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Abstract: Electroplating is a key process in many industrial fields such as automotive, electronics
and decorative applications; this process makes it possible to provide new properties to substrates
materials such as corrosion resistance, hardness and aesthetic value. Nonetheless, electroplating is
considered one of the most non-sustainable industries related to the manufacturing sector, from
both an environmental and a social point of view. With the approaching deadlines set by the United
Nations for the 2030 Agenda, electroplating companies have started a trend of innovating their pro-
duction processes with a focus on sustainability, acting on several fronts: performing simulations to
predict criticalities and optimize working procedures, reducing the material used and recovering it
from processing water. The purpose of this communication is to highlight the state of the art of
sustainable practices peculiar to the electroplating industry, critically analyzing ongoing challenges
to achieve and exceed the targets set by regulatory agencies. Both atomistic and multiphysics sim-
ulations will be analyzed as powerful tools to design both new sustainable formulations and items;
then, the problem of metal dispersion will be discussed, evaluating different industrial approaches;
finally, the focus will be shifted towards the general procedures to recover metal from wastewater.

Keywords: sustainability; waste reduction; computational methods; waste recovery; electroplating
industry

1. Introduction

The process of electroplating is vital in many industries that produce modern aero-
space materials and electronics [1-3], heavy equipment, cars, decoration and fashion [4—
6]. The increasing focus on sustainability within several areas has also seen a critical re-
evaluation of electrodeposition practices within the context of the United Nations’ sus-
tainable development goals (SDGs) [7]. The main critical items regarding the plating in-
dustry lie within the environmental sector, from production to disposal, and health within
the workplace [8,9]. Electroplating, in many instances, involves hazardous agents such as
cyanides, chromium and nickel, which adversely affect the environment and human be-
ings [10]. Some of the traditional processes consume a great deal of energy, thus contrib-
uting to the carbon footprint of the industry [11,12]. The production of galvanized items
often involves the extensive use of scarce materials such as gold and palladium, which
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have challenges associated with their mining processes. The issue of toxic manufacturing
waste and how to dispose of it is a major environmental concern, involving high costs and
risks.

These are well-known problems that drive research in this area; major themes include
finding ways to replace toxic compounds with less hazardous alternatives. For instance,
cyanide-free [13-17] electroplating baths and nickel-free processes are among the ways of
reducing such risks. Others are the use of innovative alloys that minimize precious mate-
rials, as well as solutions seeking to ensure the needed performance whilst employing
small quantities of costly metals and to carry out cleaner fabrication, minimizing the pro-
duction of toxic wastes. Additional measures include encouraging recycling efforts to re-
gain valuable components from electroplating waste, expansion of investment into more
energy-efficient technology in processes [18-20] and the use of pulsed or modulated cur-
rents to enhance deposition efficiency [21-23].

The issue is complicated and linked almost exclusively to the ecological problems
such as pollution relating to the industry of electroplating. However, it is important to
recall that sustainability is a wider and more complex notion. Economic and social ele-
ments frequently remain disregarded as attention is primarily directed toward ecological
issues. Therefore, corporate strategies embrace green topics that are tied to the communi-
ties where the corporations operate and reflect on economic considerations as well. However,
only through a single vision that takes into consideration these needs can the electroplating
industry and all the others respond to these challenges equitably and responsibly.

To make the industrial process more sustainable, there is a need to train operators in
sustainable practices and environmental awareness with a view that such procedures will
take root on the industrial scale. Collaboration between industries and research institu-
tions is essential to set up sustainable guidelines for the electroplating sector as well as
share the benchmarks. Furthermore, government-backed policies and incentives should
be established for promoting cleaner technology, sustainable R&D, etc., within industry. Fi-
nally, investors should be encouraged in the development of green technologies as well as
research efforts towards sustainability and, ultimately, the adoption of greener processes.

Mathematical models have been developed as well as artificial intelligence methods
used to optimize processes and reduce the effect on the environment as part of addressing
sustainability problems [4,24,25]. Some of them consist of activity such as “Pollution pre-
vention” (P2) which has played an integral role in the development and implementation
of technologies designed to prevent the amount of waste generated at a facility. The P2
approach is extended to “Profitable P2” (P3), which seeks economic benefits with envi-
ronmental reduction [26], and even “Cooperative P3” (CP3) for industrial areas to aid in
decision making toward sustainable development [27].

Song [28], in 2016, explained the prevalent sustainability measurement systems but
stressed the need to generate a specific system of metrics for evaluating the sustainability
performance of the electroplating industry. These comprise economic sustainability indi-
cators, environmental sustainability indicators and social sustainability indicators. These
indicators focus on issues that include profit, value addition, energy, material usage, water
consumption and emissions, among many other factors.

In 2015, the United Nations stated 17 SDGs for development of the world’s agenda
in elimination of global challenges, improvement of the living standards of people and
protection of the planet until 2030. The 17 SDGs are a universal call for an end to poverty
and a beginning to prosperity, health and life on earth. The electroplating industry is also
based on a thorough critical analysis of the SDGs as a starting point to identify directions
for improving sustainability.

Several SDGs are closely related to electrodeposition in a direct perspective. One such
example could be SDG 9 (industry, innovation, and infrastructure), which could advance
efficiency and lessen environmental effects with such technologies as electrodeposition.
This is why modern electrodeposition technologies have been adopted as an element of
innovations that enhance efficiency and reduce environmental pollution. The
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development of more sustainable processes through research is key for the industry’s
growth. New materials and novel electroplating processes can also be utilized to the ben-
efit of the decorative sector and, to a certain extent, of the technical sector, supplying eco-
aesthetic solutions. Simultaneously, attention to responsible utilization of chemical re-
sources that follows SDG 12 becomes vital. Reducing the content of precious metals in
electroplating processes is an important contributor to the more responsible use of re-
sources and answers consumers’ demand for more sustainable products. The develop-
ment of cyanide- and nickel-free electrolytes is one step towards a safer and more sustain-
able operation process. The strategy can achieve SDG 7 (clean and accessible energy) due
to the implementation of low-energy-consumption and ambient-temperature processes
that lead to lower environmental impacts associated with energy consumption; it is re-
lated to SDG 13 (climate action) as well. Water resource management and sustainability
in the context of SDG 6 (clean water and sanitation), where efforts are taken for the reduc-
tion of water consumption in electroplating. Investment in research and development of
the electroplating industry by innovative methods can lead to improved economic growth
and skilled jobs according to SDG 8 (decent work and economic growth). There are other
issues relating to employment and economic development, even in the artisanal contexts.

Sustainability of the electroplating system can be regarded as an integration of waste
minimization, production enhancement and social sustainability [28]. Environmental im-
pact and health burdens can be effectively reduced by waste reduction. In addition, waste
reduction refers to chemicals, sludge, water and energy. Social sustainability involves
looking at issues that relate to customer satisfaction, employee satisfaction and local com-
munity satisfaction.

Economic globalization has put a strain on the electroplating industry [29-31]. Most
electroplating companies are usually working at a loss, as well as using rather obsolete
technologies. Moreover, the industry is one of the most polluted among the manufactur-
ing industries. The sustainability of a production is also the consequence of the efficiency
of the process, management and workflows. There are already existing management
methods and new ones are being developed constantly to meet this goal. Lean production
and manufacturing are methodologies which are designed for the improvement of effi-
ciency, the reduction of waste and the enhancement of the quality in the production pro-
cesses. The idea of lean production was born in the 1950s with the Toyota Production
System and was greatly developed by Taiichi Ohno at Toyota, thus forming the Toyota
Production System (TPS) [32]. This system is mainly centered on the reduction of waste
and the improvement of the processes to attain the total quality. The production of any
product must be sustainable, and this means the processes, management and workflows
must be streamlined. The fundamental elements of lean manufacturing are the 55 method
(Sort, Set in order, Shine, Standardize, Sustain) for workplace organization, Just-In-Time
(JIT) production to cut down on inventory and produce only when required and Poka-
Yoke devices to prevent errors. The lean model, which is based on Eastern philosophy,
then spread globally, highlights the idea of production flow and takt time, which is the
main feature of its approach.

Six Sigma, a quality management methodology that was created by Motorola in the
1980s, is another system that aims at the improvement of product quality by the reduction
of the process defects [33]. Six Sigma uses a number of statistical tools to minimize varia-
bility and reach the point of perfection, that is, few defects per million opportunities. The
methodology follows two main approaches: DMAIC (Define, Measure, Analyze, Improve,
Control) [34,35] for the enhancement of the existing processes and DMADV (Define,
Measure, Analyze, Design, Verify) [36,37] for the design of new processes or products. It
is a highly analytical and numerical model, which is basically a data- and statistics-based
model that aims at making improvements.

