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Preface

Copper is a metal that is inextricably associated with the history of humanity, as
witnessed by the historical periods of the Copper Age and Bronze Age, whose names
are derived from the importance that the metal and the alloy have had in those
periods of human history. In this way, since its discovery as a native metal, copper
has found application in numerous fields, either in an ultrapure state or alloyed with
other metals. The importance of copper, and its utilization in different applications,
derives from its remarkable properties: high ductility, malleability, thermal conduc-
tivity, electrical conductivity, and corrosion resistance, among others that are still
being discovered in advanced fields. Nowadays, copper is used for electrical purposes
(power transmission and generation, building wiring, electrical and electronic
products, etc.) with approximately 75% of the metal produced in the world used in
this field. At this point, it is important to highlight the significance of copper in the
energy transition. For example, 2.5-6.4 tons per MW are employed in a wind turbine.
This field, even when it is related to the electrical purposes previously reported, has
represented an important increase in the demand for copper in the last decades. The
electric vehicle has also had a key impact on the copper demand. Therefore, copper is
the third most-produced metal in the world after iron and aluminum, and one of the
most-produced materials in general. The refinery production is estimated at 27 Mt

in 2023 (22 Mt mine production), while the production in 1994 had reached 9.5 Mt
(mine production). This data displays the still growing importance of the metal for
humans and also the greater and greater importance of recycling. The sustainability
and recycling topics, although they are not deeply treated in this book, might be a
subject of interest for newly edited books from IntechOpen. Anyway, volumes of
production are important from the traditional point of view. Nevertheless, in other
fields still being researched, copper (and copper compound) applications will have
more of an economic impact than simply importance in terms of quantity. This is, for
instance, the case of the potential application of copper and copper-based nanoparti-
cles in medicine. Thus, it is possible to see that copper still has importance as a subject
of research and in economic terms. The number of copper applications is expected

to grow and expand to other new uses, probably many of them still to be identified.
Therefore, investigation into copper and copper materials will be an important area in
the next years.

This book has been written by expert researchers from different countries, which
gives this book an international vision. The book is organized into several sections
dedicated to various aspects of copper metallurgy, from the historical aspects to

the new applications of the metal in advanced fields and recycling possibilities.

The publication of this book has involved several people, from the authors to the
publishing company, and for that reason, I want to thank everyone for their support
in the successful conclusion of this project. Besides, I want to thank the authors for
their outstanding contributions, willingness to share their research and experience
with the community, and intense work in making this book a reality. I also want



to express my gratitude to my colleagues in the Nanomaterials and Nanotechnology
Research Center (CINN-CSIC) and the University of Oviedo (particularly Professor
Luis Felipe Verdeja) for their support during the elaboration of this book. Finally,

I want to thank IntechOpen for the initiative to publish edited books, in general, and
this book about copper, in particular, because edited books are always a good manner
to share knowledge from a multidisciplinary point of view.

Daniel Fernandez-Gonzilez

Center for Research in Nanomaterials and Nanotechnology-Spanish,
National Research Council (CINN-CSIC),

El Entrego, Asturias, Spain
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Chapter1

A New Typology of the Southern
Urals Fortified Settlements of the
Bronze Age Development

Ulchitsky Oleg Alexandrovich

Abstract

This chapter describes the results of a scientific study on the typology of the
Southern Urals fortified settlements of the Bronze Age development. Archeological
data comprehensive analysis are related to the architectural and urban planning
interpretation of previously studied materials, using graphic restoration of architec-
ture methods, which allowed us to clarify the definition of the settlements typology
belonging to the ancient cultures of the Southern Urals. The dynamics of the basic
typological criteria development, whereby it is proposed to determine a particular
type of settlement, is taken into account. Four basic criteria introduce into a new
typology of fortified settlements: space-planning structure of the layout nature, the
size of settlements with account of surroundings, the morphology in the form of the
plan, and fortification power level. In the train of the study, a table was compiled that
shows the genesis of fortified settlements of the Bronze Age on the Southern Urals
territory. Recommendations for the use of the typology in further research are given,
in respect to the visualization of system connections between settlement objects. The
method of graphic coding in the typological model development is used as the most
effective for displaying informative data on diagrams and graphs.

Keywords: new typology, fortified settlements, the southern Urals, the bronze age,
planning structures

1. Introduction

The Southern Urals of the Bronze Age fortified settlement typology is under
development on the previous results basis but has a number of significant differences
that allow identifying and classifying the objects according to the identified typologi-
cal criteria more precise. Previously, three main types were distinguished: the early
Sintashta, oval in plan shape, was a complex fortification system that had an internal
and external citadel surrounded by an external fortification system—embankment
and moats—and had a centrally planned structure; the “classic” Sintashta, round in
plan shape, had a similar complex fortification; a third type rectangular Petrovsky or
Alakul structure has been noted, closely resembling a square [1] or diamond shape in
plan, which had a simplistic fortification, preserving the Sintashta planning pattern
traditions [2], subsequently, this type was transformed into a linearly regular plan
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Copper Overview — From Historical Aspects to Applications

shape of the Sargarin-Alekseevskoye settlements [3]. The first thing that distinguishes
this development from the previous ones is a universal approach to the shape of the
primeval layer settlement plan analysis [4-7]. Only the first layer of the fortified
settlement is taken as the basis for determining the plan shape, due to the fact that
subsequent layers significantly deform the plan structure and thus complicate the
original planning structure determination. The second significant difference of the
proposed typology is the assessment of a fortified settlement fortification power level
by three degrees.

Archeological data are updating and interpreting the process of local explora-
tion using virtual reconstructions and modern methods of geo-survey and new data
analysis. According to the recent study results, the archeological data interpretation
has a vast variety and arouses research interest in terms of generating new scholarly
knowledge on early forms of architecture, archaic building technologies, and settle-
ment systems [8-10].

The purpose of the study is to develop an architectural planning typology of the
Southern Urals fortified settlements of the Bronze Age.

This research has the following objectives:

* To analyze developments on the research topic and consider a number of exam-
ples on deciphering the fortified settlements’ planning structures;

* To determine the main typological assessment criteria for the Southern Urals
fortified settlements of the Bronze Age;

* To characterize and update a number of criteria for typological assessment using
archeological data graphical interpretation;

* To develop and prove a criterion for the fortification strength assessment;
* To develop a diagram of the fortified settlements typology;

* To provide recommendations on the developed typology implementation and
represent prospects related to the development results approbation.

As a result of the study, the new typology has been clearly investigated, enabling
to analyze the fortified settlements’ development dynamics on the territory of the
Southern Urals in ancient times and build territorial system connections between
different types of settlements. A diagram has been developed, clearly demonstrating
the genesis of the studied objects according to the main criteria; in particular, criteria
for the fortification strength assessment have been developed in detail.

The first criterion in determining the typology of the objects under study is the
space-planning pattern by the planning nature (by reconstruction materials) [11].

Conclusions about the nature of the oldest Southern Urals fortified settlements’
space-planning pattern were made at the early stages of their reconstruction. For
more than two decades, the conclusions have been updated and described in detail
in the works of historians and archeologists, art historians, and architects [12]. Asa
result of a planning structure and virtual modeling detailed architectural and urban
planning analysis, two specific varieties of fortified settlements that had existed on
the territory of the Ural-Tobolsk plateau were distinguished. The first type has condi-
tionally been designated as fortified settlements “with an inhabitable walls pattern;”
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the second type has been designated “with a continuous building pattern,” by analogy
with the definition introduced in the evaluation of the ancient Chorasmian architec-
tural culture by S.P. Tolstov ([13], p. 10).

The second criterion for the development of a typological line is the fortified settle-
ment movphology according to the plan shape and the fortification strength.

Earlier on, it was concluded that, mainly, fortified settlements with inhabitable
walls, the settlements in which dwellings were closely adjacent to defensive walls and
made up a whole with fortification, belong to the Sintashta period. The architecture
of such structures may be divided into subtypes: the 1st subtype is small, and the
2nd subtype is large. Conditionally, fortified settlements with a total area of up to
6 hectares may be called “small” and settlements with an area of 6 or more hectares
“large,” taking into account the adjacent territory.

The classification of ancient Mesopotamian settlements of the Bronze
Age according to Adams-Nissen is used in determining the type and sizes of
Sintashta settlements. A three-level hierarchy of settlements in the Uruk region
(Mesopotamia), formed during the Jemdet Nasr period (XXXI-XXIX centuries
BC) and the Early Dynastic I (XXVIII-XXVII centuries BC), chronologically,
corresponding to the nascent stage of the Sintashta fortified settlements in the
Southern Urals, is given as an example. According to the settlement type classifi-
cation, by the III millennium BC, 3-4 hierarchical types were formed in the Uruk
region: Type 1 was considered small villages (“vilages”) with an area of 0.1-6
hectares (about 124 settlements), “towns” (“towns”) with an area of 6.1-25 hect-
ares (21 settlements), and “central settlements” (“urban centers” with an area of
more than 50 hectares (there were only two settlements), and the fourth level was
a “city” formation with an area of more than 400 hectares ([14], p. 18). Another
important factor in determining the settlement type classification, according to
Adams-Nissen, is the distance between individual settlements and the formed
separate groups.

Generally, one of the shortcomings of this methodology is a common approach
to the analysis of build-up area indicators and transit distances between settlements.
Although for many historical cities, the build-up area size was not a decisive indica-
tor for determining whether a settlement belonged to villages, large villages, or
cities. Minimally, such indicators as population density within settlements should
be included into the classification typology; this would give an objective idea of the
compactness or building or rareness of domestic development in percentage terms.
To determine the factor of the settlement functional focus and the principles of the
object space-planning pattern, taking into account the state of its preservation is of
the essence as well.

Based upon the dwellings planning on the fortified settlements, they were
intended for congeneric representatives. Indoors, the dwellings were divided into
small rooms intended for a small family of 4-5 people. The average number of inhab-
itants in one dwelling is calculated as per the formula listed above:

(Xmax +Xmin)/2=(40+30)/2=35people, €))

where Xmax is the maximum number of inhabitants in one dwelling of the Sintashta
fortified settlement (according to archaeology [15]);

Xmin is the minimum number of inhabitants in one dwelling of the Sintashta fortified
settlement (according to archaeology [15]).
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Thus, we obtain the average gross floor area per capita:

S(overall)=115/35=3,3sq.m / capita. (2)
S(overall) =90+140/2 =115 sq.m; 3)

The average area per family of four people:

3,3 x4 =13,2sq.m.

According to modern concepts, these figures, if archeologists’ studies are to be
trusted, seem extremely minimal.

Currently, it is not anticipated to introduce a population density criterion, since the
current state of the issue does not have sufficient data on population density in the ter-
ritories of the Southern Urals fortified settlements during their functioning. The data on
the proposed number of inhabitants in various sources vary greatly and require further
study before these indicators will be included in the typological assessment criteria.

According to the V.F. Gening study materials ([15], p. 24), it is necessary to rest
upon the calculations of the Sintashta-1 settlement area, taking into account the
adjacent territory, which reaches at least 6.2 hectares, therefore falling under the large
object subtypes. Thus, the Sintashta-1 fortified settlement may be considered the base
for determining the standard size criterion.

All fortified settlements that are smaller in terms of area than Sintashta-1 fall
under the 1st subtype; some of these two subtypes have a two-level system of forti-
fication, that is, consist of two rings of defensive works and dwellings: internal and
external. Some do not have an internal defense ring (they either lost it in the process
of rebuilding and functioning or did not have it initially); such constructions have a
fairly vast courtyard space.

Upon closer inspection of the Sintashta fortified settlements of two-level fortifica-
tion, such as Arkaim, Sintashta-1 Kizilskoye, possibly Bersuat or the early layers of
Steppe, Kuisak, based on the correlation of archeological data decryption of aerial
photographs by BV. Adrianov and I.M. Batanina [16], are considered as fortified
settlements, which initially have had a “citadel” in the structure of fortification,
around which an outer ring of inhabitable walls was formed in stages, forming the
second level of fortification.

In the course of the evolution of scientific study and fortified settlements’ ruin
deciphering, such as Sarym-Sakly and Aland, it was found that initially, these settle-
ments did not have an internal citadel at all, or lost it in the process of reconstruction.
If such a structure previously took place on the settlements site, then it functioned as
an earlier form of construction, on the basis of which, later, a larger settlement arose,
and the citadel itself was lost in the process of reconstruction.

On the example of the Andreevsky fortified settlement, the plan shape of the
Sintashta type has not always been round or oval, such as in Arkaim, Sintashta,
Sarym-Sakly, and others. The plan shape of the Sintashta settlements, presumably,
depended on the configuration and shape of the ground. By the graphical reconstruc-
tion of vertical planning pattern and the construction of horizontal sectional view of
the plan, it can be inferred that all round-planned settlements are located on a table
land and radically have the shape of a “saucer”. Thus, this shape was associated not
only with defensive but also with the hydrotechnical functions of the construction,
protecting it from the force of nature.
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Since the mid-1980s, the “landscape archaeology” dimension has been engaged in
the study of the processes of settlements’ adaptability and resistance to environmental
conditions in different periods of the settlement systems development, from the
Paleolithic to the ancient period. “..serious progress is provided not by new epigraphic
significant sites rare finds, but by the vast amount of data on the artifacts under study.
This knowledge deepening progress can be provided by a complex of methods for
studying the interaction of humans and the surrounding landscape” ([17], p. 143-156).

During the floodtime, the site with the settlement provided an island location of
the settlement, surrounded by flood waters. Not only the settlement itself remained
on land within the boundaries of the defense construction, but the adjacent territory
area was also not exposed to flooding.

As a result of the Andreevskoye fortified settlement analysis, it can also be
concluded that the plan shape of this settlement is due to the landscape shape: the
settlement was inscribed in the riverbed terrace upland.

Initially, by shape, Andreevskoye looked like a citadel with distorted rectangle and
rounded corners. Excavations in the Andreevskoye settlement have not yet been carried
out; however, in 2013, major geomagnetic and geo-radar studies were carried out by V.V.
Noskevich and NV. Fedorova, the researchers of the Institute of Geophysics of the Ural
Branch of the Russian Academy of Sciences. As a result, it was found that the significant
sites’ ruins had the form of overlays of three asynchronously fortified settlements with a
shape similar to a rectangle and the earliest of which was synchronous with the Sintashta
period. Furthermore, it was found that the construction was built about 4000 years ago,
in the form of a rectangle, and was subsequently finished and rebuilt several times [18].

The issues of chronological component in the development of the fortified
settlements typology are not touched upon in this study advisedly, in order to avoid
affecting the objectivity of the formation assessment due to disagreements in the
cultural layers dating. According to the same approach, Walter Kristaller, the German
scientist-geographer, studied settlement systems regardless of their historical back-
ground, and this allowed achieving certain results in a universal model development
(“W. Kristaller’s model of the hierarchical structure of central places”) [19]. Later, the
model has been used and supplemented in the theory of urban planning as one of the
basic ones. It has also applied to ancient Mesopotamian settlements [20] where stable
indexes of distances between settlements of different ranks were traced, which was
inextricably linked to the transportation facilities of the population of that period.

In the rectangular fortified settlements, unlike round-planned settlements, there
was no central element—a land area, and there were also no hydraulic ring ditches.
Drain was carried out toward the relief; perhaps other drainage canals were laid along
the walls and dwellings. Similarly, later settlements of the Petrovka or Srubno-Alakul
type were built, characterized by a kind of a continuous building pattern. For such site
development, this is the most sustainable solution—the creation of longitudinally axial
streets inside the settlement and the building of consolidated dwellings isolated from
the fortification. This technique made it possible to rebuild and finish constructing
residential and fortification structures and change the configuration of the settlement
without affecting residential areas. The fact of such frequent completion and recon-
struction of rectangular-type settlements is evidenced by their multi-layered nature.

The Andreevskoye fortified settlement is an extremely important object for under-
standing the transformation of the typology, since it is this settlement that can be a
borderline in the transformation from the Sintashta to Alakul (Petrovka) type of plan.

Andreevskoye demonstrates a transition force from the Sintashta cultural deposit
to the Petrovka (Srubno-Alakulsky) [21]. According to the type of building, it is at the
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initial construction phase with inhabitable walls, but according to the plan form, it is
characteristic with fortified settlements with a continuous building pattern.

Such fortified settlements as Rodniki, Steppe, Olgino (Kamennyj Ambar) [22]
possibly Kuisak, Kamysty, and and Ustye were multilayered and had all the cultural
layers of the Bronze Age. Thus, during steps of the determination of the morphotype,
special attention should be paid to the configuration of the initial layer planning
structure.

The following that should be focused in the development of the fortified settle-
ments typology on is the fortification system. When analyzing the vertical planning,
three different types of fortification have been identified.

In the fortification strength assessment, the term “areotectonics” has been used
since the XVIII century. (“Areotectonics is a complex of processes for the of defense
works construction” ([23], p. 25).

For convenience of estimating the Sintashta-Petrovka areotectonics charac-
teristics, an assessment level of its complexity or strength is introduced, which is
determined by 3 indicators: depth (horizontal), height (vertical), and the number of
barrier levels (walls, ramparts, and ditches in the fortification depth).

The 1st degree of fortification complexity, the Sintashta type (Illustration 1A) — this
type may be found only around a free-standing “citadel” or in large fortified settle-
ments that have the form of structures without an internal citadel (perhaps there was
a citadel early in settlement development).

The peculiarity of this type was that the fortress had two parallel defensive walls,
between which there was a drainage ditch. The outer wall in a circle or perimeter had
the form of a rampart pattern with indoor premises up to 2.5-3 meters high and up to
3 meters wide at the base, and the inner wall, to which the dwellings adjoined, looked
like a complex fortification, and communication system with the width reached
6.5 meters at the base and up to 4 meters at the top of the wall. The parapet height
reached 5.5 m sub-mainland. In some sources, this wall is called the “upper circular
street” [5]. From the outside, a quite deep drainage ditch up to 3 meters deep was
adjacent to the wall. There were premises-cells inside the wall, in which it was possible
to get from the dwellings adjacent to the fortification. In some cases, the walls were
faced with stone slabs and fieldstones (granites, amphibolites) from the outside. The
depth of such fortification could reach 16 meters, and the total height could reach
8.5 meters, taking into consideration the drainage ditch.

Despite the fact that such fortification is specific to large Sintashta fortified settle-
ments, such as Aland and Zhurumbai, it is also found in small “citadels”: Sarym-Sakly
or Kuisak (during the opening phase of formation) as an example, possibly Isinei
(excavations at the settlement have not been carried out).

The 2nd degree of fortification complexity, the Sintashta type (Illustration 1B) - having
completely and thoroughly studied Arkaim, Sintashta, and other fortified settlements,
a description of this fortification as “Sintashta” is given. The second level of complex-
ity may be assigned to the external defensive walls of the Arkaim, Bersuat, Sintashta,
Kizilskoye, and other fortified settlements. This type of fortification and communica-
tion system consisted of a defensive wall, to which the dwellings adjoined. Behind the
wall, there was a small scarcement, to which an areaway adjoined. A dirt ridge with a
earthen rampart was formed behind the areaway. The width of the rampart reached
5-6 meters at the base and up to 3 meters at the top of the wall; the parapet height
reached 2.5-3 meters sub-mainland. There was a manhole or exit to the wall from each
dwelling. Thus, the depth of such fortification system was 9-12 meters, and the total
height was 5.5-6 meters, taking into account the bypass ditch depth (Figure1).
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Figure 1.
Sintashta-Petrovka areotectonics (graphic reconstruction). (A) the 1st degree of fortification complexity. (B) the

2nd degree of fortification complexity. (C) the 3rd degree of fortification complexity.

The 3rd degree of fortification complexity, the Srubno-Alakul type (Illustration 1C) -
the Olgino (Kamenny Ambar) and Ustye fortified settlements have been virtually
reconstructed and studied to the fullest extent possible. The defensive system of this
type was a wood-soil rampart in the form of a wall up to 2-2.5 meters high on the
outside faced with stone slabs or raw blocks, bonded with clay mortar, surrounded
by small ditches or drainage ditches on both sides. Behind the outer ditch, an external
clay embankment or a dirt ridge was poured, to which an external ditch or drainage

ditch adjoined.
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Figure 2.
Typology of fortified settlements of the bronze age in the southern Urals.
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Due to the fact that excavations and surface magnetic studies have not been carried
out on all Southern Urals fortified settlements, it is not possible to determine the type
(level of complexity) of fortification on most settlements at the time of the study.

Based on the analysis, it is possible to identify the main criteria by which it is pos-
sible to determine the Southern Urals of the Bronze Age fortified settlement typology.

As a result of the methodology application, based on the definition of typological
criteria for assessments, a typological scheme of Southern Urals of the Bronze Age
fortified settlements has been formed. Two key indicators, which are determined
by the generalized characteristics of the study objects, space-planning pattern and
morphology [24], form the basis for criteria for assessments and typological features.

The space-planning pattern is estimated by the architecture type and the type of
planning pattern, with inhabitable walls/with a continuous building pattern, and by the

fortified settlement size, small/large.

- river channel lracing
- direct distances between fortified settlements of the “southern” groups, along river channels

- direct distances between fortified settiements of the “northern” groups, along river channeis

- straight distances between fortified settiements, along valleys

Figure 3.
Approbation of the typological scheme application results in practice.
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The fortified settlement morphology is estimated by the plan shape of the initial layer,
rounded/subrectangulay, and by the fortification strength.

As aresult, a graphical scheme has been drawn, which represents the main
typological classification of the Sintashta and Petrovka (Srubno-Alakulsky) period
fortified settlements in the Southern Urals (Figure 2) at the time of the study.

The developed scheme’s advantage is that it is dynamic. Only the main (basic)
parameters remain unchanged in it, and criteria may be added or updated in the case
of data correlation or the identification of new typological criteria.

