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Abstract 

Chromium is a significant and hazardous pollutant found in wastewater generated from 
industries such as electroplating, dye production, and leather manufacturing. Due to its 
high toxicity, carcinogenicity, and negative impact on human health and ecosystems, 
chromium removal from water sources is essential. Electrocoagulation has emerged as a 
highly effective technology for treating water and wastewater pollutants. This study 
assesses the effectiveness and sustainability of this procedure in removing chromium 
using three conventional electrode materials: iron, aluminum, and stainless steel. An 
analysis was conducted on the effects of two qualitative parameters: electrode material and 
surface quality. In this study, a novel parameter (surface quality) that includes both solid 
and rough textures was introduced. The results indicated that iron and stainless steel have 
superior chromium removal efficiencies in comparison to aluminum. Aluminum was 
found to be inefficient for chromium removal because of its low removal efficiency 
(14.4%) and high energy consumption (3.739 kwh/m3). Surface roughness demonstrated 
diverse impacts on different materials, enhancing aluminum removal efficiency by 57.2% 
and decreasing energy consumption for stainless steel by 10.74%, indicating rough 
surfaces can be a functional energy-saving approach. However, roughness also has 
disadvantages on steel and iron, increasing electrode consumption by 15.3% and 29.5%, 
respectively, and increasing the bulk of the passivation layer by 182% and 131%, 
respectively. To assess the environmental impacts of this process, three electrode materials 
were defined as distinct scenarios. These were evaluated through life cycle assessment in 
accordance with ISO 14040 guidelines. The impacts were evaluated by the CML baseline 
method, taking into account the electrode and energy consumption. Results revealed that 
stainless steel had considerable environmental burdens on impact categories including 
ODP, POCP, EP, HTP, GWP and ADP (F), accounting for 35–43% across these 
categories. In comparison to the other materials, iron had minimal effects on 
environmental performance, contributing only 9% to FAETP, whereas Al and SS 
contribute 58 and 33%, respectively. Consequently, solid iron is recommended as the most 
environmentally sustainable electrode, whereas rough stainless steel continues to be the 
most efficient electrode material.
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1. Introduction  
Chromium is a toxic pollutant that poses 
significant risks to humans and the environment. 
The widespread use of this substance in 
electroplating, tanning, and steel manufacturing 
industries has resulted in increased discharge into 
aquatic systems, making it a long-term 
environmental problem. There are two main types 
of chromium: trivalent chromium (Cr(III)) and 
hexavalent chromium (Cr(VI)). Hexavalent 
chromium is highly toxic, carcinogenic, and 
capable of causing significant harm to aquatic 
life, human beings and organisms (Kumar and 
Basu, 2023). The elimination of chromium from 
wastewater is an urgent priority for sustainable 
water management and environmental 
conservation. Electrocoagulation1 has emerged as 
a efficient technique for the elimination of heavy 
metals, such as chromium, due to its operational 
flexibili ty and environmental adaptability 
(Hakizimana et al., 2017). 

Electrocoagulation works by generating 
coagulants in situ during the process. When an 
electric current is applied to the electrodes, the 
anode starts to dissolve,releasing metal ions- like 
iron or aluminum- into the solution. Metal ions 
interact with hydroxyl ions to produce coagulants, 
which are essential for pollution removal. The 
process is determined by three essential reactions 
(Nidheesh and Singh, 2017). 

 
· Oxidation reaction at the anode: 
M(s) → M 

n+ + n e− 
· Reduction reaction at the cathode: 
2 H2O + 2 e− → H2(g) + 2 OH− 

· Hydrolysis reaction in the solution: 
Mn+ + n H2O → M(OH)n + n H+ 

 
Life Cycle Assessment2 is a key tool for 

evaluating the environmental impacts of products 
and services throughout their entire life cycle, 
from raw material extraction to final disposal. 
LCA offers a reliable approach to identifying 
major environmental impacts and measuring 
resource usage efficiency and emissions to 
optimize the processes and support policymakers 
in understanding the complexity of their decisions 
(Goyal and Mondal, 2022). 