The Lean Six Sigma is the method that combines the principles of the lean manufac-
turing and Six Sigma [38]. This combination of theory and practice is designed to cut down
waste and process variability; thus, the productivity will be increased, and the quality will
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be improved. The Lean Six Sigma methodology employs lean tools to make the processes
efficient and Six Sigma tools to guarantee the process control and quality enhancement.

In decorative electroplating, lean principles could be used to make the process of
work more efficient, reduce waste and enhance the quality of the plated products [39,40].
The 55 method could be used to organize the workspace, so that the tools and materials
are within easy reach, thus, it will reduce the time spent searching for them and minimize
the delays. JIT could be applied to the inventory management; thus, the only amount of
the raw materials is available when needed, thus, reducing the storage costs and the waste.
The Poka-Yoke devices could be used to avoid the usual errors in the plating process, for
example, wrong chemical mixtures or the improper handling of materials.

Six Sigma methodologies, mostly DMAIC, could be used in the electroplating process
to discover and eliminate the causes of defects; thus, each step of the process can be im-
proved for high quality [41]. To illustrate, by finding out the thickness and the uniformity
of the plating, the causes of the variations and the ways of improvement can be investi-
gated, and the process can be made more consistent and of higher quality.

The Lean Six Sigma concept has given powerful tools to improve the efficiency, cut
the waste and to enhance the quality in different industries including decorative electro-
plating and fashion [42]. These methods create a culture of continuous growth, which in
turn makes the organizations more competitive and customer oriented.

In this manuscript we will discuss in detail some newly established eco-friendly prac-
tices in this industry that may benefit the environment, human beings and society. The
aim will be to present a vision for a future in which electrodeposition does not only re-
spond to the technological requirements but goes further towards a more sustainable en-
vironment through case studies and analysis of challenges faced today. Several computa-
tions techniques for predicting new formulations without using harmful substances are
described specifically. Commercial systems for the better homogeneity and compaction of
galvanic deposits to cut down on the amount of material being used will be discussed
with some case studies. In the last, treatment and disposal or recovery of wastewater met-
als for the environmental protection, as well as for the economic benefit of recycling valu-
able metals, will be analyzed.

2. Computational Methods

Although many attempts to improve the sustainability [43] of an electroplating plant
by optimizing the whole process have been made by companies in the decorative indus-
try, the R&D process for the optimization of the numerous variables is still based on a
trial-and-error method. In this scenario, in silico procedures are trending, as the cut-and-
try approach could be translated from the production plant to a chip, or even avoided by
introducing predictions and systematic studies. Furthermore, in silico approaches are in
line with the sustainable model proposed in Agenda 2030 by United Nations [44]. Specif-
ically, three sustainable developments goals (SDG) are achievable: 3 (good health and
well-being), 8 (decent work and economic growth) and 10 (reduced inequalities). SDG 3
is related to the reduction and, possibly, the elimination of hazards in the R&D phase;
moreover the prediction and development of new green processes is fundamental to en-
sure a healthy working environment in production departments. Shifting the workplace
from a laboratory to a computer ensures that people with motor-related impairments can
express their full creative potential, as they are no longer limited by structural barriers,
accomplishing SDGs 8 and 10. To model an electrochemical process, it is helpful to distin-
guish two different families of simulations, distinguished by their scale: atomistic simula-
tions [45] and multiphysics simulations [46]. The latter are divided further in ab initio and
classical approaches, the first one based on quantomechanic calculations and the second
one on classical mechanics.
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2.1. Atomistic Simulations

Atomistic simulations are helpful to develop new sustainable additives or to under-
stand how the different components of a bath formulation, such as additives and ions [47],
interact with each other [48], but they are not yet suitable for industrial practice as they
are typically limited to university facilities due to the need for high-performance comput-
ers [49] and, above all, an in-depth knowledge of all the chemical and physical processes
that are involved. As stated before, molecular systems can be modeled by molecular me-
chanics (MM), quantum mechanics (QM) or a mix of both (QM/MM). In MM, molecules
are considered in terms of bonded atoms with the bond described as a spring. MM is based
on the three principles of Newtonian mechanics, with the equation of motion described
by the second principle. In MM, it is convenient to describe the system in terms of a Ham-
iltonian (Hy); if the generalized coordinates are not explicitly time-dependent and if the
forces are derivable from a conservative potential (Vjy), it can be represented as the sum
of a kinetic term Ky, and Vy, (Equation (1)).

Hyy = Kym + Vun 1)

The union of the form of the functional and parameters [50] is known by the name of
Force Field. There are many of them specialized in reproducing different situations, e.g.,
to simulate organic molecules and ligands, the GAFF protocol family is recommended
[51-53]. Despite that, the basic form of a potential functional is expressed in Equation (2)
with Vyoungeq taking into account covalent terms as bond stretching (Vyenaing), bending
and dihedral torsions (Vyrsion) and Viyon-poundea representing non-covalent terms as elec-
trostatic (Veouiompic) and Van der Waals (Vi 4y) interactions.

Vum = Vboundea + Vnon-boundea
Vbounded = Vstretching + Vbending + Vtorsion (2)
Vnon-boundea = Vcoutombic + Vvaw

MM, depending on classical mechanics, has a much lower computational cost than
QM; although it does not explicitly take electrons into account and thus cannot simulate
important phenomena such as bond formation and cleavage, it is widely used to simulate
large systems and physical adsorption of organic molecules on metallic surfaces. MM has
been already successfully employed to study adsorption mechanism of Ni-Ammonium
complexes on Ni nanocones [54] and the adsorption of bath’s impurities (such as Zn) in
Ni electroplating baths [55]. Furthermore, MM has been successfully used in the screening
of pyrophosphate copper bath additives [56].

On the other hand, QM describes molecules in terms of electrons and nuclei with no
references to bonds. The basis of QM is the Schrodinger equation, which is reported, in
the time-independent form, in Equation (3), where ﬁQ v is the QM Hamiltonian operator,
E is the energy of the system and ¥ is the wavefunction [57].

Hou¥ = E¥ ®)

To solve Equation (3), there are two families of methods: one based on wavefunctions
as in the Hartree-Fock and post-Hartree-Fock methods (e.g., Meller—Plesset, Configura-
tion Interaction, Coupled Cluster) and one based on the density functional theory (DFT).
Despite post-HF methods have been proven to give better results, going under the chem-
ical accuracy [58], their computational cost makes it prohibitively expensive to study typ-
ical electroplating systems composed of many atoms and transition metals. Hence, DFT
and hybrid DFT methods are the preferred options for the study of electrochemical sys-
tems given the compromise between accuracy and computational cost. Ab initio calcula-
tions have been employed to study the interaction of commercial additives [59] for copper
electroplating with a Cu (111) surface [60] and to study the efficiency of novel suppressors
for Cu acid baths [61].

To simulate large chemical systems such as electrolyte baths for decorative applica-
tion, it is possible to adopt a QM/MM approach [62] defining an active space that is going
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to be treated QM. Consequently, the QM/MM Hamiltonian can be defined as in Equation
(4) where HQ v and Hy, are, respectively, the QM and the MM Hamiltonians and
Hyp—mu is the operator taking into account the interactions between the MM system and
the QM active space [63].

ﬁQM/MM = ﬁQM + ﬁMM + ﬁQM—MM (4)

This methodology makes it possible to perform cost efficient simulations, even on big
systems, as it is capable of combining the speed of MM with the accurate description of
phenomena by QM. However, this is only possible through in-depth knowledge of the
system, so as effectively define the active space. QM/MM approaches are rarely used to
characterize electrochemical systems but they are widely used to characterize active sites
of metalloproteins [64]; nonetheless, the methodologies can be transferred to electrodep-
osition as well.

2.2. Multiphysics Simulations

Multiphysics approaches, based on fluid dynamics simulations, are a reliable tool to
understand how the design of manufacts and anodes can influence the thickness distribu-
tion due an inhomogeneous current density distribution, even using ordinary computers.
Especially in the decorative field, where the lack of sustainability is also related to a com-
partmentalization of entities involved (e.g., artistic direction, metalworking company and
electroplating facility), the geometry of artifacts and goods is not designed to minimize
the thickness dispersion, presenting cusps and valleys where the charge density changes
dramatically [65]. An example of a complex accessory can be appreciated in Figure 1, it
was electroplated following the industrial standard for an hypoallergenic cycle (ISO 1811
[66]), made of Copper/White Bronze/Palladium-Nickel/Gold, where copper is used as lev-
eler and brightener layer [67], while white bronze and palladium are used as an anticor-
rosion layer [68] and a barrier layer against intermetallic diffusion [69].

PdNi 536 nm

Figure 1. Fashion accessories presenting a complex geometry made of many cusps and valleys to
represent a horse crest; the difference in deposited thicknesses of precious metals on a cusp and a
valley observed in a cross section of the sample by a scanning electron microscopy (SEM) analysis.

