
Introduction

Due to the growing population and developing 
technology, industrial activities are continuously 
increasing, leading to the consumption of natural 
resources. Among these, freshwater is of particular 
concern, as the amount of readily accessible fresh water 
worldwide is less than 1% [1], and the treatment and 

recovery of wastewater, thereby the protection of water 
resources, have gained great importance in recent years. 

One of the most prominent and rapidly developing 
industrial sectors that generates considerable wastewater 
is the metal plating industry. This sector has gained 
momentum with the rise of the automotive industry in 
the 1960s and has become one of the leading industrial 
activities in Türkiye, serving multiple sectors such as 
automotive, white goods, electronics, and metal products 
[2]. 

In the metal plating industry, various materials 
are processed depending on their intended use, such 
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Abstract

The metal plating industry is among the most rapidly developing and widely used industrial processes 
worldwide, consuming large amounts of water and generating significant environmental problems due 
to its wastewater. In this study, real wastewater from the metal plating industry was treated, and heavy 
metals were removed using a pilot-scale treatment process with a total volume of approximately 2.2 m³. 
The process consisted of sequential coagulation, flocculation, and dissolved air flotation (DAF), which 
was employed to reduce the area required for sedimentation. Initially, laboratory-scale studies were 
conducted to optimize the mixing speed, as well as the coagulant/flocculant type and dosage. Pilot-scale 
studies were then conducted. The study yielded removal efficiencies for COD, Cu, Ni, Zn, CN-, Cr+6, 
and SO4

2- in the coagulation/flocculation/DAF (CF-DAF) process of 83%, 33%, 94%, 99%, 46%, 99%, 
and 90%, respectively. Additionally, a life cycle assessment was performed using two different methods 
(ReCiPe 2016 Midpoint (H) and Environmental Footprint 3.1 (EF 3.1)). Environmental impact categories 
of the process, such as climate change, eutrophication, human toxicity, and resource depletion, were 
determined, and the factors that provided the highest contribution were identified.
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as coating and rinsing. Among all, rinsing baths are 
particularly critical, as the water becomes heavily 
polluted due to the accumulation of contaminants 
through repeated bath cycles. Metal plating wastewater 
(MPW) generated after plating baths and rinsing 
processes may contain oil, grease, and other organic 
compounds; heavy metals including chromium (Cr+6), 
copper (Cu), zinc (Zn), lead (Pb), nickel (Ni), iron 
(Fe), cyanide (CN-) compounds [3]; along with various 
chemicals, organic or inorganic acids and bases,  
and a range of other cations and anions [4, 5].

Various treatment methods are employed for  
the treatment of large volumes of MPWs [6] and  
the removal of heavy metals, which pose a significant 
threat to the environment. These technologies include 
chemical precipitation, coagulation-flocculation (CF), 
ion exchange, adsorption, electrolysis, electrodialysis, 
evaporation, solvent extraction, flotation, and membrane 
processes such as ultrafiltration (UF), nanofiltration 
(NF), and reverse osmosis (RO) [7, 8]. The selection of 
the treatment method should be based on compliance 
with the discharge standards, removal efficiency, ease 
of operation, and cost-effectiveness [8]. Although many 
of these treatment methods are effective in heavy metal 
removal, their success in terms of water recovery is 
limited [9], and chemical precipitation is the most 
commonly employed method for this reason [10].

Dissolved air flotation (DAF) is a solid-liquid 
separation process in which particles are removed 
from the liquid phase by flotation. The underlying 
mechanism involves the attachment of hydrophobic 
particles to rising air bubbles through collision [11], 
followed by the formation and aggregation of small air 
bubbles (less than 100 μm) within the foam phase [12]. 
The buoyancy force acting on these bubble-particle 
clusters causes them to rise to the water surface, 
where they are collected and removed as foam [13]. 
These systems operate in two sequential stages: CF 
followed by DAF for enhanced particle separation. In 
the absence of coagulation pretreatment, particles in 
the feed water predominantly carry negative surface 
charges, resulting in electrostatic repulsion upon close 
approach, which inhibits their agglomeration [14].  
The efficiency of the process depends on several factors, 
including bubble size distribution, which influences 
collision and attachment probabilities; aeration rate; 
hydrodynamic conditions such as flow regime and 
residence time; and physicochemical properties of the 
influent, such as pH, ionic strength, surface charge, and 
the presence of surfactants and coagulants. In addition, 
the overall efficiency is a function of tank geometry, 
baffle configuration, impeller design, and dimensions. 
These factors significantly influence fluid dynamics and 
bubble-particle interactions.

