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Abstract 
 

OMWW is one of the products from the extraction of the olive oil process. It is highly polluted 

and has a significant detrimental effect on the environment. Therefore, the main goal of this 

capstone project is to treat OMWW to cause its decolorization, thus enabling its safe and legal 

release in main water streams. The targeted results are a water that has an absorbance 

approximately equal to zero, a neutral pH, a low conductivity, and a low phenolic content. To 

this end, three different methods have been tested. The first technique is electrocoagulation, 

which consists of applying a voltage of 22V for 2 hours on pairs of aluminum sheets. This 

method has been tested with different aluminum cell designs. The second method is photo-

Fenton, which is an advanced oxidation reaction. Hydrogen peroxide (H2O2) and Fe(II) are 

reacted to generate hydroxyl radicals that are highly reactive and can rapidly oxidize most 

organic substances. In addition, ultraviolet light is used as a catalyst in the reduction of Fe(III). 

In addition, photo-Fenton works with the combination of oxygen gas and Fe(II) to oxidize 

organic contaminants. The last method is the Fenton reaction, which is an oxidation reaction that 

occurs without the use of UV light. Hydroxyl radicals are generated solely by the reaction 

between hydrogen peroxide (H2O2) and Fe(II). The OMWW samples used were collected from 

Ain Taoujdate, a small town that is located 68 km northern Ifrane, and 25 km to the south of Fez. 
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1. Introduction 

1.1 Olive Oil Worldwide 

 

Over the last ten years, the world production of olive oil has continuously increased. In 

2009, the global production of olive oil attained 2,907,985 tons [1]. Approximately, 750 million 

productive olive trees are planted worldwide [2], and 98% of them are located in the 

Mediterranean countries where more than 90% of the olive oil in the world is produced [1]. In 

addition, Europe accounts for the three quarters of the world production of olive oil [1], where 

the three major producers worldwide are Spain, Italy, and Greece, respectively [2]. On a par with 

production, the annual world consumption of olive oil has increased, not only because of its good 

taste, but also because of its high nutritional value [2]. 

1.2 Olive Oil Production and Consumption in Morocco 

 

The production of olive oil has rapidly increased in Morocco, especially after the launching 

of the Green Morocco Plan in 2008, (Figure 1) to boost agricultural production. The aim of this 

plan is to produce 330,000 tons of olive oil by 2020 [3]. The three main products that are 

produced during the olive oil production are 20% olive oil, 30% olive husk, and 50% olive 

wastewater [4]. Therefore, the disadvantage of this plan is the high production of OMWW, 

which has a significant harmful impact on the environment. As shown in Figure 1, the 

consumption of olive oil in Morocco has also risen from 35,000 tons to 90,000 tons between 

2000 and 2010 [5]. In addition, since 2003, the produced olive oil amount has exceeded the 

consumed one; therefore, that had a great impact on the economy because Morocco exported 

21,000 t in 2009/10 to other countries [5]. 
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Figure 1: Olive Oil Production and Consumption in Morocco 

1.3 OMWW Characteristics 

Olive mill wastewater is a dark brown to black colored waste (Figure 2), which is 

produced during the olive oil pressing season. It is characterized by an offensive smell and a high 

concentration in polyphenols along with other organic and inorganic materials. Furthermore, 

OMWW is a very acidic waste, having a pH in the range of 3-5.9 [2].  All of those characteristics 

make it a highly contaminated mixture that has a harmful effect on humans’ and animals’ health 

and roots of plants. Furthermore, it has a negative impact on the environment because it causes 

groundwater and rivers pollution. 

 
Figure 2: Typical OMWW Evaporation Pond [4] 
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1.4 Literature Review 

OMWW treatment methods have been reported in the literature; they can be physical, 

chemical, or biological. It has been shown that none of the simple physical techniques alone is 

able to reduce the high organic contaminants in OMWW [6]. Such techniques as filtration, 

centrifugation, dilution, etc. could be used prior to the main treatment because pH and 

conductivity could be increased and organic substances could be removed through phase 

separation, not contaminants degradation [6]. 

Electrocoagulation (EC) has been tested in the field of depollution of OMWW. In this 

treatment, the coagulants are produced from the cell electrodes, made usually of iron or 

aluminum [6]. Some studies found that EC is capable of 96% color removal at an optimal pH of 

6 in 30 mins [6]. Some other studies found that 91% phenol removal and 95% color reduction 

was achieved at an optimal pH range of 4-6 in 25 mins [6]. The main advantage of this process is 

that it produces a small amount of sludge compared with other techniques. 

OMWW has also been treated by biological processes such as aerobic and anaerobic 

processes. Aerobic treatment needs a low pollutants concentration mixture to operate efficiently, 

and since OMWW is highly polluted, it is ineffective to be used in the treatment of OMWW [2]. 

It is highly recommended to be used as a post-treatment step to increase the efficiency of the 

main treatment technique [2]. 

The other biological process is anaerobic, and it consists of many microbiological 

processes. Those processes convert organic compounds into carbon dioxide and methane. This 

process can be considered the main treatment technique because of its ability to work in 

extremely contaminated solutions [7]. However, a post-treatment or pretreatment step is needed 

such as coagulation and filtration, respectively or aerobic treatment [6]. The advantages of this 
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technique are the production of a small volume of sludge, the low energy requirements, and the 

methane production that could be exploited for energy production [7]. Moreover, some studies 

have found that it it is not sufficient in the color removal [2]. The other disadvantage of this 

process is that it requires a long period of time, which varies between 10 to 35 days [7]. 

Many studies have also used the combined biological processes in three steps: 

aerobic/anaerobic/aerobic. This treatment proved its efficiency in decreasing the organic 

pollutants. However, the treated solution has a dark color [6]. 

Adsorption is also known in the treatment of OMWW. Adsorption of OMWW onto 

activated clay has 81% maximum ability of phenolic content removal [6]. However, adsorption 

alone is not enough to treat OMWW, but it should be combined with another techniques to rise 

its effectiveness. 

Other methods that have been tested in the field of OMWW treatment include electrolysis 

as well as, the Fenton, and photo-Fenton oxidation reactions. On the one hand, electrolysis is 

based on the production of hydroxyl radicals, which are very strong in oxidizing organic 

contaminants to carbon dioxide [6]. A study also reported that electrolysis is an effective method 

for the phenolic content removal, 99.4%, in10 h treatment period [7]. However, it should be 

followed by another technique for the mineralization of wastewater [7]. 

On the other hand, Fenton and photo-Fenton reactions use an oxidation agent such as 

ozone or H2O2 because of their high oxidizing potential to produce hydroxyl radicals [2]. Fenton 

treatment combines coagulation and chemical oxidation by the usage of H2O2 and Fe2(SO4)3. 

Studies have found that the higher the concentration of Fe, the faster the removal of phenolic 

content [6]. Photo-Fenton is an enhanced Fenton process that employs UV light as a catalyst to 

reduce the phenolic content in OMWW [6]. This treatment produces highly effective OH radicals 
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that are capable of converting organic species to CO2 [2]. In addition, this technique uses a 

combination of oxidants with UV radiation or solar energy such as H2O2 + UV radiation, O3 + 

UV radiation, or H2O2 + UV radiation and solar energy [2]. The main disadvantage of this 

technique is that its cost is quit high [7].  

Thermal processes have also been reported in the bibliography of OMWW treatment. 

Some studies have claimed that thermal processes such as evaporation and distillation are 

capable of reducing the waste volume by 70-75% [2]. However, the effectiveness of this 

technique is rather inconclusive since the latter has been found to be dependent on many factors 

such as the time the waste has been stored and the process used to extract it [2]. In addition, 

natural evaporation is one of the first methods used in the treatment of OMWW. It is done in the 

ambient air with the use of solar energy [7]. The main drawback of this technique is the 

possibility of groundwater contamination because it is a lengthy process taking usually between 

7 to 8 months [2]. In addition, due to the anaerobic fermentation that take place in the OMWW 

pond or lake, methane is emitted in the atmosphere [2]. 