The effect of the geometry in current distribution is also depicted in Figure 1, where,
thanks to scanning electron microscopy (SEM) imaging, carried out at 20 kV, the difference
in the thickness of layers is clearly influenced by the shape of the object. A simple but
effective simulation of the current density distribution along the cathode and its influence
over the thickness dispersion can be achieved by simply considering the primary current
distribution [70] (i.e., the current distribution, which depends only on the gradient of the
electric potential and the resistivity of the medium [71]). To better reproduce an electrol-
ysis, including secondary (i.e., the current distribution that consider charge-transfer
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processes and mass transport at electrodes [72]) and tertiary currents (i.e., the current dis-
tribution that mind diffusion, migration and convection of charged and uncharged species
[73]), the system can be modelled with a computational fluid dynamics approach and de-
scribed as a systems of differential equations and boundary conditions [74] that were ex-
tensively discussed by Kauffman [75] in 2020 (the results leading to current and thickness
distributions over an irregular shape are reported in Figure 2). Considering the electrolyte
as an incompressible fluid, the hydrodynamics is governed by the conservation of mass
and the conservation of momentum as reflected in the Navier-Stokes equations, Equations
(5) and (6), with u representing the fluid velocity, P the fluid pressure, pu the dynamic
viscosity, p the fluid density and N the resultant of the external forces acting on the fluid.
The Navier-Stokes equations are usually solved by tested and robust algorithms such as
SIMPLE [76], PISO [77] and PIMPLE [78].

V-u=0 (5)

a—u+|7-(u><u)—\7-(u\7u)=—1\7P+N (6)
Jat p

The electroneutrality of the electrolyte is fixed with Equation (7) and charge transport
for the ith species is taken into account by the Nernst-Planck equation, Equation (8), with
J representing ion flux within the fluid, D the diffusion coefficient of the species, c; the
concentration, n; the valence electrons, R the ideal gas constant, F the Faraday constant,
T the temperature and ¢ the electric potential.

Z nc =0 @)

Din;F

Ji=-Di- Ve ———

Ci'V¢+Ci'u (8)

The mass transport at both cathode and anode is considered in the Butler—Volmer
equation, Equation (9) (i is the current density, ijis the exchange current density, Ct** is
the bulk concentration of the species in the fluid and C(0, #) is the concentration at the
electrode surface where the subscript indicates the species involved in oxidation (O) and
in reduction (R); 1 is the overpotential and a and § are respectively the symmetry an-
odic/cathodic barrier factors depending on the thermodynamic of the system [79].

(G0, _pnrn k.  (Cr(O,T) 1
=1 [( zvémlk )e e _( Z}gulk efmrnT )

The thickness (1) distribution onto the cathode is evaluated by imposing at the cath-
ode Faraday’s law for electrolysis (Equation (10)) as a boundary condition, considering ¢
the deposition time; i the current at the electrode (evaluated with Equation (9)) and M,,
and p,, the molecular mass and density, respectively.

gt M,
at lpmnF

(10)
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Figure 2. Current density (i) distribution and thickness distribution () over a cathode of irregular
shape obtained with CFD simulations by Kauffman [75] (image under Creative Commons CC BY
4.0 license, all rights and intellectual property belong to the authors; for more information, see
https://creativecommons.org/licenses/by/4.0 accessed on 15 April 2024).

In multiphysics simulations, the previously illustrated equations are solved accord-
ing to the finite element method (FEM) [80], a numerical approach already extensively
used in the engineering field to discretize continuous problems [81-83]. In FEM approach
the input geometry (i.e., the electrochemical cell) is divided into finite elements, building
a mesh. Differential equations are solved in the integral form, discretizing integrals in a
summatory over finite elements where shape functions are defined [84]. Multiphysics sim-
ulations can be easily implemented in the industrial manufacturing workflow for example
using the commercial software COMSOL 6.2 [85], directly importing the CAD designs of
decorative accessories. An example of modelling an industrial process of electroforming
with it was proposed by Andreou [86] in 2022. The opensource alternative is represented
by the OpenFOAM framework [87]: it allows complete personalization of the system but
its use is not immediate as it requires programming and scripting knowledge. In 2020
Kauffman [75] proposed and tested an algorithm inside the OpenFOAM environment that
successfully described the electrodeposition of copper, reproducing effectively the thick-
ness distribution over a cuspidated cathode. In 2023, Huang [88], still in the OpenFOAM
environment, made a whole framework for electrochemical processes and electrolyte flow
capable of accounting for different species, including external forces over the electrolyte
and the influence of a magnetic field on the electrodeposition process. Connecting design-
ers, metalworking engineers and chemists through multiphysics simulations it will be
possible to produce goods with sustainable geometries reducing drastically the waste of
precious metals. Each of these three figures has a fundamental place in this challenge:
designers have the task of creating new geometries and providing CAD models; engineers
must validate the mechanical feasibility of geometries; chemists must perform simulations
to find the optimal parameters for it, such as the exchange current, the symmetry factors
and the deposition potential, and chemists also need to validate the results of simulations
through experimental counterparts determining the thickness of deposited metals
through non-destructive methods, such as X-ray fluorescence spectroscopy (XRF) [70].
The whole production process can be fully optimized only if all the data from these three
figures of the fashion industry can be crossed and elaborated in order to obtain the better
results. Hence, Al-based technologies [89] can be the key elaborate this multitude of cor-
related aspects. Specifically, to help the artists to reimagine fashion items, a generative
design [90,91] approach could take the full advantages of the thickness distributions ob-
tained from multiphysics simulations and find an alternative geometry with the constrain
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minimize the current distribution. Additionally, this novel production scheme needs to be
iterative, alternating multiphysics simulations with generative design, to achieve the low-
est metal dispersion possible.

3. Deposition Systems

Obtaining homogeneous electrochemical deposits is an issue of absolute importance,
especially in the field of the high-fashion industry, where precious metals are often used.
Indeed, even a low percentage reduction in consumption leads to a great advantage for
the overall process [92].

Having a low standard deviation in the metal deposit allows a smaller amount of
material to be used, as the required minimum thickness values can be achieved with less
dispersion in the obtained coating, thus operating with reduced costs and less operating
time. This leads to clear advantages for the environment sustainability of the entire pro-
duction process and for the competitiveness and profitability of the manufacturing com-
pany. The thickness of the deposits obtained from present electroplating production is
uneven because it is strongly influenced by the shape of the treated objects and the current
distribution [93,94].

In this work, we therefore chose to conduct a benchmark study of the systems
adopted by companies to control the distribution of thicknesses in the case of a precious
metal finishing, evaluating the effect of different state of the art industrial engineering
solutions. The thickness distribution of gold deposition within the electroplating rack, ob-
tained using the standard parallel anode configuration, was taken as the reference. It was
compared with two devices operating on direct current (DC) designed to overcome thick-
ness inhomogeneities and a system operating on pulsed current (PC). The depositions
were performed in a typical electroplating tank (Figure 3).

b—d
c— [958

Figure 3. A 500 L electroplating tank containing (a) two anode bars, one for each side, to which the
MMO anodes are connected; (b) a central cathodic bar, where the rack is attached; (c) a float to con-
trol the level and temperature of the solution; (d) a heating element for heating the solution.

All the samples were kindly electroplated and provided by Lotti Srl (Signa, FI, Italy),
Gruppo Materia Firenze (Scandicci, FI, Italy) and Eco-Tech Finish Srl (Arezzo, AR, Italy),
on their industrial production lines according to the internal standard production process.
The specifications of the materials and methods used are given in Supplementary S1.

3.1. DC Deposition Systems

The case study carried out on optimization systems operating on DC was performed
on a gold deposit, electrodeposited by means of the commercial “Bluclad 8693”
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(Calenzano, FI, Italy) electroplating solution. The performance of a classical system oper-
ating with common mixed metal oxide (MMO) anodes was compared with that of the
commercial systems Italfimet (Monte San Savino, AR, Italy) “Raddrizzatorre Anti Effetto
Punta” (RAEP) and Luxury Brands Technologies (LBT) (Calenzano, FI, Italy) “Homoge-
neous Coating System” (HCS), designed to increase the homogeneity of deposited pre-
cious metal thicknesses. The thicknesses of each plate were evaluated by XRF analysis
using the fundamental parameters approach [95]. XRF is a fundamental technique in elec-
troplating facilities because it allows for non-destructive control of thickness and metal
distribution with fast and robust measurements. This enables the adjustment of deposi-
tion parameters such as current density and time for DC, as well as Ton and Toff for PC.
ED-XRF instruments are now standard in electroplating fashion companies, but their use
in optimizing the production process is often limited by the operator’s insufficient
knowledge. The commercial software associated with the equipment often functions as a
black box, creating the misconception that employees merely need to press a button. In
reality, it is a complex technique that requires qualified personnel.