In evaluation of study results and as an example of practical implementation,
an analysis of the objects location on a satellite map using the developed typology is
given (Figure 3). The diagram demonstrates information on anchor points (anchor
points indicate fortified settlements). Pictograms on the diagram indicate fortified
settlements by morphotypes; linear distances between anchor objects and anchor
features are presented (displayed with lines of different types). When mouse over to
any of the anchor points, a “scroll” with information appears. The interactive block
in the “scroll” contains all the necessary information about the anchor point: name,
image, and basic typological parameters.

%

160

Sintashta la0

Figure 4.

Mfmllurgiml production in the southern Urals territory in the bronze age with the analysis of the resource
potential and different types of fortified settlements belonging to the raw materials extraction sites. (A) O.A.
Ulchitsky, 2021. Fortified settlements groups in velation to resource potential. (B) F.N. Petrov, 2008. Reconstruction
of the Sintashta ivon-and-steel furnaces [25] and the alloy types ratio on Sintashta monuments. (C) F.N. Petrov,
2008. Objects made of bronze in the Sintashta settlements [25].
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2. Sintashta metallurgy and bronze

Briefly, it is worth noting that the Sintashta bronze metallurgy belongs to one
of the latest stages of the Middle Bronze Age. At that time, bronze manufacturing
technology demonstrated a sufficiently large inventory assortment from housekeep-
ing equipment and votive items to weapons (Figure 4), which, obviously, as trophies
were a great asset to their owners.

On the fortified settlements territory, objects made of metallurgical alloys, the main
composition of which was copper and antimony, have virtually been not found (there
are isolated finds), but inventory of its kind was mainly part of the Kurgan tombs of
the Bronze Age and later period. The main and most interesting finds were made on the
territory of the Arkaim and Sintashta burial grounds. Smelter slag was found in large
quantities on and around the settlements, as well as spatters and molds [26]. This topic
is dug deeper into the I. V. Chechushkov dissertation [27].

3. Conclusion

The study extension on the development of the fortified settlements’ typology
in the Southern Urals at the end of the III to the first half of the II millennium BC
provides a more accurate and overall picture of the evolution formation of ancient
settlements.

The new developed typology of ancient fortified settlements of the Southern Urals
essentially fills up the previously known developments. It specifies and classifies objects
much more precisely according to the identified criteria. Generally, the developed typol-
ogy specifies 3 main types of the Southern Urals fortified settlements of the Bronze Age,
(1) Sintashta round-shaped “with an inhabitable walls pattern,” (2) Sintashta subrectan-
gular “with an inhabitable walls pattern,” and (3) Petrovka or Srubno-Alakulsky subrect-
angular “with a continuous building pattern, which are combined into six morphotypes.

The study continuation on the development of the fortified settlements typology
in the Southern Urals at the end of the III to the first half of the II millennium BC
provides a more accurate and overall picture of the settlements’ oldest forms evolu-
tion, which represents a linear, cluster, and poly- or monocentric settlement system
over a vast territory.

The developed typology forms ten subtypes, which are combined into six
morphotypes.

The developed scheme is a good example of typological connection invariants pos-
sible in theory and may be used as a tutorial for studying fortified settlements ruins
on topographic maps at various scales and in the construction of linear structures
conjoint by typological connections.

The theoretical significance of the study results’ approbation lies in the fact that
the graphical display of information about objects and their connections provides
operational possibilities for visualizing data on anchor points (fortified settlements)
on satellite maps. The practical significance of the implementation lies in the pros-
pects of creating a software module pegged to GIS systems.
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Copper and Flint — Exploring
Technological Interfaces in South
Scandinavian Early Metal Using
Societies

Moiken Hinrichs, Khurvam Saleem, Berit V. Eviksen

and Lorenz Kienle

Abstract

This chapter explores research pertaining to the possible evidence of copper
tools being used in flint knapping processes in early metal-using societies in South
Scandinavia. The existence and use of copper as a flint working tool in prehistoric
Scandinavian contexts has often been proposed and accepted, but no real study on the
implementation as such or the effects on the knapping process has been conducted. In
the absence of archaeological evidence, the proof and interpretation must rely on sec-
ondary markers, such as technical attributes or trace elements on the flint. Research so
far has analysed finished tools to detect and verify the use of copper. This study offers
a different approach, relying on production flakes to get a deeper understanding of
the production process itself and thus investigating the effects copper knapping tools
would have had.

Keywords: prehistory, metallurgy, processing, trace analysis, technological
transformation

1. Introduction

In flint knapping, the oldest known and most persistent technique is direct percus-
sion with a hard hammer stone. First, evidence has been traced back 3.3 million years,
long before the existence of the genus Homo, e.g. [1, 2]. For the longest time, it has
been the only way of working stone tools. Only some 100,000 years ago, during the
late Lower Palaeolithic, a change in manufacturing methods appeared, and organic
percussors enter the knapping process [3, 4]. By comparison, the discovery and pro-
cessing of metals happened quite recently, only 5000 to 6000 years ago, during the
Chalcolithic, after which it started to spread at varying speeds through Europe [5, 6].

Invention and adoption of metallurgy most certainly was one of the most power-
ful technological milestones in prehistory [7, 8]. Not only did the objects made from a
novel material have an influence on the societies, but also the knowledge and pos-
sibilities tied to the invention acted on people as well as on the existing technological
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traditions. Yet, no technology appears out of thin air; ideas, procedures, and develop-
ments are often based on existing knowledge adapted to new circumstances. This is
also the case concerning metallurgy. The material is new, and the properties are very
different, but the idea of heating material in order to change its properties is not a
novelty. This process has a longer tradition in ceramic production and even flint knap-
ping [7, 9]. The challenge in the processing of the new material was to achieve higher
and steady temperatures so the ore could smelt [10-12]. Metallurgic knowledge and
the tools created were thus not separate entities but part of the entire technological
system. They were influenced by and did influence other technological aspects, like
flint knapping.

While questions of technological developments in local metallurgy and its
effects on the social sphere have been analysed, e.g. [13-15], the effects on existing
local technologies and traditions have only received little attention and then mostly
pertaining to the decline of the flint knapping craft, e.g. [16-18]. This article exam-
ines the influence of different technological complexes, here, flint working and early
metallurgy, on each other and explores the possibilities for identification in archaeo-
logical contexts.

2. Research background

The emergence of civilisation and social hierarchisation has often been treated
as an inevitable development connected to the invention and spread of metallurgy.
The new prestigious material as well as the new developing technology, implied new
social structures. On one hand, the complex extraction and/or trade and processing of
metals needed specific working structures for a successful outcome and on the other
hand, this eased the path to individuals seizing control over raw material access, craft
knowledge, (trade) routes, and other influential and necessary aspects of life. This
can be sensed in changing burial rites, including a shift from communal megalithic
burial to family or individual-oriented mounds, but also in the changing symbolism
and objects connected with certain social rules and genders as well as settlement pat-
terns and house construction [15, 19]. However, the adoption of early metallurgy has
not been a straightforward path in the development of societies [9]. Northern Europe,
and especially Southern Scandinavia, is a good example of a culture-geographic area
where an initial familiarisation with the novel material was not immediately followed
by an adoption of the new technology. The earliest copper objects in Scandinavia
have been found in Late Ertebglle (Mesolithic) contexts and date around 4500 BCE
[14, 20]. Based on typological similarities and metallographic analyses, the pieces
have been identified as imports from Southeast Europe [14]. Early objects are typi-
cally tools like axes, but awls, beads, and rings are also known [14, 20]. Large-scale
adoption of metallurgy did not happen; likewise, local copper sources, especially
in today’s north Sweden, were not exploited in prehistoric contexts, although min-
ing was a familiar practice, as flint quarries indicate [21-24]. All copper had to be
imported to Scandinavia, either as finished tools or in the form of ingots [16, 25, 26].
New data suggest that some experimentation with metallurgy in the early phase in
the form of cold forging and probably also smelting was present [6, 27, 28]. Likewise,
knowledge about physical properties is hinted at in prehistoric finds [29, 30]. After an
initial boost, copper objects disappeared from archaeological contexts between 3200
and 2350 BCE [6, 9], which is often interpreted as an indication of changing or col-
lapsing networks, leaving Scandinavia at the fringes of the technological development
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without possibilities to participate, e.g. [9, 31]. Opposing opinions and explanations
have been voiced. Missing evidence does not indicate absence per se. Changing
depositional practices or intensified re-melting are likewise possible explanations for
the absence of objects [6, 28]. However, metallurgical analyses have detected chang-
ing isotope compositions in the copper alloy of the objects from the initial phase and
objects from the Late Neolithic and Bronze Age context, which favours the interpre-
tation of changing networks, also indicating that metal is imported from different
regions than initially after the hiatus [6, 9, 32]. Likewise, throughout the Bronze Age,
certain types and forms of objects and materials appearing in different European
regions indicate a developing and changing long-distance trade network connected to
the distribution of metal across Europe, where Scandinavia contributed by supplying
central Europe and the Mediterranean with amber [15, 19, 33, 34].

Another option for the decline is that copper tools simply were not as much in
demand as always assumed. The early copper tools especially did not present techni-
cal advantages to the existing tools made of bone, stone, or flint, as the copper was far
too soft to offer the same efficient use [35, 36]. Early copper objects in Scandinavia
are often found in hoards and in pristine condition, which suggests a purely symbolic
function. It is the aesthetics and rarity of the material which made it desirable, not the
technical function [37]. The notion of metal as a superior and prestigious material is
a modern view of prehistoric times, which needs to explain the adoption or abandon-
ment of metallurgy [9, 36, 38]. However, copper has technical advantages when used
in flint knapping. In comparison to antler or wood, copper is a harder yet still flex-
ible material. Antler pressure flakes need a certain size as the contact area of the tip
during the flaking process, as the applied force otherwise will cause the tip to splinter
(Figure 1). The physical properties of copper extend the possible force that can be
applied during the flaking while reducing the contact area of the tip; the material
will deform a bit but will not splinter. In other words, as the material is harder than
organic materials, the tip can be smaller and more pointed, and as it is still flexible,
the tip will withstand the pressure without shattering. Likewise, the reduced contact

Figure 1.
Flint knapping tool kit by PW in 2007. Photo by: BV, Eriksen.
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area provides a more concentrated transmission of force, which relates to less force
being needed from the knapper’ side to remove flakes. On the downside, as the cop-
per tip is harder, it is more likely to result in a conchoidal fracture, which often leaves
deeper negatives than pressure with an organic flaker would. This means additional
work has to be invested to achieve an even working surface.

The need to import metal objects and the shortage of the very same material has
been used as an explanation for the development of bifacially' crafted flint daggers in
Scandinavia between 2350 and 1600 BCE. It also has been frequently stated that the
daggers are skeumorphic alternatives to copper daggers made from locally available
material [39-44]. But the bifacial flint knapping method? is older, and other types
of bifaces were manufactured in Scandinavia before the advent of daggers [46-48].
Similarly, the typological development of the daggers appears continuous without
breaks or jumps in the overall shapes. Metal objects seem to have had a guiding effect
on the forms of flint tools but were not necessarily the origin.

Scandinavian flint daggers were produced and circulated in northern Europe for
about 800 years. Throughout this time, a variety of forms developed, which were
divided into six types based on the form of the blade and handle by E. Lomborg [49].
Each type consists of at least two subtypes (Figure 2), but from a morphological
point of view, the daggers can be summarised into four categories: lanceolate (types I
and II), lanceolate blades with square-profiled handles (type III), leaf-shaped blades
with so-called fishtail handles (types IV and V) and leaf-shaped blades with tang-like
handles (type VI). They are chronologically more or less successive, although with
larger overlaps and regional variations in type preferences [16, 49, 51]. Especially the
so-called fishtail daggers (Figure 3) have received considerable attention due to their
impressive shapes, difficult and complex manufacturing process, and likeness to con-
temporary bronze daggers in northern and central Europe [42, 52]. Without a doubt,
Late Neolithic and Early Bronze Age flint knappers were experts in the craft and
pushed the boundaries of the physically possible. A similar perfection and command
of the flint knapping process has not been observed before or after in Europe.

Starting with the type III daggers, punched seams are created on mostly rhombic
handles, which are often interpreted as copies of metal dagger seams created by the
casting mould [53, 54]. It is these handles that have puzzled generations of archaeolo-
gists and modern flint knappers. Fracture mechanics specify certain angles at which
successful removal of flakes can happen. Ideally, depending on the technique used
during the reduction, an angle between 60 and 80° is aimed for [45, 55]. The seams on
the rhombic handles are often worked at a 90° angle on all four sides. Furthermore,
the knapper had to change from planar to four-sided working mode on the same piece.
Although the technique employed to work those forms was long incomprehensible
from a modern point of view, studies have shown that the knowledge and working
tradition was nothing new for flint knappers in the Late Neolithic and Early Bronze
Age. The method has a long tradition in the manufacture of the four-sided axes and
adzes of flint from the region [56]. Creating 90° seams on flint objects is thus nothing
really new in South Scandinavian flint knapping traditions, but the filigree character
of the stitching, as seen in Figure 3, represents a refinement of existing knowledge
and methods. Quite likely related to the possibilities copper offered in flint knapping.

1 Asthe term indicates, bifaces are flint objects, which have been worked on both sides of the nodule -
across both faces of the piece.

% The article follows the French terminology. Method is thus defined as a sequence of interrelated actions,
which lead to the production of predetermined products [45].
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Figure 2.
Overview of flint dagger types based on E. Lomborg’s [49] drawings assembled by J. Apel [50].

It is unclear whether the manufacture of the handle was done like this for aesthetic
or, indeed, for technical reasons. Flint is a hard and, in flaked form, very sharp mate-
rial. It is quite uncomfortable to wield a freshly made dagger in bare hands, and it can
result in deep cuts if not treated carefully. The lanceolate daggers were likely used
hafted (i.e., with a wrapping of the handle made of organic material), as finds from
different regions suggest [57], for example, the dagger from Wiepenkaten [58] and
a recent find from the Femern belt excavation [59-61]. The stitched seams are still
mostly interpreted as an aesthetic attribute, which was meant to be shown, especially
on the type IV fishtail daggers. Points in favour of this interpretation are that the
handles of the earlier dagger types are often not worked as carefully as the blade,
probably due to the later wrapping, which would cover the surface. Likewise, the
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Figure 3.
Type IV flintdagger. Holstein-Rathlou collection, Moesgaard Museum, Denmark. © Rogvi N. Johansen,
Moesgaard Museum.

stitched seams often show grinding to blunt the sharp ridges, which would lessen the
danger of injuries during handling. Another explanation for the seams is the possible
advantages of the wrapping of the handle. The organic material would have a better
grip and be less prone to slip on the seams. An example in favour of this interpretation
is areported type V dagger, which allegedly was found with a thread wrapping which,
unfortunately, was removed by the collector [48, 62].

The manufacturing process of the flint daggers is a complex series of interrelated
steps. Depending on the type of dagger, up to eight stages may have to be completed
before a finished tool is produced [63]. Simply put, the more elaborate the dagger was
meant to be, the more stages and more careful work were needed. A point which has
often been stressed is that the development of flint crafting was only made possible due
to the rise of metallurgy and the inflow of copper daggers into Scandinavia. The scarcity
of metal and the determination of lithic craftspeople not to be left behind started a
technological race which prompted the perfection of the flint knapping process and
resulted in more and more elaborate and stunning dagger designs [40, 64]. Moreover,
there are strong arguments to suggest that the development also did benefit directly
from the upcoming metallurgy. Certain steps in the manufacture of some dagger types
are not possible or, at any rate, very difficult to master without the use of copper-tipped
implements, i.e., the so-called pressure flakers. This concerns the finishing parallel
retouch of the blade surface of the type IC daggers but also the finely stitched seams of
the type IV daggers [53, 63, 65, 66]. The necessity of including copper-tipped pressure
flakes to achieve fine parallel flaking is still debated in the flint knapping community.
While all agree that some of the finest seams of the fishtail daggers show too small
negatives of removed flakes to be done by anything other than copper tips, the paral-
lel flaking is more debatable. Some flint knappers suggest that it could be possible to
achieve similar results while using spatula-shaped antler flakers [67], which do exist in
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the archaeological record and could be related to pressure flaking [68]. Regardless of
the possibility of using different materials and tools for the parallel retouch, copper-
tipped flakers would still have had a positive effect on the flaking process and made

the manufacture easier. The force needed to remove flakes is less, when copper is used.
Likewise, flakes can be spaced more evenly, and the removals tend to be more regular,
meaning that the lateral edges of the flakes tend to be more straight and even, which
would be a highly desired feature for the aesthetic parallel retouch [66]. Though we have
as yet no archaeological support for the existence of copper tips for flint manufacture

in Scandinavia, it is not too far-fetched to assume they were available. As argued above,
copper and some metallurgical knowledge was present in Scandinavia at the time. A

tip for a pressure flaker would not require much material, and not much metallurgical
knowledge would be needed to fabricate a short pin which can be inserted into a wooden
handle. Likewise, in other European regions, copper objects exist, which suggests a
connection and use in flint knapping contexts [68-70]. The possibility is therefore high
that copper flakers were either not recovered archaeologically because the short pieces
of copper were not preserved or were not recognised either due to heavy oxidation or
because they were mistaken for other artefacts, like awls. Modern knappers use their
copper-tipped pressure flakers for several years before the material is worn down so
irrecoverably that it has to be replaced by a new tip. The demand for copper in the

flint knapping context in prehistoric Scandinavia was thus quite likely very low, and
resupplying would not have posed a major problem. The identification of copper in

flint knapping processes in Scandinavia thus relies on technical observations and trace
element analysis, which both have come up with heavily debated results, e.g. [68, 71-73].

3. Technical identification of copper in flint knapping

The data used in this chapter are part of a recent project concerning Late Neolithic
and Early Bronze Age bifacial production [67]. For the study, production flakes from
modern knappers replication of bifacial sickles and daggers were recorded and anal-
ysed, as well as their (i.e., the flint knappers) decision process (Figure 4). Questions
about individual technical choices and transmission of knowledge were addressed.

A minor part of the project was also concerned with the identification of copper in
the knapping process. For this, not only technical markers were analysed, but some
flint flakes were examined by scanning electron microscopy (SEM). A problem when
trying to confirm traces on object surfaces by SEM is the limited size an object can
have to be placed in the chamber [72, 74]. Likewise, it is time-consuming when no
exact spot is known, and the entire surface has to be analysed. Part of the project
was, therefore, to have a closer look at production flakes, not only to identify where
copper implements leave traces of metal but also to ascertain which other attributes
and characteristics are connected to the use of copper and thus can give hints in the
absence of visible proof. Visible denotes here traces that are identifiable with the
naked eye or a magnifying glass.

Flint is a generic term for silicious material with certain properties. It is mostly
fine-grained, homogeneous and knappable [45, 75, 76]. Depending on the variety
and the object that is being made, no further treatment of the flint is necessary. If
tough and coarse-grained flint is used, heat treating may help to improve the knap-
ping quality so flakes can be removed more easily [77, 78]. Heat treatment of flint
has not been confirmed in Neolithic or Bronze Age contexts in Scandinavia. This is
probably due to the generally good quality of available flint as well as the abundance
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Figure 4.
Finished bifacial objects of the inventories included in the vecent project that is veferved to heve. Outer left: Type IC
dagger. Rest: Early bronze age type asymmetric sickles. © a. Heitman, UFG Kiel.

of the raw material [79]. When force is applied punctually to the material, it fractures
conchoidal. The more homogeneous and isotropic the material, the more predictable
the process is [80, 81]. The force applied results in a fracture following the Hertzian
cone. The resulting crack in the material will bend inward rather quickly, and the
force will run more or less parallel to the surface until the flake detaches completely.
A second mechanical property used in flint knapping is the bending fracture. Without
a clear point of impact, the stress on the material tears the flake away from the nodule
[81, 82]. Both types of fracture mechanics leave characteristic traces on the flakes,
which help to determine which fracture happened during the reduction. For example,
abulb is a sign of conchoidal fracture, while a lip formation indicates bending of the
material. The bulb is the partial expression of the Hertzian cone, where the force of
the blow has travelled through the material [82], while the lip is an overhang, left on
the back edge of the flake platform. Further, the markedness and joint occurrence of
certain technical attributes make it possible to identify which techniques were applied
during the reduction process.

The first distinction in knapping techniques is drawn between direct and indirect
application. This differentiates if the knapping tool was applied directly to the nodule
or if an intermediate piece was placed between nodule and percussor. Classically,
direct percussion is separated in hard percussion with a stone and soft percussion
with organic implements, like antler or wood [45, 55, 83]. Depending on the knap-
ping material, the flake detaches either by conchoidal or bending fracture. Generally
speaking, the softer the material, the bigger the area of impact, and bending fractures
are more likely to happen.
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Another technique applied in a direct manner is pressure. During pressure
flaking, a device, often a short handle with a pointed tip, is placed directly on the
edge, and pressure is applied until the flake detaches. Pressure can also be applied
with the so-called Ishi-stick. The principle is the same, but the Ishi stick is most
often a rod of forearm length. Due to this, more leverage can be applied as the whole
upper body can be used to exert pressure. The length of pressure flakers is not
standardised and depends on the knapper and what they feel comfortable with. The
detachment of the flake can happen by both conchoidal or bending fractures. Like
direct percussion, pressure flaking can be split into a hard and a soft variety. Former
is done, by using copper-tipped pressure flakers, while the latter uses tips of antler,
wood, or bone [45, 84]. Indirect technique includes the use of an intermediate piece
positioned on the edge where the flake is wished to be removed, on which the blow
is then dealt. Like the pressure technique, the control is higher than in free percus-
sion, as the exact spot for removal can be chosen, but the force delivered is higher
than achieved by pressure. Intermediate pieces are called punch and are usually
made from antler or copper, but other materials are possible [45].

As mentioned above, the choice of technique can be reconstructed by analysing
technical markers on the flakes. Relevant to this chapter are only characteristics
related to knapping with copper tools, so a further discussion of attributes related to
other implements will not be given. It should be noted, though, that the overlap in
attributes is very high, and they are not mutually exclusive [81]. Statements about the
production process should, therefore, be based on a multitude of flakes being exam-
ined and not on single observations.

