compounds, presented in order of 
their relative chromatographic peak areas, were vanillin, 
2,5-dihydroxybenzaldehyde, 2,4-di-tert-butylphenol, 
benzeneacetaldehyde, 4-amino-1,2-benzenediol, 4-(4-tert-
butylphenyl)-1,3-thiazol-2-ylamine, 1 2-benzenedicarboxylic 
acid, phenol, 4,4′-(1-methylethylidene)bis-, and phenol, 

4-(1,1-dimethyl propyl)-. The relative peak areas of the 
first and second compounds were more than double that 
of the third compound (Table 1). Vanillin, the phenolic 
compound with the highest concentration in POP-EC-
treated POME, belongs to the benzaldehyde family and 
contains hydroxy and methoxy substituents at positions 3 
and 4, respectively (Jenkins et al. 2024). When dissolved 
in water, vanillin causes the water to appear orange-yellow. 
2,5-dihydroxybenzaldehyde, the phenolic compound with 
the second-highest concentration in POP-EC-treated POME, 
belongs to the benzaldehyde family and has hydroxyl 

Fig. 7   Effect of feed flow rates 
and water velocity on EO 
efficiency: a color removal and 
energy consumption; b phenolic 
compound removal and 
boundary layer thickness, and c 
ammonium removal
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substituents at positions 2 and 5 (Brito et al. 2017). When 
dissolved in water, 2,5-dihydroxybenzaldehyde causes 
water to appear yellow, green, and brown. Based on their 
concentrations in the wastewater samples and their color 
properties, it is likely that the color of the EC-treated 
POME was mainly caused by the presence of vanillin and 
2,5-dihydroxybenzaldehyde.

Table 2 presents the major phenolic and heterocyclic 
organic compounds in the POP-EC-EO-treated POME 
wastewater samples based on GC–MS analysis. The major 
phenolic and heterocyclic organic compounds, presented 
in order of their relative chromatographic peak areas, 
were 2,3-dihydro-3,5-dihydroxy-6-methyl-(4H)-pyran-4-
one (DDMP), a phenylmethyl-related compound (m/z 91 
and a retention time of 21.4 min), benzeneacetaldehyde, 

ethyl p-acetamidobenzoate, 2,4-di-tert-butylphenol, 
hydroquinone, 1,2-benzenedicarboxylic acid, phenol 
4-(1,1-dimethyl propyl)-, 2(5H)-furanone, and 4-(4-tert-
butylphenyl)-1,3-thiazol-2-ylamine. The relative peak area 
of the first, second, and third compounds were more than 
double that of the fourth compound (Table 2). Vanillin 
and 2,5-dihydroxybenzaldehyde were not detected in the 
POP-EC-EO-treated POME samples, indicating that the 
colored compounds were degraded, whereas hydroquinone 
and furanone, which are common end products of oxidized 
aromatics and ring-opening products (Đuričić et al. 2023), 
were detected. In addition, DDMP was suggested to be a 
ring-opening product of the oxidation reactions because it 
was present in relatively large quantities but was not detected 
in the wastewater samples before the EO process.

Table 1   Major phenolic compounds in the POP-EC-treated POME based on GC–MS analysis

No. Retention 
time (min)

Name Area (%) Chemical formula Chemical structure

1 6.0 Vanillin 23.87 C8H8O3

2 7.8 Benzeneacetaldehyde 9.25 C8H8O

3 8.5 2,5-Dihydroxybenzaldehyde 22.68 C7H6O3

4 10.6 4-Amino-1,2-benzenediol 10.62 C6H7NO2

5 13.0 Phenol 4-(1,1-dimethyl propyl)- 3.09 C11H16O

6 14.4 2,4-Di-tert-butylphenol 10.73 C14H22O

7 15.8 4-(4-tert-butylphenyl)-1,3-thiazol-2-ylamine 8.75 C13H16N2S

8 18.4 1,2-Benzenedicarboxylic acid 6.15 C8H6O4

9 21.5 Phenol 4,4'-(1-methylethylidene)bis- 4.85 C15H16O
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Cost analysis

Table 3 estimates the operating costs of the combined 
process, including power consumption and chemical 
costs. The estimated cost for the organic precipitation unit 
was 25.6 USD/m3 for pig blood protein, 3 M HCl, and 
electricity costs. The main expense for the EC unit was 
the electricity cost of 21.5 USD/m3. For the EO unit, the 
electricity cost was 123.2 USD/m3. The total operational 
cost of the combined treatment process amounted to 170 
USD/m3, which was notably higher than the cost of fresh 
water in normal situations. However, the revenue from 

the harvested crude tannin-protein complexes, a valuable 
by-product of the treatment process, can be as high as 260 
USD/m3, resulting in a substantial net profit of 90 USD/
m3. Similar to a previous report on olive oil wastewater 
treatment (Al-Qodah et al. 2022), olive mill wastewater 
has been identified as a source of various bioactive 
materials, mainly phenolic compounds. These phenolic 
compounds can be valorized as by-products because they 
are notable for their antioxidant properties and can be 
used as additives for different consumable products and 
cosmetic applications.

Table 2   Major end products of the electrooxidation of the POP-EC-treated POME with graphite electrodes based on GC–MS analysis

No. Retention time 
(min)

Name Area (%) Chemical formula Chemical structure

1 6.0 2(5H)-Furanone 1.67 C4H4O2

2 7.8 Benzeneacetaldehyde 19.15 C8H8O

3 9.5 2,3-dihydro-3,5-dihydroxy-6-methyl-(4H)-
pyran-4-one (DDMP)

30.87 C6H8O4

4 11.2 Hydroquinone
(1,4-Dihydroxybenzene)

2.43 C6H6O2

5 13.0 Phenol 4-(1,1-dimethyl propyl)- 1.99 C11H16O

6 14.4 2,4-Di-tert-butylphenol 4.54 C14H22O

7 15.8 4-(4-tert-butylphenyl)-1,3-thiazol-2-ylamine 1.33 C13H16N2S

8 17.0 Ethyl p-acetamidobenzoate 10.67 C9H11NO2

9 18.4 1,2-Benzenedicarboxylic acid 2.02 C8H6O4

10 21.4 Phenylmethyl-related compound 25.33 – –
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Conclusions

This study demonstrated the efficiency of EO in removing 
residual phenolic compounds, color, and NH3-N from 
POME treated in series with anaerobic digestion, organic 
precipitation, and EC. Preliminary organic precipitation 
significantly enhanced the efficiency of EO, particularly 
in phenolic compound removal, possibly by eliminating 
condensed tannins that could interfere with EO reactions. 
Decreases in phenolic compound concentration (97.22%), 
color (98.49%), and NH3-N concentration (92.26%) in the 
treated POME were obtained using the EO process with 
an MP configuration at a current density of 60 mA/cm2, 
feed flow rate of 120 mL/min, and electrolysis duration 
of 9 min. Furthermore, GC–MS analysis confirmed the 
degradation of colored compounds and the generation 
of end products such as hydroquinone and furanone, 
demonstrating the efficiency of EO in refining the quality 
of treated POME. Future studies should examine EC 
prior to biological treatment to evaluate its efficacy and 
cost-effectiveness compared to the existing procedure for 
treating wastewater.
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