The modalities used to collect the data are shown in Supplementary S1.

Italfimet RAEP aims for the maximum thickness uniformity of precious metal elec-
troplating filling inside the working rack. The device is based on the supply of DC, dis-
tributed inside the electroplating tanks with the aim of minimizing the effect of the pres-
ence of areas with high and low current density within the electroplating system. This is
achieved by pre-setting the direct current to be distributed in multiple zones within the
system itself. In detail, the anodes consist of three anodic elements coated with mixed
oxides, which have 3 different anode outputs. Anodes 1 and 3 are the outer ones and have
a complementary shape to the inner anode 2 (Figure 4a). The system allows the current of
the external anodes to be modulated in a range of instrumental settings from -999.9 to
+100.0 (dimensionless values), in the upper section of the anode (“high-cut”) and in the
lower one (“low-cut”) independently. Based on the authors’ industrial experience, the cur-
rent was distributed on the three anodes following Equation (11)

_igoe(h+1) . igor | . _ itot(1+1) 11)
1 72 T gyptr 3 3+h+l

3+h+l

where ij, i, i3 are respectively the current applied to the upper, center and lower an-
odes and h and ! are, respectively, the high-cut and the low-cut values. Moreover, i; =
0if h>—-1; i3 =0if I > —1; i; =i, = i3 = 0if h + [ > —3. In this work the default pa-
rameters provided by the supplier were chosen: high-cut of -10.0 and low-cut of -30.0.
The manufacturing company of RAEP reports a saving on the cost of the deposition of an
average precious metal estimated in the order of 10-15% in addition to a significant re-
duction in the duration of work cycles related to the deposition of precious metals. This
system is applicable to every precious metal plating process on the market, and it is easily
implementable within each electroplating tank [96].

LBT-HCS uses a current rectifier “High Performance System” (HPS), designed to dis-
tribute applied currents according to the different areas of the rack, to be used with a spe-
cific system of three anodes associated with three anode outputs (Figure 4b); the central
anode has a convex pyramidal shape. The system makes it possible to reduce the differ-
ences in current density that can occur between the outer and internal parts of the rack.
The current can be modulated for all three electrodes setting the percentages and delays
for high, medium and low zones. LBT reports a case study carried out on a palladium
electroplating formulation in which a reduction of about 11% in mass of metal deposited
and a reduction in the standard deviation in measured thicknesses is observed on minimal
thicknesses of 0.8 um of deposit, evidence of increased homogeneity of the deposit [97].
To confirm the data reported by the suppliers of three-way anode systems, we carried out
an empirical validation. In this work, the single rack settings given by the supplier were
used: percentage high zone 35.0%, percentage medium zone 55.0%, percentage low zone
10.0%, 20 s delay in low area.
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Figure 4. Anode schemes of (a) the Italfimet RAEP system, where 1 indicates the connectors related
to the upper section of the three-anode system, 2 the connector related to the middle section and 3
the connector related to the lower section; (b) the LBT HCS system, where 1 indicates the connectors
related to the lower section of the three-anode system, 2 the connector related to the middle section
and 3 the connector related to the upper section.

The results of XRF measurements are reported in Table S1 and normalized distribu-
tions of electrodeposited gold thicknesses are reported in Figure 5.

As expected, in the center of each plate, there is an area of low deposited thickness; this
problem is visibly mitigated in the case of the result obtained by employing the RAEP system.

Normalized thickness

Frame y-axis (cm)
Frame y-axis (cm)
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4 16 18 20 22 24

8 10 12 14

Frame x-axis (cm) Frame x-axis (cm)
(b) (c)

Figure 5. Normalized distributions of electrodeposited gold thicknesses, measured by XRF analysis,
relative to a sample obtained (a) under standard conditions (DC1); (b) using the RAEP system; (c)
using the HCS. The x and y axes represent the coordinates inside the plating rack, which contains
16 plates arranged in rows and columns of 4. Areas of the rack where there are no plates are shown
in black.
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These results are confirmed by the standard deviation values obtained on the entire
rack (Table 1): the RAEP system shows a significant reduction in the standard deviation
value, both in terms of absolute and percentage values. The values obtained in the case of
the HCS system are comparable to those obtained in in standard conditions. It is also pos-
sible to assess how the RAEP and HCS systems reduce the dispersion of thickness within
each plate.

Table 1. Mean values and standard deviations of the average thickness of each plate, related to XRF
thickness measurements performed on the samples of the entire rack obtained under standard con-
ditions and using the RAEP and HCS system:s.

Standard DC1 RAEP HCS
Average thickness (um) 0.57 +0.05 0.52 +0.05 0.53 +0.05
Standard deviation (um) 0.13 0.09 0.13
Standard deviation % 23.75 18.23 25.46
Standard deviation of the aver- 0.052 0.016 0.022
ages of each plate (um)
Standard deviation of the aver- 9.17 3.03 410

ages of each plate (um)%

Therefore, it can be stated that the RAEP system increases the homogeneity of the
deposits throughout the entire rack, allowing to reduce the overall metal used to guaran-
tee the minimum thicknesses required. The HCS system does not decrease the standard
deviation relating to all thickness measurements, but reduces the difference observed be-
tween the various plates.

To further evaluate the performance of these systems, process capability analyses
were carried out. A process capability study predicts whether a manufacturing process
can repeatably produce parts that meet specifications. To make these assessments, the pa-
rameters Cp and Cpk were used [98]. Cp (Equation (12)) measures whether the process
spread is narrower than the specification width, hence the potential capacity of the pro-
cess. While Cpk (Equation (13)) measures both the centering of the process as well as the spread
of the process relative to the specification width, hence actual capacity of the process.

_USL-LSL
6o

C

) (12)

USL—x _ x—LSL

C_, =Min
Pk ( o 30

) (13)
where USL and LSL are respectively the customer-defined limits upper and lower process
specification customer-defined limits (VOC) and o is the standard deviation of the pro-
cess, 0.55 um was used as the USL and 0.45 pm as the LSL.

As shown in Table 2, The RAEP system improves the value of Cp over results obtained
under standard conditions, while the HCS system returns results comparable to it. The
RAEP and HCS systems both allow the improvement of the parameter Cpk (the increase
in these parameters is a positive result).

Table 2. Evaluation of Cp and Cpk values on samples obtained under standard conditions and using
the RAEP and HCS systems.

Standard DC1 RAEP HCS
Cp 0.12 0.18 0.12
Cpx -0.044 0.110 0.054
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3.2. Pulsed Plating System

The same evaluations performed in the previous section were carried out on the
thickness distribution comparing the deposition obtained by operating in DC and PC. To
compare the results reported in the literature [99] with the outcomes shown by three-elec-
trode DC anode systems, we carried out an empirical data validation. The study was per-
formed on a gold deposit electrodeposited by means of the commercial “Bluclad 8614
MUP” electroplating solution on the plates described in Supplementary S1; the latter con-
tains all the operational specifications.

Normalized distributions of electrodeposited gold thicknesses are reported in Figure
6. The use of pulsed current improves the overall homogeneity of the thickness of the
deposits. The data used to obtain the thickness distribution maps are reported in Table S2.

Normalized thickness

10 12 14 1B 18 20 22 24

Frame x-axis (cm) Frame x-axis (cm)

(a) (b)

Figure 6. Normalized distributions of electrodeposited gold thicknesses, measured by XRF analysis,
relative to a sample obtained (a) under standard DC conditions (DC2); (b) under PC deposition condi-
tions. The x and y axes represent the coordinates inside the plating rack, which contains 16 plates ar-
ranged in rows and columns of 4. Areas of the rack where there are no plates are shown in black.

As can be assessed from the results shown in Table 3, the use of pulsed current re-
duces the percentage standard deviation.

Table 3. Mean values and standard deviations of the average thickness of each plate, related to XRF
thickness measurements performed on the samples of the entire rack obtained under direct current
conditions and under pulsed current conditions.

Standard DC2 PC
Average (um) 0.49 = 0.05 0.52 +0.05
Standard deviation (um) 0.15 0.15
Standard deviation % 31.66 29.81
Standard deviation of the averages 0.080 0.091
of each plate (um)
Standard deviation of the averages 16.36 17.67

of each plate (um)%
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It can be stated that the PC system slightly increases the homogeneity of the deposits
throughout the entire rack, making it possible to reduce the overall metal used to guaran-
tee the minimum thicknesses required.

On the other hand, it can be seen how operating with pulsed current in these condi-
tions slightly increases the standard deviation of the average thickness of each plate.

An evaluation of the parameters Cp and Cpx was also carried out; the results are
shown in Table 4.

Table 4. Evaluation of Cp and Cpk values on samples obtained under direct current conditions and
under pulsed current conditions.