In the treatment of OMWW, it is always recommended to combine more than one 

method either to increase the efficiency or to decrease the cost such as two biological processes 

or a biological process along a chemical one, etc. For example, the combination of four different 

techniques such as settling, centrifugation, filtration, and adsorption attained total organic 

substances removal of 83% and 94% of phenolic content removal [6]. 
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1.5 My Previous Work 

The project described herein started last semester (Fall 2016) in the framework of the 

Applied Research project course (EGR4303). OMWW was then treated with three methods. The 

first one was coagulation; to this end, aluminum sulfate and iron (II) sulfate were used as 

coagulants. This first method proved to be unsuccessful, and it was concluded that it is not 

applicable for OMWW treatment, a finding confirmed by the absence of data in the literature 

concerning this technique. The second technique tested then was electrocoagulation with two 

aluminum cells. One cell was made of two plates and the other one was made of four plates. 

From the results of last semester’s experiments, among treatment durations of 15min, 

30min, 1h, 2h, and 19h, the two-hour experiment was found to be the best compromise to obtain 

maximum decolorization within an acceptable period of time, as shown in Table 1 and Figure 3.   

Time (min) Absorbance
(a)

 Decolorization  

0 1.330 -- 

15 1.576 -18.50% 

30 1.806 -35.79% 

60 1.478 -11.13% 

120 0.172 87.07% 

150 0.119 91.05% 

180 0.108 91.88% 

210 0.085 93.61% 

240 0.071 94.66% 

345 0.066 95.04% 

464 0.066 95.04% 

1123 0.034 97.44% 

 (a) λ=395 nm 

Table 1: Decolorization resulting from a 2-hour electrocoagulation treatment of diluted OMWW [8] 
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Figure 3: Time vs. absorbance in the 2-hour electrocoagulation treatment of diluted OMWW [8] 

 

Furthermore, as shown in Figure 4, after a two-hour treatment followed by five minutes 

of centrifugation (5500 rpm), cleaner water was obtained with 90.7% decolorization, 44.4% 

conductivity decrease, and raise in the pH from 4.38 to 8.85 [8]. 

      
  (a)  (b) 

 Figure 4:  (a) OMWW after 2-hour electrocoagulation treatment [8] 

   (b) OMWW after 2-hour electrocoagulation treatment + centrifugation [8] 

  

Therefore, this technique is very effective, yet it is also expensive in terms of energy 

consumption at the same time. The last method tested was the photo-Fenton reaction. Two trials 

were done with the usage of iron (III) oxalate and hydrogen peroxide, but with different 
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be effective if a combination between electrocoagulation and photo-Fenton is done to reduce the 

cost of the first one while speeding up the second one. 

Time 

(min) 
1

st
 Trial

(a)
 2

nd
 Trial

(b)
 

 Absorbance
(c)

 Decolorization Absorbance
(c)

 Decolorization 

0 1.159 --- 1.159 --- 

10 1.022 11.8% 1.309 -12.9% 

20 1.008 13.0% 1.343 -15.9% 

30 0.982 15.3% 1.363 -17.6% 

40 0.964 16.8% 1.372 -18.4% 

50 0.951 17.9% 1.380 -19.1% 

60 0.933 19.5% 1.377 -18.8% 

70 0.923 20.4% 1.371 -18.3% 

80 0.912 21.3% 1.361 -17.4% 

90 0.903 22.1% 1.348 -16.3% 

100 0.895 22.8% 1.343 -15.9% 

110 0.891 23.1% 1.330 -14.8% 

120 0.887 23.5% 1.321 -14.0% 
(a) [Fe

2+
] = 30 mM, [C2H2O4] = 5 mM, [H2O2] = 8 mM. 

(b) [Fe
2+

] = 60 mM, [C2H2O4] = 10 mM, [H2O2] = 16 mM. 

(c)  λ=395 nm. 

 
Table 2: Decolorization of OMWW when treated by photo-Fenton process [8] 
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2. STEEPLE Analysis 
 

This project will certainly be beneficial to the environment, society, and economy in 

Morocco. It also has societal and ethical implications which include the following: 

 

Social and Economical:  It may reduce the financial burden associated to the fight against  

pollution in Morocco. 

 

Technological:   It could potentially develop a new technology to better treat  

     OMWW and reduce its negative impact on the environment. 

 

Environmental:   It will reduce the amount of toxic waste generated during the olive  

oil pressing season and give olive farmers a healthier environment 

and clean water. 

 

Political:  If this project is applied in all the olive mills in Morocco, it will 

help enhance the environmental-friendly image of Morocco in the 

world. 

 

Legal:     If the project is successful, it could be extended to all olive mills in 

Morocco providing there are no legal constraints. 

 

Ethical:    This project does not pose any problem in terms of ethics. 
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3. Experimental Results 

3.1 Chemicals and Equipment 

3.1.1 Chemicals 

 Oxalic acid dihydrate was supplied by Fluka, Switzerland.

 Gallic acid 1-hydrate 99% was supplied by PanReac Applichem, Germany.

 Anhydrous sodium carbonate was supplied by Sigma Aldrich.

 Hydrogen peroxide, 110 vol., was supplied by Société Nouvelle Pharmac, Morocco.

 The Folin-Ciocalteu reagent was supplied by Educomptoir, Morocco.

 Ethanol, 96% pure, was supplied by Carlo Erbo, Spain.



3.1.2 Equipment 

 For centrifugation, a 5500 rpm centrifuge, Hettich Zentrifugen model EBA 30, was used.

 Vacuum filtrations were performed by means of piston-powered vacuum pump with a 

pressure of 0.85 atm and an air flow of 38 L/min.

 Weights were measured by an AND balance with a readability of 0.01g model EK610i, 

an OHAUS balance with a readability of 0.0001g model AS120, or a KERN balance 

with a readability of 0.05g model KB10K0.05N.

 pH and temperature were measured by using a Hanna instruments pH meter model HI 

9318.

 Preparation of solutions for phenolic content determination was done by means of  

25 µL and 100µL syringes, supplied by HAMILTON, Switzerland.

 For heating and stirring, digital stirring hotplates were used. Either DLab MS-H280-pro 

or VWR VMS-C7 advanced series.
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 For electrocoagulation, Tektronix voltage meter model PS280 was used.

 For testing the switching polarities system, Mastech digital multimeter model 

MS8200G was used.

 For measuring the absorbance, a Jenway spectrophotometer model 6320 D was used.

 Wavelength scan was done with a JASCO spectrophotometer model V-530. 

 Conductivity was measured with a YSI conductivity meter model 33.

 Ultraviolet light was generated by a CAMAG UV transilluminator model CM3 with 

wavelengths of 254 nm and 366 nm, and a FOTODYNE UV transilluminator model C3-

3501.

 A Q.10 CHANDOS quartz cuvette was used to perform photo-Fenton reactions.
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3.2 Amount of Water and Solid Measurement 

To measure the amount of water that OMWW contains, a sample of 502.06 mL of non-

diluted OMWW was heated for five days at a temperature of 70-75 °C. As shown in Figure 5, 

after heating OMWW for two days, most of the water evaporated, and the beaker contained a 

mixture that has a caramel-like texture. 