Characteristics of pressure flaking are small and plain platform remnants without
facets, barely extending the contact area of the implement tip. The harder the tip’s
material, the smaller the remnant can be, and the more likely conchoidal fracturing
becomes [81, 84, 85]. The bulb is often short and set rather high on the ventral surface
(the surface that was attached to the nodule), and if copper is used for pressure, very
small ring cracks are possible [81, 85, 86]. Ring cracks are small, semi-circular fissures
indicating the top of the Hertzian cone [87]. During the recording of production
flakes, it was noted that flint flakes with visible confirmation of copper traces indeed
had quite marked but small and high-set bulbs. However, this was not true in every
case, which can be explained by the state of preservation of the knapping device.
Regardless of the technique used, the continuous impact of the implement on the more
or less sharp edge of flint wears down the material. An important part of flint knap-
ping is thus the maintenance of the knapping implement’s surface. During pressure
flaking, no blow is dealt, but a lot of force is exerted on a rather small area, which also
wears down the tips of antler as well as of copper. For the maximum effect, the tips
have to be kept in good working order and sharpened every once in a while. For cop-
per, this can happen through grinding or hammering. The latter has the advantage of
hardening the material further, as it resembles cold forging. If the tip wears down and
the area of contact with the material gets slightly bigger, this has effects on the knap-
ping attributes; the less sharp the point is, the less marked the attributes appear [88],
which explains why traces are visible, but the attributes do not match in every case.

Most research concerning attribute formation in copper flaking has been done in
connection to blade production, e.g. [86, 89, 90]. Occasionally, copper flaking has
been identified in contexts of pressure flaking, e.g. [72, 91], but the focus of analysis
was always on finished objects and not production flakes. Experimental production of
artefacts has shown that copper-tipped flakers leave visible traces when the tip slips
and scratches across the surface, which often also happens when the termination fails,
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and the tip connects to the resulting step in the material [72]. For the experimental
replications in this study, all craftsmen were allowed to use their own tools at their
own discretion. As copper pressure flakers cannot be confirmed or excluded from
the production process archaeologically, this had no influence on the authenticity of
the replications, even if there is no evidence for the use in sickle production during
prehistory. All resulting production sequences were documented and compared to
each other, and an ideal sequence for bifacial dagger production [67]. Compared to
the ideal sequence, copper was implemented and used more often and earlier in the
process than expected. The choice to use copper pressure flakers was also dependent
on the individual knapper’s preferences. While two of the knappers preferred to work
with copper to have more control over of the process and be able to progress more
carefully, the third preferred not to use copper because it tends to leave deeper nega-
tives, which have to be compensated later.

Visual inspection of the finished artefacts (Figure 4) did yield traces of copper on
the surface, mostly in connection with failed terminations, but not on all pieces and
surprisingly not on the included type IC dagger replication, where the last production
step is executed with copper pressure flaking alone. The confirmation of copper traces
left on production flakes, especially on the platform remnants, was better. Out of 12,184
recorded flakes, 942 had visible traces of copper, mostly on the platform remnant or
below the platform on the edge (Table 1). The dagger replication by AB especially
included a very high number of traces, which is probably due to the relatively poor qual-
ity of the raw material, which forced the knapper to progress carefully. In his case, this
included the default to copper pressure but also the implementation of copper punches
during indirect percussion, which was chosen more often for safety reasons.

As mentioned above, ring cracks are used as a representation for flint knapping
with copper in the absence of other evidence [86, 91]. The recorded ring cracks from
the case study were also analysed to see if any prediction concerning the use of copper
implements in the knapping process could be made. Table 2 shows the expected low
frequency of ring cracks, as most of the production is executed in soft percussion.
Most of the cracks are probably related to pressure and indirect technique, but they
do not seem to be the only factor. As mentioned already, AB used copper punches
rather frequently during the production of the dagger. This was not done in the sickle
production, and pressure with copper was not done extensively. Still, the frequency

Artefact Count with copper Total number recorded
AB dagger 670 3330

AB sickle 9 1730

GN dagger 9 2109

GN sickle 2006 89 1059

GN sickle 2007 158 1771

PW sickle 2006 1 997

PW sickle 2007 6 1081

Total 942 12,077

Differing total number of flakes from the total amount mentioned in the text is due to an additional test inventory,
which has not been included in the paper.

Table 1.
Number of flakes with visible copper traces on the surface in each recorded inventory.
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Inventory None Present With conical break Not preserved
AB dagger 84.6 4.84 0.00 10.6
AB sickle 56.1 8.66 0.18 35.0
GN dagger 69.2 13.86 0.14 16.9
GN sickle 2006 75.3 8.03 0.09 16.5
GN sickle 2007 837 3.06 0.06 132
PW sickle 2006 65.8 8.68 0.31 252
PW sickle 2007 701 5.98 0.00 239
Table 2.

Frequency in percent of ring cracks in the recorded inventories.

of ring cracks is nearly double in the sickle inventory. AB stated that he uses copper
when he wants to be more in control of the knapping process and use less force during
the removal. Thus, choosing the harder material here seems to translate to less force-
ful flaking, which reduces the formation of ring cracks. In contrast, GN dagger shows
arather high percentage, which relates back to the raw material. This inventory is the
only one using differing materials: Texas flint, which is a tougher and less homoge-
neous variety compared to Scandinavian flint. More force is thus needed to remove
flakes, which favours the formation of ring cracks.

Further analysis showed that ring cracks appear mostly in the first stages of
production and not so much in the last. Only a few have been recorded on the small-
est flakes, which are more likely to originate from the final pressure retouch or on
the flakes from the parallel retouch (Figure 5). This strengthens the impression that

a N= 664

Inventory
AB sickle 2018
GH dagger
GH sickle 2006
G sickel 2007
PW sickie 2006
PW sickle 2007

Diameter in mm

Size class
b N= 157

Imventory
A8 dagger IC

Diameter in mm

slage

Figures.

Scatterplot of ring crack diameters by production stage or flake size class. Ring cracks exceeding 10 mm were
removed from the data sets. The flake size classes used here refer to the length of the flake. Size class 1 comprises
the biggest flakes (> 100 mm) and the length gradually declines until flake class 8 (5-6.99 mm).
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it is the indirect technique which is responsible for the ring cracks in the inventories.
No, or just a few ring cracks during the parallel flaking and pressure retouch is not
so surprising, as the amount of force needed is rather small compared to the earlier
stages, where more and larger areas of the surface are being removed. This shows
that the force needed to remove the parallel flakes is not high enough to leave ring
cracks in a repetitive way, and the attribute is not a significant indicator for the use
of copper-tipped pressure flakers in the archaeological record if the bifacial method
is analysed. This draws attention to a problem relating to the experimental identifi-
cation of knapping attributes. As mentioned, the attributes for copper flaking have
been identified in experiments of blade production [85, 86, 89, 92]. Blades, and espe-
cially blades knapped with copper, are long, narrow, and regular flakes. They need

a certain kind of preparation, precision, and force to be removed from the nodule.
The conditions for pressure flaking or indirect percussion in a bifacial method differ
completely. It is shown here that the attributes are not transferable one-to-one to
other production strategies.

To get a better impression how the ring crack diameter relates to pressure flaking
and indirect technique using copper implements, all flakes with visible traces were
assembled, and the ring crack diameters were plotted against the distance from the
edge (Figure 6). This was done to see if distinct groups would be observable. Indirect
technique is mostly used in the early stages of production and is meant to remove
larger flakes, and as the punch is bigger than the pressure flaker tip, this means the
flake is removed at a greater distance from the edge than a pressure flake. As Figure 4
shows, no group formation can be detected. As AB was the only knapper including
copper punches in the production process and only during the production of the dag-
ger, all other inventories and plotted points indicate that pressure flaking with copper
indeed relates to small ring cracks near the edge. But, the relatively low number of
incidences indicates that other factors need to be met so that ring cracks really appear.

N= T4

Inventory
AB dagger IC
AB sickle
GH dagger IC
GH siekls 2006
GH sickle 2007
*  PW sickle 2006

Distance from edge (mm)

Ring crack diameter (mm)

Figure 6.
Scatterplot of all ring cracks on flakes with visible confirmation of copper traces in correlation to the distance of
the impact point from the edge of the platform remnant.
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Likewise, no clear separation between pressure and indirect technique with copper
seems to be present, at least not in the formation of ring cracks.

Thus, even if it is known when and why copper was included in the production
process, this does not mean an identification is easy. Table 1 shows that copper has an
ambiguous tendency to leave traces on the surface of flint. The frequency of imple-
mentation, skill of the knapper, force needed for the removal, as well as raw material
qualities are all aspects, which have an influence on the possibility of copper traces
being visible on the surface. Likewise, the copper itself is important; the softer the
material, the more likely it will leave traces. Hardened tips are thus more likely not
to leave visible traces. Also, the handling by the knapper has influence; skilled and
experienced knappers are less prone to errors and accidents during the reduction.
This lessens the chance of scratches on the surface by slipping. Further, the technical
markers and attributes are not always explicit.

The possibility of detecting traces on the platform remnant of flakes would thus
offer a higher chance of identifying knappers working with copper, as even the expe-
rienced knappers need to place the tip on the surface of the flint and exert pressure for
the detachment. As mentioned above, interpretation of used techniques should not be
made on single flakes, as the characteristics overlap, and clear-cut evidence for copper
in the knapping process only shows on very few flakes. It would be useful to have
a more reliable way to identify copper-knapped flakes, and trace element analysis
can be a method for that. Using flakes for the detection of copper in flint knapping
processes offers possibilities the finished tools cannot offer. Flakes are mostly not
subjected to further use, which, especially for the sickles, can remove traces left on
the surface. Likewise, the possible areas to look for traces are smaller and thus more
quickly inspected, even in the absence of visual evidence.

4. Material analysis and results

Residue analysis on flint started to develop in the 1960s, following S. Semenov’s
[93] seminal work on flint technology [74]. Studies like P.C. Anderson’s [94] work
showed that residues of different kinds leave traces on the flint and can be used to
identify the material which was worked. Most often, residue analysis is done to make
statements about the function and handling of flint tools, e.g. [95-97]. Studies relat-
ing to the identification of knapping tools are scant, which relates back to the facts
that use-wear traces need time and repetition to form — which is not given during
knapping, as the knapping tool only connects briefly with the surface — and organic
residue on very small areas, as the platform remnant, quite likely have perished by the
time archaeologists uncover the artefacts. Likewise, even modern residues can be hard
to interpret visually, as their morphology can vary depending on many factors other
than degradation [74].

Though residue and use-wear analysis have become an integral part of archaeol-
ogy, no real best practice guide or norm of analysis has been formulated yet [74].

Some flakes with visible confirmation of copper traces from experimental replicas
were selected for trace analysis. They were each subjected to visual analysis under
the Andonstar ADSM302 digital microscope, and later, the chemical analysis was
conducted using SEM Zeiss Gemini Ultra55 Plus. The SEM uses radiation (sec-
ondary electrons and X-rays) created by the interaction of the primary electrons
and the sample in order to receive information about surface morphology and
chemical composition of the same micro-scale area. For the imaging, secondary
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electrons with relatively low energy provide the most surface-sensitive contrast,
so-called SE-imaging. Compared to light microscopy, SE-imaging provides a much
higher depth of field, giving surfaces the impression of three-dimensional micro-
topographies. However, due to the conventionally used electron detectors, images are
restricted to greyscale. Localisation of residue can thus be quite challenging, which

is why initial analysis with visual microscopes is recommended [74]. The instrument
applied here uses a beam of electrons operating in the accelerating voltage of 5-20 kV.
The electron images recorded via SEM were used to attain the surface topography

of the specimen, showing the contrast between the possible metal traces on the flint
material. Furthermore, chemical analyses via elemental mapping were conducted in
the energy-dispersive X-ray (EDX) mode in SEM. In this case, the beam of electrons
scans the surface of the specimen, and secondary X-rays are detected by the EDX
detector to determine the chemical composition laterally resolved. In the scope of this
study, the EDX point measurements and elemental mapping have been conducted.
The X-ray spectrum always includes weak stray signals from the instrument itself,
the sample holder, etc., which has to be kept in mind when interpreting the complete
spectrum [74]. Furthermore, non-conducting artefacts had to be coated with carbon

Si Kal

| S | |
Imm Imm

Figure?7.
SEM EDX elemental mapping on the flake 761 with electron image (a) and images (b-d) showing the
corresponding elements along with the the copper traces.
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or gold for high-quality imaging. However, more recent studies have shown that it is
possible to collect images and spectra without coating the surfaces [74, 98].

Two representative examples of the analyses are shown here. In Figure 7, a flake
(number 761) produced by AB from the replication of an Early Bronze Age flint sickle
is displayed and records the observations from the SEM. In the electron image, certain
regions appear brighter, corresponding to the original flaked surface of the flint,
which contains Si and O as determined by the elemental mapping. Moreover, the EDX
elemental mapping also shows the signals from the copper metal, which are residues
from the copper knapping tool. Similarly, Figure 8 also shows the traces of copper as
confirmed by the SEM EDX elemental mapping showing the copper metal traces on
the surface of the replication of the flint 1609.

In another experiment, the flakes were heated at 600 °C for 24 and 48 hours to simu-
late oxidation. The result was that the copper traces on the surface do reduce through
time (Figure 9 and Table 3) by the thermal treatment; however, the mechanical stability
of the copper oxide formed is sufficient to avoid complete removal from the surface. The
same is presumably true for flint, which has been exposed to the environment for a long
time. Consequently, the confirmation of copper traces by SEM-EDX does not provide an
unambiguous indication for the use of copper tools in the production process. Likewise,

Si Kol

1mm

Figure 8.
SEM EDX elemental mapping on the flake 1609 with electron image (a) and images (b-d) showing the
corresponding elements along with the the copper traces.
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Before Heating After Heating 24 hours

(b)

After Heating (48 hours)

(9], z

Figure 9.
SEM EDX elemental map of experimental flint replica (a) before heating, (b) after heating for 24 hours, and
(c) after heating for 48 hours.

Atomic percent (at.%) Before heating After heating 24 hours After heating 48 hours
Cu 76 at.% 36 at.% 17 at.%
(@) 23 at.% 64 at.% 83at.%

Table 3.

SEM electron images of heat treated flint at 600 °C (a) before heating, (b) after heating for 24 hours, and
(c) after heating for 48 hours.

only examining technical attributes is not sufficient and may lead to wrong conclusions.
Further analytical strategies should be based on well-designed combinations of corre-
lated analytical techniques. For instance, dedicated (e.g. Synchrotron-based) XRF and/or
Synchrotron-based tomography may provide information about the presence of copper.
Using identical location approaches, the chemical nature of the copper (oxide, element,
etc.) may be determined by SEM, particularly if the measurements are already supported
by machine learning approaches. The ultimate test for such a novel strategy would be to
identify the nature of copper traces on flint without visible indication.

5. Discussion

Identification of copper pressure flakers or punches in the production process of
flint objects is not as straightforward, as often described especially in technological
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studies. As could be shown in the flake inventories included here, the technical
attributes identified as typical markers for the involvement of copper during blade
production are not present or are not only related to copper in the flaking process. The
very small ring crack, which has mostly been used to identify copper pressure flakers,
is mostly absent on the production flakes analysed. Or the ring cracks associated with
copper traces have a bigger diameter than assumed in connection. Likewise, markers
such as the bulb, which can be quite distinctive, do not always show the same features
when knapping with copper. The state of the copper tip as well as the hardness of the
material or force of application can obscure the distinct features, so a definite assign-
ment is not possible.

Likewise, trace element analysis has only been done in connection with finished
artefacts so far, which poses several problems. First, the size of the objects for which
analyses are possible. Second, there is a concentration on few and mostly finely
made objects, in this case also only daggers from Bronze Age contexts, e.g. [71, 72].
Confirming copper in contexts from which we know copper had to be present to
achieve the outcome is a bit of a self-confirming result. It tells us nothing new but
still fails to answer if copper as knapping tool was widely available or only restricted
to very few craftspersons. Likewise, as could also be seen in this study, when skilled
craftspersons are involved in the process, there does not need to be traces left on the
surface. They are mostly connected to errors in the knapping process and can also be
removed from the surface again when those errors are eliminated, e.g. [72]. There is
also the possibility for accumulation of element traces due to depositional circum-
stances, e.g. [99], as well as removal through oxidation. Mostly, if copper and other
materials had sufficient contact with the flint surface to leave elemental traces, those
remains would seem to be amply preserved to be detectable in analysis, even after long
years in the soil [72, 74], but it has to be located before analysis nonetheless. Also, no
studies exist so far that deal with the question of how use affects the traces. The study
by G.H. Strand Tanner [72] included only a very limited experiment on cutting flesh.

Looking for traces of production flakes is therefore the next logical step. They
are mostly not restricted by the size requirements, especially as flakes removed by
copper pressure tend to be relatively small. Likewise, the area of interest is so much
smaller, i.e. mostly relating to the platform remnant and the edge below, though steps
and hinges of failed terminations can be of interest, too. Another advantage is the
certainty that if copper was involved, the tip had to connect to the platform. On the
surface of finished artefacts, every trace detectable is an impact by chance, contrary
to the impact point on the platform remnant. If the knapping device would not have
connected, the flake would not have detached. This simplifies and shortens the analy-
sis with the SEM a lot. Furthermore, in combination with technical markers, flakes
can be pre-sorted for probability of bearing traces, which can reduce the negative
results for a time-consuming and expensive analysis.

6. Conclusion

Copper in the knapping process can best be identified by combining approaches.
Trace element analysis can confirm the presence of copper traces on the surface but
works best when distinct locations for sampling are known. These can be found
either by visual confirmation or by selecting technical markers. A problem with the
bifacial method is that the markers identified so far are not represented very well in
the production process. This is most likely due to the differences in production, as the
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previously published experiments were conducted with blade manufacture, which is
very dissimilar to the bifacial method. Further experiments of copper implementa-
tion in bifacial production would be needed to distinguish typical characteristics

on flakes. If those are identified, it will help to answer a wider variety of questions
concerning not only the technological knowledge of flint knapping but also metal-
lurgy. Also, questions about social developments could be pursued, for example, in
the context of the availability of copper to flint knappers, and this also gives insight
into social networks of dependency.

Likewise, identifying the implementation of copper tools in flint production
processes can help us to better describe the development of flint knapping technology
and understand how the elaboration of the craft was structured. There is no doubt
that metal and metallurgical knowledge influenced flint technology, not only in the
form and function of objects but also in the manufacturing process. Copper offers
advantages compared to antler or wood and eases the process of knapping while
allowing for more control. This is true not only for production steps, which are not
possible without copper. Many modern flint knappers rely a lot on copper during
flint knapping, depending on how authentic they want to work. There are technically
no reasons why prehistoric knappers should not have done the same, when copper
became available, save social and traditional rules structuring the manufacturing pro-
cess. If such rules were in existence and/or how they changed, the prospect of chang-
ing technologies can be explored better if we understand how the new techniques
were integrated into existing technologies. The effect is visible in the typological and
technical development of the flint daggers, but when, where, and how the develop-
ment started is still not fully understood. Analysing production flakes in favour of
finished tools offers a more holistic and objective approach to the questions.
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Chapter 3

Novel Synthesis of N-N Azo
and Hydrazine Phenyl Ligand
Derivatives for Copper(II)
Complex Bio-Active Application

Ahlam I. Al-Sulami and Tesfay G. Ashebr

Abstract

Copper (II) complexes possess relatively a broad spectrum of medicinal importance
with less toxicity. It is important to note that, in this chapter, copper (1) is selected as
chelating central metal atom considering its current reputation to design such bio-
active compounds due to its; (i) permits in realizing stable coordination compound,
(ii) diverse coordinating capability with oxygen (O), nitrogen (N), sulfur (S) and
phosphorus (P) donor ligands, and (iii) exhibits potentially better biological activ-
ity. Therefore, the presented chapter offers the up-to-date advancement and future
perspective of bio-active copper(II) complexes derived from Schiff base of azo- and
phenyl hydrazine-based ligands and their derivatives. To showcase the existing trend
of these classes of bio-active compounds, due to the wide depth of the literature,
selected seminal compounds exhibiting outstanding biological activity are discussed
in detail. Recent studies establish that azo- and phenyl hydrazine-based bio-active
copper(II) complexes are among the promising candidates that are expected to replace
the conventional antibiotics which are suffering from side effects as well as microbial
resistance. However, the collaborative efforts of chemists and biotechnologists are still
needed to realize their real world application.

Keywords: bio-active compounds, copper (1), ligands, copper(II) complexes, azo- and
phenyl hydrazine ligands

1. Introduction

Medicinal inorganic chemistry deals with searching and designing of additional
therapeutic alternatives not accessible to the organic compound counterparts, in
which metal complexes have been extensively investigated. This is because of the wide
range of coordination numbers, oxidation state, coordination geometries, and accessi-
ble redox states, which are the intrinsic properties of the Lewis acid central metal ions
as well as the different coordination modes of donor atoms (N, O, S, and so on) of the
Lewis base ligands offer the medicinal inorganic chemist a large opportunity to exten-
sively exploited [1, 2]. Of the transition metals, copper plays a crucial part in biological
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processes in mitochondria and cell [3, 4]. For example, Figure 1 demonstrates copper
homeostasis i.e. the mode of copper uptake, distribution as well as removal in mam-
malian cells. Copper can also form stable redox-active biological compounds with a
variety of ligands that contain donor atoms like O, S, or N [6]. Moreover, the biological
accessible redox potential of copper as Cu(II)/Cu(I) redox pairs have biologically
significant implications such as metallo-nucleases [7, 8]. Copper is not only necessary
for numerous biological processes but also a powerful anti-microbial tool that can
be used to combat invasive diseases [9]. Consequently, copper complexes have been
extensively studied for their potential biological activity such as antimicrobial [10],
antiviral [11], anti-inflammatory [12], and antifungal [13] properties.