In electrocoagulation, LCA is essential for 
improving operational settings, reducing energy 
and material consumption, making the process 
more sustainable. It also supports the 
development of better electrode materials and 
surface characteristics, improving pollutant 
removal while reducing environmental impacts. 
Overall, LCA provides a clear framework for 
making electrocoagulation more eco-efficient 
(Safwat et al., 2023). 

 
 

                                                 
1 Electrocoagulation (EC) 
2 Life Cycle Assessment (LCA) 

2. Methods and materials 
A 1000 ml beaker was filled with a 100 ppm 
chromium solution. Three types of electrodes 
were used to remove chromium: stainless steel, 
aluminum, and iron. Each electrode had two 
distinct surface types: solid and rough. For 
designing the experiment in this study, the classic 
one-factor-at-a-time3 method was used, focusing 
on two qualitative parameters: electrode material 
and surface quality. Each test was repeated four 
times, resulting in a total of 24 experiments 
(Kumar et al., 2023). 

Various materials and equipment were utilized 
to conduct the experiments. Potassium 
dichromate salt purchased from Merck was used 
to make the 1000 mg/L chromium stock solution. 
Sodium chloride from Merck was added into the 
solution to increase its electrical conductivity 
(Kumar et al., 2023). Furthermore, as indicated in 
Table 1, chromium concentrations were 
quantified utilizing a spectrophotometer in 
accordance with the EPA 8023 standard. Other 
essential instruments used in this study, along 
with their specific applications, are also listed in 
Table 1. 

 
Table 1. Devices used in this study 

Application Model Device 

Chromium 
determination 

Hatch-
DR6000 

Spectrophotometer

Electricity 
TwinTex- 
SP 1305D 

DC power supply

Mixing LabTech Magnetic stirrer

Mass 
measurements 

Kern-
PLS360-3 

Precision balance 
0.001 gr

Electrode 
surface 

roughnedss 

Scheppach-
Tiger 2500 

Grinding machine

 
A comparative environmental assessment was 

conducted on three Electrocoagulation processes, 
following the guidelines of ISO 14040 and 
employing the LCA methodology. The LCA 
process is structured into four key stages: Goal 
and Scope Definition, Inventory Analysis, Impact 
Assessment, and Interpretation. The 
electrocoagulation reactor unit volume (750 ml) 
was used as a functional unit with a cradle-to-gate 
attitude. Based on the system boundary, inventory 
data was collected and assessed via the CML 
2001 baseline method in Simapro software 
(Choudhary et al., 2024). 

 

3. Results and discussion 
Fig. 1 illustrates the normalized responses of the 
electrocoagulation process. For solid electrodes, 
the results show that iron and stainless steel have 
higher removal efficiency compared to aluminum, 
making them better options for chromium 

                                                 
3 One- Factor- at- a-Time (OFAT) 
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Fig. 1. Electrode performance in electrocoagulation: a) rough electrode, b) solid electrode 
 

 
Fig. 2. Contribution of each seanario in impact categories 

 
 
removal. However, stainless steel consumes 
nearly 16.3% more energy than iron, and 
aluminum, despite having a lower removal 
efficiency (25% iron removal efficiency), 
consumes more energy than iron. This makes 
aluminum the least desirable material for 
chromium removal. Moreover, while iron has a 
good balance of removal efficiency and energy 
consumption, it has higher electrode consumption 
and passivation layer bulk, which increases 
operational costs. Among solid electrodes, 
stainless steel provides the best overall 
performance (Mouedhen et al., 2009). 

When comparing solid and rough electrodes, 
surface roughness has a significant performance 
gain. Rough electrodes improve the removal 
efficiency of stainless steel and have an even 
greater effect on aluminum, with a 5.2 and 58.2% 
increase, respectively, by enhancing the active 
surface area. However, this causes increased 
electrode corrosion and passivation layer bulk, 
particularly for iron, raising operational costs 
(Yasri et al., 2022). 