 
Figure 5: Pure OMWW after heating for two days at 70-75 °C 

 After heating for five days, all the water evaporated, and only the solid contaminants 

were left on the beaker (see Figure 6). It was found that OMWW contains 55.3% water. The 

44.75% solid part contains high amount of polyphenols, and they have an important value in the 

market. These polyphenols, in their pure form, have a value that can be as high as 10.6 €/mg [9]; 

they can be used in different applications such as pharmaceutical, nutrition supplements, food 

industry, and skin cosmetics [4]. Polyphenols characteristics have been studied, and they were 

found to possess antimicrobial, antioxidant, antifungal, and antibiotic activities [2]. Moreover, 

OMWW contains Oleanolic acid, a substance that can be used to balance body weight and 

regulate the levels of cholesterol in blood [2]. The other compound that exists in the solid part of 

OMWW is hydroxytyrosol, which can be used as a food preservative due to its antioxidant 

properties [2]. Therefore, OMWW is rich in compounds that present significant economic 

interest because of their remarkable antioxidant and pharmacological properties. 
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Figure 6: Dried form of OMWW obtained after evaporation over five days 

3.3 Wavelength Scan 

A scan of all wavelengths was run to confirm that the wavelength previously employed 

(λ=395 nm) when determining decolorization of OMWW is actually the best one. As shown in 

Figure 7, it seems that the best wavelength for measuring the absorbance of diluted OMWW is 

below 388 nm. However, because the UV lamp of the spectrophotometer is not functional, it is 

not possible to obtain the exact wavelength with the current equipment. Therefore, the 

wavelength used when measuring the absorbance throughout this project remained λ=395 nm, a 

value based on the literature [10]. 

 
Figure 7: Wavelength scan of diluted OMWW 
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3.4 OMWW Treatment Methods 

3.4.1 Simple Physical Techniques 

 

Since OMWW is highly contaminated and a very dark colored waste, it is not possible to treat 

pure OMWW. Thus, before starting electrocoagulation, photo-Fenton, or Fenton, prior filtration 

and dilution is important. Gravity filtration for pure OMWW was the first step, since it is 

important to get rid of the large solid particles in order to lessen the burden on the subsequent 

actual treatment. Gravity filtration was followed by five minutes of centrifugation at 5500 rpm to 

isolate tiny muddy particles which cause rapid clogging of the filter funnel. The third step was 

vacuum filtration of the virtually solid-free OMWW. After that, OMWW was diluted with 

distilled water by a factor of 20 (Figure 8) to make the treatment faster and to be able to measure 

directly its initial properties such as absorbance, conductivity, etc. The diluted OMWW was 

finally filtered again by vacuum filtration (Figure 9) to get rid of the maximum amount of solids. 

                         
Figure 8: Diluted (left) and non-diluted (right) OMWW[8]     Figure 9: Vacuum filtration of diluted OMWW[8] 
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3.4.2 Electrocoagulation 

 

One of the techniques available in the field of wastewater treatment is electrocoagulation, a 

method which requires electrical current to reduce the usage of chemicals. This technique works 

with pairs of metal sheets called electrodes, which provide the coagulant [11]. In this project, 

aluminum plates cells have been used; they were arranged in pairs of two, one acting as the 

anode, where aluminum oxidation takes place, and the other one acting as the cathode, where 

electrons react with water thus producing aluminum hydroxide complexes that participate as a 

gel-like solid. Aluminum hydroxide catches the small colloidal particles as the water is 

vigorously stirred (Figure 10). 

Anode (+):  

 

Al (s) Al3+(aq) + 3 e-

2 H2O (l) 4 H+ (aq)+ O2
 (g) + 4 e-

 

Cathode (-): 2 H2O (l) + 2 e- H2 (g)+ 2 OH-(aq)
 

Overall: Al (s) + 5 H2O (l) Al(OH)3 (s) + 7/2 H2(g) + O2 (g)
 

 

 
Figure 10: Electrocoagulation setup employed [8] 

(1) 

(2) 

(3) 

(4) 
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3.4.2.1 Four-Aluminum Plates Cell 

The first aluminum cell used was built last semester (Fall 2016), and it is made of four 

aluminum plates (Figure 11), two cathodes and two anodes. The four plates are assembled with 

each other by two long threaded rods - made of iron - that go through the perforated plates. In 

addition, to prevent any interference with iron ions coming from the threaded rods, the exposed 

parts of the rods were insulated with glue. Furthermore, felt pads, placed on both sides of each 

plate, were used to have a better insulation between the nuts and the aluminum plates [8]. 

The distance between the plates is 1 cm. The total surface area is 400 cm
2
; however, only 

254.4 cm
2
 is effectively used because the cell could be only partially immersed in OMWW, and 

some of the surface area is covered by the isolation felt pads. In order to connect the two 

cathodes and the two anodes, two copper cables were used; copper was chosen because of its 

good electrical conductivity. To connect perfectly the cables with the plates, the two were 

soldered by means of a tin-nickel solder spool [8]. 

 
Figure 11: Aluminum cell used in electrocoagulation[8] 

Because this aluminum cell was used for nearly 19h in one experiment last semester, and 

given the small thickness of the plates, the anodes got severely damaged because of the 
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aluminum consumption during the treatment (Figure 12). Therefore, the total surface area that 

has been used this semester is smaller than 254.4 cm
2
. 

 
Figure 12: Damaged aluminum cell 

After running two electrocoagulation experiments on 790 mL of OMWW for two hours 

with the damaged cell, a cleaner water was obtained as expected (Table 3). The decolorization 

from the first and second experiments were different, and the reason could be that the polarities 

were different in the two experiments. The absorbance was measured at 𝜆 = 395 nm [11]. 

 Absorbance
(a)

 

after 2 hours of 

treatment 

Decolorization 

Before Treatment 1.265 --- 

1
st
 Experiment 0.261 79.4% 

2
nd

 Experiment 0.121 90.4% 
 (a) λ=395 nm. 

Table 3: Results obtained after electrocoagulation experiments of 2h, with damaged cells 

After one week and just upon standing, the absorbance of the two treated OMWW 

samples was measured again. They were found to be lower. This change is presumably caused 

by the settling of additional solid particles at the bottom of the beaker, thus causing the water to 

be clearer (Table 4). 
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 Absorbance after one 

week of settling
(a)

 

Decolorization 

Before Treatment 1.265 --- 

1
st
 Experiment 0.226 82.1% 

2
nd

 Experiment 0.097 92.3% 
 (a) λ=395 nm. 

Table 4: Absorbance change after one week of settling and centrifugation 

The two beakers from the two experiments that contained the treated OMWW were left 

covered for a few days. Just upon standing, two layers were formed, yellowish water at the top 

(layer A) and sludge at the bottom (layer B – see Figure 13). Therefore, the yellowish water, 

from both experiments (layers A), was collected in one beaker, and the sludge (layers B) was 

collected in another (Figure 13). After a few days, just upon standing again, there was a small 

solid layer (layer B2) at the bottom of the yellowish water beaker, and clean water on top of the 

sludge (layer B1 – see Figure 13). Again, the water was all collected in one beaker leaving just 

the sludge in the other. The same thing occurred one more time until the sludge stopped releasing 

clear water. 

 
Figure 13: Layers formation of treated OMWW by 2h electrocoagulation technique 
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Furthermore, the absorbance was changing over again. The absorbance of layer B1 was 

measured before mixing it with layer A. In addition, the absorbance of layer A was measured 

before mixing each time, and the absorbance of the mixture “A+B1” was measured as well. As 

shown in Table 5, the absorbance of layer B1 decreased over time but the one of layer A 

increased. The cause of absorbance decay could be hypothetically explained by the sludge 

catching the floating solid particles. 

 Absorbance
(a)

  

(2 days later) 

Absorbance 
(a)

 

(7 days later) 

Layer B1 0.110 0.085 

Layer A 0.127 0.219 

Layers A+B1 0.246 0.255 
 (a) λ=395 nm. 

Table 5: Absorbance change of the layers formed from the treated OMWW by 2h electrocoagulation without centrifugation 

 In addition, the absorbance of the mixture “A+B1” was measured before and after five 

minutes-centrifugation. As shown in Table 6, the absorbance decreased over time just upon 

settling. 

