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A B S T R A C T   

Wastewater from a chocolate industry with an acid pH (4.38), and a high content of organic matter (Chemical 
oxygen demand (COD) = 9566 mg/L), Biochemical oxygen demand (BOD5) of 4666.97 mg/L, biodegradability 
index (BI) of 0.49 and Total organic carbon (TOC) of 1318.7 mg/L, was treated by solar-photovoltaic electro-
coagulation. The effects of anodic material (aluminium, copper or zinc), pH (4.38 and 7) and current density 
(1.781 mA/cm2 and 0.356 mA/cm2) at 60 min of treatment time were studied. The aluminium system exhibited 
the best results: 50% and 39% removal efficiency of COD and BOD, respectively. The BI increased considerably 
from 0.49 to 0.59 while TOC diminished only 26.65%. The copper-based cell also showed an acceptable 
behaviour in the organic removal that was: 43% COD, 53% BOD, 30.7% TOC and the BI was 0.4. The zinc-based 
system was slightly less efficient than copper and aluminium, where the removal achieved was: 39% COD, 30% 
BOD5, and 19% TOC. The BI showed an increase to 0.56, improving the biodegradability of wastewater. The 
quantification and characterization of sludge was carried out using SEM and EDS. Fourier Transform Infrared 
Spectroscopy (FTIR spectra) proved the removal of organic and nitrogenous matter by the coagulant. Although 
costs associated with energy savings were estimated, the use of a solar panel, nevertheless, led to energy re-
ductions. According to Life cycle assessment, the Cu anode provided the highest environmental impact and the 
use of Zn involved a lower effect in all categories, except for marine ecotoxicity, human non-carcinogenic toxicity 
and human health.   

1. Introduction 

Chocolate products are the most widespread desserts and snacks 
around the globe [1]. The water consumption in the chocolate process is 
around 11,372 L/kg for moulded chocolates, followed by bagged 
chocolates (10,484 L/kg). The chocolate manufacturing industry has 
been reported to have high contents of total solids (TS), oils, sulphates, 
chlorides, fluorides, phosphorous, total nitrogen, biochemical oxygen 
demand BOD5, COD and surfactants [2], saturated fats, polyphenols, 
methylxanthines aldehydes, pyrroles, mixtures of phospholipids, ke-
tones, aliphatic alcohols, liquid cocoa butter triglycerides, glycolipids, 

volatile compounds di- and tri-terpenes, sterols, furans and flavonoids 
[3–8]. 

Efficient wastewater treatment technologies include electrochemical 
methods, for example, electro-oxidation (EO), electro-flotation (EF) and 
electrocoagulation (EC) [9–11]. These technologies are environmentally 
friendly because they have a small footprint, are reliable, economic, 
consume less treatment time, display large volume handling capacity, do 
not need chemical additives and generate minimal sludge quantities. 

EC is an effective technique to remove heavy metals [12–14], non-
metals [15–19], anions [20–22] and organic compounds [23–25] from 
drinking water and wastewater. EC has attracted sizeable attention 
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because of its growing enforcement to treat wastewater for different 
industries, like gelatine [26,27], the collagen of animal hide or bone 
[28], potato chips [29], starches [30], proteins, carbohydrates[31], vi-
tamins [32], pectin, sugars [33], fermented products [34], pasta, 
cookies [35], baker’s yeast [36], molasses [37], caramel pigment [38], 
almonds [39] and chocolate industry [40]. 

During the EC process, an applied electrical current makes sacrificial 
anodes dissolve, generating active coagulant compounds and electro-
lytic reactions happen at the electrode surfaces. Different metals have 
been tested as anodic material: aluminum [41–43], copper [44,45], iron 
[14,46,47], stainless steel [48], Platinum Coated Titanium [49] and zinc 
[11,50,51]. 

Few works have been reported specifically for the chocolate industry 
wastewater treatment [52–55]. Among these works, only two of them 
[40,56] are related to the treatment of this type of wastewater by EC. 
Such works, however, have left aside the assessment of different type of 
electrodes since they have been dedicated to the testing of only one type 
of electrodes (aluminum). In this context, a proper electrode material 
selection is important because it impacts the coagulant specie, and this 
affects the overall contaminants removal efficiency and also the overall 
process cost. There are within literature some studies that asses the ef-
fect of the anodic material albeit on the removal efficiency of toxic 
metallic ions [57], chemical oxygen demand (COD) of a palm oil mill 
effluent [33], of textile [58], paper industry wastewater [59], metal 
working fluid wastewater [60], and perfluorooctanoic acid [61]. Hussin 
et al., 2017 [51], for instance, demonstrated the superiority of zinc as 
sacrificial anode when compared with Cu, Fe and Al to remove Pb (II). 
The removal efficiency achieved with zinc was 97.5% while 74.1%, 
81.1% and 84.2% was achieved with Cu, Fe and Al, respectively. These 
results highlight the importance of assessing the type of electrode ma-
terial. In this sense, although Fe hydroxylated species are well known to 
be an efficient coagulant, its use is restrained by the inherent and 
inevitable increase in color [33]. 

In the EC, direct current is passed through an anode (sacrificial 
electrode), to generate metallic ions (Mn+

(aq)) (Eq. 1), then water reduction 
proceeds at the cathode to produce HO− and H2, as Eq. (2) shows [62]. 
This promotes the formation of polyhydroxides and 
polyhydroxy-metallic compounds (M(OH)n(s)), depending on the pH and 
metal involved, as seen in Eq. (3) [63]. After that, the colloidal pollut-
ants are removed by adsorption on the surface of the electrochemically 
produced coagulant, which at the end of treatment is separated from 
solution by flotation or sedimentation [64]. 

M(s)→Mn+
(aq) + ne− (1)  

2H2O+ 2e− →2HO− +H2 (2) 

In the bulk solution, 

Mn+
(aq) + nHO− →M(OH)n(s) (3) 

As above stated, electrochemical treatments need direct current to be 
carried out. Few years back, this represented one of the most important 
limitations of electrochemical treatments because of the ever-growing 
fossil fuel resource limitations that give off also ill-contributing green-
house gas emissions [65,66]. Nowadays, however, solar energy can be a 
friendly alternative and represents a green option. In EC systems, 
different works report solar panels as a source of energy [51,67–79]. 
There are only few studies, however, where the use of a battery, PWM 
(Pulse Width Modulation) solar charge controller is documented. This 
controller helps to maintain a constant potential to protect the battery 
and the devices powered by the solar panel, from the fluctuations pro-
duced by solar energy changes, i.e. the controller aims to regulate the 
fluctuations current or voltage to energize the electrodes [80,81]. A 
PWM charge controller also allows the battery being fully charged in an 
optimal and stable way. 

The use of solar energy instead of that from fossil fuels is important 

for the sustainability of the process. Also, in this context and for the sake 
of a decarbonized future, it is important to establish the environmental 
impact of a process. For such a purpose, Life Cycle Assessment (LCA) can 
be applied. This is a standardised methodology that can be carried out 
and the resulting environmental impacts are useful to set the ground for 
environmental improvements [82], to establish the sustainability of a 
process, and to make economic and political decisions. Despite the 
relevance of LCA, the literature on this regard and electrocoagulation is 
also scarce. The few related studies deal with the treatment of textile 
wastewater [58] and wastewater from a paper industry [59]. Both 
studies determine the environmental impacts of using as sacrificial an-
odes Fe or Al in an electrocoagulation process applied to different ef-
fluents. In the former case, Al was found as the anodic material with the 
lowest environmental impact, while Fe took this place when the treated 
effluent was that of a paper industry. Thus, from these studies, the 
importance of conducting a LCA for each electrocoagulation process can 
be inferred. 