Increasing surface roughness reduces energy 
consumption; Ss, Al and Fe have 11, 8 and 1.5% 
reductions in energy consumption, making it a 
valuable alteration for improving 
electrocoagulation efficiency. The environmental 
impacts of three electrocoagulation scenarios are 
shown in Fig. 2. Based on the results, steel 
electrodes contribute significantly to the 11 
studied impact categories. In ODP, POCP, EP, 
HTP, GWP and ADP (F), steel accounts for 37, 
35, 38, 43, 35 and 35% of the total contribution, 
respectively. This is the result of its extensive use 
of electricity during the electrocoagulation 
process in GWP and ADP (F). Additionally, in 
the EP and HTP, material extraction and 
processing had a dominant effect. Aluminum 
electrodes contribute mainly to FAETP and 
MAETP, along with ADP (E) and EP, by 58, 45, 
51 and 37%, respectively. Aluminum electrode 
material extraction and processing was the major 
contributor to its environmental impact in 
FAETP, MAETP and ADP (E) by 93, 88 and 
78%, respectively. Furthermore, iron electrodes 
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have a minor effect in the studied categories, with 
the exception of TEP, which could be attributed 
to the weaknesses in the material extraction and 
processing technologies. Consequently, the iron 
electrode could be presented as an acceptable 
scenario in terms of environmental impacts for 
use in the electrocoagulation process to remove 
chromium from wastewater (Ahangarnokolaei et 
al., 2021). 

 
4. Conclusions 
In this investigation, stainless steel and iron are 
introduced as the most effective electrode 
materials for chromium elimination, with 
stainless steel outperforming iron. However, 
 

 when considering environmental implications, 
the life cycle assessment found that stainless steel 
has a larger environmental footprint and emits 
more pollutants than iron. Furthermore, whereas 
solid stainless steel had inferior 
electrocoagulation efficiency, surface roughness 
significantly enhanced its performance, 
particularly by minimizing energy consumption. 
As a result, rough stainless steel performed better 
than iron in electrocoagulation process efficiency. 
Nonetheless, when considering environmental 
factors, solid iron was shown to be the most eco-
friendly and sustainable electrode material for 
chromium removal, but rough stainless steel 
remained the best-performing alternative in the 
absence of such considerations. 
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Fig. 1. Electrocoagulation process mechanism
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Table 1. The most relevent studies in chromium removal by electrocoagulation and LCA

Source LCA  Key resultsParameters Research objective 

(Rezaei 
et al., 
2013)  

 High efficiency above 90% at 
pH=4.5, current density 11.75, 

 50 minutes. 

Current density, 
initial 

concentration, pH 

Chromium removal 
by electrocoagulation 

(Safwat 
et al., 
2023)  

 
Removal efficiency of 96.5% at 

pH=7, current density 10, 
electrode distance 2 cm, NaCl 

concentration 2 g/L. 

Current density, 
electrode distance, 

electrolyte 
concentration, pH 

Magnesium removal 
by electrocoagulation 

and life cycle 
assessment 

(Kumar 
and Basu, 

2023) 

 

Chromium removal 98.83% with 
BR-ANN model at chromium 

concentration 15, current density 
14.36; BR-ANN model had higher 

accuracy than the Taguchi. 

Initial chromium 
concentration, 
current density, 

electrode rotation 
speed, pH 

Chromium removal 
during 

electrocoagulation 

(Li et al., 
2024)  

 
Aluminum had 90% efficiency 

with lower environmental impact; 
iron 80% and magnesium 35% 

removal efficiency. 

Anode material, 
electrode distance, 

pH, current 
density 

Phosphorus removal 
by electrocoagulation 

and life cycle 
assessment 

(Costigan 
et al., 
2025)  

 

High chromium removal 
efficiency, Cr (VI) reduction to Cr 
(III); increased current intensity 

and decreased flow rate improved 
efficiency. 

Time, initial flow 
rate, applied 

current, electrolyte 
type. 