Absorbance 
(a) 

(before centrifugation)
 

Absorbance 
(a) 

(after 5 min centrifugation) 

10 Days of settling 0.221 0.118 

12 Days of settling 0.190 0.118 

17 Days of settling 0.189 0.104 
(a) λ=395 nm. 

Table 6: Absorbance change of the mixture A+B1 over time 

3.4.2.2 Square-Shaped Aluminum Cell 

This cell is made of 2 aluminum plates, which are separated by almost 2 cm (Figure 15). 

The total surface area of this cell is 1820.3cm
2; however, the surface area used for OMWW 

treatment was 782.6 cm
2
 because we did not want to treat a large volume. The volume treated 

with this cell was 9L, and the maximum voltage that could be applied by the DC power supply 

employed was 14 V. This limited voltage is explained by the important surface area of the cell 

which in turn causes a high electrical resistance. This experiment was run for 15 hours and a half 
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since the volume is big and the voltage is low (Figure 15). It was found that the absorbance 

decreased by 89.2% as shown in Table 7. Just upon standing for one day, the absorbance 

decreased by 30%, and maybe that occurred because of the sludge that catches all the floating 

tiny solid particles. Furthermore, the absorbance decreased by 93.5% just upon standing for 10 

days. 

                                                                      
       Figure 14: Square-shaped aluminum cell       Figure 15: Electrocoagulation with square-shaped cell 

Absorbance 
(a) 

Decolorization 

Before treatment 1.291 --- 

1 hour 30 minutes 1.565 -20.7% 

15 hours 30 minutes 0.140 89.2% 

After one day of settling 0.097 92.5% 

After one week of settling 0.087 93.3% 

After 10 days of settling 0.084 93.5% 
(a) λ=395 nm. 

Table 7: Absorbance change of diluted OMWW treated with the square-shaped aluminum cell for 2h 

 The amount of clean water from the 9L OMWW was 54.1%, and the rest was sludge. 

After the experiment, the anode was consumed more than the cathode again (Figure 16). 

Therefore, switching polarities from time to time is important in order to have the same 

aluminum consumption rate at the two plates, thus extending the lifetimes of both plates. 
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Figure 16: Plates after 2h electrocoagulation treatment - Cathode (left) Anode (right) 

3.4.2.3 Round-Shaped Aluminum Cell 

This cell is made of two round-shaped aluminum plates, and they are separated by almost 

2 cm. The total surface area of this cell is 2814.8 cm
2
, but only 2790.8 cm

2
 is used because of the 

caps used between the plates as spacers in order not to have a short circuit (Figure 18). The 

advantages of this cell are that it does not require a huge volume to be tested in the lab, it allows 

a good circulation of the water during the treatment, and its design can accommodate an agitator 

at its very center. The volume treated with this cell was 5L, and the voltage applied was varying 

between 11-13 V because of the important surface area of the cell. In addition, the experiment 

was run for 8 hours, and the absorbance was measured during and after the treatment (Table 8). 

                      
           Figure 17: Round-shaped aluminum cell            Figure 18: Electrocoagulation with round-shaped cell 
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Time (h) Absorbance
(a)

 Decolorization 

0 1.291 ---- 

1 1.191 7.8% 

2 0.394 69.5% 

6.5 0.135 89.5% 

8 0.123 90.5% 
 (a) λ=395 nm. 

Table 8: Decolorization of diluted OMWW treated with the round-shaped aluminum cell 

As shown in Figures 19 & 20, clear water is on the top of the sludge, and the amount of 

water increased dramatically just upon settling of for one week. To separate the clear water and 

sludge into different beakers, the clear water was transferred by using a vacuum pump as shown 

in Figure 21, in order to not transfer sludge with the clean water. 

                                        
  Figure 19: Treated OMWW after few hours of settling              Figure 20: Treated OMWW after a week of settling 

       
 

Figure 21: Clear water and sludge separation system 
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The amount of clean water from the treated 5L was 51.3%, and the rest was sludge 

(Figures 22 & 23). In addition, the absorbance of the clean water was measured after one week 

and after 10 days of settling to see if it would decrease, as shown in Table 9. 

            
Figure 22: Clean water after separation         Figure 23: Sludge after separation 

Absorbance 
(a) 

Decolorization 

After one week of settling 0.105 91.9% 

After 10 days of settling 0.088 93.2% 
(a) λ=395 nm. 

Table 9: Decolorization of treated OMWW by round-shaped cell after settling 

3.4.2.4 Phenolic Content 

Phenols are chemical compounds that consist of hydroxyl groups, which are bonded 

directly to an aromatic hydrocarbon group. Phenols are commonly found in polluted water, and 

they have a negative impact on the health and the environment. Since one of the aims of this 

project is to get a clean water having a phenolic content close to zero, phenolic content was 

measured twice. 

To measure the phenolic content, two solutions had to be prepared first. The first is a 

Sodium Carbonate solution, which was prepared last semester by dissolving 200 g of anhydrous 

sodium carbonate in 800 mL of distilled water. After that, the mixture was boiled, and after 
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cooling, few crystals of sodium carbonate were added. After 24 hours, the solution was filtered 

and diluted with distilled water to 1L [12]. 

The other solution, that should be stored in a refrigerator and cannot be used for more 

than two weeks, is a Gallic Acid Stock Solution. It is made by dissolving 0.500 g of dry gallic 

acid in 10mL of ethanol. After all the gallic acid particles dissolved, the solution was diluted to 

100 mL with distilled water. As a readily available, affordable and representative polyphenol, 

gallic acid (Figure 24) is used to plot a calibration curve [12]. 

     

Figure 24: Gallic acid 

To prepare the calibration curve, six 100 mL volumetric flasks are needed. Each flask is 

used to prepare a different gallic acid concentration, thus different phenolic contents. To prepare 

the different gallic acid solutions, the addition of 0, 1, 2, 3, 5, and 10 mL of gallic acid stock 

solution was done to each flask by means of a 10 mL graduated pipette. Then, these solutions 

were diluted to 100 mL with distilled water. Therefore, the final gallic acid concentration 

obtained in each solution is 0, 50, 100, 150, 250, and 500 mg/L [12]. 

Next, 6 vials were used to plot the calibration curve. 20 𝜇𝐿 from each calibration solution 

was added into different vials; then, 1.6 mL of distilled water was added into each vials. It was 

followed by the addition of 100 𝜇𝐿 of Folin-Ciocalteu reagent, which oxidizes the polyphenols 

and turns the solution blue. After mixing and waiting for approximately 6 minutes, 300 𝜇𝐿 of the 

sodium carbonate solution was added to each vial again and mixed well [12]. 
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To measure the phenolic content of diluted and treated OMWW, the same method was 

followed except that instead of adding 20 𝜇𝐿 of gallic acid stock solution, 20 𝜇𝐿 of the OMWW 

sample was added. For the pure OMWW, it was not possible to measure its phenolic content 

directly – without prior dilution - since it is too dark to be read by the spectrophotometer (Figure 

25). The phenolic contents of tap water and Ain Saiss water were also measured for comparison 

purposes. 

Vials containing standard gallic acid solutions, OMWW solutions, and water samples 

were heated at 40 ℃ for 30 min. Then, absorbance was measured at 𝜆 = 765 nm, and the 

spectrophotometer was calibrated on the 0 mg/L gallic acid concentration (Figure 25). 

 
Figure 25: Phenolic content measurement vials after heating for 30 min at 40 ℃ 

 As shown in Figure 26, the higher the phenolic content, the darker the color, and 

therefore the higher the absorbance. 