Standard DC2 PC
Cp 0.11 0.11
Cpx 0.080 0.075

While the value of Cp shows no appreciable changes in the case of PC in comparison to
DG, the value of Cpk worsens, meaning that the PC process still has room for improvement.

Cp and Cypxk results, even with improved operating conditions using RAEP, HCS and
PC systems, are still suboptimal. Values of Cp and Cpkequal to 2 should be considered
optimal, while values of 1 are considered barely acceptable [98]. The distance between
optimal values of capability estimators, and the results obtained on in-line production
processes can be explained by the fact that customers specifications are arbitrary, espe-
cially for the high fashion market. Clients only indicate a minimum thickness, not consid-
ering the distribution of it and the geometry of the artifact. In the field of high fashion
accessories, brands often do not specify the measurement spot causing the approval of the
quality control step to be highly influenced by the arbitrariness of the operator. Hence,
analytical estimators such as Cp and Cpx, fail to represent the correctness of a process that
lacks a profound structuring of demand.

This testifies that the field of electroplating in the high fashion industry shows ample
room for improvement, both from an electrochemical engineering point of view and on
the demand side and management of the production process: in the first case working on
both anode geometries and current waveforms, and in the second case working on cor-
rectly disclosing the issues and physical chemistry behind electrodeposition to line work-
ers. To effectively integrate the characteristics of pulsed current depositions with three-
way rectifiers, several enhancements are necessary for electroplating factories. Firstly, the
hardware must be optimized to utilize both features synergistically. Additionally, a spe-
cific formulation of the electroplating bath needs to be developed. Proper training for the
personnel in the electroplating department is also crucial. Achieving these improvements
is financially challenging for many local electroplating industries, which are often small
to medium-sized companies.

3.3. Corrosion Tests

In the literature, there are numerous tests to ensure quality control and to verify the
performances of the coatings [20,92]. Among them, neutral salt spray has been chosen to
be a benchmark of the systems discussed in this review.

The 4 samples along the diagonal of the electroplating rack were selected, the pur-
pose of this sampling is to evaluate the effects of corrosion as the position in the rack
changes and to correlate the results obtained with those achieved in the previous para-
graphs. The samples were tested against neutral salt spray (NSS) test ISO 9227 for 48 h
[100]. During this time, the corrosion behavior of the different coatings was monitored by
visual investigation (Figures 51-S5). The samples were visually evaluated by reporting
the results with values in the range of 1 to 5, where 5 means no variation occurred on the
surface of the sample; 4 slight variation; 3 visible variation; 2 evident variation; and 1 con-
siderable variation. This evaluation metric is adopted by major analysis companies in the
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field of metal accessories of luxury brands [92]. The outcomes are reported in Table S3.
Standard DC1 samples (obtained in the standard conditions using “Bluclad 8693 electro-
plating solution) showed a 4.3 average result, RAEP samples 4.5, HCS samples 3, Standard
DC2 samples (obtained in the standard conditions using “Bluclad 8614 MUP” electroplat-
ing solution) 1.5 and pulsed current samples 2.8.

The results obtained using the RAEP show an improvement over the ones obtained
operating under the standard conditions; on the other hand, the use of the HCS system
led to a worsening of the performances. However, it is important to note that the outcomes
obtained using the latter operating conditions resulted in more homogeneous outputs,
this agrees with the results obtained during the evaluation of thicknesses. Depositions
using pulsed current resulted in a marked increase in corrosion resistance performance.

Given the results observed in the previous paragraph, where we pointed out that the
PC system slightly increases the homogeneity of the deposits throughout the entire rack,
we can hypothesize that such a marked change in corrosion resistance with respect to a
slightly different homogeneity is due to other factors that come into play using pulsed
current, such as a change in the chemical-physical structure of the deposit compared with
that obtained under direct current conditions. As reported in the literature the use of
pulsed current can lead to changes in the morphology of the structure of the deposit [23].
This result is very interesting because it highlights the possibility of obtaining deposits
that exhibit greater corrosion resistance for the same amount of precious metal used, with
clear advantages both economically and environmentally.

4. Recovery of Metals

The exponential growth of the world’s population and the limitation of natural re-
sources are presenting new challenges. Pollution prevention, waste minimization and the
recycling of end-of-life (EOL) products have become primary topics of interest [101,102].
Sustainable development involves creating materials and products that can be more easily
recycled through proper management. In terms of sustainability, recycling activities aim
to maximize reuse, minimize energy consumption, reduce costs and waste and ideally
achieve upcycling. The rapid pace of industrialization is increasing the demand for precious
metals, while high-quality natural resources are dwindling, causing operating costs to sky-
rocket. Consequently, there is a growing need for education on the recovery of these metals.

Due to industrialization, the amount of solid and liquid waste generated from vari-
ous technological processes and consumer goods is rising, particularly in developing
countries. This waste can be either organic or inorganic. Inorganic waste contains toxic
metallic and non-metallic elements that have severe negative impacts on ecosystems.
Some of these non-ferrous metals have a moderate deterioration rate, persisting for ex-
tended periods and exerting cumulative toxic effects. Additionally, many of these ele-
ments are carcinogenic [101].

The most significant solid waste materials include non-ferrous metals such as copper,
nickel, zinc, chromium, molybdenum and gold, among other potential heavy metals.
Heavy metals are elements with atomic weights between 63.5 and 200.6 and a density
greater than 5 g/cm3. They are characterized by high stability and low biodegradability,
[103,104], leading to bioaccumulation and biomagnification in living organisms [105].

Many elements fall into this category, but the ones listed in Table 5 are particularly
relevant in the environmental context [106]. Heavy metals cause serious health effects,
including reduced growth and development, organ and nervous system damage, cancer
and in extreme cases, death. The maximum contaminant level (MCL) standards, for those
heavy metals, established by United State Environmental Protection Agency (USEPA)
[107] are summarized in Table 5.
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Table 5. MCL standards for the most hazardous heavy metals.

Heavy Metal Toxicities MCL (mg/L)
Arsenic Skin manifestations, visceral cancers, vascular disease 0.05
Cadmium Kidney damage, renal disorder, human carcinogen 0.01
Chromium Headache, diarrhea, nausea, vomiting, carcinogenic 0.05
Copper Liver damage, Wilson disease, insomnia 0.25
Nickel Dermatitis, nausea, chronic asthma, coughing, human carcinogen 0.20
Zinc Depression, lethargy, signs and increased neurological thirst 0.80
Lead Damage to the fetal brain; diseases of the kidneys, circulatory system and nerv- 0.006

ous system
Mercury Rheumatoid arthritis; diseases of the kidneys, circulatory system and nervous 0.00003

system

Overall, 75% of copper metal today is used in the electronics, communication and
energy sectors [108] —all areas from which the ecological transition will pass. Copper also
performs essential work in animal metabolism, but the excessive ingestion of copper
brings about serious toxicological concerns, such as vomiting, cramps, convulsions, or
even death [109].

Zinc is a trace element essential for human health, playing a crucial role in the phys-
iological functions of living tissue and regulating many biochemical processes. However,
excessive zinc intake can lead to significant health issues, including stomach cramps, skin
irritations, vomiting, nausea and anemia [110]. About 50% of the metallic zinc produced
globally is used for anti-corrosion coatings on steel; 30% is used for alloys, primarily brass;
and the remainder is utilized in chemicals, pigments, coinage and other minor applica-
tions [111].

Approximately 65% of the nickel consumed in the Western world is used to manu-
facture austenitic stainless steel, while 12% is used in superalloys. The remaining 23% is
distributed among various applications, including other types of steel, rechargeable bat-
teries, catalysts and other chemicals, coinage, foundry products and plating (9%) [112].
Exceeding critical levels of nickel can cause serious health issues such as lung and kidney
problems, gastrointestinal distress, pulmonary fibrosis and skin dermatitis [113]. Nickel
is also recognized as a human carcinogen [103].

Gold, although not cautioned by the EPA in terms of maximum contaminant concen-
tration, it can be detrimental for human health. Gold is often used to treat certain diseases,
such as rheumatoid arthritis and bronchial asthma; however, it shows very harmful side
effects, including pulmonary toxicity, skin rash, peripheral eosinophilia and liver dys-
function [114]. Seven percent of the gold mined each year is used for medical, industrial
and technological purposes, while the remaining 93% is utilized in the jewelry industry
and banking, such as in the production of bars and coins [115].

The largest industrial consumption of chromium is in the protective and decorative
coating of metal artifacts and in the preparation of various alloys. Oxides and chromates
are used as pigments while high salts are used in the textile and tanning industries. Chro-
mium exists in the aquatic environment primarily in two states: Cr(Ill) and Cr(VI). Gen-
erally, Cr(VI) is more toxic than Cr(Ill). Cr(VI) impacts human physiology, accumulates
in the food chain and causes severe health problems, ranging from simple skin irritation
to lung carcinoma [116].