Because of the aforementioned, the key objective of this research was 
to study and compare the performance of the EC process to treat 
wastewater from a chocolate manufacturing industry, using zinc, 
aluminium, and copper electrodes energized by solar energy, and to 
assess the midpoint and endpoint environmental impacts of the process 
by applying life cycle assessment methodology. For such a purpose, 
batch experiments were performed for the treatment of real chocolate 
wastewater under various experimental conditions. The variables of 
interest in this research were pH, current densities (CDs), electrolysis 
time and electrode materials. The pH is important because depending on 
the medium (acid or alkaline) different species are formed and favor the 
coagulation and / or precipitation of different pollutants. Current den-
sity is important because it controls the dose of coagulant that is pro-
duced in the system and affects the % removal of contaminants. 
Electrolysis time affects energy consumption and cost when direct cur-
rent is applied. The materials influence the removal efficiency, because 
of different species and complexes are formed in the process, the ma-
terials affect the cost of the system. A complete characterization was 
carried out before and after the EC process to understand the physical 
chemistry of water, evaluating also the energy consumption and pro-
duced sludge. 

2. Materials and methods 

2.1. Wastewater sample and characterization 

Industrial wastewater samples were obtained from the effluent of a 
chocolate industry located in the State of México, México. Samples were 
taken without previous treatment. They were collected in plastic con-
tainers and stored at 4 ◦C for characterization and electrochemical 
treatments. 

The physicochemical parameters were characterized according to 
Standard Methods Procedures [83]: chemical oxygen demand (COD), 
biological oxygen demand (BOD5), total organic carbon (TOC), 
turbidity, colour, sulphates, pH, nitrites, nitrates, total nitrogen, total 
phosphorus, electric conductivity, total coliforms and faecal coliforms. 

The physicochemical analysis was done once, using a control in each 
test. Electrochemical treatments were made by triplicate and error bars 
were included in the graphs. 

The wastewater from the chocolate industry is transported by 
waterpipes to the wastewater treatment plant in our research institute. 
The sampling was done before entering the treatment plant. The 
wastewater samples were gathered in 20 L plastic containers and kept at 
4 ◦C until analysis and treatment. It is worth clarifying that the taken 
samples corresponded to the final effluent of the chocolate 
manufacturing industry. 
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2.2. Electrocoagulation treatment 

The EC treatment of a wastewater from a chocolate factory was 
studied using a cylindrical reactor at bench scale (1.220 L). The treat-
ment was conducted under batch mode, with dimensions of 22.4 cm 
height and 7.5 cm diameter, with a maximum volumetric capacity of 
2 L. A volume of 1.220 L was used at all experiments, which were con-
ducted under continuous stirring. Rectangular electrodes of copper, zinc 
and aluminium, were assessed as anode/cathode plates, of dimensions: 
19.5 cm × 2.4 cm, and providing an anodic area of 280.8 cm2. The 
electrical current supplied was 0.1 and 0.5 A (j 1.781 mA/cm2 and 
0.356 mA/cm2), powered by a solar panel, connected to a charge 
controller. The order of magnitude of the current densities was elected 
based on other works that successfully applied low current densities [17, 
40]. Sodium sulfate was added to the sample to obtain a concentration of 
0.004 M as support electrolyte to achieve 1.781 mA/cm2 and to increase 
the electric conductivity of the sample from 624.7 μS/cm to 1658 
μS/cm. The electric conductivity was measured with a Hach ION450 
Conductivity Meter. Different aliquots were taken every 10 min per hour 
of treatment time. The working pHs were 4.38 (natural pH of the sam-
ple) and 7, this last one adjusted with a NaOH solution (7.5 M). The 
experimental setup is shown in Fig. 1. 

2.3. Methods of analysis 

Scanning Electron Microscopy coupled with EDS detector analysis 
were performed aided by a JEOL JSM-6400 (SEM) with backscattered 
electrons (BSE) (10–20 kV) detector, coupled to a FlexSEM, model SU 
1000 (Hitachi) Electronic Data Systems (EDS) (at 20 kV) with Quantax 
75/80 Bruker detector at 500x, HV:20 kV, WD:11.3–11.6 mm, 
Px:0.32 µm and 80 µm. This was used to know the elemental composi-
tion and morphological properties. 

A Shimadzu IR affinity-1S Fourier Transform Infrared Spectropho-
tometer was used to identify the main functional groups of organic 
compounds in a range of 3999–399 cm− 1. 

These analyses were carried out to characterize the sludge obtained 
from EC treatment, after drying at 105ºC, during 24 h, aiming to 
establish the composition. 

Chemical species distribution diagrams were analysed by MEDUSA 
program [84]. For this purpose, the calculation of the ionic strength (I) is 
necessary. This is proportional to the concentration of electrically 
charged species in solution and it was calculated with Eq. (4) [85]. For 
this calculation the data summarized in Table 1S (supplementary ma-
terial) were used. As can be seen in Table 1S, the concentration of cat-
ions and anions (N-NO2

- , N-NO3
- , Cl-, PO4

3-, SO4
2-
, Fe2+, Ca2+, K+, Mg2+, 

Al3+, Cu2+, Zn2+ Na+ and SO4
2-) was taken into account. 

I
(

mol
/

L
)

=
1
2
∑(

CiZ2
i

)
(4)  

where Zi is the charge of each ion and Ci is the concentration of each 
individual ion (mol/L). 

2.4. Electrical cost and consumption 

Cost and energy consumption of the EC was estimated considering 
the theoretical dissolution of the electrode material (W) calculated by 
the Faraday’s law [86] as follows, 

W
(g

L

)
=

itM
nFv

(5) 

The electrical energy consumption E is defined by Eq. (6), 

E
(

kWh
L

)

=
Uit
v

(6)  

where i, is current (A), t is time (s for Eq. 5), M is Al, Cu or Zn atomic 
weigh (g/mol), v is the sample volume (L), F is Faraday’s constant 
(96,485 C/mol), n is the number of exchanged electrons during the 
anodic reaction, and it is 3 for Al and 2 for Cu and Zn, according to 
reaction 1, U is voltage (V) in Eq. (6). 

The electricity cost in Mexico is US$ 0.040 per kWh [87]. The cost 
per liter of wastewater treated can be calculated with Eq. (7) [88], 

Cos t
(

US$
L

)

= EC
(

kWh
L

)

(0.040) (7)  

2.5. Life cycle assessment (LCA) 

The assessment conducted here followed the ISO 14044 guidelines 
[89,90] and included the following stages: goal and scope definition, 
functional unit (FU), system description and boundaries, life cycle in-
ventory (LCI), impact assessment and interpretation. The goal was to 
assess the potential environmental impacts (mid and end point) of an 
electrocoagulation system for the treatment of wastewater from a 
chocolate factory under three scenarios of wastewater treatment that 
differ in the anodic material: scenario 1 (Zn), scenario 2 (Cu) and sce-
nario 3 (Al). The scope of this study includes all values referred from 
cradle to grave, considering experimental data material and energy in-
puts, water emissions associated with the FU, the used reference flow 
was 1.220 L of treated water, with a volume allocation of 100% for its 
treatment. 