 
Figure 26: Phenolic content calibration curve 
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As shown in Table 10, the phenolic concentration of a single sample of treated OMWW 

was determined twice. The difference in the values obtained is substantial; therefore, the 

phenolic content of this sample should be measured again to see if an experimental mistake 

occurred on one of the trials or if the titration method employed was not accurate. The phenolic 

content of diluted OMWW is 488.4 mg/L, that means, if the method was accurate, the phenolic 

concentration decreased by 89.3% after a 2-hour electrocoagulation treatment. By multiplying 

the diluted OMWW phenolic concentration by 20, since it was diluted by a factor of 20, the 

phenolic concentration of pure OMWW could be determined. Thus, it is 9768 mg/L. 

 
Untreated OMWW Treated OMWW 

 
Diluted by 20 Undiluted 1

st
 Trial 2

nd
 Trial 

Phenolic 

Content (mg/L) 
488.4 9768

(a)
 37.05 

(-92.4%) 

52.24 

(-89.3%) 

(a) Calculated by extrapolation from the diluted sample. 

Table 10: Phenolic contents of undiluted, diluted, and treated OMWW samples 

3.4.2.5 pH 

The pH of different treated OMWW samples was measured, and the results were 

compared with the pH of non-treated but diluted OMWW. As shown in Table 11, the pH of 

diluted OMWW is very acidic. After treatment, the pH of the treated sample with the damaged 

cell did increase. However, the pH of the water treated with square and round shaped cells are 

relatively neutral. If one wishes to reach perfect pH neutrality, the latter can be finely adjusted by 

addition of a small amount of acid. 

pH 

Diluted OMWW 4.61 

Treated with Damaged Cell 6.13 

Treated with Squared-Shaped Cell 7.41 

Treated with Round-Shaped Cell 7.65 
Table 11: pH change of treated OMWW with different aluminum cells 
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3.4.2.6 Conductivity 

The conductivity of the treated OMWW samples was also measured, (Figure 27). As 

shown in Table 12, the conductivity of the water treated with the square and round shaped cells 

is the same as the tap water conductivity. However, the conductivity of the water treated with the 

damaged cell is less than the one of the tap water. Therefore, electrocoagulation is an effective 

treatment to get a conductivity comparable with the one of tap water. 

 
Figure 27: Conductivity measurement for tap water, diluted and treated OMWW by electrocoagulation using 

different cells 

Conductivity (𝝁𝑺/𝒄𝒎) 

Diluted OMWW 600 

Treated with Damaged Cell 510 

Treated with Squared-Shaped Cell 550 

Treated with Round-Shaped Cell 550 

Tap Water 550 
Table 12: Conductivity of treated OMWW with different aluminum cells, tap water, and diluted OMWW 

3.4.2.7 Polarity Reversing Switch 

In the electrocoagulation treatment, aluminum oxidation takes place at the anode. As 

shown in section 3.4.2.1, the anode is always consumed and the aluminum plate gets worn 

(Figure 12). Therefore, when the same treatment is repeated with the same plates, less electrons 

are produced at the anode where they react with water at the cathode; thus, less aluminum 

hydroxide complexes are produced. As a result, the treatment is less efficient. To solve this 
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problem, cathode and anode should be switched repeatedly to have the same rate of aluminum 

consumption at both plates. The circuits in Figure 28 describe the polarity reversing switch built 

in the lab. The resistance used in the circuits is the aluminum cell. If the left aluminum plate is 

used as anode (+) and the right one as cathode (-), after activating the switch, the cathode will be 

anode and vice versa. 

 

                                       

         
          

Figure 28: Polarity reversing switch built and tested in our electrocoagulation experiments 

This system was tested, and it worked perfectly. As shown in Figure 29, when the switch 

is pressed on the “plus” position, the voltage readings on the voltage meter and the multimeter 

are +31.6 V. However, when the switch is pressed on the “minus” position, the voltage reading 

Switch on position 

“plus” 

Switch on position 

“minus” 
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on the multimeter is -31.7 V (Figure 30). In conclusion, our polarity reversing switch was 

successfully implemented. 

      
Figure 29: Before switching polarities       Figure 30: After switching polarities 
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3.4.3 Photo-Fenton 

Photo-Fenton is an advanced oxidation process that has attracted attention in the 

wastewater treatment since 1990s [12]. This reaction is based on the generation of OH radicals, 

which are highly oxidative compounds that have the ability to oxidize organic matter in 

particular [12]. In photo-Fenton, OH radicals are produced by the combination of H2O2, Fe
2+ 

salt, 

and UV radiation [13]. The degradation rate of organic compounds depends on many factors, 

namely the pH value and the initial concentrations of H2O2, O2, and Fe (II). The higher the 

concentration of Fe(II), the faster the degradation rate [12]. 

In photo-Fenton, UV radiation plays two major roles [14]. The first one is the direct H2O2 

photolysis (eq. 5) that produces two hydroxyl radicals from each H2O2 that initially decomposed 

[13]. The second one is the regeneration of Fe
2+ 

by the photo-reduction of Fe
3+

, (eq. 7) [12]. The 

newly generated Fe
2+ 

ions react with H2O2, (eq. 6), to produce more radicals [13]. Therefore, the 

overall reaction of photo-Fenton with H2O2 and UV radiation can be expressed by (eq. 8) [14]. 

H2O2 + UV   →    2 
•
OH                                     (5) 

 

Fe
2+ 

+ H2O2   →   Fe(OH)
2+ 

+ 
•
OH                     (6) 

 

Fe(OH)
2+

   →    Fe
2+ 

+ 
•
OH                                (7) 

 

Fe
2+ 

+ H2O2 + UV  →  Fe
3+ 

+ 
•
OH + OH

-
          (8)  

 Since our electrocoagulation experiments applied to OMWW samples could not reach 

100% decolorization, we thought of completing this technique by combining it sequentially with 

photo-Fenton. 
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3.4.3.1 H2O2 and UV Radiation 

The concentrations of different solutions that are needed in photo-Fenton treatment are 

based on last semester’s experiments [8]. Iron (III) sulfate solution of 30 mM concentration was 

prepared by dissolving 0.834 g of Fe2(SO4)3 in a 100 mL flask and diluting with distilled water. 

The second solution needed to prepare iron (III) oxalate was the oxalic acid solution. Oxalic acid 

solution of 5 mM concentration was prepared by dissolving 0.630 g of C2H2O4 in 1000 mL flask 

and diluting with distilled water. Then, iron (III) oxalate solution was prepared by mixing 5 mL 

of 30% w/w H2O2 solution with 5 mL of Fe2(SO4)3 and diluting to 100 mL with distilled water 

(eq. 9). 

Fe2(SO4)3 + 3C2H2O4 → C6Fe2O12 + 3H2SO4                (9) 

Hydrogen peroxide solution of 8 mM concentration was also prepared by adding 0.8 mL 

H2O2 in a 1000 mL flask and diluting with distilled water. To prepare the cuvette that was 

exposed to UV light, 0.5 mL of C6Fe2O12 was mixed with 1 mL of H2O2 and 1.5 mL of treated 

OMWW with round-shaped Cell. The cuvette used in all experiments is made of quartz. 

3.4.3.1.1 First Trial 

 

The first experiment was monitored every 10 min for 2 hours (Table 13); unfortunately it 

was a failure since the absorbance kept increasing for two hours. The reason could be either the 

UV lamp used was not efficient or that photo-Fenton is effective only for treating highly 

contaminated mixtures. 

Time (min) Absorbance 
(a) 

Decolorization 

0 0.201 ---- 

10 0.224 -11.4% 

20 0.236 -17.4 

30 0.247 -22.9% 

40 0.271 -34.8% 

50 0.280 -39.3% 

60 0.286 -42.3% 
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70 0.295 -46.8% 

80 0.300 -49.2% 

90 0.294 -46.3% 

100 0.296 -47.3% 

110 0.300 -49.2% 

120 0.306 -52.2% 
(a) λ=395 nm. 