The mining industry is one of the main causes of pollution on the planet: the smelting
of metals, including gold, contributes about 19 million tons of sulfur dioxide (about 13
percent of global emissions) into the atmosphere each year, causing acid rain [117]. The
mining, processing and refining of precious metals requires a great deal of energy: suffice
it to say that 7-10% of the oil, gas, coal and hydropower produced annually worldwide
(not counting the energy used in transportation) is used in these industries. Mines also
generate an immense amount of waste: in 2010, 900 million tons of metal were extracted,
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producing 6 billion tons of waste, most of which originated from the mining of gold, iron
and copper [118].

Many countries have enacted, in the past decade, regulatory laws regarding waste
management [101]; one such regulation, effective from 2020, mandates the reuse and re-
cycling of at least 50 percent by weight of paper, metal, plastic and glass from household
garbage. Unlike simple storage, these new processing methods enable the recovery of ma-
terials embedded in solid residues containing precious metals. The production of these
metals from primary sources is constrained and involves high energy consumption.
Therefore, recycling can significantly contribute to energy savings and the reduction of
CO:z emissions [119].

Precious metals are crucial in modern society, closely tied to technological advance-
ments and daily life. Sustainable development and stricter environmental legislation are
encouraging the recovery of precious metals as a viable approach to conserving natural
resources and minimizing waste without incurring high costs.

An explanatory example is the case of gold: for every gram of usable gold, about 1
ton of debris is produced in the mining process [120]. In addition, water contaminated
with cyanides and mercury [121] is released, and other chemicals are released into the
atmosphere (such as sulfur dioxide and carbon dioxide from metal smelting [122]). A
provocatory report of Fairtrade Labelling Organization (a non-profit organization special-
ized in issuing fair and sustainable trade certifications) states that for one gold wedding
ring alone, 3 tons of waste is produced and between 50 and 150 g of mercury is used [123].
Mercury, widely employed in artisanal and small-scale gold mining (ASGM) [124-126], is
used because of its ability to combine with gold, allowing the separation of the precious
from other minerals. The resulting product, called amalgam, is then heated to a tempera-
ture above 257 °C to vaporize the mercury it contains [126]. The use of mercury has a
significant impact on the environment and on people: it has the characteristic of not bio-
degrading and therefore precipitating, settling on the land and consequently on agricul-
tural products, as well as on water and therefore in fish. From there, it is transferred to
humans; these areas have a higher incidence of cancer. A gold rush causes the illegal ap-
propriation (i.e., without the consent of the population) of entire territories and the deple-
tion and contamination of primary resources.

A step towards a society marked by sustainability, not only economically but also
socially and environmentally, is perpetrated by the previously mentioned Fairtrade La-
belling Organization, the one of the most recognized sustainability label [127]. Even gold
can be certified as ethical gold [128]. In fact, ethical gold is mined legally, in mines that
have been granted the rights to mine on the ground and in which local communities them-
selves are primarily employed [129]. It is also mined with greater attention to both peo-
ple’s safety and environmental pollution, minimizing the use of mercury and using it in
closed cycles to avoid its release into the environment.

The protection of local communities, who are guaranteed minimum wages and ade-
quate working conditions, providing jobs for women as well, fully embrace the ethics of
Sustainable Development as promoted by the United Nations in points 1 (No poverty), 3
(Good health and well-being), 5 (Gender equality), 8 (Decent work and economic growth),
10 (Reduced inequalities). Environmental protection through low-impact extraction meth-
ods instead reflects goals 12 (Responsible consumption and production), 13 (Climate ac-
tion), 15 (Life on land). Another fundamental certification in the fashion industry is the
RJC-CoC (Responsible Jewelry Council-Chain of Custody) [130] form the Responsible
Jewelry Council, a non-profit organization devoted to setting sustainability standards for
the jewelry industry; such certification ensures full traceability of the production chain
and guarantees responsible sourcing.

According to Stephen Lezak, an Oxford University researcher and expert in econom-
ics and the environment, we could immediately stop mining gold without having a short-
age in any of the above sectors simply by recycling it [120]. According to the economic
models proposed in the research, the only impact would be on the price of gold itself,
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which today serves both as a safe haven asset for investors and as a “stabilizer” and finan-
cial reference for several countries. On the other hand, as far as pollution is concerned, it
is estimated that if the supply of gold were derived simply from recycling there would be
a decrease in air emissions and impact on ecosystems by 99%; the remaining 1% would
represent pollution from the transportation and processing of the precious metal in the
recycling stage.

Optimizing recovery solutions presents new avenues in research, addressing increas-
ing demand, resource depletion and global development needs. Precious metals recov-
ered through these processes retain their properties across multiple life cycles, enabling
recycling to achieve the following:

- Recover valuable materials without loss of quality;
- Save energy compared to primary production;

- Decrease the need for mining activities;

- Minimize waste.

Industrialized nations have embraced proactive environmental policies aimed at mit-
igating technological risks, demonstrating significant adaptability through a culture of in-
novation and the adoption of long-term strategies. Discovering novel technologies for re-
covering precious metals can harmonize economic pressures with the imperative to pre-
serve natural ecosystems, thereby potentially yielding a positive global impact. These
goals align with the objectives of Sustainable Development Goals (SDGs) 9 (industry, in-
novation, and infrastructure), 11 (sustainable cities and communities) and 12.

The electroplating industry is considered highly hazardous among chemical-inten-
sive industries due to its significant discharge of metal-contaminated wastewater [131].

In typical electroplating industries, a substantial volume of wastewater is produced
from rinsing electroplated parts [132,133] amounting to approximately 20% of the chemi-
cals used in metal salts plating baths [134]. This wastewater contains elevated levels of
metal ions that surpass the Industrial Effluent Guidelines set by the USEPA, necessitating
treatment to mitigate its high toxicity before discharge into the environment [135]. There-
fore, treating metal-contaminated wastewater prior to discharge into the environment is
essential [131].

However, in certain electroplating industries, particularly those involving precious
metals such as silver, palladium and gold, the wastewater contains significant amounts of
these valuable metals. Therefore, an appropriate wastewater treatment process is neces-
sary not only to remove heavy metals but also to recover these precious and valuable met-
als, addressing both economic growth and environmental considerations [133].

Various treatment techniques for heavy-metal-laden wastewater have been devel-
oped in recent years to reduce wastewater volume and enhance the quality of treated ef-
fluent. Methods such as electrowinning [136], chemical precipitation, coagulation—floccu-
lation, flotation, ion exchange and membrane filtration are available for removing heavy
metals from contaminated wastewater. Each method has its specific advantages and limi-
tations in practical application [137].

Sophisticated electrochemical treatments such as electrodialysis [138], membrane
electrolysis [139] and electrochemical precipitation [140] have also played a role in envi-
ronmental protection. However, these techniques have been less extensively studied due
to their high operational costs associated with energy consumption.

Chemical precipitation is a commonly employed method for removing heavy metals
from inorganic effluent [141]. By adjusting the pH to basic conditions (pH 11), dissolved
metal ions undergo a chemical reaction with a precipitant agent such as lime, converting
them into an insoluble solid phase [142]. Typically, the precipitated metal from the solu-
tion takes the form of hydroxide. The theoretical process of heavy metal removal via
chemical precipitation is illustrated in Equation (14) [142]:

M?* + 2(0H)~ & M(0H), ! (14)
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where M?* and OH™ represent the dissolved metal ions and the precipitant, respec-
tively, while M(OH), is the insoluble metal hydroxide. The metal precipitates formed are
separated through processes such as coagulation, sedimentation or filtration and then pu-
rified using chemical extraction methods [106]. Lime precipitation has been utilized to
remove heavy metal cations such as Zn(II), Cd(II) and Mn(II) with an efficiency of 99%.
Removal efficiencies for ions such as Cu(ll) and Ni(ll) are approximately 80% and 85%,
respectively. Advantages in the use of precipitation relate especially to the simplicity of
the process and the use of inexpensive equipment. Despite its advantages, chemical pre-
cipitation requires a large amount of chemicals to reduce metals and drawbacks such as
slow precipitation of metals, poor sedimentation, aggregation of precipitates and espe-
cially excessive sludge production. These, in fact require further treatment before dis-
posal, which has a high cost and environmental impact.