The system boundary description (see Fig. 2) includes the electro-
chemical treatment of a wastewater chocolate factory according to 
Section 2.2. The LCI was established according with the experimental 
results obtained in this work at optimum conditions. To analyse and 
compare the impact categories, the software SimaPro® 9.1.0.11 PhD 
was used, developed by Pré Consultants. Inventory models for inputs 
were obtained from the Ecoinvent v.3 database. The environmental 
potential midpoint impacts were evaluated using ReCiPe 2016 Endpoint 
(H) V1.04 / World (2010) H/A [91]. This is an updated database and 
therefore is typically preferred to conduct LCA in the context of water 
treatment. The assessed midpoint impacts include 18 categories: global 
warming (GW) (kgCO2eq), stratospheric ozone depletion (SOD) (kg 
CFC11 eq), ionizing radiation (IR) (kBq Co-60 eq), ozone formation, 
human health (OfHh) (kg NOx eq), fine particulate matter formation 
(FPmf) (kg PM 2.5 eq), ozone formation, terrestrial ecosystems (OfTe) 
(kg NOx eq), terrestrial acidification (TA) (kg SO2 eq), freshwater 
eutrophication (FE) (kg P eq), marine eutrophication (MA) (kg N eq), 
terrestrial ecotoxicity (TEc) (kg 1,4-DCB), freshwater ecotoxicity (FEc) 
(kg 1,4-DCB), marine ecotoxicity (MEc) (kg 1,4-DCB), human carcino-
genic toxicity (HcT) (kg 1,4-DCB), human non-carcinogenic toxicity 
(HncT) (kg 1,4-DCB), land use (LU) (m2a crop eq), mineral resource 

Fig. 1. Experimental set-up used for EC experiments: 1) Solar panel, 2) Deep 
cycle battery, 3) Solar charge controller, 4) Current controller, 5) Cathode, 6) 
Anode, 7) Magnetic stirrer. 
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scarcity (MRs) (kg Cu eq), fossil resource scarcity (FRs) (kg oil eq) and 
water consumption(WC) (m3). 

The impact factor scores, expressed in millipoints (mPts), of the end- 
point environmental indicators (Human Health Damage, Ecosystem 
Quality, and Resource Availability), for scenarios 1, 2 and 3 were 
calculated. 

3. Results and discussion 

3.1. Physicochemical characterization of industrial wastewater 

Table 1 summarizes the results of the physicochemical character-
ization of the industrial wastewater prior treatment. The initial choco-
late wastewater sample has an acid pH of 4.38, the content of organic 
matter was characterized by COD of 9566 mg/L, BOD5 4666.97 mg/L. 
The biodegradability index (BI) was 0.49, according to Metcalf and Eddy 
[92] a wastewater with BI<0.5 is not easily biodegradable. The choco-
late wastewater sample presents a BI slightly under this value. TOC was 
1318.7 mg/L. This kind of wastewater sample from chocolate industry is 
characterized for the presence of high nitrogen and phosphorous con-
tents. The sample contains 95 mg/L as total nitrogen, 11.7 mg/L N- NH3 
mg/L, 1.3 mg/L N-NO3

− mg/L and 0.95 mg/L N-NO2
− mg/L. On the same 

sample, 36.82 mg/L of PO4
3− was detected. This N and P content is 

enough to cause problems associated with eutrophication including 
profuse algal blooms, excessive growth of nuisance aquatic plants, 
negative aesthetic aspects and deoxygenation [19]. The sample contains 
high colour and turbidity (891 Pt-Co units and 1082.67 NTU), the 
presence of chloride ions was detected (294.92 mg/L), so that it is 
possible that during electrochemical processes chlorine gas is formed, 
although this may help wastewater disinfection, since 1.6 × 106 

MPN/100 mL of total and faecal coliforms were detected in the sample. 
Also, the metals: Al (0.48 mg/L), Cu (0.19 mg/L) and Zn (0.35 mg/L) 
were characterized. Additionally, monovalent and bivalent cations were 
determined in the sample. 

Table 1 shows the final concentrations of Al, Cu and Zn after EC 
processes; however, because of the high metal concentration, the pH was 
increased to 9 so the ions concentration in the solution decreased. Both 
concentrations are reported in Table 1. 

The parameters reported in Table 1 were chosen according to the 
Mexican standard NOM-002-SEMARNAT-1996. 

3.2. Electrocoagulation treatment 

3.2.1. pH effect 
The initial pH is an important parameter in EC. It is worth noticing 

that pH increases during EC by the electrochemical reaction. This is 
generated by water reduction at the cathode to produce H2 gas and HO−

ions [62]. 
Figs. 3, 4 and 5 show the pH effect on the COD removal at a current 

Fig. 2. System boundary for the treatment of wastewater from a chocolate factory with three anodic materials: scenario 1 (Zn), scenario 2 (Cu) and scenario 3 (Al).  

Table 1 
Chocolate wastewater characterization before and after EC treatments.  

Parameter Units Initial Final characterization 

Cu Al Zn 

pH – 4.38 5.03 4.98 4.87 
Colour Pt-Co U 891 110 81 93 
COD mg/L 9566 5431 4808 5814 
BOD5 mg/L 4666.97 2173.04 2852.84 3245.31 
BOD5/COD  0.49 0.4 0.59 0.56 
TOC mg/L 1318.7 913.62 967.21 1069.37 
Nitrites N-NO2

−

mg/L 
0.95 0.31 0 0.7 

Nitrates N-NO3
−

mg/L 
1.3 1.3 0.6 0.7 

Ammoniacal 
nitrogen 

N- NH3 

mg/L 
11.7 13.9 12.7 17.9 

Total nitrogen N mg/L 95 31 33 48 
Phosphate PO4

3− mg/ 
L 

36.82 15.82 3.59 30.02 

Turbidity NTU 1082.67 88.9 19.2 283 
Total dissolved 

solids 
mg/L 1263 1539 1464 853 

Total Suspended 
Solids 

mg/L 1397 3 12 36 

Total solids mg/L 2660 1541 1476 889 
Total coliforms MPN/ 

100 mL 
1.6 × 106 < 200 < 200 < 200 

Faecal coliforms MPN/ 
100 mL 

1.6 × 106 < 200 < 200 < 200 

Chlorides Cl− mg/L 294.92 225.89 158.96 192.42 
Fe mg/L 3.22 1.89 1.93 1.52 
Ca mg/L 167.39 24.55 18.22 18.73 
K mg/L 24.41 21.41 20.05 20.26 
Mg mg/L 12.35 11.37 4.13 9.93 
Al mg/L 0.48 0.19 106.4 

3.14 
(at pH 
9) 

0.24 

Cu mg/L 0.19 265.66 
17.3 
(at pH 
9) 

0.15 0.08 

Zn mg/L 0.35 0.25 0.29 198.6 
2.66 
(at pH 
9)  
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Fig. 3. Aluminium electrocoagulation performance: Effect of pH on the COD and Colour removal efficiency after 60 min of treatment and 0.356 mA/cm2, a) pH 4.38 
(•COD and ○ Colour) and pH 7 (■COD and □Colour) and b) Aluminium species distribution diagram in wastewater as a function of pH (I=0.02 and Al3+=1.02 mM, 
NO3

− = 20.97 μM, PO4
3− = 0.39 mM, Cl− = 8.32 mM, NO2

− =20.65 μM). 