Table 13: Decolorization of treated OMWW by photo-Fenton process - 1
st
 Trial 

3.4.3.1.2 Second Trial 

In this experiment, different UV lamps were used, and two different wavelengths were 

tested. The first experiment was held for 2 hours at a wavelength of 395 nm. The second 

experiment was held for 5 hours at a wavelength of 254 nm, Table 14. It turned out that 

changing the UV lamp wavelength did not have any effect on the photo-Fenton treatment, and it 

is still not working for the treatment of OMWW. 

 λUV lamp=366 nm λUV lamp=254 nm 

Time (min) Absorbance 
(a) 

Decolorization Absorbance 
(a) 

Decolorization 

0 0.188 ---- 0.165 ---- 

10 0.206 -9.6% 0.168 -1.8% 

20 0.210 -11.7% 0.184 0.61% 

30 0.200 -6.4% 0.180 -9.1% 

40 0.192 -2.1% 0.178 -7.9% 

50 0.186 1.1% 0.180 -9.1% 

60 0.188 0% 0.186 -12.2% 

70 0.188 0% 0.193 -17.0% 

80 0.188 0% 0.197 -19.4% 

90 0.189 -0.53% 0.190 -15.2% 

100 0.190 -1.1% 0.195 -18.25% 

110 0.190 -1.1% 0.211 -27.9% 

120 0.190 -1.1% 0.213 -29.1% 

5 h ---- ---- 0.269 -63.1% 
(a) Measured at λ=395 nm. 

Table 14: Decolorization of OMWW treated with photo-Fenton process at different UV wavelengths 

3.4.3.1.3 Third Trial 

In this experiment, the concentration of H2O2 was decreased to 5 mM. Based on the 

literature, photo-Fenton reaction works under certain H2O2 concertation, that should be less than 

or equal to 5 Mm. Indeed, if an excess of hydrogen peroxide is used, two OH radicals would 
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combine to form H2O2 again [16]. The hydrogen peroxide solution of concentration 5 mM was 

prepared by adding 0.5 mL of 30% H2O2 and diluting it to 1000 mL with distilled water. This 

experiment was run for five hours on a sample of OMWW pre-treated by electrocoagulation 

(with the round-shaped cell) and an untreated sample. Impact of the significant difference of pH 

between these two samples on the decolorization was assessed. Results obtained are reported on 

Table 15. The UV radiation wavelength used in this experiment was 254 nm. 

 OMWW pre-treated by 

electrocoagulation 
(a)

 
Untreated OMWW 

(a)
 

Time (min) Absorbance 
(b)

 Decolorization Absorbance 
(b)

 Decolorization 

0 0.148 ---- 0.728 ---- 

10 0.152 -2.7% 0.741 -1.79% 

20 0.157 -6.1% 0.720 1.10% 

30 0.151 -2.0% 0.750 -3.02% 

40 0.151 -2.0% 0.730 -0.28% 

50 0.155 -4.%7 0.724 0.55% 

60 0.149 -0.68% 0.721 0.96% 

70 0.150 -1.4% 0.728 0% 

80 0.150 -1.35% 0.713 2.10% 

90 0.148 0% 0.720 1.10% 

100 0.156 -5.4% 0.722 0.82% 

4 h 0.157 -6.1% 0.691 5.08% 

5 h 0.168 -13.5% 0.698 4.12% 

(a) [H2O2]=5 mM. 

(b) Measured at λ=395 nm. 

Table 15: Decolorization of OMWW treated with photo-Fenton process when [H2O2]=5 mM under UV light 

No decolorization was attained in the pre-treated OMWW experiment. However, it is clear 

that decreasing the concentration of H2O2 made the absorbance increase at a slower rate. On the 

other hand, the absorbance of the solution with untreated OMWW was slowly decreasing. The 

reason could be that photo-Fenton does not work well with weakly polluted solutions. The 

treatment was stopped, and the mixtures were left to settle for 15 hours. Then, absorbance was 

measured before and after centrifugation (Table 16). 
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OMWW pre-treated by 

electrocoagulation 
(a)

 
Untreated OMWW 

(a)
 

Absorbance 
(a)

 Decolorization Absorbance 
(b)

 Decolorization 

Before 

Centrifugation 

0.184 -24.3% 0.698 4.12% 

After 

Centrifugation 

0.158 -6.8% 0.658 9.6% 

(a) [H2O2]=5 mM. 

(b) Measured at λ=395 nm. 

Table 16:  Decolorization of treated OMWW with photo-Fenton process  

after 15 h of settling in the absence of UV radiation 

As Table 16 shows, the absorbance of the pre-treated sample by electrocoagulation kept 

increasing when there was no more UV radiation. However, in the untreated OMWW sample, 

there was no absorbance change when the UV lamp was stopped. After centrifugation, there was 

9.6% decolorization in the diluted OMWW sample. 

3.4.3.1.4 Fourth Trial 

The third trial was performed with untreated OMWW - diluted as usual by a factor of 20 

- instead of treated OMWW pre-treated by electrocoagulation. The reason of this trial was to 

treat OMWW under the same conditions used last semester, except with the use of a different 

UV lamp, to see if the UV lamp is the reason of the failure of the photo-Fenton experiments this 

semester. This experiment was performed for two hours, and the UV wavelength used was 254 

nm. As shown in Table 17, the results of this semester’s experiment were compared with the 

ones of last semester’s. It is clear that the results are different, and the absorbance was decreasing 

last semester, but it kept increasing in this semester’s experiment. Therefore, the reason could be 

that the UV lamp used this semester is not efficient. 

 Results of  

this semester’s experiment 

Results of 

 last semester’s experiment 

Time (min) Absorbance 
(a)

 Decolorization Absorbance 
(a)

 Decolorization 

0 0.779 ---- 1.159 ---- 

10 0.893 -14.6% 1.022 11.8% 

20 0.914 -17.3% 1.008 13.0% 

30 0.916 -17.6% 0.982 15.3% 
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40 0.919 -18.0% 0.964 16.8% 

50 0.921 -18.2% 0.951 17.9% 

60 0.924 -18.6% 0.933 19.5% 

70 0.927 -19.0% 0.923 20.4% 

80 0.932 -19.6% 0.912 21.3% 

90 0.938 -20.4% 0.903 22.1% 

100 0.941 -20.8% 0.895 22.8% 

110 0.943 -21.1% 0.891 23.1% 

120 0.945 -21.3% 0.887 23.5% 

(a) Measured at λ=395 nm. 

Table 17: Decolorization of diluted OMWW treated with photo-Fenton process 

3.4.3.1.5 Comparison 

As shown in Figure 31, the first gave unsatisfactory results, and it is most probably 

because of the UV lamp that did not provide a suitable wavelength. In the experiment when the 

UV wavelength was 366 nm, there was a small absorbance increase first; then, it went down to 

its starting point. Photo-Fenton works under a UV radiation wavelength of less than 400 nm, and 

the smaller the wavelength, the better the treatment. 366 nm is not very small, and that might be 

the reason explaining the poor result. 

 
Figure 31: Comparison between different photo-Fenton experiments of treated OMWW 

In the experiment when the UV radiation wavelength decreased to 254 nm, the 

absorbance was constantly increasing. The reason could be because of the reaction between 
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hydrogen peroxide and iron(III) oxalate. A short experiment was run for the reaction of H2O2 and 

C2H2O4 mixture, and their absorbance was measured. As shown in Table 18, the absorbance was 

constantly increasing. Therefore, the reaction between H2O2 and C2H2O4 could be the reason of 

increasing the absorbance when pre-treated OMWW was mixed with them because there were 

not enough pollutants to react with. 