Researchers have been realized that, compared to the ligands, metal complexes
could possess a greater biological activity with lower toxicity [14]. Of the metal
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Figure1.

Co%al;m homeostasis and its mode of uptake, distribution as well as removal in mammalian cells. After reduction of
Cu(II) to Cu(1) form, it enters the cell via the copper importer Ctr1 and then passed on to the chaperones COX17,
CCS, and ATOX1, which deliver the copper to the cytosolic SOD1, COX in the mitochondria and to ATP7A/B at

the TGN, respectively. Moreover, copper binds to cellular the antioxidant (MTs and GSH) that helps to prevent

the formation of free catalyzing copper ROS. At the TGN, copper is amalgamated with copper-dependent enzymes
(such as ceruloplasmin) that migrate through the secretion pathway. Under intracellular copper elevated condition,

its excretion is facilitated via ATP7A as well as ATP7B circulation from the TGN to the plasma membrane, while

the transporter Ctr1 is suppressed and is subsequently degraded. Ctr2 can also increase the generation of tCtr1, which
facilitate endosomal copper transport to the cytoplasm vesulting in the diminishing of the intracellular copper accretion
[5]. Abbreviations: Trans-Golgi network = TGN, ATP7A/B = copper transporting ATPase A/B, ATOX1 = antioxidant
protein, COX = cytochrome c oxidase, COX17 = cytochrome ¢ oxidase copper chaperone, CCS = copper chaperone
for SOD1, ROS = reactive oxygen species, Ctr1/2 = copper transporter 1/2, MT = metallothioneins, SOD1 = Cu/Zn~
superoxide dismutase, GSH = glutathione, and tCtr1 = truncated Ctr1.
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complexes, copper complexes mainly depend on the oxidation state i.e. copper(I)
and copper(II) as well as nature of the ligands and their donor atoms [9]. Like other
transition metal ions, copper has various oxidation states, i.e. I, II, and III, of which
the copper (1) with a d° system of electronic configuration is the most favorable

and relatively stable oxidation state. Considering its broad spectrum of bioactivity
application, copper(Il) is relatively vital in medicinal and pharmaceutical fields.
Apart from the central metals, a rational designing of the ligands is also a very
important step in developing bioactive complexes. For this reason, several ligands
have been employed such as, Schiff bases ligands with multi dentate scaffold bearing
imine nitrogen (C=N) which can be realized by simple condensation of aldehydes

or ketones. Moreover, azo-based ligands possessing the azo functional group (N=N)
moiety which can be also prepared by diazotization-condensation [15] as well as
hydrazone-based ligands which are another class of Schiff base compounds contain-
ing hydrazine moiety (C=N-N) which can be synthesized by hydrazine-aldehyde/
ketone condensation or Japp-Klingemann reaction [16, 17] have been also employed.
The strategic synthesis of such ligands is well documented and extensively explored.
Therefore, due to their straightforward synthesis route of these classes of ligands,
their detailed synthesis strategy is omitted to avoid redundancy and only the type of
ligands covered in this chapter.

Copper(II) complexes can display a substantial biological activity employing
different ligands such as Schiff bases containing azo-, hydrazine-, and hetrocycles-
moiety. These types of ligands containing imine moiety can form a stable metal
coordination complexes which are responsible for broad spectrum of applications of
which biological activity is one application field [18]. The presented chapter offers the
current advancement and forwards the future perspective of copper(II) complexes of
both azo- and hydrazine-based ligands and their biological importance. Appreciating
all efforts that have been done so far, due to the wide depth of the literature, only
selected seminal reports of azo- as well as phenyl hydrazine-based copper(II)
complexes exhibiting superior biological activity are considered in this chapter.
Additionally, more emphasis is also given to the complexes which are structurally well
characterized (using single crystal XRD) unless the complexes reported with powder
chemistry structural exhibited outstanding biological activity. Finally, the theoreti-
cal consideration of some selected seminal works is also incorporated to probe their
relationship with the experimental aspect.

2. Bio-active copper(II) compounds

The bio-activity, biocompatibility as well as versatile coordination chemistry
nature of the copper metal offer an opportunity for realizing bio-active copper(II)
complexes which is usually achieved via enhancing the initial bio-activity of the
ligand such as Azo-Schiff base ligands [15] and hydrazone based ligands [19].
Incorporating two or more diverse chromophores into the ligand could potentially
enhance the physicochemical as well as the biological properties of the desired ligands
and their respective metal complexes [15]. Azo are typically Schiff base ligands
possessing a distinct chromophore group (N=N) which is responsible for diverse
potential range of applications such as dyes [20] and biological [21] applications.
Moreover, hydrazine and/or hydrazine based ligands displaying keto-enol tautomer-
ism are another class of Schiff base ligands where the complexation of copper(II)
with such biologically active ligands offers the opportunity of improving the efficacy
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of anti-microbial activity via evading the drug resistant pathogens [19, 22]. In this
chapter, the biological activity of various N-N azo- as well as phenyl hydrazine ligand
and/or hydrazone derivatives for copper (II) complex is summarized, including some
copper(II) complexes based drugs commonly used as antibiotics, antimicrobials, and
anti-inflammatory remedies.

2.1 Azo-based bio-active copper(II) complexes

Apart from industrial applications, dyes mainly azo-dyes possess massive biologi-
cal applications (Figure 2) confirming the versatility of these class of compounds.
Recently, the biological application of azo-based ligands and their metal complexes
are getting much attention due to the presence of the optically and biologically active
azo- functional group. Azo compounds are commonly prepared by diazotization
and coupling i.e. diazotization of an aromatic primary amine followed by coupling
with electron-rich nucleophile such as amino and hydroxyl group under alkaline
conditions. Due to straight forward synthesis of the azo-based multi dentate ligands
and their readily coordination flexibility, azo-based copper(II) bio-active complexes
has been extensively explored [15, 21, 23]. For example, more recently Mady et al.
reported a series of o-vanillin-azo (OV-AZO) based ligand prepared by condensation
of 4-aminoazobenzene and o-vanillin and their transition metal complexes (Mn(II),
Ni(II), Co(II), Cu(II), Zn(II), and Zr(IV)) for their anticancer and antimicrobial

N----
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Drug delivery

Antimicrobial
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s
A iH
- THAVES
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Figure 2.
Schematic illustration of azo-dyes and their biological as well as industrial applications.
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Proposed structures of the azo-based ligand (OV-AZO) and its transition metal complexes [23].

activity (Figure 3) [23]. The obtained results showed that, in comparison to the

free corresponding azo-based ligand, of the other transition metal complexes, the
copper (II) complex exhibited the maximum cytotoxic activity of an half maximal
inhibitory concentration (ICs) of 18 and 22 pg/mL for human colon and liver cancer
cells, respectively as compared to the reference cisplatin drug. This could be due to
the copper(Il) complex capability to induce oxidative stress as well as generating
activated oxygen species in addition to its structural arrangement offering relatively
better stability advantage while the other counterparts were suffering from water
dehydration and acetate removal. Moreover, similarly, higher antimicrobial activity
of metal complexes against the anti-microbial (fungal and bacterial strains) was
witnessed as compared to the free corresponding ligand which could be due to the
Tweedy’s chelation theory. Normally, ICs is a quantitative measure of the effective-
ness of a compound in inhibiting a specific biochemical or biological function that
can be determined by constructing a dose-response curve assay at different con-
centrations. Usually, ICs is typically expressed as molar concentration where in this
chapter a molar concentration in pg/mL is used as a figure of merit.

Kurtoglu and coworkers reported azo-azomethine based ligands of Cu(II)
complexes and their antioxidant and cytotoxicity against human uterus carcinoma
cells lines (Figure 4) [24]. Interestingly, all the ligands and the complexes exhibited
better antiproliferative activities at 25, 50, and 100 pgmL™" concentrations where
complexation of the ligands with the copper(II) ion slightly declined their anticancer
properties which could be due to the hindering of the imine, phenolic and methoxy
groups. Similarly, the antioxidant properties of the ligands were slightly better than
the copper(Il) complexes. Moreover, Krishnamurthy and coworkers reported an
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Crystal structure of the azo-azomethine based ligands, their Cu(II) complexes and their antiproliferative
activities where 1 is the azo-aldehyde, 2-4 ave the ligands (R = 3-ethylaniline or 3-CH,CH; 4-ethylaniline or
4-CH,CH,, and 4-isopropylaniline or 4-CH(CH;),), 5-7 are the complexes and 5-Fu is fluorouracil [24].

isonicotine hydrazide based azo- ligand and its transition (Cu(II), Co(II), and Ni(II))
metal complexes with octahydral geometry displaying biological activity such as,
human breast cancer cells (MDA-MB 231) where MDA stands for M.D. Anderson and
MB stands for mammalian breast (Figure 5), as well as deoxyribonucleic acid (DNA)
cleavage activity [25]. Scanning electron microscope (SEM) images revealed that the
presence of variation in ligand and metal complexes surface morphology which could
be because of the change of metal ion i.e. broken rock like, and ice block like structure
for ligand and copper(II) complex, respectively as well as Cotton-like filamentary
morphology for both cobalt(II) and nickel(II) complexes (Figure 5, bottom). Of
the transition metal complexes, copper(II) complex exhibited the highest biological
activity against all the investigated cell lines confirming that biological activities
depends on the type of the central metal ion.

Keshavayy and coworkers reported benzothiazole based azo- ligand with indol
wing and its transition metal complexes (Cu(II), and Ni(II) with distorted square
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Figure 5.

Schematic representation of the metal complexes and their cytotoxicity effect by methyl thiazolyl tetrazolium
(MTT) assay of ligand as well as the complexes on breast cancer cells (MDA-MB-231) cells (top) as well as their
SEM morphological structure of the ligand (HL) and the corvesponding metal complexes (bottom) [25].

planar, Co(II), and Fe(III) with octahedral as well as Zn(II) with tetrahedral
geometry) for their potential antimicrobial, antitubercular as well as DNA cleavage
activities (Figure 6) [26]. Apart from the investigated biological activities, all the
formulated compounds demonstrated a promising anti-tubercular activity i.e. against
M. tuberculosis (Figure 6, right). Moreover, in their extended work, i.e. benzothia-
zole based azo- ligand possessing a pyrazole ring and its transition metal complexes
(Cu(II) with distorted tetrahedral, Ni(II), and Co(II) with octahedral geometry) for
their anti-bacterial, anticancer and DNA cleavage activity (Figure 7) [27]. Apart from
the promising anti-bacterial, and anticancer properties, copper(II) and nickel(II)
complexes exhibited complete cleavage of all forms of DNA which could be due to the
effective coordination role of oxygen and nitrogen, while ligand as well as cobalt(II)
complex displayed partial DNA cleavage compared to the control DNA. Moreover,
Keshavayy and coworkers also reported another benzothiazole based azo- ligand with
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Figure 6.
Proposed schematic structures of the metal complexes and the anti-tubercular activity of the ligand and its metal
complexes [26].

Cu(Il)

Ni(II)

Figure 7.

Thge proposed molecular geometries for the metal complexes and their DNA (plasmid pUC18) cleavage
activity; M = standard DNA, C = control DNA (untreated pUC 18), 1 = azo- based ligand, and its complexes
(1a = Cu(1I), 1b = Co(1I) and 1c = Ni(Il), respectively) (top). The molecular geometries (calculated) of the
ligand (L) as well as its complexes (bottom) [27].

pyridone moiety and its transition metal complexes (Cu(II), Ni(II), Co(II), Cd(II),
and Zn(II)) for their potential biological activity (Figure 8) [28]. All the synthesized
compounds (the azo- ligand and its respective metal complexes) displayed significant
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The proposed molecular geometries for the metal complexes and their biological activity [28].

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging potential compared with
the standard ascorbic acid as well as good anticancer activity against Jurkat, K562,
and A549 cell lines (Figure 8).

More recently, copper(II) and cobalt(II) complexes of azo- ligand obtained via the
diazotization reaction of 2-amino pyridine with pyrazolone and their DNA cleavage
and antibacterial (Klebsiella pneumonia, and Bacillus subtills) activity was reported
by Channabasappa and coworkers (Figure 9) [29]. The show that Copper(II) and
Cobalt(II) complexes exhibited promising DNA Cleavage activity as well as antibac-
terial against K. pneumonia and B. subtills as compared to the standard ampicillin
properties. Moreover, the azo-ligand and its respective metal complexes displayed
well-established bonds with the target amino acids (Figure 9, right).

More recently, our group also reported an azo- ligands possessing pyridone moiety
with long aliphatic chain and their respective nitro and methyl group substituent as
well as solvent dependent copper(II) complexes (elongated octahedral geometry)
targeting its potential inhibitory against Alzheimer’ disease in comparison with
Donepezil drug [21]. Our findings revealed that the binding affinity of the ligand as
well as its copper(II) complexes were found with 1EVE ranges from —9.6 to —8.3 kcal/
mol while —10.9 kcal/mol is for Donepezil drug suggesting our complexes could be
promising drug candidates for Alzheimer’s disease. Moreover, comparing to both
complexes, the Donepezil drug and ligands were found functioning as carcinogenic.

Recently, in continuation of our work on azo- ligands owning pyridone moiety, we
report a diazenyl pyridinone based heterocyclic ligands and their Cu(II) complexes
(octahedral geometry) for their potential antimicrobial, anticancer, and antioxidant
properties (Figure 10) [30]. Our results revealed that the complexes showed better
antitumor activity as well as selectivity index against the human primary hepatocytes
THLE-2 and breast adenocarcinoma cells MCF-7 than the reference doxorubicin.
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Thge proposed molecular geometries for the metal complexes, DNA cleavage of by the Cu(II), and Co(II)
complexes at body temperature where lane 1 DNA alone; lane 2 = DNA with 40 ul of copper(1I) complex;
lane 3 = DNA with 60 ul of copper(II) complex; lane 4 = DNA with 40 pl of cobalt(1I) complex; lane

5 = DNA with 60 pl of cobalt(II) complex; form I = supercoiled and form 1I = nicked civcular DNA,
respectively as well as zone of inhibition of the azo- ligand and their metal complexes against (A) Klebsiella
pneumonia and (B) bacillus subtills; where u-1 = azo- ligand, u-2-1 = Co(II), and u-2-2 = Cu(II)
complexes, vespectively (left). In silico molecular docking investigations of the azo- ligand as well as its
respective metal complexes (vight) [29].

Moreover, the prepared compounds exhibited significant anti-bacterial and anti-
fungal properties (Figure 11, right).

More interestingly, the azo- pyridone moiety containing ligands and their
copper(II) complexes are becoming biologically promising where Ladarevié¢ and
coworkers also reported on a similar work by ligand substituent tuning strategy
[31]. In this work, both complexes, the chloride substituted (Cu(II)-Cl) and
methoxy substituted (Cu(II)-OCH;) was found to be promising compounds for
the treatment of various types of cancer which could be considered as potential
therapeutic candidates. Among the two complexes, The most favorable structure
exhibiting the best docking potential toward both proteins was the complex Cu(II)-
OCHj; bearing methoxy group. Moreover, the Cu(II)-OCHj; complexes exhibited
the highest antioxidative activity compared with its parent ligand and the standard
ascorbic acid antioxidant which could be due to the presence of an electron-donor
methoxy group making this complex as a favorable antioxidant agent. This find-
ings revealed that both anticancer and antioxidant activities exhibited substituent
dependent biological activity where for the azo- pyridone moiety containing

54



Novel Synthesis of N-N Azo and Hydrazine Phenyl Ligand Derivatives for Copper(1I) Complex...
DOI: http://dx.doi.org/10.5772/intechopen.1004323

HO™ "N” ™0 CuCl,
—_—
H\L Ethanol
L1H CH, CH,

Cu,y(L1),, X-ray

O-N
; \©\ CH, N
N %
“ =
HO™ "N™ ™0 —

‘W{ Ethanol
L2H :

1
1]
ro
I N CH;,
N
NO-

CH:‘ruu,z): 2DMF
Crystallized m DME, X-ray

Lay down of all
molecules, of this
study, in the protein
cavity of 1EVE after,
molecular

docking.

docking

Iy

after molecular docking

after molecular docking.

after
melecular
docking.

together 1
binding

Figure 10.

Sc%ematic illustration of the synthetic voute of the copper(II) complexes employing the azo- ligand (top); the
molecular structure of complexes of CuL1 (CuO,N ,-octahedron) and CuL2 (CuO,N,-octahedron) (middle);
as well as (a) simultaneous docking into the binding pocket of the 1EVE under similar conditions for the the
superpositions of azgo- ligands (L1H and L2H), complexes (CuL1 and CuL2) and donepezil drug (orange color)
appeared in each window in comparison to the appearance of each ligand, (b) CuL2 and donepezil; (c) all
molecules and donepezil; (b) CuL2 and donepezil; (d) CuL1 and donepezil; (e) L1H and donepezil; and (f)
L2H and donepezil [21].
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Figure 11.

Schematic illustration and the optimized molecular structure of the copper(1I) complexes (left); cell viability
results of copper(Il) complexes against the human breast adenocarcinoma MCF-7 cells at different (0—100 M)
concentrations, anti-bacterial and anti-fungal activities [30].

ligands an electron donating methoxy group was found favorable for designing
copper(II) bio-active compound (Figure 12).

It have been witnessed that azo- based ligands (derived from o-vanillin, salicylic,
isonicotinic, thiazole, indole, pyrazole, pyridinone, and their derivatives, for details
see Section 2.1) and their copper(II) complexes are found to be a favorable candidates
for realizing potentially promising bio-active compounds. Such compounds are
expected to replace the conventional drags which are suffering from side effect and
biological pathogens resistance. Due to the vast depth of the literature with regard
to azo- based copper(II) bio-active complexes, we attempt to discuss some selected
promising compounds in the above. Therefore, Table 1 below attempts to incorporate
some other works which are discussed in the above in detail. Thus, we encourage
readers to cross refer the compounds presented in Table 1 for further detailed struc-
tural insights as well as to refer recent comprehensive review detailing Azo- based
transition metal complexes and their biological activity reported by Younas and
coworkers [15].

2.2 Phenyl hydrazine- and hydrazone-based bio-active copper(II) complexes
Hydrozones are very essential intermediates for the synthesis of different het-

erocyclic compounds. Acid hydrazides as well as their derivatives are also another
class of hydrazine based compounds which useful chemical synthons for synthesis of
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Optimized molecular structure of the copper(II) complexes of Cu(11)-Cl (a) and Cu(I11)-OCH; (b). Best docking
poses with intevacting residues, as well as intermolecular interactions of CuL-OCHcomplex with VEGFR-2 (c)
and Aurora kinase A (d) [31].

numerous heterocyclic compounds that with pronounced biological as well as phar-
macological applications [40]. Apart from biological applications, Brady and Elsmie
reported that, of the nitro-substituted phenylhydrazine, dinitrophenylhydrazine is a
reddish yellow compound which has been used as an analytical reagent for the iden-
tification of carbonyl functional groups quantitatively [41] e.g. in biological samples
[42]. This confirms that phenylhydrazine and their derivatives are good nucleophile
for carbonyl ketones as well as aldehydes in the formation multi-functional hydrazone
based ligands (Figure 13) and their metal complexes for different applications such
as biological activity [16, 17]. Currently, hydrazone ligands possessing oxygen and
nitrogen are under extensive exploration due to their ease of synthesis, chelating
ability, potential biological as well as pharmacological applications [19, 40]. Amid the
different metal ions, the divalent Cu(II), Ni(II), Co(II), and Zn(II) are particularly
favored as they play a dynamic role in biological activities [43, 44]. Due to the vast
reports available in the literature, below only some selected phenyl hydrazine as well
as hydrazone based copper(II) exhibiting potentially better biological activity are
discussed in detail.

Idemudia and coworkers reported air-stable keto imine form of acylpyrazolone
phenylhydrazones based ligands prepared by condensation of 4-acetyl and 4-benzoyl
pyrazolone with dinitrophenylhydrazine as well as phenylhydrazine namely; benzo-
ylphenylhydrazone (Bmpp-Ph), acetyldinitrophenylhydrazone (Ampp-Dh), as well
as benzoyldinitrophenylhydrazone (Bmpp-Dh) and their transition metal complexes
(Cu(Il), Mn(II), Co(II), and Ni(II)) (Figure 14) [43]. All the complexes are under
octahedral geometry and exhibited better biological activity than their respective
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Chemical formula Geometry Characterization techniques Biological activity Refs.

[Cu(Lov.azo)2] Square planar FTIR, UV-Vis, TGA Antibacterial [32]

[Cu(L1ov.azo)].3H,0 Square planar UV-Vis, FTIR, XRD Anticancer [33]

[Cu(L2ov.az0) Square planar FTIR, UV-Vis, TGA, EPR, Antibacterial and [34]

Cl].2H,0 XRD Antifungal

[Cu(Lsar-az0)].H,O Square planar UV-Vis, FTIR, MS Molluscicidl [35]
(distorted)

[Cu(L1sar az0)H,0] Square planar FTIR, UV-Vis, MS, ESR, Antibacterial and [36]
(distorted) XRD Antifungal

[Cu(L2saL-az0) Hy0] Tetrahedral/ FTIR, UV-Vis, TGA Antibacterial [37]

(OAc), Square planar

[Cu(L3gar. Octahedral UV-Vis, FTIR, ESI-MS Antibacterial and [38]

420)2(H;0)5] Antifungal

[Cu(Lrsc.azo)H,0] FTIR, UV-Vis, TGA Antibacterial [39]

[Cu(Lpyriazo) DMF] Square- ICP-OES, UV-Vis, FTIR, Antioxidant, and [31]
pyramidal TGA, Single crystal X-ray Anticancer

[Cu(Lpyra-azo)]. Octahedral UV-Visible, FT-IR, NMR, DNA cleavage and [29]

nH,0 MS, XRD Antibacterial

[Cu(Lraarazo)] Octahedral FTIR, UV-Vis, TGA, ESR, Anticancer [28]

XRD, MS, EDAX, SEM

[Cu(Linpo-azo)] Square planar FTIR, UV-Vis, MS, ESR, DNA cleavage and [26]
(distorted) XRD Antibacterial

[Cu(Lnico-azo)].3H,0 Octahedral FTIR, UV-Vis, MS, ESR, DNA cleavage and [25]

XRD Cytotoxicity

*The abbreviated expressions in subscript position; OV, SAL, TSC, PYRI, PYRA, THAI, INDO, and NICO stands
for o-vanillin, salicylic, thiosemicarbazide, pyridinone, pyrazole, thiazole, indole, nicotinic, and their derivatives
respectively, for more structural details of the ligands, please vefer the original article from the provided refevences.