Fig. 4. Copper electrocoagulation system performance: Effect of pH on the COD and Colour removal at 60 min treatment and 0.356 mA/cm2, a) pH 4.38 (•COD and ○ 

Colour) and pH 7 (■COD and □Colour) and b) Copper species distribution diagram in wastewater as a function of pH (I=0.02 and Cu2+=1.53 mM, NO3
− = 20.97 μM, 

PO4
3− = 0.39 mM, Cl− = 8.32 mM, NO2

− =20.65 μM). 

Fig. 5. Zinc electrocoagulation performance: Effect of pH on the COD and Colour removal at 60 min treatment and 0.356 mA/cm2, a) pH 4.38 (•COD and ○ Colour) 
and pH 7 (■COD and □Colour) and b) Zinc species distribution diagram in wastewater as a function of pH (I=0.02 and Zn2+=1.53 mM, NO3

− = 20.97 μM, PO4
3− =

0.39 mM, Cl− = 8.32 mM, NO2
−
=20.65 μM). 
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density of 0.356 mA/cm2, 1 h of treatment time and initial COD 
9566 mg/L, colour 891 Pt-Co U, using Cu, Al and Zn as anodes in the 
electrolytic cell, pH of 4.38 (natural pH of the wastewater) and 7 
(neutral pH) adjusted with sodium hydroxide. 

Fig. 3a shows the aluminium electrocoagulation performance and 
the pH influence on the COD and colour removal. 31% of COD removal 
was achieved at initial pH 7 and 39% at pH of 4.38. At the same time, 
80–90% of colour was removed in this treatment. During EC the pH 
increased to 4.98 and 7.30, respectively. According to aluminium spe-
cies distribution diagram (Fig. 3b), Al(OH)3 was produced in this pH 
range (Eq. 8) [93]. 

Al3+ + 3HO− →Al(OH)3 (8) 

The pH evolution with time, exhibited by the copper EC system, is 
shown in Fig. 3. It can be observed that the natural pH sample increased 
from 4.38 to 5.03. One of the main species formed was Cu2+ [94] which 
favours the precipitation of phosphate ions in the chocolate wastewater 
as Cu3(PO4)2(s) [95] and CuCl2⋅3Cu(OH)2 [96] (Eqs. 11–12). Eqs. 9–10 
show the chemical reactions that occurred in the aqueous media. At 
neutral pH, the samples pH increased to 8.02 and Cu(OH)2 (s) was 
formed at this pH [97]. The best removal of 37% COD and 80% of colour 
were achieved after 60 min of treatment time at an initial pH of 4.38. 

In the EC process, different species contributed to destabilization of 
the organic and inorganic macromolecules by charge neutralization 
[98], these produce the agglomeration of neutral colloidal entities, 
promoting the flotation by hydrogen gas or precipitation by sedimen-
tation [99]. 

Cu(s)→Cu2+
(aq) + 2e− (9)  

Cu(s) + 2H2O(l)→Cu(OH)2(s) +H2(g) (10)  

3Cu2+ + 2H2PO−
4 →Cu3(PO4)2(s) + 4H+ (11)  

2Cu2O+ 2HCl+ 2H2O+O2→CuCl2⋅3Cu(OH)2(s) (12) 

Further, the Zn system showed a pH increase from 4.38 to 4.87, while 
the neutral pH sample increased to 7.74. Fig. 5 shows the behaviour of 
COD and colour removal efficiency observed at these pHs in the Zn 
system. In both treatments, 39% of COD and 90% of colour were elim-
inated. Eq. (13) shows the anodic oxidation in the electrochemical cell, 
and Eqs. 14–16 show the chemical reactions occurring in solution 
[100–102]. This electrode material produced a smaller coagulant 
amount than Al or Cu, however, a good removal of COD was observed in 
this system. 

Zn→Zn2+ + 2e− (13)  

Zn2+ + 2H2O→Zn(OH)2(s) + 2H+ (14)  

ZnO(s) +H+→ZnOH+ (15)  

3Zn2+ + 2H2PO−
4 + 4H2O→Zn3(PO4)2.4H2O+ 4H+ (16) 

Al(OH)3 is characterized by its amphoteric character; it can react or 
behave as an acid or a base. Al(OH)3 reacts with H3O+ ions to form the 
aqueous complex [Al(OH2)6]3+ that hydrolyzes to acidify the medium, 
thus Al3+ is an acid ion; the working pH is 4.38 and according to the 
species distribution diagram, Al3+ is present at low concentration. 
However, Al(OH)3 also behaves like a base, since it reacts with H3O+. On 
the other hand, it can react with HO–, behaving as an acid forming Al 
(OH)4

–, this complex is formed from pH 10, although this was not formed 
in the present work. Therefore Al(OH)3 behaves as an electrocoagulant. 

In the case of Cu and Zn, the Cu(OH)2 and Zn(OH)2 species are 
formed from pH 8, so they are not present during the EC process. The 
residual water from the chocolate industry is very stable due to the 
phosphate buffer, therefore the precipitation reactions of phosphate ions 

and the formation of complexes with nitrogenous matter are favored, 
which explains the amphoteric behavior. 

3.3. Effect of current density 

Current density (j) is one of the most significant parameters in the EC 
process [103]. This controls the anodic dissolution, bubble generation, 
flocs growth, the shift in pH, energy consumption during the treatment, 
electric conductivity and the quantity of solids generated [104]. 

Fig. 6 shows the behaviour and effect produced by the j at 1.781 mA/ 
cm2 and 0.356 mA/cm2, using Al, Cu and Zn anodes, at natural pH of 
4.38. It is well known that increasing j, improves the removal efficiency 
of organic and inorganic pollutants [105] because the anodic dissolution 
also increases. As we can see, Figs. 6a and b show that the best results 
were observed at j 1.781 mA/cm2 with Al and Cu electrodes. The 
Al-based system presented the best performance with a removal of 50% 
COD and 91% color, while the Cu-based system showed a lower removal 
than aluminum, 44% COD and 88% color were achieved. 

Fig. 6c shows the best removal efficiencies for the zinc system, 39% 

Fig. 6. Electrocoagulation performance: Effect of current density, j, on the COD 
and Colour removal at 60 min of treatment time and pH 4.38 a) aluminum 
system, b) Copper system; c) Zinc system. DQO (■1.781 mA/cm2 and 
•0.356 mA/cm2) and Color (□1.781 mA/cm2 and ○0.356 mA/cm2). 
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COD and 92% color removal were obtained at the smallest j (0.356 mA/ 
cm2). 

In addition, it can be observed in Table 1, that the total dissolved 
solids increase with the EC that was carried out with Al and Cu elec-
trodes. This is not observed in the case of the Zn electrodes, however, the 
total dissolved solids removal with this material is only 32%. The total 
dissolved solid concentrations in Table 1 are linked to the metallic ions 
that are detached from the sacrificial electrode and that were not used 
during the treatment and that did not precipitate. 

This leads to a loss of anodic material. It is worth noticing that the 
total solids were removed in a 67%, 50% and 42% in the following order 
as function of anodic material: Zn>Al>Cu. 