 [H2O2]=8 mM + [Fe
2+

]=3mM [H2O2]=5 mM + [Fe
2+

]=3mM 

Time (min) Absorbance 
(a)

 Decolorization Absorbance 
(a)

 Decolorization 

0 0.321 --- 0.230 ---- 

10 0.335 -4.4% 0.282 -22.6% 

20 0.353 -10.0% 0.295 -28.3% 

30 0.364 -13.4% 0.308 -33.9% 

40 0.380 -18.4% 0.316 -37.4% 

50 0.389 -21.2% 0.325 -41.3% 

60 0.393 -22.4% 0.325 -41.3% 

70 0.406 -26.5% 0.332 -44.3% 

80 0.413 -28.7% 0.338 -47.0% 

90 0.414 -29.0% 0.344 -49.6% 

100 0.420 -30.8% 0.347 -50.9% 

110 0.428 -33.3% 0.341 -48.3% 

120 0.438 -36.4% 0.359 -56.1% 

(a) Measured at λ=395 nm. 

 

Table 18: Absorbance of H2O2 and C2H2O4 mixture under UV light at λ = 254 nm 

 Finally, in the experiment when the hydrogen peroxide concentration was reduced to 5 

mM, a slow decolorization occurred. During the first 40 minutes, the absorbance was increasing, 

and that was expected since it was observed in electrocoagulation as well. However, it started 

slightly decreasing after that. It might be just a matter of time, and the longer the time of the 

treatment, the better the decolorization. In addition, the power of the UV lamp could be one of 

the major factors that made the process very slow. 

 In photo-Fenton experiments when diluted OMWW was treated, results showed that 

decreasing the concentration of hydrogen peroxide helped slowly decolorizing diluted OMWW 
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(Figure 32). Therefore, since untreated OMWW is very acidic (pH=4.61), photo-Fenton works 

better with acidic solutions. 

 
Figure 32: Comparison between photo-Fenton experiments done on diluted OMWW when [H2O2]=5 mM and 8 mM 

3.4.3.2 O2 and UV Radiation 

Instead of H2O2, O2 can be used as an oxidizing agent to oxidize most organic pollutants. 

In Figure 33, the bubbles on the top of the beaker are of oxygen gas. In addition, the treatments 

were held under UV light wavelength of 254 nm, Figure 34, and the blue color is due to the UV 

light color reflected on the mixture. The treated sample needed to be prepared in a 250 mL 

beaker to insert an O2 glass tubing. 41.7 mL of C2H2O4 solution was mixed with 125 mL of 

OMWW pre-treated by electrocoagulation. 

      
                         Figure 33: H2O2 and  O2 Experiment      Figure 34: H2O2 and O2 Experiment Under UV light 
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3.4.3.2.1 First Trial 

 

In this experiment, treated OMWW was mixed with iron (III) oxalate, and O2. The 

experiment was run for five hours at UV radiation wavelength of 254 nm, and absorbance was 

measured, Table 19. 

Time (min) Absorbance 
(a) 

Decolorization 

0 0.064 ----- 

10 0.077 -20.3% 

20 0.082 -28.1% 

30 0.092 -34.8% 

40 0.099 -54.7% 

50 0.104 -62.5% 

60 0.108 -68.8% 

70 0.117 -82.8% 

80 0.127 -98.4% 

90 0.125 -95.3% 

100 0.126 -96.9% 

4 h 0.151 -135.9% 

5 h 0.172 -168.8% 
(a) λ=395 nm 

Table 19: Decolorization of treated OMWW with O2 under UV light at λ = 254 nm 

After 15 hours of settling, the absorbance was measured before and after five minutes of 

centrifugation, Table 20. Decolorization decreased to -10.9%. This result indicates that this 

treatment is not effective for the treatment of OMWW, or at least, not when combined with 

electrocoagulation. 

Absorbance 
(a)

 Decolorization 

Before Centrifugation 0.148 -131.2% 

After Centrifugation 0.071 -10.9% 
(a) λ=395 nm  

Table 20: Decolorization of treated OMWW with O2 under UV light at λ = 254 nm after 15h of settling 

 

3.4.3.2.2 Second Trial 

In this experiment, H2O2 was combined with Fe
2+

, O2, and treated OMWW under UV 

radiation wavelength of 254 nm in order to have a higher oxidation rate. Thus, both OH radicals 
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and O2 contribute in oxidizing organic contaminants. 41.7 mL of C2H2O4 solution was mixed 

with 83.3 mL of 8mM H2O2 solution and 125 mL of OMWW pre-treated by eletrocoagulation. 

The treatment was run for two hours, and absorbance was measured as usual (Table 21). 

However, the decolorization rate was slower. 

Time (min) Absorbance 
(a)

 Decolorization 

0 0.285 ----- 

10 0.306 -7.4% 

20 0.326 -14.4% 

30 0.341 -19.6% 

40 0.347 -21.8% 

50 0.333 -16.8% 

60 0.344 -20.7% 

70 0.335 -17.5% 

80 0.340 -19.3% 

90 0.333 -16.8% 

100 0.331 -16.1% 

110 0.330 -15.8% 

120 0.335 -17.5% 
(a) λ=395 nm and [H2O2]=8 mM 

Table 21: Decolorization of treated OMWW with O2 and H2O2 under UV light at λ = 254 nm 

 The mixture was left to settle for two days, and its absorbance was measured before and 

after centrifugation. Then, the absorbance was measured after three days of standing as well, 

Table 22. The settling led to a decrease of the absorbance, and the reason could be that the 

floating particles that were formed during the reaction and caused the absorbance increase were 

settled at the bottom of the beaker. In addition, the total decolorization that was obtained from 

this experiment is 78.2%. 

Before Centrifugation After Centrifugation 

Period Absorbance 
(a) 

Decolorization Absorbance 
(a) 

Decolorization 

2 days 0.252 11.6% 0.062 78.2% 

3 days 0.190 33.3% 0.062 78.2% 
(a) λ=395 nm 

Table 22: Decolorization of treated OMWW with O2 and H2O2 under UV light at λ = 254 nm after 2 and 3 days of 

settling 
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3.4.4 Fenton 

The Fenton reaction includes the reactions of peroxides, such as hydrogen peroxide, with 

iron ions in order to form active oxidation reagents that attack organic and inorganic compounds 

[13]. In the Fenton reaction, the first reaction is the oxidation of ferrous to ferric ions in order to 

decompose hydrogen peroxide into OH radicals (eq. 10) [13]. Then, ferrous ions are formed by 

the reduction of ferric ions when they react with the excess H2O2 (eq. 11), and this reaction is 

called Fenton-like reaction [14]. Fenton-like reaction is slower than Fenton reaction, and it 

successfully regenerates Fe
2+

 ions. In addition to the regeneration of ferrous ions, in the Fenton-

like reaction hydroperoxyl radicals are also produced (eq. 11), and they can attack organic 

pollutants as well [14]. However, they are less active than OH radicals. The iron added in Fenton 

reaction acts as catalyst, but H2O2 is constantly consumed through the reaction in order to 

produce OH radicals [18]. 

Fe
2+

 + H2O2  → Fe
3+

 + OH
-
 + 

•
OH                     (10) 

 

Fe
3+ 

+ H2O2 → Fe
2+ 

+ 
•
O2H                                 (11) 

 

 In photo-Fenton when the mixture of H2O2 and Fe
2+

 was exposed to UV light, there was 

an increase of the absorbance. Therefore, the Fenton reaction was performed to check if the 

reaction would occur even when there is no UV light. Two experiments were performed in the 

laboratory; one with pre-treated OMWW and the other with untreated (but diluted) OMWW. The 

experiments were performed for 20 hours, and their absorbance was measured as usual. The 

experiments were held in 50 mL beakers, and the treated samples were made of 8.3 mL 3mM 

iron (III) oxalate solution, 16.7 mL of either 5 mM or 8 mM hydrogen peroxide, and 25 mL of 

either pre-treated or untreated OMWW. 
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3.4.4.1 Treated OMWW 

In this experiment, OMWW pre-treated by electrocoagulation was mixed with the Fenton 

reagent to decrease its absorbance. As shown in Table 23, the decolorization rate of the sample 

with 8 mM hydrogen peroxide concentration is higher.  