Table1.
Copper(II) complexes of azo- based ligands and their biological activities.

ligands. Moreover in their extended work on salicylic hydrazide based transition
metal complexes (Cu(II), Ni(II), Co(II), and Zn(II)) in a 1:1 molar ratio and their
biological activities, where both ligand substituent and central metal atom dependent
biological activity in which the efficacy of the metal complexes (Cu(II) > Zn(II) > Co
(I) > Ni(II)) was higher than to that of the ligands (Figure 15) [44].

Raman and coworkers reported an isatin-based hydrazone ligand prepared by
condensation of 2,3,5-trichlorobenzaldehyde with isatin monohydrazone and their
transition metal complexes (Cu(II), Ni(II), Co(II), and Zn(II)) in a 1:2 molar ratio for
their potential biological activity (Figure 16) [45]. The results showed that all com-
plexes exhibited effective oxidative DNA cleavage as well as promising antimicrobial
activity where particularly copper(II) and zinc(II) complexes showed higher antimi-
crobial activity than the nickel(II) and cobalt(II) complexes.

Lodyga-Chruscinska and coworkers reported a good chelating hesperetin based
hydrazine ligand (HHSB) and its copper(II) complex exhibiting promising cytotoxic
activity against cancer cells (normal (LLC-PK1) cell lines and tumor (HeLa and
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Multi-functionality of hydrazone (ved color) and its geneval synthesis route [17].
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Figure 14.

Proposed schematic structural representation of the metal complexes and crystal structure of
acetyldinitrophenylhydrazone (Ampp-Dh) (top). Antioxidant activities of phenylhydrazones-based ligands and
their vespective metal complexes (bottom,).

Caco-2)) [46, 47]. Moreover, further coordinating atom (changing O,N to ONS) and
substituent changes using thiosemicarbazide (TSC) also exhibited similar cytotoxic
activity confirming the versatility of the hesperetin based hydrazine ligand for chemi-
cal substituent modification (Figure 17).

Gatto and coworkers described pyridoxal-thiosemicarbazone and pyridoxal-S-
allyldithiocarbazate hydrazone hydrazone ligands bearing ONS-donor atoms and
their copper(II) complexes demonstrating promising potential anticancer activity
(Figure 18) [48]. Interestingly, copper(II) complexes cytotoxic tests showed effective
growth inhibition of both S-180 as well as Ehrlich tumor cells where enhancement of
the cytotoxicity was also observed up on complexation of the ligands with copper (II)
metal ions. Moreover, copper(II) complex (compound 5) demonstrated the death of
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Structure (proposed) and activity velationship of the complexes (top). Graphical illustration of ICy, value of all
the compounds (bottom).
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where M = Co(I1), Ni(II}, Cu(Il), and Zn(Il)

Antibacterial activity Antifungal activity

Complex S. aureus B. subiilis E. coli P. aeruginosa A. niger R. bataicola R. stolonifer C. albicans
Ligand (L) 150 250 100 100 150 200 200 100
[CoL,Cls) 75 100 25 50 50 50 75 25
[NiLCl3] 75 75 50 50 75 75 100 50
[CuL,Cly] 50 50 20 25 25 20 50 20
[ZnL,Cl5) 75 100 25 20 20 25 25 20
Streptomycin 5 10 5 10 - - - -
Nystatin = - - - 5 10 10 10

Figure 16.

Proposed structure and SC pBR322 DNA (0.3 ug) cleavage of by metal(I1) complexes (0.30 mmolL™) in the
presence of H,0, (100 umol L™) at pH 7.2. DNA control; DNA and H,0,; DNA + [CuL,Cl,]; DNA + ethanol

(4 1L); ave lanes 1—4 vespectively; DNA + H,0, + [CoL,CL,], [CuL,CL,], [ZnL,CL,], and [NiL,Cl,], are lanes
5-8, respectively; DNA + H,O, + ethanol + [CuL,Cl,]; DNA + H,O, + SOD + [CuL,Cl,] are lane 9 and lane 10
respectively (top). Antibacterial and antifungal activities of ligands, complexes and control drugs (bottom) [45].
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Solv = DMF,
DMSO, Hy0

Figure 17.

Chgelating ability of hesperetin based hydrazine ligand (HHSB) and its copper(II) complex proposed structure
(top) [46]. Crystal structure of the hesperetin based hydrazine ligand with hydrogen bonding [46] and DNA
damage of 4',6-diamidino-2-phenylindole (DAPI) stained comets in the HeLa cells: (A) 50 uM cisplatin; (B)
negative control; (C) 50 uM HHSB in Caco-2 cells; (D) 10 uM CuHHSB in LLC-PK1 cells; (E) 50 uM CuHHSB,
and (F) 50 uM HHSB (bottom) [47].

the tumor cells confirming that pyridoxal derivative copper(II) complexes could be
considered as great potential candidates for designing antitumor drugs which could
be due to the presence of thiosemicarbazide pendant.

Naik and coworkers also reported bi-dentate indol based hydrazone ligand
prepared by condensation of nicotinic acid hydrazide and indole-3-carboxaldehyde
and their transition metal complexes (Cu(II), Co(II), Mn(II), and Ni(II)) under
octahedral geometry for their potential biological activity (Figure 19) [49]. Of the
transition metal complexes, copper(II) and cobalt (II) complexes exhibited bet-
ter antibacterial as well as effective oxidative DNA cleavage activity. It is worthy to
mention the importance of indol and nicotinic based hydrazone based ligands and
their complexes suitability for designing bio-active compounds. Moreover, a similar
trend where copper(II) and cobalt (II) complexes exhibited better antibacterial as
well as effective DNA cleavage activity reported by Velladurai and coworkers using
triazine based tridentate ligand prepared from 1,2,4-triazine and 1,4-Naphthoquinon
pendants (Figure 20) [50].

Adimule and coworkers also reported benzimidazol based hydrazone bi-dentate
ligand bearing NS donor atoms and its transition metal complexes (Cu(II), Ni(II),
and Co(II)) for their DNA binding and antibacterial activity (Figure 21) [51]. In
addition to antibacterial activity of all the complexes, among the transition metal
complexes, copper (II) complex showed that an intercalative DNA binding and DNA
cleavage in presence as well as absence of oxidant H,0,. was also observed.

Moreover, a mixed-ligand copper(II) complexes of hydrazone-based ligands
displaying efficient biological activities were also reported by Annaraj and coworkers
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Figure 18.

Effect of each copper (II) complex (1—5 with coordinated atoms color code: Blue N, red O, gold S, green
Cl, maroon Br and cyan Cu) on the viability of the murine S-180 and Ehrlich cells treated with different
concentrations with statistical p-values (*p < 0.05; *p < 0.01; ***p < 0.001) (bottom) [48].

where the vital role of co-ligands on cytotoxicity and DNA/protein interactions has
been described in detail (Figure 22) [52]. The results of this work showed that the
copper (II) complexes showed multi-functionality including anti-inflammatory,
free-radical scavenging, antibacterial and DNA/protein interaction properties.
More recently, Guo and coworkers also reported similar strategy, i.e. mixed-ligand
hydrazone based copper(II) complexes and examined their potential anti-lung cancer
activity (Figure 23) [53]. Results of this study revealed that the investigated mixed-
ligand copper(II) complexes especially the complex with furan pendant was found
playing a good role in inducing ROS-mediated mitochondrial pathway regulated A549
cancer cell apoptosis. In both mixed ligand copper(II), the observed multi-function-
ality could be due to the parent complex as well as the synergistic combination of the
parent hydrazone ligand as well as the co-ligands which was also observed in other
works [54].

In general it have been demonstrated that hydrazone based copper (II) complexes
have been extensively explored for their biological activities. Therefore, due to
the vast literature report on hydrazone-based copper(Il) complexes, only selected
representative works are discussed in detail. From the above seminal representative
works discussed, it is interesting to note that similar to the azo- based copper(II)
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Figure 19.

Proposed structure of copper(II) complexes and percentage LDL oxidation inhibition by ligand and their metal
complexes (4a—d) at 10 uM concentration (top). Cleavage of DNA (supercoiled pBR322 of 0.5 ug) by the Co(II),
Ni(1I) and Cu(1II) complexes in a buffer at 37°C where DNA alone; DNA + 40 pl of cobalt complex + H,0,;
DNA + 40 ul of Co(II); DNA + 60 il of Co(11); DNA+ 40 ul of Ni(II); DNA + 60 ul of Ni(II); DNA + 40 ul of
Cu(11); DNA + 60 ul of Cu(II) are lane 1-8 respectively while forms I-II are supercoiled as well as nicked circular
DNA, respectively [49].
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Figure 20.
Proposed structure of transition metal complexes and their antibacterial activity [50].

complexes, hydrazone-based ligands processing indol, pyrazole, nicotinic, salicylic,
isatin, thiozole, quinoline and pyridoxal moieties are relatively promising for design-
ing copper(II) complexes with pronounced biological activity (Table 2).
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Benzimidazol based hydrazone ligand and its proposed structure of transition metal complexes with inset:
DNA binding where DNA control; DNA + H,0,; ligand + DNA; ligand + DNA + H,O,; Ni(II) + DNA;
Ni(1I) + DNA+ H,O,; Co(II) + DNA; Co(II) + DNA + H,O,; Cu(II) + DNA; Cu(II) + DNA+ H,0, are lane
1-10 vespectively (top). Antibacterial activity of transition metal (II) complexes with the control ciprofloxacin
drug (a); and their Bar diagram representation of their antibacterial activity including the ligand (b) [51].
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Figure 22.
Schematic representation of copper (1) complexes
cleavage (supercoiled pUC18 DNA) by copper(1I)

Brightfield __ Hoechst P

(1~4), the hydrazone ligand as well as the co-ligands (a). DNA
complexes 1—4 with buffer of pH = 7.14 at 37°C in the presence

of ascorbic acid (ASC) as a reducing agent, where DNA control; DNA + ASC; lane 3: DNA + ASC + complex

1 (50 uM); DNA + ASC + complex 2 (200 uM); DNA + ASC + complex 3 (150 uM); DNA + ASC + complex

4 (300 M) are lane 1-6, respectively (b). Antibacterial activity of complex 1 observed under the fluorescence
microscope as well as stained using the live/dead BacLight kit against Pseudomonas aeruginosa and
Staphylococcus aureus [where (a) and (c) are control and (b) and (d) are treated] (c). Hoechst 33342/PI staining
of AGS human gastric cells exhibiting changes in the nuclear morphology after treating with the complexes 1—4 at

concentration of 25 uM (d) [52].
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Figure 23.

Single crystal structure of the copper(II) complex and its schematic illustration of ROS-mediated mitochondrial
pathway regulated A549 cancer cell apoptosis; (top) the 3D morphological changes on the As49 cells treated with
the complex for 6 days with scale bar: 200 ym (middle) and wound healing results exhibited by the complex
through inhibition of the A549 cells migration where picturves with scale bar: 200 pum taken at o h as well as 24 h,
respectively (bottom) [53].

Chemical formula Geometry Characterization Biological Refs.
techniques activity
[Cu(Lyico)2] Octahedral FTIR, UV-Vis, TGA, Antibacterial [55]
MS, XRD, SEM
[Cu(Linpo) (C1) (H,0),] Octahedral FTIR, UV-Vis, TGA, Antibacterial [56]
MS, XRD, SEM, ESR Antifungal and
Antioxidant
[Cu(Lgar)2] Octahedral FTIR, UV-Vis, MS Antibacterial [57]
Antifungal and
Antioxidant
[Cu(Loqum)] Octahedral FTIR, UV-Vis, MS, Anticancer [58]
single crystal XRD
[CuLpyga(phen)(CH;0H)] Octahedral FTIR, UV-Vis, MS, Anticancer [59]
[CuLpyga(phen)]-CH;CH,OH-CH;0H and square single crystal XRD
pyramidal
[Cu(Lisar)2Cly] Octahedral FTIR, UV-Vis, TGA, Antibacterial [45]
MS, EPR Antifungal and
DNA cleavage

*The abbreviated expressions in subscript position; NICO, SAL, INDO, QUI, PYRA, and stands for nicotinic, salicylic,
indole, quinoline, pyrazole, isatin, and their derivatives respectively, for more structural details of the ligands, please
refer the original article from the provided references.

Table 2.

Copper(I1) complexes of hydrazine-based ligands and their biological activities.
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3. Conclusions and future outlooks

The presented chapter provides an over view of the up-to-date advances and
perspectives of azo- and hydrazine-based copper(II) complexes and their biologi-
cal activities. These complexes have been proved to be indispensable class of bio-
active compounds with broad spectrum of biological activities such as anticancer,
antibacterial, antifungal, DNA cleavage, etc. Moreover, azo- and hydrazine-based
ligands bearing salicylic, thiosemicarbazide, pyridinone, pyrazole, thiazole, indole,
isatin, quinoline, nicotinic, and their derivatives are found to be promising to design
bio-active copper(II) compounds. Therefore, future research works are expected to
explore on novel azo- and hydrazine-based copper(II) complexes owing broad spec-
trum biological activities accompanied with less toxicity. Biologically active starting
materials such as hesperetin, curcumin and the like are recommended to rationally
design the chelating azo- and hydrazine-based ligands. Additionally, chromophore
tagged azo- and hydrazine-based ligands are also expected to expand the multifunc-
tionality of their respective copper(II) bio-active complexes. Finally, the prospect of
copper(II) complexes of azo- and hydrazine-based bio-active copper(II) complexes is
a bright future which are expected to replace the conventional drugs which are suffer-
ing from side effects as well as pathogenic resistance. However, a collaborative work
between Chemists, Biochemists as well as molecular Biologists is still needed to realize
the promising biological activities of such compounds to the commercialization level.
Although the research works undergoing in academia are encouraging, a collaborative
work from multidisciplinary experts is a must to realize the industrialization of such
auspicious compounds.
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Abstract

Copper, a reddish and ubiquitous material in the world, possesses malleable and
conductive properties that render copper and its alloys indispensable in vertical
integration manufacturing. With advancements in nanotechnology and nanomateri-
als in recent decades, copper and its related nanoparticles have been engineered.
Their applications include engineering, material science, photo—/electro-catalysis,
biomedical drug delivery, agriculture, and antipathogen microbicides. Here, we
studied the differing toxicity effects of two sizes of copper nanoparticles (CulNPs),
recognized for their potent bactericidal properties. Concentration-dependent effects
of both 20 and 60 nm CuNPs were significant in Escherichia coli (E. coli), Acinetobacter
baumannii (A. baumannii), and Staphylococcus aureus (S. aureus). Sodium dodecyl
sulfate, the dispersant of nanoparticles, caused the synergy effects with CuNPs in
A. baumannii and S. aureus but not in E. coli. Four modulators were added to CuNP-
treated bacteria. By these modulator treatments, programmed cell death was found
inE. coli, A. baumannii, and S. aureus. By the BLAST search, caspase-related proteins
were commonly identified in gut bacteria and A. baumannii but not in S. aureus.
Furthermore, many proteins from E. coli, A. baumannii, and S. aureus were found to
harbor the ULK1-catalytic domain. In short, CuNPs can be potent therapeutic agents
against bacterial infections.

Keywords: membrane leakage, autophagy, apoptosis, necroptosis, cytotoxicity

1. Introduction

Copper, an earth-abundant and inexpensive material, has broad applications in
manufacturing and catalysis due to its malleable and conductive properties [1]. Bulk
copper is reddish and can be found in its pure form without chemical or physically
controlled refining [2]. However, size-dependent color changes from brown to black
show the different properties of copper at the nano-scales [3]. Bulk copper and its
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alloys are applied in material science, engineering, photo-electrical industries, and
manufacturing. In contrast, nano-scaled copper is used in agriculture, biomedi-
cine, environmental protection, photo-image, electronics, and superconductors

[4]. Fabrication of copper nanoparticles (CuNPs) is not an emerging technology.
Medieval red window glasses detected by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) revealed the existence of CuNPs, which
might be formed in a series process of heat and redox reactions [5]. In recent decades,
various methods have been utilized for the production of copper and copper-related
nanoparticles, such as copper nanoclusters and copper oxide nanoparticles. These
methods include microemulsion, sol-gel techniques, green synthesis, physical
smashing, chemical reduction precipitation, electro—/sono-chemical approaches,
and microwave irradiation [6-8]. These copper and copper-related nanoparticles are
categorized as metallic nanoparticles, containing high catalytic activities and easily
interacting with organic materials like lipids and proteins [6-8]. Therefore, CuNPs are
considered as potent antimicrobial agents against hazardous pathogens [9].

The increasing prevalence of new and untreatable infections has aroused concerns
in recent years. Traditional antibiotics struggle with problems of invalid treatments for
multidrug-resistant pathogens, and developing new strategies for these pathogen extir-
pations becomes an important issue [10, 11]. Gram-negative bacteria, such as Escherichia
coli (E. coli) and Acinetobacter bawmannii (A. baumannii), and gram-positive bacteria,
Staphylococcus aureus (S. aureus), are common pathogens of opportunistic infections,
which usually cause severe bacteremia and in-hospital death among hospitalized patients
[12-14]. Metallic nanoparticles, containing antimicrobial properties, are reported as the
workable bactericides for these three bacteria and are regarded as the last-line defense
against multidrug-resistant bugs [10, 15, 16]. Various metallic nanoparticles have been
studied, such as silver nanoparticles (AgNPs), CulNPs, copper oxide nanoparticles
(CuONPs), and zinc oxide nanoparticles (ZnONPs), with their outstanding antimi-
crobial contributions and biomedical applications make them approved by the U.S.

Food and Drug Administration (FDA) or undergoing clinical trials [15, 16]. Although
AgNPs and CuNPs are the most commonly applied in biomedical fields, CuNPs display
advantages in lower cost and higher biocompatibility [15]. There are lower risks of
accumulations for CuNPs in human bodies because copper-transporting adenosine
triphosphatases (Cu-ATPases) help control copper homeostasis and export excess copper
out of the body [7, 17]. Our previous study also demonstrated that CuNPs were harmless
to human normal skin fibroblast iz vitro [15].

Recently, the mechanisms of bactericide in copper-based nanoparticles have been
intensely discussed. Take most metallic nanoparticles, for example. Free ions released
from metal, which lead to the production of reactive oxygen species (ROS), are the
primary factor for killing bacteria [18]. Copper-based nanoparticles, a type of metallic
nanoparticles encompassing CuO/Cu,0, CuS, Cu’, and other core/shell nanoparticles
formed from various materials, are known to generate ROS [9, 16]. This is particularly
reasonable for them as they exhibit +1 and + 2 oxidation states which enable them to
interact with cell membranes through electrostatic attraction [16, 19]. In contrast,
CuNPs exist in Cu’ reduction states without charges, which should theoretically
make it difficult to generate ROS. Nevertheless, Lia et al. demonstrated that the
antimicrobial properties of CuNPs (Cu’) were from ROS [15]. Additionally, Chatterjee
et al. indicated that CuNPs released nascent ions via redox reactions when CuNPs
were exposed to aqueous conditions, such as cell medium and serum [20]. CuNPs
may employ “dry” or “wet” methods for accumulation and dissociation to reduce the
proton motive force across cell membranes and increase permeability [9]. Once CuNPs
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entered cells through damaged cell membranes, ROS-induced oxidative stress led to
lipid peroxidation, protein denaturation, and DNA degradation [9, 15, 20]. These
series of attacks increased the efficacy of antimicrobial abilities in CuNPs.

Our previous study on CuNPs corroborates these findings regarding ROS-induced
results [15]. We specifically investigated CuNP toxicities in E. coli and elucidated the
correlation among CuNP sizes, concentrations, and antimicrobial activities. We found
that different sizes and concentrations of CuNPs induced various mechanisms of
bacterial cell death in E. coli [15]. E. coli, A. baumannii, and S. aureus are three major
pathogens associated with nosocomial infections [12-14]. Studies on the antimicrobial
activities of CuNPs against these three pathogens hold clinical significance. In this
study, we used two sizes of CuNPs, 20 nm, and 60 nm, to investigate the bactericidal
abilities and the programmed cell death mechanisms across the three pathogens.

2. Materials and methods
2.1 Nanoparticle preparation

Two sizes of CuNPs, 25 nm (marked as 20 nm) and 60-80 nm (marked as 60 nm),
were purchased from Sigma-Aldrich Company (Sigma-Aldrich, St. Louis, MO, USA).
As a dispersant, 1.0 mM of sodium dodecyl sulfate (SDS) (Sigma-Aldrich) was
applied. The aggregation of CuNPs was prevented by capping with SDS and ultra-
sonic bath at 40°C for 30 min. The aqueous CuNPs were freshly prepared and used
immediately. To ensure the sizes and the physicochemical properties of CuNPs, dif-
ferent equipment, such as transmission electron microscope (TEM; H-7500; Hitachi,
Tokyo, Japan), liquid particle attractor (FlowVIEW, Hsinchu, Taiwan), Flow AOI
(FlowVIEW), and Zetasizer Nano ZS (MalvernInstruments, Worcestershire, UK),
were used in this study [15].