3.4. Kinetics 

The kinetic data of the assessed treatments were analysed by 
applying basic power law models; however, a low correlation coefficient 
was obtained. Hence, the Behnajady-Modirshahla–Ghanbery model 
(BMG) was used. This model is obtained from the mathematical differ-
entiation of a second order adsorption equation. This model recognizes 
two main steps dictating the removal rate of pollutants, i.e. the flocs 
production (Eq. 1) and then the adsorption of contaminants on them (Eq. 
3). The BMG model is given by Eq. (17) [106], 

Ct =
(

1 −
[ t
m + bt

])
∗ C0 (17)  

where Ct is the COD and color concentration at time t, the initial con-
centration of COD and color at time t = 0 min is C0, t is the reaction time 
in min. 1/m is the COD or color removal rate at the beginning of the 
process and 1/b is the maximum theoretical fraction of removal [107]. 

Fig. 7 shows a) the COD removal and b) the color removal. The m and 
b constants are given in Table 2. These constants were calculated with 
the software Statistica 10 StatSoft®. The high correlation coefficients 
showed that the applied kinetic model displayed good correspondence 
with the data. BMG model represents well the experimental data 
because the EC occurred in two stages: coagulation occurred very fast 
during the first 10 min and then sedimentation occurred during the last 
50 min Fig. 6a shows that COD removal is faster with Al Electrodes and 
Fig. 6b shows that after 40 min of treatment, the color removal is the 
same with the three different materials but at different reaction rates. 

It can be observed in Table 2 that the smallest m corresponds to the 
Zn system. This means that Zn is the material that produces a faster 
initial removal rate of both, COD and color. Even so, constant b revealed 
that Al was the material producing a greater color and COD removal % 
at the end of the process. 

3.5. UV-Vis spectroscopy 

Fig. 9 shows the Uv-Vis spectra of the samples obtained at the best 
conditions for each treatment. The samples were diluted 1/20 for the 
analyses; turbidity, organic and inorganic matter were reduced consid-
erably after treatments. 

Aluminum is the material with the lowest absorbance in a range of 
200–900 nm, after EC. This material removed all turbidity from the 
sample, but there is still organic matter seen at the 200–325 nm wave-
length; the same spectrum is shown in this range as in the sample treated 
with Zinc electrodes. It is not known to which species this absorbance is 
related, but it is completely removed with the Copper electrodes. Thus, 
the increase in absorbance is due to the link of Copper with the organic 
matter of the medium. 

Zinc and copper have the same absorbances of 325–900 nm, but Zinc 
has a turbidity three times greater than copper. This was reflected on the 
COD concentration. 

3.6. Sludge Characterization 

After EC treatment, the sludge was characterized by SEM and EDS.  
Fig. 10 shows the heterogeneous and irregular morphology of the a) Al, 
b) Cu and c) Zn sludge. 

The analysed samples section showed the following elements in 
common C, O, Si, S, P, Fe, Mg and Al. The quantitative analysis indicates 
that the average mass (%) of chemical constituents of the sludge sample 
are: a) C 21.01%, O 56.97%, Na 0.39%, Mg 0.76%, Al 18.00%, Si 1.00%, 
S 1.02%, Ca 0.38% and P 0.13%, b) C 55.28%, O 37.08%, Si 0.44%, S 
0.53%, Cu 5.23%, P 0.60%, Fe 0.51%, Mg 0.18% and Al 0.15%, and c) C 
30.16%, O 28.83%, Mg 0.45%, Al 0.19%, Si 1.10%, P 0.67%, S 0.58%, 
Ca 0.81%, Fe 0.54%, Zn 31.34%, K 0.29% and Na 5.06%. 

These elements are associated with the organic matter (carbon) and 
inorganic ions from chocolate wastewater, as well as the anodic metals 
that were removed after the EC process [108]. 

Fig. 11 depicts the FTIR spectrum which exhibits different bands in 
the 3000–3700 cm− 1 range, assigned to the stretching vibration of O-H 
bonds of the different polymorphs of Al(OH)3, Cu(OH)2 and Zn(OH)2 
[109]. The peak at 1637–1647 cm− 1 represents hydroxyl bending and 
γ′(OH) water bending vibration or overtones of hydroxyl bending [110]. 
Peaks at 2919–2921 and 2851–2855 cm− 1, correspond to the C-H 
stretching mode of saturated C-C bonds, showing the presence of hy-
drocarbons in the sludge [111], while the peak around 1051–1075 was 
assigned to carbonate mode. A stretching vibration of the Al-O bond at 
554 cm− 1 was also observed in the Al [112]. In addition, the presence of 
conjugated carbon–carbon bond is corroborated by a medium intensity 
band at 1464–1469 [113]. Peaks at 1745 in the Al, Cu systems and 
1744 cm− 1 in the Zn can be associated to stretching vibration of C––O 
[114]. 

Fig. 7. Kinetic BGM modeling of the a) COD and b) colour removal; Al electrodes (◆), Cu electrodes (■) and Zn electrodes (•), Model Al (–––), Model Zn 
(————), Model Cu (———). 
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3.7. Physicochemical characterization of industrial wastewater after EC 
treatments 

Table 1 shows the physicochemical characterization of the chocolate 
industry wastewater before and after EC for Cu, Al and Zn systems. 

The aluminium-based system rendered the best results for organic 
and inorganic parameters: COD was reduced from 9566 mg/L to 
4808 mg/L which represents a 50% removal and BOD was reduced from 
4666.97 to 2852.84 mg/L, achieving 39% removal. The BI was 
increased considerably from 0.49 to 0.59. TOC diminished only 26.65% 
because EC does not mineralize organic matter. Color and turbidity were 
considerably improved: 90% and 98% were achieved, respectively. Both 
values, COD and color removal, were inferior to those observed at the 
same current density with Al electrodes albeit under a different hydro-
dynamics [40]. Such a study also deals with the treatment of wastewater 
from a chocolate manufacturing industry. A 63% and 97% of COD and 
color removal, respectively, was reported [40]. The differences can be 
ascribed to the different hydrodynamics and to the fact that in the 
previous study the initial COD was almost half (ca. 5000 mg/L) of that 
used in this manuscript (9566 mg/L). Compared to the results reported 
in [56], the achieved COD removal in this work (50%) is higher than 
that reported in a batch system also with Al electrodes [56]. This can be 
ascribed to the higher current density applied in this case. Regarding 

color, the removal of this parameter was higher (98.2%) at lower current 
densities [56] than the ones applied in this work. 

Regarding total nitrogen (Table 1), it was reduced from 95 to 33 mg/ 
L and ammoniacal nitrogen was slightly increased from 11.7 to 
12.7 mg/L, final nitrates concentration (0.6 mg/L) and nitrites were not 
detected. Also, phosphate ions were 90% reduced. The electrochemical 
reduction of NO3

− is reported by some authors to occur according with 
Eqs. 18 and 19 [115], 

8e− +NO−
3(aq) + 10H+

(aq)→NH+
4(aq) + 3H2O(l) (18)  

NH+
4 +HO− ↔ NH3.H2O ↔ NH3 +H2O (19) 

Cl− ions were measured at the beginning and at the end of treatment, 
according with standard methods. Eqs. 20–22 describe the chlorine 
production at the anode and the hypochlorite formation in solution [17, 
40]. The chlorine production is expected because after the EC treatment 
chloride ions concentration were diminished for Al, Cu, and Zn systems 
and an odor of chlorine was perceived during treatments. In addition, 
fecal and total coliforms were reduced significantly (99% reduction). 