DAF is a high-efficiency process that is frequently 
used in industrial applications as an alternative to final 
sedimentation [15]. Due to its operational flexibility 
and superior performance in removing suspended 
solids, oil, grease, and some heavy metals, DAF has 

become a valuable process, particularly in industrial 
wastewater treatment systems such as food processing, 
pulp and paper, petrochemicals, and metal plating [16-
18]. Compared to conventional systems, the CF-DAF 
system offers advantages such as improved removal of 
small and low-density particles [14], a shorter hydraulic 
retention time, and lower operational costs [19, 20].  
As a result, it has found widespread application 
in treatment systems as an effective alternative to 
sedimentation-based particle separation techniques.

In industrial applications where heavy metal removal 
is the primary objective, the integration of advanced 
treatment methods such as DAF is critical for enabling 
closed-loop water reuse systems. These systems 
increase resource efficiency and reduce operating costs 
by reducing freshwater intake and wastewater discharge 
[21]. For instance, Barredo-Damas et al. [22] used  
a CF-DAF system and reported 99% turbidity removal 
and 84-98% color removal. Similarly, a 90% reduction 
in marine ecotoxicity and an 84% reduction in 
aquatic eutrophication were reported for an integrated  
CF-DAF system in Tüpraş Petroleum Refinery in 
Kocaeli, Türkiye [23]. 

Life Cycle Assessment (LCA) is a key tool 
in environmental impact evaluation, providing  
a quantitative analysis of the environmental effects 
associated with all stages of a product or process – 
from raw material extraction to final disposal [24]. 
This holistic approach considers factors such as energy 
consumption, chemical usage, and emissions, helping 
to identify major sources of environmental impact and 
supporting decision-making toward the development of 
sustainable technologies [24, 25]. LCA is widely applied 
in the wastewater treatment sector as well, enabling  
a comprehensive assessment of treatment processes and 
revealing opportunities for environmental performance 
improvement [25]. In particular, LCA studies on the 
treatment of metal plating wastewater have shown 
that innovative processes – such as recovery of plating 
baths using magnetic nanoparticles – can reduce 
environmental impacts by up to 98% compared to 
conventional disposal methods [26, 27].

In this study, a pilot-scale integrated system, 
which involves CN- and Cr+6 removal, as well as CF 
and DAF steps, was developed for treating real MPW.  
The system’s performance was evaluated for the removal 
of toxic heavy metals. The study first determined the 
most appropriate coagulant type, dosage, and mixing 
speed, followed by pilot-scale studies. Furthermore, the 
entire integrated system was evaluated through an LCA,  
and its environmental impacts were determined.

Materials and Methods

Real Metal Plating Wastewater

In this study, real MPW collected from a plating 
facility in Istanbul, Türkiye, was used. The wastewater 
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in the facility originates from three main sources:  
CN--containing wastewater (20 m³/day), Cr+6-containing 
wastewater (20 m³/day), and wastewater generated from 
the metal washing process (60 m³/day).