2.2 Bacterial cell culture

E. coli (Migula) Castellani and Chalmers strain 25,922 and A. baumannii Bouvet
and Grimont strain were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). S. aureus, initially derived from ATCC 13567, was
purchased from the Bioresource Collection and Research Center (BCRC, Hsinchu,
Taiwan). Three bacteria were cultured in Luria—Bertani (LB) broth (Becton,
Dickinson and Company, Sparks, MD, USA) or LB agar (FocusBio, Miaoli, Taiwan).
Bacteria were grown until the value of optical density (O.D.) at an absorbance of
600 nm reached 0.5 under aerobic conditions at 37°C with shaking at 200 rpm.

The O.D. value was measured using a Bio-Rad iMark microplate reader (Bio-Rad
Laboratories, California, USA).

2.3 Viability determination

To understand the antimicrobial activities of 20 and 60 nm CuNPs, three bacteria
were treated with PBS (the negative control), 0 (mock), 1, 5, 10, 50, and 100 pg/
mL of 20 or 60 nm CuNPs, respectively, at 37°C for 24 h. The difference between the
group of negative control and mock is that mock contains dispersant while nega-
tive control does not. Bacteria were treated with 70% alcohol for 24 h as the positive
control. For viability measurement, PrestoBlue® Cell Viability Reagent (Invitrogen,
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Carlsbad, CA, USA) was added to each treated bacterium. After 2 h of incubation at
37°C and 200 rpm, the fluorescence at 590 nm was measured by a Varioskan LUX
multimode microplate reader (ThermoFisher Scientific, MA, USA). The value of
fluorescence represented the survival of cells.

To detect the minimum bactericidal concentration (MBC), three bacteria were
treated with either 20 nm or 60 nm of CulNPs at the concentrations of 0, 1, 5, 10, 50,
and 100 pg/mL for 24 h. After overnight treatment, each group of bacteria was trans-
ferred to the LB agar plates and incubated for another overnight. The standard colony
counting method was used for colony number calculation, and MBC was determined
by the colony number.

2.4 Cell death mechanism measurement

To comprehend the bactericidal mechanism of 20 and 60 nm CuNPs, we chose
four modulators of programmed cell death to apply in CuNP-treated bacteria. Z-VAD-
FMK (marked as Z-VAD; Sigma-Aldrich, Saint Louis, MO, USA) is an apoptosis
inhibitor that binds to caspase-family proteins [21]. SBI-0206965 (marked as SBI;
BioVision, Milpitas, CA, USA) and wortmannin (marked as Wort; Abcam, MA, USA)
are autophagy inhibitors, which work on serine/threonine kinase ULK1 and the class
IIT phosphatidylinositol 3-kinase (PI3K), respectively [22, 23]. Necrosulfonamide
(NSA; Sigma-Aldrich, Saint Louis, MO, USA) blocking mixed lineage kinase domain-
like pseudokinase (MLKL) serves as the necroptosis suppressor [24]. Before the CuNP
treatments, bacteria were pretreated with 100 nM Z-VAD for 30 min, 5 pM SBI for
2 h, 100 nM Wort for 30 min, or 0.5 pM NSA for 1 h. The pretreated bacteria were
then incubated with 20 nm or 60 nm of CuNPs at 0, 1, 5, 10, 50, and 100 pg/mL for
24 h, containing (or not) the same modulator at the same concentration in the pre-
treatment stage. The cell viabilities of bacteria rescued by modulators were detected
with PrestoBlue® Cell Viability Reagent. The protocol of the PrestoBlue assay was the
same as previously described.

2.5 Statistical analysis

Data are expressed as mean + standard deviation (SD). Mean values and SDs were
calculated from at least three independent experiments carried out in triplicates for
each treatment group. Statistical comparisons were performed by one-way ANOVA
and the Student’s t-test, using statistical significance at P < 0.05 with stars and
symbols (*, #, $, and ) (Figure1).

3 Cell-death
Nanoparticle ;
Preparation Mechanism

P Measurement
Viability
Different sizes/concentrationsof | Determination - =
CuNP treatment in E. coli Amino-acid
A A. baumanrit Sequence
Bacterial S. aureus . q
Cell Cult Alignment to
o ufture Modulator
Active Domains

Figure 1.
The process steps in this study.
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3. Results
3.1 Bactericidal activities in CuNPs

In our previous study, we disclosed the effects of different sizes and concen-
trations of CulNPs in E.coli [15]. Here, we further examined whether the same
effects would be observed in other bacteria. We selected three clinically important
pathogens, E. coli, A. baumannii, and S. aureus, which cover both Gram-negative
and gram-positive bacteria, to investigate the bactericidal effects of 20 and 60 nm
CuNPs. The bacteria were treated with different concentrations of the two sizes
of CuNPs. Concentration-dependent bacterial cell viabilities and colony numbers
were shown in both 20 and 60 nm CuNP treatments (Figure 2). Similar percent-
ages of viabilities compared to the positive control (70% EtOH) were displayed in
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Figure 2.

Thge bactericidal abilities of CuNPs in three pathogens. E. coli, A. baumannii, and S. aureus were treated with
different concentrations of CulNPs in two sizes. Bacteria treated with PBS or 70% alcohol served as the negative
and positive controls, respectively. The relative cell viabilities of 20 nm (A) or 60 nm CuNPs (B) in E. coli, A
bawmannii, and S. aureus were determined using the PrestoBlue assay. The colony numbers were calculated for E.
coli (C), A. baumannii (D), and S. aureus (E) treated with either 20 or 60 nm of CulNPs. Data are presented as
mean + SD from three independent experiments with triplicates in each treatment group. Statistical comparisons
were pevformed by ANOVA and student t-test; *, #, and $ indicate P<0.05 for 20 or 60 nm CuNP treatments
relative to the negative control, respectively, and $P<0.05 for comparisons among the three pathogens in the same
concentration treatments.

77



Copper Overview — From Historical Aspects to Applications

50 and 100 pg/mL of 20 and 60 nm CuNPs (Figure 2A and B). Significant reduc-
tions in viability were observed in the three bacteria at low concentrations (1 and
5 pg/mL) of 20 nm CuNPs. Notably, E. coli exhibited greater sensitivity to 5 pg/mL
of 20 nm CuNPs compared to A. baumannii and S. aureus (Figure 2A). In contrast,
mild reductions of cell viabilities were observed at 1 and 5 pg/mL of 60 nm CuNP
treatments in E. coli. (Figure 2B). Significant effects of 60 nm CuNPs were evident
when the concentration reached 10 pg/mL or above. Unlike E. coli, remarkable
effects of 60 nm CuNPs in A. baumannii and S. aureus (Figure 2B) were observed
starting from the concentration of 1 pg/mL. The most obvious difference in cell
viability among the three bacteria was seen at the concentration of 10 pg/mL in
60 nm CuNP treatments.

To determine the minimum bactericidal concentration (MBC) in CuNP
treatments, three bacteria were incubated with either 20 or 60 nm CuNPs, and
a standard colony counting assay was performed (Figure 2C-E). In E. coli treat-
ments, 20 nm CuNPs exhibited an excellent inhibition of colony formation
at concentrations of 1, 5, 10, 50, and 100 pg/mL, while 60 nm CuNPs displayed sig-
nificant inhibition at concentrations of 5, 10, 50, and 100 pug/mL (Figure 2C). The
MBC was determined to be 10 and 50 pg/mL in 20 and 60 nm CuNP treatments,
respectively (Table 1). In A. baumannii treatments (Figure 2D), higher concentra-
tions of 20 and 60 nm CuNPs were required for inhibition of colony formation.
The MBCs reached 50 and 100 pg/mL in 20 and 60 nm CuNP treatments, respec-
tively (Table 1). S. aureus displayed the highest sensitivity to both sizes of CuNPs
(Figure 2E and Table 1). Notably, the results in mock groups (0 pg/mL) suggested
a synergy effect between the dispersant, SDS, and CuNPs in S. aureus treatments
(Figure 2A, B, and E).

3.2 Bactericidal mechanism studies in CulNPs

To understand the bactericidal mechanisms triggered by CulNPs, four modu-
lators, SBI, Z-VAD, NSA, and Wort, were chosen for subsequent experiments.
These modulators are frequently employed in research on mammalian cell death
mechanisms. SBI binds to Unc-51-like kinase (ULK) and interrupts the initiation
of autophagy [22], while Z-VAD binds to caspase-like family proteins and inhib-
its apoptotic programmed cell death [21]. NSA interacts with MLKL to prevent
necroptic cell death [24], and Wort increases survival rates by depleting autopha-
gosome formation [23]. In our experiments, E. coli, A. baumannii, and S. aureus
were pretreated with the four modulators before co-treatment with the modulators
and two sizes of CuNPs, respectively (Figure 3).

MBC (pg/mL)
20 nm CuNPs 60 nm CuNPs
E. coli 10 50
A. baumannii 50 100
S. aureus 10 10

Table 1.
The MBC in two sizes of CulNPs for three bacteria.
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Figure 3.

Effects of CuNPs and programmed cell death modulators on bacterial cell viability. E. coli (A and B),

A. baumannii (C and D), and S. aureus (E and F) were treated with PBS (negative controls) or varying
concentrations (0, 1, 5, 10, 50, 100 ug/ml) of 20 or 60 nm CuNPs, either alone or in combination with
programmed cell death modulators, including SBI, Z-VAD, NSA, and Wort, respectively. Cell viability was
assessed by PrestoBlue assay. Statistically significant differences at P<o0.05 (* vs. negative control) were determined
using Student’s t-test. ANOVA was performed for statistical comparisons between the mock and other modulators
at each concentration, with significance indicated by }P<0.05.
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InE. coli, Z-VAD- and NSA rescued the survival rate in 20 nm CulNP-treated
bacteria, indicating that the cell death pathways rescued by these two modulators
were the major mechanisms at low (1 and 5 pg/mL) and high concentrations (10 pg/
mL), respectively (Figure 3A). However, the death pathway that could be rescued
by Z-VAD played a vital role in all concentration treatments of 60 nm CuNPs
(Figure 3B). Similar results to those observed in E. coli could also be seen in A.
baumannii treated with 20 and 60 nm CuNPs (Figure 3C and D), with the exception
of the possible involvement of the cell death pathways rescued by SBI at low concen-
trations (1 and 5 pg/mL) of 60 nm CuNPs (Figure 3D).

In contrast, S. aureus displayed a possible different bactericidal mechanism
in CuNP treatments (Figure 3E and F). Z-VAD affected bacterial viability only
at 1 pg/mL of 20 nm CuNP group, while NSA increased viability at 10 and 50 pg/
mL of 20 nm CuNP (Figure 3E). None of the four modulators were able to raise
the viabilities of S. aureus in all concentrations of 60 nm-CuNP treatments
(Figure 3F).

Interestingly, the mechanisms of bactericidal effects from the dispersant of
nanoparticles, SDS, were distinct in A. baumannii and S. aureus. Modulators SBI,
Wort, as well as NSA rescued bacterial viabilities in S. aureus incubated with SDS
in the mock group (0 pg/mL) of 60 nm CuNPs (Figure 3F). Conversely, only NSA
contributed to viability elevation when A. baumannii was incubated with SDS in
the mock group (0 pg/mL) of 60 nm CuNPs (Figure 3D). However, SBI decreased
viabilities in the mock group when E. coli was treated with 60 nm CuNPs (Figure 3B).
No significant differences were seen in the effects of SBI, Z-VAD, NSA, and Wort
treatments on E. coli, A. baumannii, and S. aureus when bacteria were incubated with
the mock of 20 nm CuNP groups (Figure 3A, C, and E).

3.3 NCBI protein database alignment of programmed cell death modulators

To verify the effects of modulators on programmed cell death in E. coli, A. bau-
mannii, and S. aureus, specific domain sequences were searched on the NCBI Protein
database using BLAST (Figure 4). Z-VAD, a pan-caspase inhibitor, acts by irrevers-
ible binding to the catalytic site of caspase proteases. In the NCBI protein database,
proteins such as WP_000709408 and WP_317300176 from E. coli and A. baumannii,
respectively, were annotated as caspases. These caspases contain a Peptidase_C14
domain (pfam00656, caspase domain), which has been identified in some human
proteins, such as mucosa-associated lymphoid tissue lymphoma translocation protein
1isoform b (NP_776216). However, no significant similarity was found for S. aureus
(Figure 4A).

SBI is a potent inhibitor of the kinase ULK1 [25]. Through our analysis, many
proteins from E. coli, A. baumannii, or S. aureus were identified to share similar-
ity to the catalytic domain of human threonine-protein kinase ULK1 (NP_003556)
(Figure 4B). Relative to the length of human ULK1 (1050 amino acids), only 260
amino acids were found to be matched among the proteins in these three bacteria.

Despite searching for the bacterial homologs of the NSA activation domain, 4HB
domain of MLKL (NP_689862.1), and PI3K-like catalytic domains for Wort in the
NCBI protein database using BLAST, no hits were found in E. coli, A. baumannii, or
S. aureus (data not shown). Nevertheless, our sequencing alignment results and the
bactericidal effects shown in Figure 3 displayed consistency.
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Figure 4.

Sequence alignment of the possible Z-VAD- and SBI-responsive domains in E. coli, A. baumannii, and S. aureus.
(A) Alignment of the caspase domain among the caspase-like proteins from human, E. coli, and A. baumannii.
(B) Alignment between the human catalytic domain of threonine-protein kinase ULK1 (NP _003556) and proteins
from E. coli, A. baumannii, and S. aureus. Hash signs (#) denote possible active and/or ATP binding sites
annotated in the STKc_ULK1 domain. The alignment was generated by Jalview 2.

4. Discussion

In this study, we demonstrated that both 20 and 60 nm CulNPs were effective bacteri-
cidesinE. coli, A. baumannii, and S. aureus (Figure 2, Table 1). These nanoparticles dis-
played concentration-dependent antimicrobial activities. The non-toxic nature in normal
human skin cells and the broad spectrum of antimicrobial activities suggest that CuNPs
could be utilized in hydrocolloid dressing to defend against infections. Our investigation
into the bactericidal mechanisms revealed the potential involvement of programmed cell
death in these bacteria, as evidenced by the effects of different modulators and protein-
sequence alignments of catalytic domains. These findings shed light on bacterial stress
response and offer a promising new strategy against drug-resistant bacteria.

Metallic and metallic oxide nanoparticles have gathered interest in recent years due to
their biomedical applications. They are capable of generating ROS and attacking patho-
gens. Our previous study confirmed this phenomenon [15], demonstrating that both 20
and 60 nm CuNPs destroyed the cell membranes of E. coli through ROS production. It is
believed that the release of metals and electrochemical reactions from metallic-related
nanoparticles, especially smaller particles with a higher surface-area-to-volume ratio,
contribute to their heightened ROS production [26]. ROS can cause various cellular
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problems, including lipid peroxidation, protein damage, DNA breakage, blocking of
carbohydrate metabolism, and inhibition of the TCA cycle [27]. As a consequence of
ROS-induced damage, cellular growth, energy yields, and cell survival are reduced
[28]. Some cellular organelles, such as cell membranes, mitochondria, DNA or RNA,
ER systems, and some proteins or enzymes, are targets for ROS attacks [29]. Damage
to cellular components can lead to cell death through necrosis, apoptosis, necroptosis,
and autophagy [29]. In our previous studies, breakage of chromosomal DNA in E. col
treated with 20 nm CulNPs was observed by electrophoresis [15]. Furthermore, as the
concentration increased, so did the damage to DNA. However, surprisingly, condensed
chromosomal DNA was observed in E. coli treated with 60 nm CuNPs [15]. Boa and
Dwyer suggested that bacteria used a specific signal transduction pathway to induce
DNA condensation in the process of apoptosis when faced with ROS stress [30, 31].
Additionally, Jia et al. indicated that multiple programmed cell death pathways, such as
necroptosis, ferroptosis, pyroptosis, oxeiptosis, autophagy, and apoptosis were related
to ROS [32]. Therefore, it is plausible that bacterial programmed cell death is induced by
ROS generated by metallic and metallic oxide nanoparticles.

Programmed cell death triggered by different stressors in E. coli was first discov-
ered in 2004 [33]. In eukaryotes, apoptotic programmed cell death is characterized
by DNA fragmentation, phosphatidylserine externalization, and membrane depo-
larization. In E. coli, two programmed cell death systems have been identified: the
EDF-mazEF-mediated death pathway and apoptotic-like death (ALD) pathway. These
pathways involve a series of signal transduction routes that control bacterial sur-
vival, ultimately leading to DNA breakage, phosphatidylserine externalization, and
membrane depolarization [34]. Notably, there is a crosstalk between the EDF-mazEF-
mediated death and ALD pathways. Comparing E. coli to eukaryotes, it emerges that
multiple programmed cell death pathways found in mammalian cells, such as necrop-
tosis, ferroptosis, pyroptosis, oxeiptosis, autophagy, and apoptosis, are highly related
to ROS [35]. These programmed cell death pathways also exhibit crosstalk in their
signal transduction pathways, regulated by various checkpoints [35-38]. Some signal
transduction pathways involved in their survival-or-death processes share common
ancestor proteins [36-38]. Different modulators or inhibitors have demonstrated to
halt these progresses at specific steps [39, 40]. In this study, we used four modula-
tors that show critical roles in necroptosis, apoptosis, and autophagy in mammalian
cell studies. Co-treatment of E. coli and A. baumannii with Z-VAD and both sizes of
CuNPs (Figure 3A-D) resulted in increased cell survival. Additionally, we observed
changes in cell viabilities in A. baumannii co-treated with SBI and low concentrations
of 60 nm CuNPs, as well as S. aureus co-treated with SBI and dispersant (Figure 3D
and F). These results suggest that bacteria possess active domains similar to caspase-
related and ULK1 proteins and respond to these modulators. Amino-acid sequence
alignments support these findings (Figure 4). Although cell viabilities of bacteria also
increased in CuNP-NSA co-treated groups, no similarity in amino-acid sequences of
4HB domain of MLKL was found in E. coli, A. baumannii, or S. aureus.

There are many similarities between prokaryotes and eukaryotes, yet certain
properties have long been accepted as essential eukaryotic characteristics that distin-
guish them from prokaryotes. For instance, endocytosis was traditionally considered
a primary survival behavior in eukaryotes. However, discoveries such as cyanobac-
teria’s ability to engage in energy-dependent endocytosis challenged this notion [41].
Subsequent research revealed that diverse gram-positive bacteria like Arthrobacter
ilicis D-50, gram-negative bacteria such as E. coli, and archaea like Thermus aquaticus
possess the ability to uptake materials through macropinocytosis [42]. This process
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was shown to be triggered by cell-penetrating peptide-mediated protein transduction
[42]. Similarly, while cytoskeletons were once believed to be exclusive to eukaryotes,
proteins like FtsZ in Bacillus and MreB in Caulobacter crescentus exhibit similarities

to actins in eukaryotes [43-45]. Additionally, the CreS protein in C. crescentus serves
analogous functions to intermediate filaments in eukaryotes [43, 45]. Programmed
cell death in bacteria, as discussed earlier, is another example of shared biological
processes. In this study, we unveiled the potential for multiple programmed cell
death pathways in E. coli, A. baumannii, and S. aureus induced by different sizes and
concentrations of CuNP treatments. While our understanding is currently limited

by the responses observed in modulator treatments and information available in the
protein databank, the possibility of necroptosis, autophagy, or other programmed cell
death pathways cannot be discounted. Understanding the regulation of cell survival-
death and signal transduction pathways may hold the key to developing strategies
targeting bacterial stress responses, thereby overcoming antibiotic resistance. This
deeper insight into bactericidal mechanisms could pave the way for novel approaches
to combat multiple drug-resistant bacteria.

5. Conclusion

Metallic and metallic oxide nanoparticles, including CuNPs, have been shown
to reduce viabilities and colony formation abilities in E. coli, A. baumannii, and S.
aureus. Nanoparticle dispersants and nanoparticles exhibit a synergic effect in killing
bacteria, particularly S. aureus. These bacteria displayed size- and concentration-
dependent sensitivities to CuNPs. Furthermore, four programmed cell death modula-
tors elicited different responses at varying concentrations of 20 and 60 nm CuNPs.
Through a search of the catalytic domains responding to the modulators in the protein
database, some similarities between prokaryotes and eukaryotes were found. This
study suggests the possibility of a programmed-cell death system in prokaryotes,
though further research is needed to validate this concept.
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Appendices and nomenclature

A. baumannii  Acinetobacter baumannii

AgNPs silver nanoparticles
ALD apoptotic-like death
C. crescentus Caulobacter crescentus
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Cu-ATPases copper-transporting adenosine triphosphatases
CuNPs copper nanoparticles

CuONPs copper oxide nanoparticles

E. coli Escherichia coli

EtOH alcohol

FDA U.S. Food and Drug Administration
LB Luria—Bertani

MBC minimum bactericidal concentration
MLKL mixed lineage kinase domain-like pseudokinase
NSA necrosulfonamide

O.D. optical densities

PI3K phosphatidylinositol 3-kinase

ROS reactive oxygen species

S. aureus Staphylococcus aureus

SBI SBI-0206965

SD standard deviation

SDS sodium dodecyl sulfate

SEM scanning electron microscopy

TEM transmission electron microscopy
ULK Unc-51-like kinase

Wort wortmannin

ZnONPs zinc oxide nanoparticles

Z-VAD Z-VAD-FMK
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Application of Copper-Based
Compounds in Energy Conversion
and Catalysis
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Abstract

Due to the crisis of energy consumpticon and environmental pollution, developing
high-efficiency and low-cost catalysts is especially crucial and demanded, and the
related research is increasing rapidly. Between them, copper and copper-based com-
pounds are broadly investigated, due to their excellent properties, including ability of
absorbing visible light, electronic tunability through adjusting the type and ratio of the
bonded element, high catalytic efficiency and recycling property, abundant in the
earth, low cost and valuable facet engineering. In this chapter, we will first introduce
the crystal and electronic structure of pure copper, including the bulk and various
surfaces. Then, the electronic structure of copper-based compounds will be introduced,
including CuOy, CuN,, CuSi, and so on, whose band structure can be tuned from metal
to semiconductor, topological semimetal, and even superconductor. At last, the appli-
cation and mechanism in catalysis will be introduced, including plasmonic catalysis,
hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduc-
tion reaction (ORR), nitrogen reduction reaction (NRR), carbon dioxide reduction
reaction (CO,RR), and single-atom catalysis (SAC). We found that Cu element can be
incorporated into a broad type of materials with novel electronic structures. Further-
more, Cu-based materials play a vital role in energy conversion and catalysis.