2Cl− →Cl2 + 2e (20)  

Cl2 +H2O→HClO+H+ +Cl− (21)  

HClO→H+ +ClO− (22) 

For the Aluminium system, the final pH was 4.98 then the formation 
of Al(OH)3(s) observed in Fig. 7a), is expected. 

The copper system was the second best in the organics removal. The 
obtained removal results with copper electrodes were: 43% COD, 53% 
BOD, 30.7% TOC and the BI was 0.4. Nitrogenous matter exhibits a 
similar behaviour than Al system. TN was reduced 67%, ammoniacal 
nitrogen was also increased from 11.7 to 13.9 mg/L, nitrates did not 
present any change and nitrites were reduced from 0.95 to 0.31 mg/L. 
According with Eq. (11) and Fig. 8, the phosphate precipitation was 
carried out in the Cu system as Cu3(PO4)2, 57% removal was obtained. 
87% color and 91.7% turbidity were achieved. In addition, 99% total 
and fecal coliforms were removed using Cu EC system due to Eqs. 
(20–22). 

The three different materials at their best conditions show what can 
be used as pretreatment, because after 10 min, all the organic and 
inorganic suspended and colloidal matter was removed. After 30 min of 
treatment the removal of COD is practically constant, soluble COD 

Fig. 8. Species distribution diagrams in wastewater as a function of pH at j = 1.781 mA/cm2 with electrodes a) Al (Al3+= 5.11 mM and I=0.058), b) Cu (Cu2+
=

7.65 mM and I=0.050) and c) Zn (Zn2+= 7.65 mM and I=0.050). 

Table 2 
The coefficients of determination and characteristic constants of BMG.  

Electrode material Colour Removal COD Removal 

m (min) b r2 m (min) B r2 

Al  8.070848  0.986366  0.98661708  8.700301  1.926605  0.9957448 
Cu  1.781608  1.113641  0.999911  18.787766  2.105534  0.99517004 
Zn  0.380186  1.085942  0.9996909  4.171368  2.507814  0.99879533  

Fig. 9. Uv-Vis Spectra of Al 1.781 mA/cm2, Cu 1.781 mA/cm2 and Zn 
0.356 mA/cm2: Zn (–––), Cu (————), Initial (———), Al (–⋅⋅). 
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remains in the wastewater. Some recalcitrant characteristics (humic and 
fulvic acids) could be present in the wastewater, so that BOD5 removal is 
also low. 

Na2SO4 was added as supporting electrolyte, then Fig. 8 shows the 
species that are produced by adding SO4

2− (6.59 mM). In the Cu system, 
the increase of pH was 5.03, then Cu2+, Cu3(SO4)(OH)4(s), Cu4SO4(OH)6 

(s) [116], CuSO4 [117] and Cu3 (PO4)2(s) in Fig. 7b) could be formed, 
according with Eqs. (9,11) and (23–25). 

Cu+ SO2−
4 →CuSO4 (23)  

4Cu2+ + SO2−
4 + 6(HO)

− →Cu4SO4(OH)6 (24)  

3Cu2+ + 4HO− + SO2−
4 ↔ Cu3

(
SO4

)
(OH)4 (25) 

The zinc-based system was slightly less efficient than Cu and Al since 
the removal achieved was 39% COD (from 9566 to 5814 mg/L), 30% 
BOD5 (from 4666 to 3245.31 mg/L), 19% TOC (1318.7–1069.37 mg/L). 
The BI shows an increase from 0.49 to 0.56, improving the biodegrad-
ability of wastewater. Color and turbidity presented a reduction of 
89.5 mg/L and 73.86%, respectively. Total and fecal coliforms were 
reduced 99%. The reduction of TN was only 49% and this system ach-
ieved a higher formation of ammoniacal nitrogen (from 11.7 to 

17.9 mg/L), nitrates and nitrites achieved a concentration of 0.7 mg/L 
(46% and 26% respectively). Phosphates were slightly diminished 
(18.46%). In general, PO4

3− can also be adsorbed in the form of a com-
plex with the hydroxides, which depends on the sacrificial anodic ma-
terial. This is reflected in the production of sludge that can be removed 
by sedimentation and flocculation. 

The increase of pH to 6.88 in the Zn system, promotes the formation 
of: Zn2+, Zn3 (PO4)2.4 H2O(s), ZnOH+, ZnSO4 [118], and 
Zn4(OH)6SO4[119], as shown in Fig. 8c. The reactions occurring in this 
system are 13,15–16 and 26–27, 

Zn2+ + SO2−
4 ↔ ZnSO4 (26)  

Zn(OH)2 + 3Zn2+ + 4HO− + SO2−
4 →Zn4(OH)6SO4 (27) 

The species showed in the Eqs. (18–27) were proposed in agreement 
with the equilibrium diagrams and initial and final concentrations of 
different ions, supported through diverse works reported. 

The sludge content was determined for each system Al, Cu and Zn 
that produced 1.31, 1.15 and 0.41 g/L of sludge, per treatment [120]. 

3.8. Operating cost of the EC process 

The operating costs in this work were calculated by Eq. (6), for each 
electrical material at its best conditions. The calculations were made 
based on the quantity of electricity that has passed through the elec-
trochemical cell [121] and the results are summarized in Table 3. It is 
worth clarifying, that these costs are actually savings since the energy 
was supplied by a deep cycle battery, whose CD was controlled by a 
current regulator. The deep cycle battery was charged by a solar panel. 

Fig. 10. SEM and EDS images of sludge generated during EC process with electrodes of a) Al, b) Cu and c) Zn.  

Fig. 11. FTIR spectra of sludge generated during EC process with electrodes of 
a) Al (⋅⋅⋅⋅⋅⋅), b) Zn(–––) and c) Cu(———). 

Table 3 
Operating costs and Faradaic efficiency.  

Electrode 
material 

Costs Theoretical concentration 
of the sacrificial anode 

Faradaic 
efficiency (%) 

Units 

kwh/L Cent 
(US)/L 

mg/L 

Aluminum  0.0044  0.0176  138  77.1 
Zinc  0.0003  0.0012  100  198.6 
Copper  0.0037  0.0148  486  54.7  
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Thus, the supplied solar irradiation was a function of the site where the 
experiment was conducted, while the instantaneous solar irradiation 
was observed to vary with the meteorological conditions: roughly, 
sunny or cloudy [122]. Average solar radiation was obtained from the 
values of NASA [123]. This work was carried out with the following 
coordinates: 19.399, − 99.714. The program estimated the value of 5.46 
kWh/m2/day. 

Faradaic efficiency (FE) was calculated with Eq. (28) [124] where C 
(measured) is equal to the metal measured concentration in the bulk 
solution divided by C(faraday) that is the theoretical concentration 
calculated by Faraday’s law (Eq. 5). A FE close to 1 means optimum 
system performance. Through this Equation, it is shown that the Zinc 
electrode gives off almost twice the theoretical amount, because the 
solid phase is always in equilibrium with the liquid phase with fast 
external mass transport [125]. This can be ascribed to the Zn oxidation 
with the simultaneous water reduction to produce hydrogen, applied 
current (i), and solution pH [71,126]. With the electrodes of Al and Cu, 
there was a FE> 100 because the applied current was diverted to sec-
ondary electrochemical reactions to proceed [127]. 