Cyanide oxidation was performed using 0.1 N 
sodium hydroxide (NaOH) and 1% sodium hypochlorite 
(NaOCl). Subsequently, Cr+6 removal from Cr+6-
containing wastewater stream was carried out using 
0.1 N hydrochloric acid (HCl) and 20% sodium 
metabisulfite (Na2S2O5). After the pretreatment of 
individual sources, all three wastewater streams are 
mixed. pH measurements were conducted using an 
Emec pH meter, while chemical oxygen demand 
(COD) analysis was performed in the USEPA  
410.4 method, utilizing a CHEMetrics COD 
photometer for the measurements. The Bathocuproine 
Disulfonic Acid method, Dimethylglyoxime 
method, 4-(2-pyridylazo)resorcinol (PAR) method, 
Diphenylcarbazide method, Barium sulfate method, 
and ISO6703/EPA 335.2 methods were employed 
for the determination of Cu, Ni, Zn, Cr+6, SO4

2-, 
and CN-, respectively, using a Hach Lange DR3900 
spectrophotometer. The characterization of the mixed 
wastewater stream was determined as: pH = 2.33±0.11, 
COD = 415±25 mg/L, Cu = 1.45±0.16 mg/L,  
Ni = 5.30±0.45 mg/L, Zn = 12.1±0.40 mg/L,  
CN⁻ = 0.25±0.03 mg/L, Cr⁺6 = 5.64±0.11 mg/L,  
and SO₄²⁻ = 2395±29.31 mg/L.

System Description and Operation Conditions

CF-DAF processes were used for the treatment 
and recovery of metal plating industry wastewater, 
respectively. The flowchart of the pilot-scale process 
is shown in Fig. 1. Jar test studies were conducted 
under laboratory conditions with an active volume 

of 250 mL to determine the best coagulant type, 
optimum coagulant dosage, polyelectrolyte type, and 
optimum polyelectrolyte dosage. The chemicals used 
in the study, the conditions applied in each test, and the 
concentrations were given in Table 1.

The chemicals used in the experiments were 
selected based on the studies of Zuo et al. [28] (5% 
CaCO3), Ettaloui et al. [29] (40% FeCl3), Ebba et al. [30] 
(0.1 N NaOH), and Gupta et al. [31] (0.1 N Ca(OH)2). 
In addition, Prazeres et al. [32] used doses ranging 
from 100 to 1000 mg/L for FeCl3, Solmaz et al. [33] 
applied doses between 0.25 and 2 mg/L for AP, Ariase 
and Wikaningrum [34] used doses of 60 to 150 mg/L 
for PAC, and finally, Bidhendi et al. [35] used doses 
ranging from 50 to 500 mg/L for Al2(SO4)3. In the 
coagulation step, the mixing speed was 1000 rpm, and 
the mixing time was 6 min, while in the flocculation 
step, it was 100 rpm and 9 min. After determining the 
appropriate coagulant type and dosage, two additional 
mixing speeds (100 and 2000 rpm) were tested in the 
coagulation step to determine the optimum mixing 
speed, considering the maximum removal efficiency and 
minimum chemical use. During the study, flocculation 
was followed by a half-hour sedimentation process.

DAF (Dissolved Air Flotation system)

The pilot-scale DAF unit has a width of 0.723 m, 
a length of 1.708 m, a total height of 1.764 m, and  
a surface area of 1.23 m2. The pilot-scale DAF process 
was operated at pH 8, 200 µm bubble diameter, 3-4 bar 
pressure, and approximately 53 min contact time. DAF 
was operated with a flow rate of 1 m3/h, an air flow rate 
of 1.3 mL/min, and a hydraulic loading rate of 2 m3/m2h 
during the study. DAF was operated at 3-4 bar saturation 
pressure and without water recirculation. Scraper 

Fig. a) Flowchart of process, b) pilot-scale coagulation & flocculation, and c) pilot-scale DAF.
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engine’s power is 0.37 kW@380V AC and 9 rpm.  
The energy consumption is 2.96 kWh per day for an 
8-hour working schedule per day. The wastewater pump 
is 0.55 kW@380V AC and 1440 rpm. All experiments 
were performed at room temperature (25±2ºC). After 
every flotation run, the supernatant was collected and 
analyzed.