 [H2O2]=8 mM [H2O2]=5 mM 

Time (min) Absorbance
 (a) 

Decolorization Absorbance 
(a) 

Decolorization 

0 0.160 ---- 0.140 ---- 

10 0.156 2.5% 0.149 -6.4% 

20 0.166 -3.8% 0.141 -0.71% 

30 0.162 -1.3% 0.156 -11.4% 

40 0.154 3.8% 0.143 -2.1% 

50 0.158 1.3% 0.141 -0.71% 

60 0.152 5.0% 0.141 -0.71% 

70 0.152 5.0% 0.141 -0.71% 

80 0.158 1.3% 0.146 -4.3% 

90 0.146 8.8% 0.137 2.14% 

4 h 0.154 3.8% 0.140 0% 

5 h 0.160 0% 0.140 0% 

20 h 0.190 -18.8% 0.146 -4.3% 

(a) Measured at λ=395 nm. 

Table 23: Decolorization of treated OMWW during Fenton reaction for 20 h 

In addition, the absorbance was measured after centrifugation, Table 24, and the 

absorbance was decreased by 15.6% for the solution with 8 mM hydrogen peroxide. Therefore, 

pre-treated OMWW can be treated with Fenton but with 8 mM H2O2 concentration. Unlike 

photo-Fenton, decreasing the concentration of hydrogen peroxide to 5 mM did not increase the 

reaction rate. 

Absorbance 
(a) 

Decolorization 
[H2O2] =8 mM 0.135 15.6% 

[H2O2] =5 mM 0.137 2.14% 
(a) λ=395 nm. 

Table 24: Decolorization of treated OMWW after 20 h Fenton process and 5 min centrifugation 
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3.4.4.2 Diluted OMWW 

Untreated OMWW that was just diluted - by a factor of 20 - was also treated by the 

Fenton reaction to see if acidity of the reaction medium plays a role in the reaction. Similarly, 

two hydrogen peroxide concentrations were used, 5 mM and 8 mM, and absorbance was 

measured at λ=395 nm, Table 25.  

 [H2O2]=8 mM [H2O2]=5 mM 

Time (min) Absorbance 
(a)

 Decolorization Absorbance 
(a)

 Decolorization 

0 0.698 ---- 0.762 ---- 

10 0.709 -1.6% 0.767 -0.7% 

20 0.747 -7.0% 0.780 -2.4% 

30 0.738 -5.7% 0.779 -2.2% 

40 0.736 -5.4% 0.775 -1.7% 

50 0.751 -7.6% 0.763 -0.1% 

60 0.751 -7.6% 0.760 0.3% 

70 0.742 -6.3% 0.756 0.8% 

80 0.731 -4.7% 0.754 1.1% 

90 0.726 -4.0% 0.749 1.7% 

4 h 0.752 -7.7% 0.743 2.5% 

5 h 0.759 -8.7% 0.740 2.9% 

20 h 0.820 -17.5% 0.739 3.0% 

(a) Measured at λ=395 nm. 

 
Table 25: Decolorization of diluted OMWW during 20 h Fenton process without centrifugation 

 After centrifugation, the absorbance decreased by 8.0% in the solution with 5 mM 

hydrogen peroxide, Table 26. Unlike pre-treated OMWW, decreasing the concentration of H2O2 

led to better decolorization in diluted OMWW. 

Absorbance 
(a) 

Decolorization 
[H2O2] =8 mM 0.725 -3.9% 

[H2O2] =5 mM 0.701 8.0% 
(a) λ=395 nm. 

Table 26: Decolorization of diluted OMWW after 20 h Fenton process and 5 min centrifugation 

3.4.4.3 Comparison 

As shown in Figure 35, a comparison between all Fenton experiments was done. The best 

decolorization result was obtained with diluted untreated – but diluted - OMWW with a 5 mM 
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hydrogen peroxide solution. Therefore, we can say that the Fenton process works better with 

acidic solutions and a hydrogen peroxide solution of low concentration. However, when the 

treated sample is slightly basic or neutral, decreasing the concentration of H2O2 makes the 

treatment slower. 

 

Figure 35: Comparison between different Fenton experiments of diluted and treated OMWW 
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3.5 Future Work 

Many things can be improved if one wanted to continue working on this project. Some 

improvements can be done within the electrocoagulation treatment, for example on stirring. 

When better stirring is applied during the experiment, better water circulation would occur, thus 

better water treatment. From the previous experiments that were done in electrocoagulation, it 

was noticed that the best water circulation was obtained when the round-shaped aluminum cell 

was used. To have a better stirring, the design in Figure 36 could be implemented. A small 

agitator, Figure 37, could be used at the central bottom of the beaker and inside the round-

shaped cell. In addition, to have a continuous water circulation, the agitator could be assembled 

with a small electric motor. 

         
Figure 36: Agitation System       Figure 37: Agitator 

Moreover, the polarity reversing switch that was implemented this semester is manual. It 

could be upgraded to an automatic system by programing it with Arduino board, for example. 

Fenton and photo-Fenton might also be improved by increasing the concentration of Fe
2+ 

to have 

a faster degradation rate. 
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Furthermore, one of the goals of this semester was to combine electrocoagulation with 

adsorption, but due to lack of time, it was not possible to explore this technique. Adsorption is a 

surface phenomenon, and the concentration of a particular pollutant increases at the surface or 

inter-face between two phases [19]. Adsorption is affected by many factors such as the 

temperature, the presence of contaminants, the nature of the pollutant (adsorbate) and solid 

surface (adsorbent) [19]. The combination of electrocoagulation and adsorption would be 

beneficial because it would certainly decrease the cost of the electrocoagulation technique and 

while increasing the efficiency of the adsorption treatment. Finally, one of the future plans is to 

treat OMWW by an electrocoagulation unit powered by solar energy to reduce the cost of EC. 
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4. Conclusion 

OMWW is a highly contaminated mixture, and it has a significant harmful impact on the 

environment. In this project, electrocoagulation was tested for the depollution of OMWW by the 

usage of aluminum cells with different designs. The results of the various experiments conducted 

have shown that electrocoagulation is an efficient technique in the color and polyphenols 

removal and in neutralizing the pH. One of the factors affecting the electrocoagulation efficacy is 

the applied electrical current. The two-hour experiment was found to be the best compromise to 

obtain maximum decolorization within an acceptable period of time with an applied voltage of 

22V. The disadvantage of this method is the high energy consumption, which makes it 

expensive. Therefore, a combination of photo-Fenton and electrocoagulation have been tested to 

attain the maximum decolorization with the minimum energy consumption. Photo-Fenton was 

tested with the use of H2O2/Fe(II), O2/Fe(II), and H2O2/O2/Fe(II). Treating clean water from 

electrocoagulation with photo-Fenton with the use of H2O2/O2/Fe(II) was a successful 

experiment, and 78.2% decolorization was achieved. It should be mentioned that the UV lamp 

used was not very efficient, and that could have affected the treatment. Fenton was also tested to 

be combined with electrocoagulation, and it had 15.6% effectiveness after 20 hours treatment. To 

conclude, OMWW could be treated first by simple physical techniques such as filtration, 

dilution, and centrifugation. Then, two-hours electrocoagulation treatment should be run to 

degrade the most of organic substances that exist in OMWW. Photo-Fenton with the use of O2, 

H2O2, and Fe
2+ 

should follow electrocoagulation at 254 nm UV wavelength. Finally, 

centrifugation is an important step in the treatment of OMWW if one wishes to get rid of the tiny 

floating particles in a timely manner. 
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