FE% = (100)
[

C(measured)
C(faraday)

]

(28) 

According with the results observed in Table 3, FE is higher when the 
Zn electrodes are used at a current density of 0.356 mA/cm2. This is 
because zinc hydroxides generate ZnO(s) (Eq. 29)[128]. This produces a 
layer on the anode, which may generate electro-oxidation as shown in 
Eq. 30, because ZnO has the capacity to function as photoanode [129]. 
Due to this, the sludge production is very small. 

Zn(OH)2→ZnO+H2O (29)  

H2O+ ZnO→ZnO
( ⋅OH

)
+H+ + e− (30) 

As current density increases, however, the FE decreases to 27.68% 
with a C(faraday) equal to 500 mg/L and a C(measured) equal to 
138.4 mg/L. 

3.9. Life Cycle Assessment 

The LCI for the studied system under the three scenarios is summa-
rized in Table 1S given as Supplementary material. To generate this LCI 
the FU of 1 L of treated wastewater was used. 

For the environmental analysis of the different scenarios, all the in-
ventory items presented in Table 3S were considered. Table 4S shows 
the assessed impact categories, and the identified hotspots in this study 

are terrestrial ecotoxicity by scenario 2 (Cu) (5.561 kg 1,4-DCB) and 
human non-carcinogenic toxicity by scenario 1(Zn), (1.642 kg 1,4-DCB). 
The toxicity potential is expressed in kg 1,4-dichlorobenzeneequivalents 
(1,4DCB-eq). 

It can be seen in Fig. 12 that there is not a scenario that can be 
concluded as the best in terms of environmental impact in all categories. 
It is also important to note that the election of electrode material should 
not be made solely based on the performance of such material in the 
wastewater treatment. According to Fig. 12, nevertheless, Cu should not 
be elected as anodic material, not only because of its poor performance 
as electro-coagulant but also because exhibits the highest contribution 
to all midpoint categories excepting global warming. Regarding scenario 
1, the use of Zn implies lower environmental impact than Al and Cu in 
most of the midpoint impact categories excepting for five of them, 
freshwater eutrophication, freshwater ecotoxicity, marine ecotoxicity 
and human carcinogenic and non-carcinogenic toxicity. These impact 
categories represent water quality and human health and they are the 
most frequently included in wastewater treatment LCÁs [130]. 

The terrestrial ecotoxicity for scenario 2 (Cu) comes from anodic 
electrode material consumption derived from the electrode production 
(98.85%) and Na2SO4 (1.03%), mainly. The metal terrestrial ecotoxicity 
is an important impact influenced by the reactivity of the solid-phase 
metal pool. Copper is mainly associated with the variability in soil 
organic carbon and pH [131]. It is also considered that heavy metals can 
have several consequences in the human body such as cellular damages, 
carcinogenesis, neurotoxicity and might be the molecular basis for other 
noxious effects (Parkinson’s disease and Alzheimer’s disease) [132]. The 
agency for toxic substances and disease registry (ATSDR) has stated that 
the high levels of copper can cause harmful effects such as irritation of 
the nose, mouth and eyes, vomiting, diarrhea, stomach cramps, nausea, 
and even death [133]. 

The scenario 1(Zn) was less efficient than scenario 2(Cu) and sce-
nario 3(Al) in the removal of COD, BOD5, and TOC. The human non- 
carcinogenic toxicity comes from final water emissions (99.64%) and 
anodic electrode material consumption (0.36%). The human health risk 
assessment is directly related to the degree of toxicity of heavy metals. 
The heavy metals as Zn, Cu, Cd, Cr, Pb, As, Cr, Mn, Fe and Ni have been 
associated with several non-carcinogenic related consequences [134]. In 
the case of Zinc, however, has a rather low toxicity and is an essential 
trace element for life. From the literature [135], there are very rare 
intoxication cases where Zn can be blamed. This suggests that the high % 
contribution to the aforementioned impact categories is due to the low 
efficiency removal in COD, color and turbidity, instead of the metal 
consumption. 

Regarding the endpoint assessment, Table 4 summarizes the contri-
bution in mPt to every damage category from every assessed scenario. It 
can be observed that in the category of human health, Scenario 1 (Zn) 
exhibits the highest contribution. Once again, this is the result of not 
achieving the same degree of removal efficiency than the other two 
anodes, especially in parameters like BOD5, COD, TOC, total nitrogen 
and phosphates (see Table 1). Conversely, in the other two categories, 
scenario 1 (Zn) contribution is the lowest and scenario 2 (Cu) is the one 
with the highest % of contribution (see Fig. 13). It can be concluded then 
that, in this particular case, the damage to ecosystems and resources is 
exerted by the anode material and not by the water quality. 

Al and Cu are two very well-known electrode materials used in 

Fig. 12. Contribution analysis based on ReCiPe midpoint method character-
ization per functional unit for all scenarios: scenario 1 (Zn), scenario 2 (Cu) and 
scenario 3 (Al). 

Table 4 
Endpoint results from ReCiPe (H) for different anodic materials: scenario 1 (Zn), 
scenario 2 (Cu) and scenario 3 (Al). Impact factor score in millipoints (mPts).  

Damage category Unit Scenario 1 (Zn) Scenario 2 (Cu) Scenario 3 (Al) 

Human health mPt 6.38 4.48 0.76 
Ecosystems mPt 0.03 0.20 0.05 
Resources mPt 3.91E-03 1.01E-02 6.17E-03 
TOTAL mPt 6.41 4.68 0.81  
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electrocoagulation and their use has been widely reported in the liter-
ature, albeit under different physicochemical characteristics of the 
wastewater. On the other hand, Zn has been reported to remove metallic 
ions by a similar mechanism than coagulation, and therefore appears as 
an interesting material worthy to be investigated as coagulant. 

A sensibility and uncertainty analysis was conducted. The results 
were included in the manuscript as follows, 

3.10. Sensibility analysis 

Based on ISO 14044 (2018)[136] the sensibility analysis was con-
ducted by varying the input and output data + 25% and − 25%, 
regarding anodic electrodes consumption, utilized chemicals, energy 
consumption and emissions to water bodies. The response was the 
end-point environmental impacts, i.e. human health, ecosystems and 
resources. The results are shown in Fig. 14 and it can be observed that 
the data increase or decrease proportionally to the applied variation. 
These data are used to establish the sensibility ratio (SR), which is 
calculated as follows, 

SR =
%ΔmPtc

%ΔmPtv  

where %ΔmPtc is the percentage of variation in the calculated milli-
points and %ΔmPtv is the percentage of millipoints variation when the 
increase or decrease of 25% is applied to the inventory data. The 
calculated SR for each scenario is shown in Table 1. It can be observed in 
the SR values reported in Table 5, that this ratio is one for Scenario 1(Zn) 
and Scenario 3(Al), which means that these data are not sensible to a 
variation of the inventory in the range of − 25% and + 25%. In the case 
of Scenario 2 (Cu), the SR was higher than 1: 1.25, 1.02 and 1.06 for 
human health, ecosystems and resources, respectively. In addition, there 
are in Table 5 the values for the percentage of standard deviation, which 
all of them are below 10%. This means that the processed data are 
sensible but not significant [137]. 