LCA Methodology

In the study, the system boundaries of the process 
were established in accordance with the LCA main 
phases, i.e., (i) goal and scope definition, (ii) life 
cycle inventory (LCI) analysis, (iii) life cycle impact 
assessment (LCIA), and (iv) interpretation of results. 
All relevant processes, as well as associated inputs and 
outputs within these boundaries, were identified and 
defined. The scope was determined in alignment with 
the objective of the study, ensuring a comprehensive and 
consistent framework for data collection and analysis. 
The LCI phase involved the compilation of data on all 
inputs (e.g., chemicals, fuels, and energy) and outputs 
(e.g., emissions to air, water, and soil, and solid waste) 
associated with the defined system. These data were 
collected from operational records and supported by 
secondary data sources where necessary. In the LCIA 

phase, environmental impacts associated with the 
system were assessed using characterization models. 
For this study, the ReCiPe 2016 Midpoint (H) and 
Environmental Footprint 3.1 (EF 3.1) methods were 
employed to quantify environmental impact categories 
such as climate change, eutrophication, human toxicity, 
and resource depletion. The final phase, interpretation, 
focused on the analysis of the results in order to identify 
major contributors to environmental impacts and to 
propose potential improvement strategies for reducing 
these impacts within the defined system boundaries.

Software and Database

The LCA was performed using SimaPro® software 
(version 9.4.0.3), a widely used tool for life cycle 
modeling and environmental impact assessment. 
Inventory data for the inputs were primarily obtained 
from the Ecoinvent database (version 3.5), integrated 
within the SimaPro® platform. Environmental impacts 
were calculated using the aforementioned impact 
assessment methods. The system boundaries determined 
in accordance with the study’s goal and scope are 
illustrated in Fig. 2.

Steps Coagulant & Flocculant Dosage (mg/L) 

Set 1 CaCO3 (5%) – FeCl3 (40%) – AP (‰1) 150–280–1.5

Set 2 CaCO3 (5%) – PAC (17%) – AP (‰1) 150–51–1

Set 3 CaCO3 (5%) – Al2(SO4)3 (20%) – AP (‰1) 150–290–0.5

Set 4 NaOH (0.1 N) – FeCl3 (40%) – AP (‰1) 1.2–240–0.5

Set 5 NaOH (0.1 N) – PAC (17%) – AP (‰1) 1–42.5–0.25

Set 6 NaOH (0.1 N) – Al2(SO4)3 (20%) – AP (‰1) 1.2–150–0.25

Set 7 Ca(OH)2 (0.1 N) – FeCl3 (40%) – AP (‰1) 2.78–180–0.25

Set 8 Ca(OH)2 (0.1 N) – PAC (17%) – AP (‰1) 2.59–42.5–0.5

PAC: Polyaluminium chloride, AP: Anionic polyelectrolyte

Table 1. Types and concentrations of chemicals (coagulant, flocculant, and aid) used in the study. 

Fig. 2. System boundaries of pilot-scale process.
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2, Cr+6 at Set 6, and SO4
2- at Set 2, with high observed 

removal efficiencies in all sets. In addition to coagulant 
and flocculant dosage and type, the effect of mixing 
speed was also investigated at this stage. Although the 
highest removal efficiencies for the analyzed pollutant 
parameters were obtained in different sets, the removal 
efficiencies for COD, Cu, Ni, Zn, CN-, Cr+6, and SO4

2- 
in Set 4 were determined as 70%, 15%, 88%, 99%, 
46%, 99%, and 81%, respectively, and thus, removal 
efficiencies closest to the maximum values for all 
parameters were achieved only in Set 4. In this set, 
flocs were observed to form more rapidly and distinctly. 
Therefore, Set 4 was selected for mixing speed 
optimization in the coagulation step, and two additional 
mixing speeds (100 and 2000 rpm) were tested.  
At this stage, no conclusive results could be obtained 
for the applied mixing speeds; however, it was observed 
that the optimum speed among the applied speeds was 
1000 rpm.