Keywords: Cu-based compounds, electrocatalysis, photo(electro)catalysis, visible
light, energy conversion

1. Introduction

In the twenty-first century, the growing global energy demand is juxtaposed against
the traditional energy supply system, which is heavily reliant on fossil fuels. The con-
sumption of these fuels produce considerable amounts of greenhouse gases and pollut-
ants, posing significant threats to both the environment and human health [1-3]. The
rising consumption of fossil energy and the resulting CO, emissions not only degrade air
quality but also contribute to the exacerbation of global warming (Figure 1) [4]. To
address this challenge, developing clean and sustainable energy resources is crucial.
Solar and hydrogen energy are considered as promising alternative energy sources, and
they can even be integrated into the prospective energy supply system [5].
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Figure 1.
Global energy-related CO, emissions of recent years [4].
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Figure 2.
Solar energy spectrogram [6].

Solar energy is a kind of clean, abundant, and widely available energy source. As
depicted in Figure 2, the solar spectra cover a wide range from ultraviolet (UV) to
near-infrared (NIR), with visible light occupying 43% [6]. Therefore, optimizing
energy utilization in the visible region is imperative for enhancing solar energy utili-
zation [7], including photovoltaic cells and solar-thermal systems, which transfer
sunlight into electricity and heat. Despite achieving a certain level of solar energy
utilization, these technologies face ongoing challenges, including limited conversion
efficiency, high cost, and energy storage issues [8, 9].

Hydrogen (H,), serving as a clean energy carrier, can be exclusively yielded from
the consumption of water, without producing pollutants [10]. Additionally, its high-
energy density renders hydrogen suitable for energy storage, transportation, and
efficient utilization [11]. Hydrogen can be generated through diverse methods,
encompassing water electrolysis, fossil fuel reforming, and biomass conversion.
Between them, water electrolysis stands out as the cleanest method for hydrogen
production, albeit being less energy-efficient and more costly [12]. Consequently,
improving the energy-transfer efficiency and reducing the cost of water splitting
constitute a pivotal role in maximizing the utility of hydrogen energy [13]. In addi-
tion, how to reduce the harmful gas CO, and NOj, is important for environmental
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Trends of published papers on solar energy utilization over the last two decades.

protection. Then, convert them into useful nitric and carbonous chemicals, such as
NHj; and C,Hy, utilizing solar energy through photocatalysis or photoelectrocatalysis
could be a preferable route.

In recent years, significant progress has been achieved in the research on the
utilization of solar energy. As illustrated in Figure 3, the publication number of the
related research has increased continually over the past two decades. However, there
is still an ongoing need to improve solar energy conversion efficiency and catalysis,
specifically in the visible-light range.

This chapter will first introduce the crystal and electronic structure of pure copper
in Section 2, covering the bulk and low-index surfaces. In Section 3, the crystal and
electronic structures of various copper-based compounds will be briefly summarized,
encompassing semiconductors, alloys, topological semimetals, and superconductors.
In Section 4, the main applications and mechanisms of Cu-based catalysis and energy
conversion will be introduced. The overarching goal is to facilitate readers’ compre-
hension of the crystal structure, electronic structure, applications and mechanisms of
copper and copper-based compounds in energy conversion and catalysis.

2. Crystal and electronic structure of pure copper
2.1 Bulk copper

As shown in Figure 4, copper (Cu) possesses a face-centered cubic (FCC) crystal
structure, where copper atoms reside at corners and face centers of the crystal unit
cell, with the number of nearest neighboring atoms reaching the maximum 12, that is,
closely packed. The lattice constant of bulk Cu is approximately 3.61 A. The electrical
and thermal conductivities of Cu at room temperature are 5.96 x 10" S/m and
398 W/(m-K), respectively. The electronic configuration of Cu is [Ar] 3d%4s!, indi-
cating a fully occupied 3d shell and semi-filled 4 s orbital, resulting in the typical metal
bands, without a forbidden band gap between the valence band (VB) and conduction
band (CB). Besides, Cu demonstrates specific light absorption properties. For bulk Cu,
it owns good absorption in the visible spectral range and results in the typical metallic
color. Besides, plasmonic resonance is a ubiquitous phenomenon in Cu, which is the
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Figure 4.
Crystal structure of bulk copper.

excited states of collective oscillations of free electrons in a metal, under the irradia-
tion of light. For Cu nanomaterials, the resonance absorption can be tuned from the
ultraviolet to the visible-light region.

2.2 Low-index surface of copper

Copper can expose a variety of crystalline facets, among which the low-index
facets are particularly active and have garnered significant attention. Following we
will elucidate the atomic and electronic structures of several low-index Cu facets.

2.2.1 Cu(100) surface

Figure 5 illustrates the atomic and electronic structures of the Cu(100)
surface [14, 15]. Figure 5(a) depicts the crystal structure of Cu, with the Cu(100)
surface highlighted in gray on the upper panel, the lower panel shows the top-view
image, and unit cell is marked with a square. Figure 5(b) illustrates the three-
dimensional (3D) Brillouin zone (BZ) of bulk Cu and its projection onto the (100)
plane. Figure 5(c) displays the typical scanning tunneling microscope (STM)
image of Cu(100) surface, with each bright dot corresponding to a Cu atom, it
illustrates an obvious relationship between the atomic arrangement in the STM image
in Figure 5(c) and the crystal structure from Figure 5(a). Figure 5(d) presents the
theoretically calculated bands and experimentally measured ones by angle-resolved
photoelectron spectroscopy (ARPES) with hv = 27 eV on the Cu(100) surface along
I'-M direction.

2.2.2 Cu(110) surface

Figure 6 illustrates the atomic and electronic structure of the Cu(110) surface
[14, 16]. Figure 6(a) depicts the crystal structure of Cu, highlighting the Cu(110)
surface in gray at the top, and displaying the corresponding atomic arrangement at the
bottom, with the rectangle-shaped unit cell indicated. The corresponding BZ is
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Figure 5.

(a) Crystal structure of Cu(100). (b) 3D BZ of bulk Cu and the surface projected BZ of Cu(100).
(¢) Typical STM image of Cu (100) [14]. (d) Tight-bond calculated bulk band for Cu(100) surface
(gray shaded), and the red line represents the experimentally obtained bands by ARPES spectra with
hv=27eV[15].

depicted in Figure 6(b). Furthermore, the STM image in Figure 6(c) shows a regular
array of bright dots, and the period is consistent with the atomic arrangement in
Figure 6(a). Finally, the high-resolution surface state (SS) of Cu(110) is shown in
Figure 6(d), informing a parabolic dispersion.

2.2.3 Cu(111) surface

Figure 7 illustrates the atomic and electronic structures of the Cu(111) surface
[14, 17]. Figure 7(a) depicts the crystal structure of Cu, with the Cu(111) surface
highlighted in gray in the upper panel, and the top-view shown in the lower panel.
Figure 7(b) presents the corresponding BZ. Additionally, Figure 7(c) displays the
typical STM image of the Cu(111) face, with the atomic arrangement aligned with that
in Figure 7(a). Finally, Figure 7(d) presents the ARPES result of Cu(111) face, with
the Shockley-type SS and sp band clearly observed.
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Figure 6.
(a) Crystal structure, (b) BZ, and (c) typical STM image of Cu (110) surface [14]. (d) ARPES intensity plot of
Cu(110) surface state [16].

2.3 Facet-dependent catalysis of copper nanomaterials

The distinct crystalline surfaces of Cu normally own different physical and chem-
ical properties, including the catalysis activity and the corresponding reaction path-
ways. Therefore, surface modulation is an important research hotspot in catalysis.

Figure 8(a) depicts the decomposition kinetics of formate (HCO,) on Cu(111), Cu
(110), and Cu(100) surfaces [18] through density functional theory (DFT, solid line)
and potential energy surface (PES, dashed line), which shows great coincidence
within 10 meV. It can be seen that the activation barrier heights for HCO, decompo-
sition on Cu(111) are close to those of Cu(100) and lower than those of Cu(110), while
the values are 1.104, 1.155, and 1.483 eV, respectively. For the mean translational
energy (Eqans) of the CO; product (Figure 8(b)) and mean kinetic energy of adsorbed
H atom (Figure 8(c)) during HCO, decomposition, the former one obtains more
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Figure 9.
Faradaic efficiencies (FE) of CO, reduction products formed on (a) Cu(100), (b) Cu(110), and (c) Cu(111)
surfaces. The dashed lines mark the onset potentials of CO and C,H,, formation [19].

kinetic energy on Cu(111) and Cu(100) surfaces, but the latter one obtains most
energy on Cu(110) surface. These results undoubtedly inform the facet-dependent
catalysis of Cu material.

Figure 9 illustrates the electrochemical reduction of CO, on different facets of
single crystal Cu [19]. Although the onset potentials for C;H, formation are consis-
tently 300-400 mV more negative than those for CO product on Cu(100), Cu(110),
and Cu(111) surfaces, the values on each surface are different, that is, Cu(100)
(-0.7V, -0.3V) < Cu(110) (-0.8V, —-0.5V) < Cu(111) (-09V, -0.6 V),
informing a facet-dependent activity for CO, reduction.

3. Crystal and electronic structure of typical copper-based compounds

As we know, there are numerous copper-based compounds reported, with distinct
structures and properties. This section will introduce the crystal and electronic struc-
tures of various classes of copper-based compounds, encompassing semiconductors,
alloys, semimetals, and superconductors.

3.1 Copper-based semiconductor

Semiconductor is a kind of material whose electrical conductivity falls between
that of a conductor and insulator. The properties of semiconductors are primarily
determined by their energy band structure, separated by an <5 eV energy band gap
between the valence band (VB) and conduction band (CB). At absolute zero temper-
ature and without excitation of the external field, VB is completely occupied, and CB
is entirely unoccupied, thereby preventing the flow of electrons from forming a
current. However, as the temperature increases, or under the irradiation of light with
enough energy, partial electrons can be excited from VB to CB, allowing the flow of
current. There are numerous copper-based semiconductors, typically including CuO,
Cu,0, Cu3N, and so on.

CuO is a kind of semiconductor with the monoclinic unit cell and space group C2/c,
as depicted in Figure 10(a). Each copper atom is surrounded by four oxygen atoms,
and each oxygen atom is similarly surrounded by four copper atoms. Figure 10(b)
illustrates the calculated band structure of CuO. The gray portion represents the band
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Figure 10.
(a) Crystals structure and (b) calculated electronic band structure of CuO [20]. (c) SEM image, (d) TEM image
and (e) Tauc plot of CuO nanoparticles [22].

gap of Cu, and the Fermi level (E) located near VB, indicating a p-type semiconduc-
tor [20]. Hall effect tests reveal that CuO has a resistivity of 0.26 Q cm, mobility of
0.12 cm?/V's, and a carrier concentration of 7.4 x 10%° cm 3 [21]. Figure 10(c-d)
displays the SEM and TEM images of CuO nanoparticles fabricated using a simple
sol-gel method. The CuO nanoparticles are uniformly distributed, spherical in shape,
with particle sizes ranging from 20 to 50 nm. The optical band gap of CuO varies
between 1.2 and 2.1 eV, attributed to differences in the preparation process and
sample quality. The band gap of the above CuO nanoparticles is estimated to be 1.2 eV
(Figure 10(e)) [22].

The crystal structure of Cu,O is depicted in Figure 11(a). The space group of Cu,O
is Pn3m, and it possesses a cubic structure, with oxygen atoms located at eight vertex
positions and one body center position in the cell, while four copper atoms are
situated at the midpoint of the line connecting the vertices and the body center.
Figure 11(b) illustrates the calculated band structure of Cu,0O, where the gray
portion represents the band gap, and Ep is positioned near VB [20]. Hall effect tests
suggest that Cu,0 is a kind of p-type semiconductor, with a resistivity of 149 Q-cm,
mobility of 51 cm?/V's, and a carrier concentration of 1.5 x 10%® cm > [21]. The band
gap of the Cu,O film prepared by electrodeposition is 2.1 eV (Figure 11(c)) [23].
Figure 11(d-f) shows the Cu,O films prepared via the magnetron sputtering (MS)
method at different temperatures. As the temperature increases from 300 K to 600 K
and 1070 K, the films transition from fibrous grains to columnar grains, and the grain
size increases. The statistical grain sizes are 79 + 17, 228 &+ 57, and 884 £ 373 nm,
respectively [24].

As shown in Figure 12(a), Cu3N possesses an anti-ReOj; cubic structure with a
space group of Pm3m and a lattice constant of & = 3.82 A. The Cu3N crystal lattice is
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(a) Crystal structure and (b) calculated band structure of Cu;N [25, 26]. (c) UPS spectra, the inset is enlarged
around Er to estimate the position of the valence band maximum. (d) UV-vis absorption spectrum [27]. (¢) SEM
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and (f) high-vesolution TEM images of Cu;N [28].

composed of CugN octahedrons through vertex sharing [25]. While each N atom is
surrounded by six Cu atoms, each Cu atom is shared by two N atoms. Figure 12(b)

1000

displays the calculated band structure of CuzN. The valence band maximum
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(VBM) and conduction band minimum (CBM) are located at R and M points,
respectively, informing an indirect band gap of 1.4 eV [26]. Ultraviolet photoelectron
spectroscopy (UPS, Figure 12(c)) reveals that the VBM of CuzN located at

0.42 eV below Eg, UV-visible (UV-vis) absorption spectrum measurement (Figure 12
(d)) gives the optical band gap to be 1.92 eV, then CBM should be located at 1.50 eV
above Eg. Comparatively speaking, pristine CuzN’s VBM is closer to Er than CBM,
suggesting CuzN is a p-type semiconductor [27]. Figure 12(e—f) shows the

SEM and high-resolution TEM images of CusN prepared by MS method,

revealing uniform spherical nanoparticles with an approximate size of

40 nm, while the TEM image shows (001) plane with the crystal space of

0.383 nm [28].
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Figure 13.

(a) Low- and (b) high-magnified SEM images of Ni, ,Cu, ; alloy film via electrodeposition. (c-e) EDX
mapping of Cu, Ni, and O elements for the as-prepared sample. (f) XRD patterns and (g) XPS vesults of Cu 2p
and Ni 2p [29].
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3.2 Copper-based alloy

Copper-based alloys are kinds of composites composed of Cu and other elements,
such as Zn, Al, N, Mn, Pb, and so on. They are extensively utilized due to their
favorable electrical and thermal conductivity, corrosion resistance, and workability.
This subsection introduces several copper-based alloys.

Nig ;7Cuo 3 alloy is a promising catalyst toward hydrogen evolution [29]. As shown
in Figure 13, Ni, ;Cu, 3 alloy films can be prepared through a facile potentiostatic
electrodeposition method (Figure 13(f)). They reveal a highly porous structure
consisting of well-organized 3D nanosheets (SEM, Figure 13(a-b)), with Cu and Ni
uniformly distributed (EDS mapping, Figure 13(c—e)), and mainly show metallic
states (XPS, Figure 13(g)).

As depicted in Figure 14, Ag, sCug alloy, which can be applied in zinc-air batte-
ries, was synthesized on nickel foam via a two-step electrochemical substitution
reaction. The morphology of the Ag, sCuyo  alloy exhibits a dense and uniform den-
dritic shape, with Ag and Cu elements uniformly distributed. The clear lattice stripes
in HRTEM image and sharp diffraction spots suggest a high crystallinity [30].

Figure 14.
(a) The FE-SEM image, (b) HRTEM image, (c) SAED pattern, and (d) EDS overlay image of the Ag, sCu,_,
catalyst [30]. Red, purple, and green colors indicate Cu, Ag, and Ni, respectively.
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Except for the binary Cu-based alloy, ternary Cu-based alloy is another broadly
applied kind. For example, Figure 15 illustrates the structure of ternary CoFeCu alloy
on Ni foam (NF), an efficient catalyst for oxygen evolution reaction (OER, for more
information refer to Section 4.3). As the copper content increases from 0 mmol to
40 mmol, the morphology changes from nanosheets to nanoparticles, branched
structures, and dendritic morphology (Figure 15(a-d)) [31]. The TEM and
elemental mappings suggest a uniform distribution of Co, Fe, and Cu
elements. Besides, the crystal structure of the CoFeCu alloy is schematically depicted
in Figure 15(e).

Figure 15.

SEM images of CoFeCu/NF samples with different content of Cu, (a) o mmol, (b) 10 mmol, (c) 20 mmol, and
(d) 40 mmol. (¢) TEM image and corvesponding elemental distribution images and (f) schematic crystal structure
of CoFeCu [31].
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Figure 16.

(a) Crystal structure of anti-perovskite CusPdN. (b) Bulk and projected (001) surface BZ, the orange rings and
ved points indicate the nodal line and Divac points, respectively. Calculated electronic band structure of Cu;PAN
without (c) and with (d) SOC [32]. (e) UV-vis absorption spectrum, the corresponding Tauc plot is inserted on
the right-up corner. (f) TEM image with statistical size inserted [33].

3.3 Copper-based topological semimetal

Topological semimetal is a kind of novel material whose CB and VB are connected
at specific points or lines around Er in the reciprocal space. In recent years, CusPdN
has been proposed as a Dirac semimetal, stabilized by the C, rotational crystal sym-
metry. As illustrated in Figure 16(a), Cu;PdN adopts an anti-perovskite crystal
structure (space group Pm3m), with a nitrogen atom located at the cube’s center, Cu
atoms occupy the octahedral vertices, and Pd located at the corner site. Figure 16(b)
shows the 3D bulk BZ and (001) projected surface BZ. For the calculated electronic
band structure, in the absence of spin-orbital coupling (SOC), the VB and CB are
dominated by the Pd 4d (blue) and Pd 5p (red) states, respectively. Accompanied by
the energy band inversion around R point, the Dirac points near Ef are observed
(Figure 16(c)). When introducing SOC, a tiny 62-meV gap is opened for the Dirac
node along R-X direction (Figure 16(d)) [32]. Experimentally, the prepared Cu;PdN
nanocrystals show a cube morphology (Figure 16(e)) and a negligible band gap of
0.2 + 0.1 eV (Figure 16(f)) [33].

Monolayer Cu,Si is also theoretically and experimentally recognized as a
topological semimetal. Figure 17(a) illustrates the crystal structure. As shown in
Figure 17(b), first-principle calculations reveal two hole-like bands (x, ) and one
electron-like band (y) in the energy band structure, which form closed contours on
the Fermi surface (Figure 17(c)) with hexagonal, hexagram, and circular shapes,
respectively. Besides, the y-energy band intersects linearly with the a and p bands,
forming two Dirac node loops (NL1, NL2) centered at the I" point and protected by
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(a) Top and side views of the atomic structure of monolayer Cu,Si. (b) Calculated band structure, (c) Fermi
surface, and (d) momentum distribution of the nodal loops (NL1, blue; NL2, orange) of Cu,Si without SOC. The
blue, orange, and green lines in (c-d) correspond to a, , and y bands in (b), vespectively. (e-f) Experimental
ARPES CECs at Ep and nodal point for monolayer Cu,Si/Cu(111) [34].

mirror inversion symmetry, as illustrated in Figure 17(d). Experimentally, depositing
Si atoms onto the Cu(111) surface through the molecular beam epitaxy (MBE) method
can enable the formation of monolayer Cu,Si films. High-resolution ARPES tests have
also revealed the constant energy counters (CECs) at Er (Figure 17(e)) and nodal
point (Figure 17(f)), consistent with the theoretical prediction [34].

3.4 Copper-based superconductor

Superconductor is a kind of unique material that exhibits a sudden
disappearance of electrical resistance and complete repulsion of magnetic fields,
known as the Meissner effect, below the critical temperature (T.) [35]. Under a
superconducting state, the current within the superconductor can flow unimpededly
without heat loss. This subsection provides several examples to introduce copper-
based superconductors.

As shown in Figure 18(a), polycrystalline samples of Ba,CuO,., were synthesized
using solid-state reaction at high pressure (~18 GPa) and high temperature (~ 1000°C).
This sample exhibits an obvious superconducting transition at about 73 K in both
zero-field-cooled (ZFC) and field-cooled (FC) modes (Figure 18(b)). This enhanced T
than the isostructural La,CuQO4-based counterparts can be attributed to the compressed
octahedron structure, in which the 3d3z>-r* orbitals are lifted above the 3dx”-y”* orbitals
(Figure 18(c)) [36].

Crystalline [Cu3(CgSe)]n (Cu-BHT) film is another kind of superconductor, and it
can be synthesized through liquid-liquid interfacial reaction. Figure 19(a-c) present
the atomic structure and high-resolution TEM images of Cu-BHT. Simply speaking,
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(a) Typical XRD pattern, (b) magnetization, and (c) Cu-O bond lengths of Ba,CuO,,_, superconductor [36].

Cu-BHT is composed of stacked n-d conjugated 2D nanosheets with Cu®* ions and
BHT ligands, and forming the famous kagome structure, that is, woven arrangement
of six corner-shared triangles and form sixfold symmetry of structure composed of
hexagons and triangles. In Figure 19(d), the in-plane resistivity is plotted against
temperature, revealing a sharp superconducting transition at around 0.25-0.3 K. Fur-
thermore, the origination of the unconventional superconductivity of Cu-BHT is
attributed to the strong electron correlations, due to T./Tr of Cu-BHT is 0.025 and
belongs to the range of strongly correlated superconductors [37].