Coagulation—flocculation is effective for treating inorganic effluent with metal con-
centrations ranging from less than 100 mg/L to over 1000 mg/L. In this process, colloidal
particles are destabilized by adding a coagulant, leading to sedimentation [143]. After co-
agulation, the process of flocculation follows to further increase the particle size, forming
bulky floccules from the initially destabilized particles. This technique is mainly used for
the treatment of Cu(II), Zn(II), Cd(II), Mn(Il), which are removed with an efficiency of 99%
[131]. Within an electroplating industry, this system is mainly adopted within chemical
and physical wastewater treatment systems containing mainly cyanide and chromic
washes (after preliminary decyanidation and dechromatization processes). The major ad-
vantages of lime-based coagulation reportedly include enhanced sludge settling, im-
proved dewatering characteristics, bacterial inactivation capability and increased sludge
stability [144]. Despite its advantages, coagulation—flocculation has limitations such as
high operational costs due to chemical consumption.

Flotation is utilized to separate solids or dispersed liquids from a liquid phase using
bubble attachment [131]. Attached particles are then separated from the heavy metal sus-
pension as bubbles rise. Flotation methods include dispersed-air flotation, dissolved-air
flotation (DAF), vacuum air flotation, electro-flotation and biological flotation. Among
these, DAF is the most widely employed for treating metal-contaminated wastewater. Ad-
sorptive bubble separation utilizes foaming to separate metal impurities. While it is pri-
marily a physical separation process, flotation for heavy metal removal shows potential
for industrial applications. Additional benefits include enhanced removal of small parti-
cles, shorter hydraulic retention times and cost-effectiveness, making flotation a highly
promising option for treating metal-contaminated wastewater [145]; towards Cu(II) and
Ni(II) ions there is a removal efficiency of 98%, while with regard to Cr(VI) the efficiency
is between 95% and 98%.

Membrane filtration has garnered significant interest for treating inorganic effluent
because it can eliminate suspended solids, organic compounds and inorganic contami-
nants such as heavy metals. Depending on the particle size that needs to be retained, dif-
ferent types of membrane filtration —such as ultrafiltration, nanofiltration and reverse os-
mosis—are utilized for heavy metal removal, as detailed below. Membrane filtration is
among the most used techniques, in the galvanic field, within concentration systems. Con-
centration systems means all those technologies adopted for the treatment and purifica-
tion of water that lead to the recovery and/or reduction of wastewater. Another technique,
although less widely used in surface treatment, is electrodialysis (presented later).

Ultrafiltration (UF) utilizes permeable membranes to separate heavy metals, macro-
molecules and suspended solids from solutions containing inorganic compounds based
on the pore size (5-20 nm) and the molecular weight (1000-100,000 Da) [106,131,146]. De-
pending on the membrane’s characteristics, UF can achieve removal efficiencies exceeding
90% for metals with concentrations ranging from 10 to 112 mg/L.; this applies both to cop-
per, nickel and cobalt, whose removal efficiency is 100%, but is also used for Cr(III) with
a rejection rate of 95%.



Sustainability 2024, 16, 5821

20 of 31

Nanofiltration (NF) bridges properties of both UF and RO membranes, utilizing ste-
ric (sieving) and electrical (Donnan) effects in its separation mechanism. This membrane
is notable for its small pore size and surface charge, enabling the rejection of charged so-
lutes smaller than the membrane pores along with larger neutral solutes and salts [147].
Typically, NF membranes can effectively treat inorganic effluent containing metal concen-
trations up to 2000 mg/L. Notably, they demonstrate a significant 95% retention rate for
Ni(II) ions.

Reverse osmosis (RO) is a pressure-driven membrane process where water perme-
ates through the membrane while heavy metals are retained. RO technology has evolved
to accommodate increasingly stringent environmental regulations, utilizing membranes
with pore sizes as small as 10—4 pum [148]. Generally, RO is more effective than UF and NF
for removing heavy metals from inorganic solutions, achieving removal rates exceeding
97% for metal concentrations ranging from 21 to 200 mg/L. Also in this case cations with
a greater rejection rate are Cu(Il) and Ni(II) [149].

Ion exchange is also widely used globally for treating heavy-metal-laden wastewater.
In ion exchange, there is a reversible exchange of ions between the solid and liquid phases.
Here, an insoluble resin removes ions from an electrolytic solution and releases ions of
similar charge in an equivalent amount, all without any structural alteration of the resin.
[146]. Ion exchange is also employed for the recovery of valuable heavy metals from inor-
ganic effluent [150]. Once the loaded resin has separated the metals, they can be recovered
in a more concentrated form through elution using appropriate reagents. In the electro-
plating industry, resin systems are widely used, mainly for the recovery of washing water.
These equipment therefore allows for a reduction in the amount of water to be discharged
and purified, thus ridiculing the size of purification plants. The greatest response occurs
with Cr(Ill) and Cr(VI); in fact, in both cases, the cations are removed with a rate of 90—
100%. Before employing ion exchange, it is essential to implement adequate pretreatment
systems for secondary effluent, including the removal of suspended solids from
wastewater. Furthermore, not all heavy metals have suitable ion exchange resins availa-
ble, and the associated capital and operational costs can be substantial.

Adsorption has emerged as a viable alternative treatment method for heavy-metal-
laden wastewater. Adsorption is a surface process where the concentration of a specific
component (referred to as the adsorbate) in a gas or liquid stream increases at the surface
or interface of a porous solid (known as the adsorbent). Depending on the forces brought
into play, there are two types of adsorptions: chemical adsorption and physical adsorption
[131]. The types of adsorbents widely used for PM recovery from wastewater are activated
carbon [151] and carbon nanotubes [103], but also low-cost adsorbents such as agricultural
and industrial wastes [152]. Because of its extensive surface area, high absorbency and
surface reactivity, activated carbon is effective for removing metals such as Ni(Il), Cr(VI),
CdI), Cu(Il) and Zn(II) from inorganic effluent. The advantages of adsorption methods
include straightforward operating conditions and the affordability of adsorbent materials.
However, these methods are disadvantaged by low selectivity, low recovery efficiency
and the generation of waste products.

Electrowinning is an electrolysis-based method where the metal cations present in
wastewater are reduced on a cathode inside the solution [153]. This methodology due its
simplicity is the most common metal-recovery technique in industrial electroplating
plants working in the decorative field. A commercial set-up is usually made by two par-
allel MMO anodes with, between them, a copper mesh that serves as cathode. The main
advantage of the method is the simplicity and the low installation costs, while it has defi-
ciency in recover metals from low concentrated wastewater which can be overcome if cou-
pled with techniques such as electrodialysis [138]. Electrowinning is often representing
the first metal recover procedure as the apparatus is usually placed in the rinsing tank that
follows the electroplating one.

Electrodialysis (ED) is a membrane-based separation process where ionized species
in a solution are transported through ion exchange membranes under an electric potential
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[106], as shown in Figure 7. These membranes are thin plastic sheets with either anionic
or cationic properties. As the solution containing ionic species flows through the cell com-
partments, anions migrate towards the anode and cations towards the cathode, crossing
the anion-exchange and cation-exchange membranes [154]. This method can recover val-
uable metals such as Cr and Ni with efficiencies of 90% and 99%, respectively.
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Figure 7. Electrodialysis principles [155] (image under Creative Commons CC BY 4.0 license, all
rights and intellectual property belong to the authors; for more information, see https://creativecom-
mons.org/licenses/by/4.0 accessed on 15 April 2024).

Membrane electrolysis (ME) is another method used to eliminate metallic impurities
from metal finishing wastewater. This is a chemical process activated by an electrolytic
potential and this technique employs two types of cathodes: a standard metal cathode
(electrowinning) and a high-surface-area cathode [139]. When an electrical potential is ap-
plied across an ion exchange membrane, redox reactions occur at the electrodes. In the
anode, oxidation reactions occur as follows:

M, (insoluble) & M}*(soluble) + ne~ (15)
40H™ & 2H,0 + 0, + 4e™ (16)
201" o Cly, + 2e” 17)

In the cathode, the following reduction reactions take place:

M}* (soluble) + ne™ & M, (insoluble) (18)

2H" +2e” © Hy(9) (19)

M and n represent the metal and the coefficient of the reaction component, respec-
tively. The n coefficient depends on the state oxidation of the metal ions. This technique
finds widespread acceptance in all galvanic industries, where it is used for the treatment
of wastewater produced with rinse water. The metals most involved in the treatment are
certainly precious metals, such as palladium and gold, but copper and nickel are also in-
cluded. Different from ED, ME can be used to treat electroplating wastewater with a metal
concentration less than 10 mg/L or more than 2000 mg/L. The major drawback of mem-
brane electrolysis is its high energy consumption [131].

Electrochemical precipitation (EP) is utilized to enhance the removal of heavy metals
from polluted wastewater, often replacing traditional chemical precipitation methods.
Studies employing EP have focused on removing Cr(VI) from actual electroplating efflu-
ents [131]. Generally, electrochemical precipitation processes can effectively treat
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inorganic effluent containing metal concentrations exceeding 2000 mg/L. Depending on
electrode characteristics, the electrochemical process can operate under acidic or basic con-
ditions [156]. Heavy metal removal is achieved through electrochemical oxidation/reduction
reactions within an electrochemical cell, eliminating the need for continuous addition of redox
chemicals and thereby reducing space, time and energy consumption costs.