DAF Experimental Analysis Data

In the study, removal efficiency trends for all 
parameters were observed to be similar in both 
laboratory- and pilot-scale experiments. While lower 
removal efficiencies were obtained for Cu and CN⁻ 
in both studies, removal efficiencies for all other 
parameters were found to exceed 70% in laboratory-
scale experiments and 80% in pilot-scale experiments.  
The effluent concentrations and removal efficiencies 
obtained from the pilot-scale DAF experiments are 
presented in Table 3. The pH of the treated effluent 
remained relatively stable (7.6±0.3), which is important 
for complying with discharge standards for receiving 
water bodies. The COD concentration was reduced to 
70±5.5 mg/L, with an average removal efficiency of 
83±1.3%, indicating that the DAF process was effective 
in removing COD from this type of wastewater.  
The removal performance of the DAF process for the 
analyzed heavy metals varied. The lowest removal 
efficiency (33±11.1%) was observed for Cu, which 
may be attributed to its speciation or competition with 
other metal ions. In contrast, Ni and Zn exhibited very 
high removal efficiencies of 94±0.4% and 99±0.1%, 
respectively, demonstrating that the treatment 
method is well-suited for these specific contaminants. 
Similarly, Cr+6 removal reached 99±0.1%, confirming 
the effectiveness of the applied chemical–physical 
processes in eliminating this highly toxic metal species. 
Cyanide (CN-), a critical contaminant in MPW due 
to its acute toxicity, was removed with a moderate 
efficiency of 46±9.2%. This suggests that while the 
applied treatment contributed to CN- degradation, 
additional or complementary treatment steps, such as 
advanced oxidation or specialized chemical oxidation, 
may be required to meet regulatory limits. SO4

2- 
removal was also high at 90±0.9%, which is particularly 
important as elevated sulfate concentrations can lead 
to environmental concerns in receiving water bodies. 

The inputs and outputs associated with the processes 
were determined within the established system 
boundaries. Accordingly, the inventory corresponding 
to these boundaries is based on the collected data and is 
provided in Table 2.

Results and Discussion

Jar Test Experiment Sets

The effluent concentrations obtained using different 
types and dosages of coagulants and flocculants are 
shown in Fig. 3. The left panel in the figure (Fig. 3a)) 
shows the pH values in all sets while the influent pH 
is 2.33. The panel on the right-hand side (Fig. 3b)) is 
a combination of bar diagrams showing the percent 
discrepancies between the influent and the effluent 
concentrations for seven pollutant species (Cu, Ni, 
Zn, CN-, Cr+6, SO4

2-, and COD). The values in Fig. 3b) 
can be interpreted as removal efficiencies. The highest 
removal efficiencies were obtained for COD at Sets 4 
and 5, Cu at Set 4, Ni at Set 7, Zn at Set 4, CN- at Set 

Table 2. Inputs and outputs within the system boundaries.

Inputs (Chemicals)

Material Value Unit

Anionic Polyelectrolyte 0.036 g 

Hydrochloric acid 2.7 g 

Sodium hypochlorite 22.5 g

Sodium hydroxide 18 g 

Sodium metabisulphite 0.03 g 

Iron(III) chloride 17.28 g 

Inputs (electricity, heat)

Material Value Unit

Electricity 70 kWh

Emissions to water

Material Value Unit

COD 415 mg

Copper 1.41 mg

Zinc 11.7 mg

Cyanide 200 mg 

Nickel 4.99 mg 

Sulfate 2430 mg

Chromate 118 mg

Final waste flows

Material Value Unit

Sludge 212.5 kg
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Overall, the DAF process demonstrated high removal 
efficiencies, particularly for COD, Ni, Zn, Cr⁺6, and 
SO4