Chromium removal 
from ammonium 

nitrate solutions by 
electrocoagulation 

)Li et al., 2024(

TwinTex-Dc-SP1305D

(Hotplate 

Stirrer – LabTech)

VI

Hatch 

DR6000l., 2009)Zongo et a

Kern-PLS360

                                                 
1 1,5- Diphenylcarbazide Method 
2 USEPA 
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Fig. 2. Electrocoagulation experimental set-up (Safwat et al., 2023)

)Safwat et al., 2023( 

Fig. 3. Different types of iron texture

Tiger 2500 – 

5903202901

(VI) 
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Merck

 ppm 

 NaCl 

Merck

HCl

 

Kumar et al., 2023

OFAT

pH

 Kumar et al., 2023

                                                 
1 K2Cr2O7

2 OFAT (One Factor at a Time) 
3 Settelment Time 

100
 

Chromium removal efficiency (%)

CtC0

 Kumar et al., 2023

% ᷿ 6)ÄÔ Ⱦ Ö 6)Ô Ⱦ Ö
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I Vt

v

Ingelsson et al., 2020
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Fig. 4. Electrocoagulation unit system boundary 
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Environmental Impact Assessment 
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Table 2. System inventory for 750 ml of Chromium wastewater in electrocoagulation 

Scenario 3

Fe 
Scenario 2

Al 
Scenario 1

St Unit Inventory item 

750 750 750 ml Wastewater

0.00265 0.0028 0.00308 kwh Electricity

0.332 0.117 0.288 gr Electrode usage

 

CML 2001

, Choudhary et al., 2024(.

)Błażejowska and Jezierski, 2024-Rybaczewska

ISO 14040

)Corominas et al., 2013(

                                                 
1 Ozone Layer Depletion Potential (ODP) 
2 Photochemical Oxidation Potential (POCP) 
3 Acidification Potential (AP) 
4 Eutrophication Potential (EP) 
5 Terrestrial Ecotoxicity Potential (TETP) 
6 Human Toxicity Potential (HTP) 
7 Fresh Water Aquatic Ecotoxicity Potential (FAETP) 
8 Global Warming Potential (GWP100a) 
9 Marine Aquatic Ecotoxicity Potential (MAETP) 
10 Characterization 

 

  

a

Zongo et al., 2009

 Fe(II) Cr(VI)

 Fe(II)  Fe(II) 

 Fe(OH)Ϝ  Cr(VI) 

Cr(VI)

 Zongo et al., 2009
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Fig. 5. Different electrodes performance in electrocoagulation process: a) removal efficiency, b) energy 
consumption, c) electrode consumption and d) surface passive layer mass 
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Fig. 6. Voltage trends for different electrode materials: a) Stainless steel, b) Aluminum and c) Iron 
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Table 3. Different electrode material performance in various models

Roughness effectiveness Passivation 
layer 
(gr) 

Electrode 
consumption 

(%)  

Consumpti
on energy 
(Kwh / Kg 

Cr)  

Removal 
efficiency 

(%)  
Electrode Passivation 

layer 
Electrode 

consumption 
Energy 

consumption 
Removal 
efficiency 

High Low High Low 0.042 0.31 3.892 93.875 
Stainless 

steel

Medium Low Medium High 0.008 0.1195 3.596 18.6 Aluminium

High High Low Low 0.1075 0.381 3.51 96.175 Iron

Fig. 7. Electrodes performance in electrocoagulation a) solid electrode and b) rough electrode
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Fig. 8. Contribution of each scenario in impact categories
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Fig 9. Normalization results for each impact category
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Fig. 10. Contribution of material and energy in impact categories based on the normalisation results: a) MAETP and 

FAETP, b)ADP (F), GWP, TETP andc) AP, HTP, POCP, EP, ADP (E) andODP
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Table 4. Environmental impact assessment of different electrode material 

Overall environmental 

impact 

FAETP 
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Electrode 

material 
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MediumHigh LowLowMedium Aluminium

LowLowHighMediumLow Iron
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