3.11. Uncertainty analysis 

This analysis is helpful to establish the probability distribution of the 
input and output variables when applying the standard deviation for 
each scenario with the end-point model. This was conducted by the 
MonteCarlo method with the SimaPro software. For the simulation, 
10,000 runs were considered to assess the toxicity of the scenarios with 
the probability distribution of chemical products, energy consumption 

and emission to water bodies. Fig. 15 shows the uncertainty analysis 
results and it is observed that the category with the highest results un-
certainty is human health with scenario 2 (Cu), which is depicted by the 
length of the bars in a normal distribution with a confidence interval of 
95%. 

It is worth pointing out that within literature [138], the end point 
models are more relevant for decision making, although also pose a 
higher degree of uncertainty than the midpoint models. 

4. Conclusions 

The effect of anodic material (Al, Cu and Zn) on the removal effi-
ciency of various physicochemical parameters was assessed in the 
treatment of a wastewater from a chocolate manufacturing industry by a 
solar-photovoltaic electrocoagulation system, within a relatively low 
current density range (0.356–1.781 mA/cm2). 

The best results were obtained with an initial pH of 4.38 and a 
density current of 1.781 mA/cm2. Thus, the following results were ob-
tained at these conditions. 

The aluminum-based system exhibited the best results in terms of 
organic parameters. The achieved COD removal was 50% and BOD was 
39%. The BI was increased from 0.49 to 0.59. TOC was diminished only 
26.65%. 

The copper-based system also showed a promising behaviour in the 
organics removal: 43% COD, 53% BOD, 30.7% TOC and the BI was 0.4. 

The zinc-based system was slightly less efficient than the Cu and Al 
systems. The removal achieved were 39% COD, 30% BOD5, and 19% 
TOC. The BI increased from 0.49 to 0.56, improving the biodegradability 
of the treated wastewater. Color and turbidity removal were 89.5% and 
73.86%, respectively. The electricity consumption is nil because solar 
energy was used. 

The pH affects the removal of the assessed parameters. This removal 
is favored at the natural initial pH of the treated wastewater in the Al 
and Cu-based systems. The Zn-based system efficiency is not affected by 
initial pH in the investigated pH range (4− 7). 

The total solids were removed in a 67%, 50% and 42% in the 
following order as function of anodic material: Zn>Al>Cu. 

The EC with any of the assessed metals can also be applied for 
disinfection purposes since the 99.98% of faecal and total coliforms was 
removed with any of the studied systems. 

A mathematical model that well represents the evolution of COD and 
color with time was obtained and this can be used for comparison pur-
poses and/or for the scaling-up of the process. 

Regarding the life cycle assessment (LCA), it was concluded that the 
midpoint and endpoint environmental impacts are affected by both, the 
type of anodic material and by the quality of the water at the end of 
treatment. The treatment conducted with Cu as anodic material pro-
vided the highest % of contribution to all midpoint and endpoint cate-
gories, excepting global warming (GW), marine ecotoxicity (MEc), 
human non-carcinogenic toxicity (HncT), fossil resources scarcity (FRs) 
and human health damage (HHD). Therefore, the use of Cu as electro-
coagulant for this process is not recommended. The use of Zn implies 
lower environmental impacts than Al and Cu in most of the mid and end- 
point impact categories excepting for MEc, HncT and HH. This should be 
taken into account at the time of selecting the anodic material to conduct 
the electrocoagulation of wastewater. 

The EC using solar panel and with Al electrodes, is a good option as 
pre-treatment of wastewater in the chocolate industry and can be con-
ducted at larger scale. 
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[56] M.A. García-Morales, J.C.G. Juárez, S. Martínez-Gallegos, G. Roa-Morales, 
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[90] ISO 14044. Environmental management — Life cycle assessment — Requirements 
and guidelines, 2006. 

[91] Huijbregts M., Steinmann ZJN, Elshout PMFM, Stam G., Verones F., Vieira MDM, 
et al. ReCiPe 2016 - A harmonized life cycle impact assessment method at 
midpoint and endpoint level. Report I: Characterization. 2016. 

[92] Eddy Metcalf, Wastewater Engineering: Treatment and Reuse, 1058, McGraw- 
Hill, 2013. 

[93] A. Barhoumi, S. Ncib, A. Chibani, K. Brahmi, W. Bouguerra, E. Elaloui, Industrial 
Crops & Products High-rate humic acid removal from cellulose and paper 
industry wastewater by combining electrocoagulation process with adsorption 
onto granular activated carbon, Ind. Crop Prod. 140 (2019), 111715, https://doi. 
org/10.1016/j.indcrop.2019.111715. 

[94] M. Priya, J. Jeyanthi, Removal of COD, oil and grease from automobile wash 
water effluent using electrocoagulation technique, Microchem J. 150 (2019), 
104070, https://doi.org/10.1016/j.microc.2019.104070. 

[95] S. Aksu, Electrochemical equilibria of copper in aqueous phosphoric acid 
solutions, J. Electrochem Soc. (2009) 156, https://doi.org/10.1149/1.3215996. 

[96] Dowman EA. Conservation in Field Archaeology. ilustrada. Universidad de 
Virginia: 1970. 

[97] C. Barrera Díaz, B. Frontana Uribe, B. Bilyeu, Removal of organic pollutants in 
industrial wastewater with an integrated system of copper electrocoagulation and 
electrogenerated H2O2, Chemosphere 105 (2014) 160–164, https://doi.org/ 
10.1016/j.chemosphere.2014.01.026. 

[98] K. Sardari, J. Askegaard, Y.H. Chiao, S. Darvishmanesh, M. Kamaz, S. 
R. Wickramasinghe, Electrocoagulation followed by ultrafiltration for treating 
poultry processing wastewater, J. Environ. Chem. Eng. 6 (2018) 4937–4944, 
https://doi.org/10.1016/j.jece.2018.07.022. 

[99] K. Sardari, P. Fyfe, D. Lincicome, S.R. Wickramasinghe, Aluminum 
electrocoagulation followed by forward osmosis for treating hydraulic fracturing 
produced waters, Desalination 428 (2018) 172–181, https://doi.org/10.1016/j. 
desal.2017.11.030. 

[100] M. Doerre, L. Hibbitts, G. Patrick, N. Akafuah, Advances in automotive conversion 
coatings during pretreatment of the body structure: a review, Coatings 8 (2018) 
405, https://doi.org/10.3390/coatings8110405. 

[101] S. Garcia-Segura, M.M.S.G. Eiband, J.V. de Melo, C.A. Martínez-Huitle, 
Electrocoagulation and advanced electrocoagulation processes: a general review 
about the fundamentals, emerging applications and its association with other 
technologies, J. Electro Chem. 801 (2017) 267–299, https://doi.org/10.1016/j. 
jelechem.2017.07.047. 

[102] Y. Orita, M. Akizuki, Y. Oshima, Kinetic analysis of zinc oxide anisotropic growth 
in supercritical water, J. Supercrit. Fluids 154 (2019), 104609, https://doi.org/ 
10.1016/j.supflu.2019.104609. 

[103] K.S. Hashim, N. Jasim, A. Shaw, D. Phipps, P. Kot, A.W. Alattabi, et al., 
Electrocoagulation as a green technology for phosphate removal from river water, 
Sep Purif. Technol. 210 (2019) 135–144, https://doi.org/10.1016/j. 
seppur.2018.07.056. 

[104] M.A. Mamelkina, R. Tuunila, M. Sillänpää, A. Häkkinen, Systematic study on 
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