2-. However, the relatively low removal efficiencies 
for Cu and CN- indicate that process optimization or 
integration with additional treatment technologies may 
be necessary to further improve overall performance. 
Filho et al. [36] used polyaluminum chloride and 
cationic polyacrylamide in their study with acid mine 
drainage. The study reported that the best results were 
obtained with a polymer flocculant concentration 
of 20 mg/L, a saturation pressure of 5 atm, and a pH 
of 4.5, rapidly reducing the sulfate concentration of  
1753 mg/L to below 500 mg/L, indicating that the DAF 

unit is a suitable process for removing high sulfate 
concentrations. In another study by Azevedo et al. [37], 
iron hydroxide and cationic polyacrylamide were used. 
Pb2+ and Cu2+ removal efficiencies of over 95% were 
achieved in the DAF unit operated at 6 bar saturation 
pressure and 20% water recycling rate. In another study, 
it was stated that the use of DAF as a pretreatment for 
low-pressure membranes provided lower DOC levels 
compared to the use of a sedimentation tank [14]. 
Pooja et al. [12] investigated toxic metal removal from 
electroplating industry wastewater using the DAF 
process and reported that a maximum removal efficiency 
of 97.39% was achieved for Cd, Pb, Cu, Cr+6, and Ni at 
pH 8.0, a surfactant dosage of 0.2 g, a contact time of  
60 min, and a pressure of 137.89 kPa. 

LCA Results

LCA was performed using SimaPro software 
with the ReCiPe 2016 midpoint and EF 3.1 methods.  
The characterization and normalization results obtained 
using the ReCiPe 2016 method are presented in Fig. 4. 
Fig. 4a) shows that the CN- and Cr+6 removal processes 
were the predominant factors in all environmental 
impacts, except the Water Consumption category in the 
characterization results. The reason for this is probably 
that the MPW entering CN- and Cr+6 discharge has 
elevated levels of COD and heavy metals. The input 
with the second-greatest contribution to the assessed 
environmental impact is electricity. Notably, the 
electricity used in the process is generated from fossil 

Fig. 3. Influent and effluent characteristics in different steps. a) pH values, b) percent discrepancies with respect to the influent 
concentrations.

Parameter Effluent conc. 
(mg/L)

Removal efficiency 
(%)

pH 7.6±0.3 -

COD (mg/L) 70±5.5 %83±1.3

Cu (mg/L) 0.97±0.2 %33±11.1

Ni (mg/L) 0.318±0.021 %94±0.4

Zn (mg/L) 0.077±0.005 %99±0.1

CN- (mg/L) 0.086±0.023 %46±9.2

Cr+6 (mg/L) 0.021±0.003 %99±0.1

SO4
2- (mg/L) 245±20.9 %90±0.9

Table 3. DAF effluent pollutant concentrations and removal 
efficiencies.

a)			             		     b)
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fuels. According to the normalization results in Fig. 4b), 
a comparison of the environmental impact categories 
reveals that the foremost five categories in this process 
are Freshwater Ecotoxicity, Marine Ecotoxicity, Human 
Carcinogenic Toxicity, Freshwater Eutrophication, and 
Water Consumption, in descending order. The elevated 
freshwater ecotoxicity classification is attributed to the 
detrimental effects of heavy metals present in MPW on 
the marine ecosystem. Sabeen et al. [38] conducted an 
LCA of the treatment of Ni-plating wastewater. In the 
study conducted, the categories of Human Toxicity, 

Terrestrial Ecotoxicity, Climate Change, Freshwater 
Ecotoxicity, and Terrestrial Acidification scored higher 
than other environmental impact categories, and it was 
stated that increasing electricity consumption increases 
environmental impact scores. In this respect, the results 
obtained are consistent with those obtained in this 
study. Rodriguez et al. [27] conducted an LCA of the 
chemical treatment and DAF process for treating MPW.  
The results obtained showed that in both treatment 
methods, global warming and human toxicity were  
the highest categories, while a comparison between 
the treatment processes indicated that the DAF process 

Fig. 4. ReCiPe 2016 method results. a) Characterization and b) Normalization.