Photocatalysis using semiconductors in aqueous suspension has garnered significant
attention in the last decade, particularly for solar energy conversion [106]. This process
facilitates the rapid and efficient degradation of environmental pollutants. When the sem-
iconductor—electrolyte interface is illuminated with light energy exceeding the semicon-
ductor’s band gap, electron-hole pairs (e/h*) form in the conduction and valence bands
of the semiconductor, respectively [157]. These charge carriers migrate to the semiconduc-
tor surface, where they can oxidize or reduce species in the solution with suitable redox
potentials. Various semiconductors such as TiOz, ZnO, CeO, CdS and ZnS have been em-
ployed for this purpose. Figure 8 shows the conceptual reaction path of photocatalysis over a
titanium dioxide particle. The reaction mechanism is reported below in Equations (20)—(22):

Ti0, + hv = Ti0, +ezz + hip (20)

TiOZ(substrate) - OHS_ +ht = TiOZ(substrate) - OH&ads) (21)
—_ —(ad.

02(ads) t+te =0, (@ds) (22)

Several studies were reported for the photocatalytic reduction of Cr(VI) and the deg-
radation, using UV-irradiated TiO2, of the complex cyanide with concurrent removal of
copper [158].
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Figure 8. The conceptual reaction path of photocatalysis over TiO2 [159] (image under Creative
Commons CC BY 4.0 license, all rights and intellectual property belong to the authors; for more
information, see https://creativecommons.org/licenses/by/4.0).

Generally, physical-chemical treatments offer several advantages, including rapid
processing, ease of operation and control and the flexibility to adjust to variable conditions
such as seasonal flows and complex discharge patterns. Unlike biological systems, physi-
cal-chemical treatments can accommodate fluctuating input loads and flow rates. Chem-
ical plants can be modified as needed, and the treatment systems require less space and
lower installation costs. However, these benefits are counterbalanced by drawbacks such
as high operational costs due to chemical usage, energy consumption and expenses asso-
ciated with sludge disposal. Nevertheless, with advances in reducing chemical costs
through the use of low-cost adsorbents and improving sludge disposal methods, physi-
cal-chemical treatments have emerged as among the most suitable options for treating
inorganic effluent [106].
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Electrochemical techniques for treating heavy metal wastewater are recognized for
their rapidity and precise control, requiring minimal chemical inputs, yielding substantial
reductions and generating less sludge. However, their widespread adoption is hindered
by significant initial capital investment and the expense of electricity supply, limiting their
further development [103]. Table 6 summarizes the main advantages and disadvantages
of the various treatments for electroplating wastewater.

Table 6. Different treatment techniques for wastewater and their advantages and disadvantages.

Type of Treatment

Advantages Disadvantages

Chemical precipitation [142] Low cost, simple operation

Sludge generation, additional operational
cost for sludge disposal

Coagulation—flocculation [144]

Reduced time for suspended solids to Sludge production, extra operational cost
settle, enhanced sludge settling for sludge disposal

Dissolved air flotation [145]

. . Additional treatments are necessary to

Low cost, reduced hydraulic retention .
. enhance the removal efficiency of heavy

time

metals

Ultrafiltration [131]

High operational cost, susceptibility to

Smaller space requirement
P q membrane fouling

Nanofiltration [147]

Low pressure than RO (7-30 bar) Costly, prone to membrane fouling

Reverse osmosis [148]

High energy consumption due to re-
quired pressure (20-100 bar), susceptible
to membrane fouling

High rejection rate, ability to withstand
high temperature

Ion exchange [146]

Not all resins are adequate for metal re-

No sludge generation, velocity moval, high capital cost

Adsorption [131]

Low cost, simple operating conditions,
wide pH range, high metal binding abil- Low selectivity, waste products

ity

Electrowinning [138]

Need of moderately concentrated metal

Low installation cost, simplicity cation solutions

Electrodialysis [154]

Hioh separation selectivit High operational cost due to membrane
&1 5P Y fouling and energy consumption

Membrane electrolysis [139]

Use in a wide range of metal concentra- . .
High energy consumption

tions
Electrochemical precipitation Less chemicals, acidic or basic condi- .
. Sludge production
[156] tions
Simultaneous removal of metals and or-
Photocatalysis [157] ganic pollutant, fewer harmful by-prod-  Slow process, limited applications

ucts

None of the treatments discussed has proven universally effective or applicable for
removing heavy metals. As future regulations increasingly emphasize industrial compli-
ance with legal limits on residual metal concentrations in discharge, there is significant
value in exploring diverse treatment methods that can aid industrial users in meeting en-
vironmental requirements. While numerous methods exist for treating heavy-metal-laden
wastewater, it is crucial to emphasize that choosing the most appropriate treatment de-
pends on several factors. These include the initial metal concentration, overall treatment
effectiveness compared to alternative technologies, plant flexibility and reliability, envi-
ronmental impact and economic considerations such as capital investment and opera-
tional costs, including energy consumption and maintenance.

Ultimately, the selection of the most suitable treatment system for inorganic effluent,
particularly within the electroplating industry, hinges on technical feasibility, operational
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simplicity and cost-effectiveness. This is particularly crucial given the diverse and metal-
rich nature of electroplating wastewater. In this case, the use of only one recovery tech-
nique will never be satisfactory, but there is a need for several treatment steps working in
synergy with each other to break down all harmful pollutants to a greater extent. All the
factors mentioned above should be taken into consideration when choosing the most effi-
cient and cost-effective treatment method to safeguard the environment. It is important to
underline how electroplating companies, especially in the decorative field, have to under-
stand the importance not only of installing commonly used metal-recovery methods (e.g.,
electrowinning), but also optimize them within the necessity of each specific company and
invest in research and development to study if other methods (as the one listed in this
chapter) could better fit the needs and if the combination different techniques could lead
to improved results, developing internal recovery protocols.

5. Conclusions

For over two decades, sustainability in the plating industry has been one of the key
concerns of that industry. This makes it critical for the industry to assess the overall sus-
tainability of virtually all plating facilities and then develop both short-term and long-
term approaches for improving sustainability performance. In this manuscript, we dis-
cussed three different but complementary lines of action to improve the sustainability of
the electroplating industry in terms of in Agenda 2030 SDGs, especially in non-mandatory
fields such as the decorative one. Different plating techniques, in silico simulations and
the metal recovery are linked to each other in minimizing material usage and, conse-
quently, metal extraction. The principal SDGs addressed by all of them are the SDG 8
(decent work and economic growth), SDG 10 (reduce inequalities), SDG 12 (responsible
consumption and production) and SDG 13 (climate action). In silico simulations stream-
line the trial-and-error phase, significantly reducing waste and enhancing business
productivity. Optimized electroplating techniques enable the creation of more uniform
deposits using less precious metal, which not only meets the stringent standards of major
brands but also diminishes metal usage and boosts the competitiveness of companies in-
vesting in R&D. Enhanced metal recovery processes within businesses lower waste and
operational costs, making products more affordable for less affluent populations. Efficient
use of metals lessens the need for mining, often conducted in developing countries where
it can cause substantial environmental and social harm. Mitigating these impacts im-
proves local communities’ livelihoods, fostering greater equity. By minimizing precious
metal waste, companies directly contribute to reducing overall waste generation. This ef-
ficient metal use decreases the need for new resource extraction, leading to more sustain-
able production practices. Enhanced production efficiency means that fewer resources are
required to achieve the same output, often resulting in lower energy consumption and
reduced greenhouse gas emissions. Reducing precious metal waste also cuts emissions
associated with the extraction, refining and processing of these materials, further support-
ing emission reduction efforts. Improved production efficiency and waste minimization
bolster company resilience against the economic impacts of climate change, such as re-
source price volatility and stricter emissions regulations. Investing in waste reduction and
efficiency technologies can spur innovative solutions applicable across various sectors,
thereby contributing to broader climate change mitigation efforts. Despite that, to reach
good sustainability standards, there is a great deal of work remaining. In addition to in-
vesting in process management efficiency improvements, it is fundamental that fashion
designers take care of the whole production process, thinking outside the existing schemes
to develop new sustainable geometries, and that industries embrace simulations to test
them. Hence, deposition techniques should be improved by trying to combine the charac-
teristics of pulsed current depositions with three-way rectifier engineering and calibrate
the deposition parameters with analytical techniques such as spectroscopy. Furthermore,
electroplating facilities need to dedicate labor to select and optimize recovery methods
according to their specific internal needs. Finally, it was demonstrated how, in order to
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reach the sustainability goals, it is fundamental to invest in research and development
divisions, valorize qualified personnel and promote technological-transfer collaboration
with universities and research institutes.
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