a)

b)
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caused 85% less environmental damage than chemical 
treatment. Considering the studies in the literature that 
involve CF and sedimentation processes, it has been 
observed that similar environmental impact categories 
are significantly affected. In the study conducted by 
Şimşek [39] on a treatment system involving flocculation 
and sedimentation processes, the environmental impact 
categories most significantly affected were identified as 
Global Warming, Fine Particulate Matter Formation, 
Freshwater Eutrophication, Marine Eutrophication, 
Freshwater Ecotoxicity, Marine Ecotoxicity, Mineral 
Resource Scarcity, and Fossil Resource Scarcity. 
Similarly, in the LCA study carried out by Robles-
Bueno et al. [40] on a CF-based wastewater treatment 

system, the most impacted categories were reported 
to be Freshwater Eutrophication, Ecotoxicity, Marine 
Ecotoxicity, Human Non-carcinogenic Toxicity, Land 
Use, and Mineral Resource Scarcity. Mohamed-Zine 
et al. [41] performed an LCA of a drinking water 
treatment plant and found that the CF unit had the 
greatest environmental impact in the category of Ozone 
Layer Depletion. Tran et al. [42] conducted an LCA on 
an industrial wastewater treatment plant employing CF 
and identified Freshwater Eutrophication, Freshwater 
Ecotoxicity, and Human Toxicity as the most affected 
environmental impact categories. In a similar study, 
Kartikasari and Santoso [43] assessed a treatment system 
comprising CF and sedimentation processes, revealing 

Fig. 5. EF 3.1 method results. a) Characterization and b) Normalization.

a)

b)
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that the highest scoring environmental categories were 
Global Warming and Eutrophication.

Following the assessment of environmental impact 
categories via the ReCiPe method, the same categories 
were evaluated using the EF 3.1 approach to facilitate 
a comparative analysis of the data derived from the 
alternative method. Fig. 5 display the characterization 
and normalization results of the environmental impact 
categories computed using the EF 3.1 approach.

According to the characterization results calculated 
using the EF 3.1 method (Fig. 5a)), the removal of CN- 
and Cr+6 was the primary contributor to the generation 
of environmental impact categories, which is consistent 
with the conclusions derived from the ReCiPe 2016 
method and highlights the greatest environmental 
risk in the process as the MPW itself. The top five 
environmental impact categories, in descending order, 
were freshwater ecotoxicity, freshwater eutrophication, 
water use, human toxicity (cancer), and resource use 
(fossils), according to an analysis of the normalization 
results (Fig. 5b)). Similar to the ReCiPe 2016 method 
normalization results, freshwater ecotoxicity was the 
most common environmental impact category in the EF 
3.1 method normalization results. The reliability of these 
results is demonstrated by the consistent score ranking 
of the same environmental impact categories using both 
calculation methods. 

Conclusions

In this study, a pilot-scale process consisting of 
CF-DAF was used for the treatment of real metal 
plating industry wastewater. The heavy metal removal 
performance of the process was determined, and the 
environmental impacts of the process were evaluated 
by LCA. In the first stage, pretreatment studies were 
conducted for Cr+6 reduction and cyanide oxidation of 
MPW. Following pretreatment, laboratory-scale CF 
studies were conducted to ensure chemical optimization 
(ferric chloride and anionic polyelectrolyte). After 
determining the optimum chemical type and dosage, 
pilot-scale integrated CF-DAF process studies were 
initiated. With the CF-DAF process, removal efficiencies 
of over 80% for COD and over 90% for Ni, Zn, Cr+6, and 
SO4

2- were achieved at pH 8, 200 µm bubble diameter, 
3-4 bar pressure, and approximately 53 min contact 
time. The study showed that the DAF process yielded 
higher removal efficiencies than the conventional CF-
sedimentation process, making it a suitable solution 
for the treatment of MPW. LCA studies have revealed 
that MPW is the most hazardous input for all living 
organisms. It has been predicted that environmental 
impacts can be reduced by using different plating 
techniques during production in the metal plating 
industry to produce wastewater with lower pollutant 
concentrations. Furthermore, environmental impact 
values can be reduced by using electricity generated 
from renewable energy sources instead of fossil fuels, 

and the scores for environmental impact categories 
can be lowered. The environmental impact of MPW 
treatment can be optimized by using different chemicals 
or by minimizing sludge production in DAF processes.
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