4. Application in energy conversion and catalysis

Over the past few decades, copper and its compounds have been applied in many
areas of energy conversion and catalysis, including electrocatalysis of hydrogen evo-
lution, oxygen reduction reaction, carbon dioxide reduction, and so on. Moreover,
they contribute significantly to photocatalysis, enabling processes such as water
decomposition and wastewater treatment. Additionally, in oxidation reaction cataly-
sis, they play a pivotal role in oxidizing and utilizing organic compounds to produce
environmentally friendly products. These applications are significantly important for
improving energy utilization and mitigating environmental pollution. This section will
briefly introduce the typical application of Cu and its compounds in energy conver-
sion and catalysis.

4.1 Plasmonic catalysis

Plasmonic catalysis usually utilizes the plasmonic effect-induced hot electrons of
metal and its compounds to enhance the catalytic reactions. The core principle
involves the emergence of localized surface plasmon resonance (LSPR) upon light
irradiation with a specific wavelength, which induces oscillations of free electrons on
material surfaces and generates a strong electric field. This strong electric field pro-
duced by LSPR can interact with adjacent reactants or catalysts, leading to alterations
in their chemical behavior. Additionally, LSPR can generate lots of charge carriers and
induce photothermal effects [38]. Moreover, the plasmonic property can be tuned by
the inherent characteristics, dimensions, and morphology of the materials [39].

Au, Ag, and Cu are the most commonly employed plasmonic materials, and Cu
owns the advantages of being non-precious, cost-effective, and readily available.
Furthermore, Cu nanoparticles (Cu NPs) exhibit superior LSPR effects within the
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(a-b) Top-view and side-view of the crystal structure of Cu-BHT, the triangular color blocks indicate the kagome

structuve. (¢) HRTEM image. (d) Temperature dependence of the in-plane vesistivity. (e) Uemura plot of T,
against the effective superfluid density [37].

UV-visible and even near-infrared range, making them broadly applied in water
splitting, CO, reduction, and so on. As shown in Figure 20, the experimentally
synthesized Cu NPs via photoreduction show obvious SPR absorption around 600 nm,
and the photocatalytic activity can be optimized through adjusting the precursor Cu**
amounts. As a result, the maximum hydrogen (H,) and oxygen (O,) evolution rates
from water splitting reach 9.02 and 4.48 pmol-h ™", respectively [40].

Li et al. reported that the hybridization of plasmonic Cu NPs onto TiO, to form x
wt.%-Cu/TiO; can consistently increase the light absorption between 400 and 750 nm
(Figure 21(a)). Besides, the decreased photoluminescence (PL) spectra (Figure 21(b))
inform the enhanced photogenerated carrier separation and reach the best state for
0.13 wt.%-Cu/TiO,. Furthermore, the introduction of Cu NPs markedly improves the
photocatalytic hydrogen production rate from 666.42 pmol-g~h™" for pure TiO, to
2853.53 pmol-g "-h " for 0.13 wt.%-Cu/TiO, (Figure 21(c)). This heightened effi-
ciency is attributed to the plasmonic nature of Cu and the resultant photothermal
effect [41].

Wang et al. reported that load Cu onto ZnO support to form Cu/ZnO catalysts can
effectively improve the visible-light absorption with the peak centered at 584.3 nm
(Figure 21(d)). Moreover, the methanol production rate from CO, reduction can be
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(a) Schematic illustration of the synthesis and photocatalysis of Cu NPs. (b) Absorption spectrum. (c) The
photocatalytic gas evolution from water with the Cu NPs prepared with different volumes of precursor [40].

improved from 1.38 pmol-g” “:min " under dark to 2.13 pmol-g_ min "' under visible-
light irradiation (Figure 21(e)). Concurrently, the apparent activation energy is
decreased by about 40% from 82.4 to 49.4 kJ-mol * (Figure 21(f)). These results
indicate that the SPR-induced hot electrons of Cu NPs can effectively assist the
activation of reaction intermediates during methanol synthesis [42].

4.2 Hydrogen evolution reaction (HER)

HER is an important half-reaction for (photo)electrocatalytic water splitting. For
the standard electrolytic cell, it is composed of cathode, anode, and electrolyte. HER
normally occurs at cathode. Under the external electric field, electrons can move to
the cathode surface and participate in the reduction reaction to generate H,. Besides,
the electrolyte’s acid-base property can influence the HER reaction route. For acidic
electrolytes, the reaction can be expressed as 2H"+2e”™ — H,. For alkaline electrolytes,
it follows: 2H,0 + 2e~ — H, + 20H™ [43-44].

Cu and its compounds are widely employed as effective HER catalysts. For exam-
ple, incorporating Cu,S into CdZnS (CZS) to form snowflake-shaped 2% Cu,S/CZS
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(a) UV—vis DRS absorption spectra. (b) PL emission spectra. (c) H, evolution rate over x wt%-Cu/TiO, [41].
(d) UV—vis absorption spectra of Cu/ZnO catalyst and ZnO support. (e) Stability test of methanol production rate
from CO, reduction over the Cu/ZnO catalyst at 220°C with and without visible light irradiation. (f) Arrhenius
plots under dark and light conditions [42].

heterojunction (Figure 22(a)) can not only enhance the light absorption property
(Figure 22(b)), but also improve the hydrogen evolution within 5 hours from

92.5 pmol for pristine CZS to 295.2 pmol for 2% Cu,S/CZS (Figure 22(c)), due to the
reduced agglomeration of granular CZS by snowflake-shaped structure of Cu,S.
Additionally, 2% Cu,S/CZS shows great HER stability (Figure 22(d)) [45].

Similar experiments reveal that the deposition of Cu NPs can further facilitate the
separation of photogenerated carriers in TiO,/CulnS, (Figure 22(e)), and

improve the HER activity even when TiO,/CulnS; reaches a saturated state

(Figure 22(f)) [46].

4.3 Oxygen evolution reaction (OER)

OER is another half-reaction for PEC water splitting, which happens at the anode.
Similar to HER, the acid-base property of electrolytes affects the OER electrochemical
reactions. Under acidic conditions, it follows 2H,O — 4H*+0O, + 4e”. Under alkaline
conditions, OER proceeds as 4OH™ — 2H,0 + O, + 4e™. For OER, efficient catalysts
are crucial to lower the activation energy and enhance the efficiency of electrochem-
ical conversion, necessitating dedicated research for efficient OER catalysts to be
crucial [47].

Cu and its compounds are widely used catalysts in OER reactions. As shown in
Figure 23, CuO is composited with CoMn,0, (CMO), forming CuO-CMO
nanostructures, to enhance the OER performance of CMO. By optimizing the CuO
concentration, CuO-CMO-16% demonstrates superior performance, with an
overpotential of 277 mV at 10 mA-cm ? (Figure 23(a)), the lowest Tafel slope of
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(a) SEM image of 2%Cu,S/CZS (CdZnS). (b) UV-vis DRS and (c) H, evolution of CZS, Cu,S and 2%Cu,S/
CZS. (d) Cycling H, generation experiment [45]. (¢) PL spectra and (f) H, generation of TiO,, TiO,/CulnS,,
and TiO,/CulnS,/Cu under >420 nm visible light [46].

43 mV dec? (Figure 23(b)), larger electrochemical active surface area
(ESCA = Cq/Csp, Figure 23(c—-e)), and good long-term stability (Figure 23(f)) [48].
Porous Cu-CoP (Cu;Co,P) nanoplates were employed as OER catalysts, and
Cu;CoqoP with a molar ratio of Cu to Co to be 1:10 shows the highest current density
(Figure 24(a)) and low overpotential of 252 mV at 10 mA cm 2 (Figure 24(c)). Besides,
Cu;Co4P exhibits a low Tafel slope (89.1 mV dec}, (Figure 24(b))), largest active
surface area (37.21 mF cm ™2, (Figure 24(d))), the lowest impedance (Figure 24(e)).
Moreover, Cu;CoqoP shows superior stability under alkaline conditions at 1.48 V vs.
RHE (reversible hydrogen electrode) (Figure 24(f)). The improvement in OER
performance can be attributed to Cu doping and morphology modulation of porous
structure that induce more surface electronic states and rapid electron transfer [49].
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Figure 23.
(a) LSV curve for CuO-CMO-x with varying composition of CuO. (b) Tafel plot analysis. (c-¢) Cy plots for
CMO, CuO, and CuO-CMO-16%. (f) Long-term stability test for CMO and CuO-CMO-16% [48].

4.4 Oxygen reduction reaction (ORR)

ORR is a crucial chemical reaction in fuel cells and metal-air batteries, and garner-
ing extensive research attention in recent years. ORR involves the reduction of oxygen
(0,) to water (H,0) or hydroxide (OH™). As depicted in Figure 25, ORR can proceed
through two-electron and four-electron pathways. The crucial distinction between the
two ORR pathways relies on the cleavage of the O—O bond. If the O—O bond is
broken, the reaction follows the two-electron ORR pathway; otherwise, it proceeds
through the four-electron ORR pathway [50]. Based on pH conditions, ORR can be
further categorized into four reactions [51]:

In acidic conditions:

Four-electron reduction: O, + 4H* + 4¢~ — 2H,0;

Two-electron reduction: O; + 2H* + 2e” — H,0,.

In alkaline conditions:

Four-electron reduction: O, + 2H,0 + 4¢” — 40H";

Two-electron reduction: O, + H,O + 2e” — HO,™ + OH".

Coupling Cu-CuFe,0, nanohybrid with conductive carbon to form Cu-CuFe,0,/C
has been utilized as a highly efficient electrocatalyst for the ORR. As shown in
Figure 26(a), the well-defined ORR peak with a current density of —1.49 mA-cm ™" at
—0.33 V is observed for Cu-CuFe,0,4/C, exhibiting sharper and more pronounced
characteristics and more positive ORR onset potential than that of other materials. The
results of linear-sweep voltammetry (LSV) in Figure 26(b) also indicate that the
onset and half-wave potentials for Cu-CuFe,0,/C, that is, —0.139 and — 0.39 V vs.
Ag/AgCl, respectively, are more positive than others, suggesting a superior ORR
efficiency of Cu-CuFe,04/C, which can be attributed to the presence of metallic Cu
and the reduced size of NPs on the carbon substrate. Furthermore, Koutecky-Levich
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(a) LSV curves, (b) Tafel plots, (c) overpotential at curvent density of 10 mA-cm™2, (d) scan-rate
dependent current density, and (e) Nyquist plots of CoP and Cu,Co,P samples. (f) Long-term test for
Cu,Co,oP [49].

(K-L) analysis between —0.4 and —0.7 V indicates that the ORR on Cu-CuFe,0,/C
proceeds a four-electron process (Figure 26(c)-(d)) [52].

As depicted in Figure 27, the ultrathin flower-like 2D Cu/Cu,0O nanosheets grown
through the low-temperature method in an ice/water mixed environment (273-278 K)
demonstrate excellent ORR activity. CV curves exhibit a distinct reduction peak with an
onset potential of 0.987 V and a half-wave potential of 0.921 V at 273 K (Figure 27(a)).
First-principle calculations reveal that the abundant active Cu,O stepped atoms can
result in excellent low-temperature ORR activity. Figure 27(b) shows the calculated
adsorption energies of 00", O0H', O, and OH'. While the reaction steps of Cup,O(111)
and Cu,0(220) exhibit a downbhill trend, Cu(111) includes an uphill tendency and is not
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Figure 25.
Two-electron and four-electron pathways of ORR [51].
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Figure 26.

(a) Cyclic voltammetry (CV) of several Cu-based materials in O,- (ved lines) and N,-saturated (black lines)
0.1 M KOH electrolyte. (b) LSVs in an O,-saturated 0.1 M KOH electrolyte at 1600 rpm. (c) K-L plots between
—0.4 and — 0.7 V. (d) Plot of electron transfer vs. potential for Cu-CuFe,0,,/C hybrid [52].
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Figure 27.
(a) Low-temperatuve CV curves of 2D Cu/Cu,O nanosheets in N,- or O,-saturated 0.1 Mol-L™* KOH solution at
a scan rate of 50 mV-s~*. (b) First-principle calculated free energy for ORR over 2D Cu/Cu,O nanosheets [53].

favorable for the ORR reaction. Furthermore, the difference in the step trends of
Cu,0(111), Cup0(220), and Cu(111) can be attributed to the d-band center theory, that
is, the d-band centers of Cu,0(220) (—0.65eV) and Cu(111) (—0.78 eV) are more
closer to Eg level (0.0 eV) than Cu(111) (—1.26 eV) [53].

4.5 Nitrogen reduction reaction (NRR)

NRR is a kind of reaction that can convert molecular nitrogen (N,) into ammonia
(NH;) or other nitrogen-containing compounds, which are extensively applied in
medicine, chemical engineering, and environmental sciences. It is a complex,
multistep process involving several intermediates and electron transfer steps, such as
adsorption, electron transfer, intermediate generation, and product release. Initially,
the N, molecule is adsorbed onto the surface of the catalyst, followed by an electron
transfer that facilitates the gradual breaking of the N=N bond. Subsequently, the N,
molecules are progressively transformed into various intermediates, such as N,H ,
NH', NH, , and ultimately yield NH; [54]. Besides, the six-electron process NRR is
competitive with two-electron HER as their similarity in equilibrium potential in both
acidic and alkaline electrolytes. Then, it is crucial to design a specific electrocatalyst
that prefers to adsorb N atom than H atom, that is, suppress HER and enhance the
selectivity of NRR [55].

In recent years, there has been a surge in the application of Cu-based catalysts in
NRR. For instance, the iz situ modification of Cu,0 with unsaturated Cu-MOF to form
Cu-MOF/Cu,0 heterostructures shows an excellently boosted NH; production rate
(7.16 mmol/m?/h), even superior to the noble-metal Pt (Figure 28(a)). Besides,
Cu-MOF/Cu,0 exhibits stable performance after five cycles (Figure 28(b)).

The enhanced NRR performance can be attributed to the unsaturated Cu(II) sites
and the porous structure of Cu-MOF, which can selectively absorb and activate N,
molecules [56].

As shown in Figure 29, anchoring zero-valent Cu NPs onto reduced graphene

oxide (Cu NPs-rGO) can serve as an efficient electrocatalyst for NRR [57]. It achieves
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an ammonia (NH;) yield of 24.58 |,1g-h_1~mg_1calt and a Faraday efficiency (FE) of
15.32% at —0.4 V vs. RHE (Figure 29(b)). Furthermore, the production rate and FE
show excellent cycling stability, the current density exhibits good long-term stability.

4.6 Carbon dioxide reduction reaction (CO,RR)

CO,RR is a process that converts CO, into renewable energy. The CO,RR mecha-
nism encompasses four key stages: adsorption, activation, electron transfer, and
product desorption. Initially, CO, molecules undergo adsorption onto the electrode
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Figure 28.
(a) NH, production rate of Pt, Cu,0, Cu-MOF and Cu-MOF/Cu,0. (b) Recycling test of Cu-MOF/Cu,0 [56].
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Figure 29.
(a) TEM image of the Cu NPs-rGO. (b) Vp; and FEs at various potentials. (c) Cycling test for NRR at —o0.4 V.
(d) Time-dependent current density curve for 30 h at —0.4 V [57].
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surface. Subsequently, the adsorbed CO, undergoes activation to enhance its reactiv-
ity with electrons. The activated CO, molecules then react with the electrons on the
electrode, accepting the electrons and forming a reduction intermediate. This inter-
mediate subsequently undergoes further reactions to yield the final product. CO,RR is
a complex multi-electron process, and different reaction routes give rise to distinct
intermediates and products, including single-carbon (C;; HCOOH, CH;0H, CH.,),
two-carbon (C,; C;Hy, C,Hg, C;HsOH), and even multi-carbon (C,, n > 3) products.
For example, a two-electron transfer results in the formation of formic acid (HCOOH)
through the reaction CO; + 2e~ + 2H" — HCOOH, a six-electron transfer yield
methanol (CH30H) via CO, + 6e~ + 6H" — CH30H + H,0, and a twelve- and
fourteen-electron process generate ethyl alcohol (C,;HsOH) and ethane (C,Hg) by
2C0, + 12~ + 12H* — C,HsOH + 3H,0 and 2CO, + 14H* + 14e~ — C,Hg + 4H,0,
respectively. The selectivity and yield of CO,RR are crucial parameters for assessing
the process’s efficiency [58].

A nanodefective Cu nanosheet (n-CuNS) is synthesized and proved to be an
efficient catalyst for CO,RR to ethylene (C;H,4) [59]. As shown in Figure 30(a),
n-CuNS exhibits superior ethylene partial current density at —1.48 V vs. RHE
(66.5 mA-cm %) than nondefective CuNS (5 mA-cm~2) and CuNP (8.5 mA-cm™?2).
Besides, n-CuNS also shows an enhanced ethylene faradaic efficiency (FE) of 83.2%
(Figure 30(b)), informing high selectivity. DFT calculations reveal that the
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(a) Ethylene (C,H,) partial curvent density and (b) FE from electrochemical CO,RR at various potentials for
different catalysts. (c) Comparison of adsorption energy of key intermediates on different facets. (d) Energy
diagrams and geometries of CO dimerization on OH ™ adsorbed and defective (ved) and nondefective (black) Cu
(111) of CuNS [59].
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introduction of Cu defects can enhance the adsorption of key reaction intermediates
"CO, '0CCO, and OH™ (Figure 30(c)). Besides, the defective Cu(111) surface of
n-CuNS decreases the reaction barriers for 110 meV in the CO dimerization reaction
('CO + "'CO = 'OCCO), which is a rate-determining step for ethylene production
(Figure 30(d)).

Choi et al. reported that constructing intimate atomic Cu-Ag interfaces on the
surface of Cu nanowires through a two-step process (Figure 31(a)) can significantly
enhance the methane (CH,) selectivity of CO,RR. As shown in Figure 31(b), the CH,4
production from CO,RR on CusAg;NWs begins to increase at —1.12 V vs. RHE with
FEcp4 of 63.29% =4 4.85%, and reaches a maximum FEcy4 of 72% at —1.17 V vs. RHE.
Besides, CugAg;NWs show obviously superior CO,RR performance than CuNWs
(Figure 31(c)), due to the synergistic effect of CO-Ag and H-Cu for enhanced CH,
selectivity at low overpotential [60].

4.7 Single-atom catalysis (SAC)

SAC is an innovative catalytic technology in which the catalyst consists of individ-
ual atoms rather than clusters or multiple atoms. Typically, these catalysts anchor
individual atoms to the surface of a solid carrier, ensuring both stability and high
catalytic activity. A distinctive feature of SAC is its extremely high atomic utilization
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Figure 31.
(a) Schematic process of preparing CuAgNWs. (b) FEs of Cu,Ag,NWs in 0.1 M KHCO, at room temperature
and atmospheric pressuve. (c) Methane (CH,) FEs of Cu,Ag,NWs, CuNWs and Cug ,Ag, sNWs samples [60].
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Figure 32.

(a) High-vesolution HAADF STEM image of CuSA-TiO,. (b) Line profile marked in (a). (c) Photocatalytic H,
evolution rate of TiO, and TiO, loaded samples with different ratios of Cu SACs. (d) Cyclic photocatalytic
activity of water splitting for 1.5 wt% CuSA-TiO,. (¢) ESI and (f) PL spectra of TiO, and CuSA-TiO, [62].

and density of active sites, stemming from the ability of each atom to act as an active
site in the catalytic reaction. Moreover, the atomically dispersed nature allows SAC’s
electron clouds interact more efficiently with the reactant and substrate, further
enhancing the catalytic activity. Due to its elevated activity, selectivity, and efficient
atom utilization, SAC has become a rising star in catalysis research [61].

As shown in Figure 32, outstanding H, evolution performance is achieved through
loading highly dispersed Cu single atoms onto TiO, and forming CuSA-TiO, [62]. The
dispersion of atomic Cu is confirmed through the high-resolution high-angle annular
dark-field (HAADF) STEM characterization (Figure 32(a,b)). The highest hydrogen
yield occurred at a CuSA loading of 1.5 wt%, achieving an H, evolution rate of about
100 mmol-g~“h™", highlighting the pivotal role of CuSA loading (Figure 32(c)).
Furthermore, it shows highly stable performance, even after 380-day storage in the

lab (Figure 32(d)). Besides, the electrochemical impedance spectra (EIS) suggest that
1.5 wt% CuSA-TiO, exhibits lower impedance than pure TiO, (Figure 32(e)), more
favorable for carrier transfer. The PL spectra in Figure 32(f) demonstrate that the
photogenerated carriers of TiO, are effectively suppressed after CuSA loading,
thereby promoting the separation of photogenerated carriers. These results imply that
the anchoring of CuSA on TiO; can provide more active sites, enhance the
photogenerated carrier separation and transfer, and promote the H, evolution.
Through a semi-transformed strategy, the Cu SAC is embedded into carbon dots to
form Cu-CDs with the coordination of two N and two O. The synthesized N,O-
coordinated Cu SAC (also CuN,0,) shows effective electrochemical CO,RR activity to
produce methane (CH,), with the CH, partial current density of Cu-CDs 25 times
higher than that of CuPc at —1.64 V vs. RHE, and the maximum turnover frequency

(TOF) of Cu-CDs reaches a value of 2370 h™", suggesting a great CO,RR activity

(Figure 33(a)). Besides, the Cu-CDs catalyst shows stable performance of current

density and high CH, Faradaic efficiency (78 + 2%) (Figure 33(b)), revealing a

remarkable selectivity of CO,RR to CH,4. DFT calculations of the limiting potentials of
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Figure 33.

(a) Partial CH,, current density (right y-axis) and TOFs (left y-axis) of Cu-CDs, CDs + Cu*", and CuPc at
different potentials. (b) Stability of curvent density and FE of Cu-CDs (black) and CuPc (ved). (c) The limiting
potentials of the products of CO,RR and HER on the CuN,0,(Cu-CDs), CuN,, and Cu(111) [63].

the products of CO,RR and HER are depicted in Figure 33(c), informing that the
superior CH, selectivity of CuN,0, (Cu-CDs) originates from the more negative
potentials of CH4 depart from other products for Cu-CDs, so that CH,4 can be exclu-
sively produced with highest FE and less by-products [63].

5. Conclusions

This chapter provides a comprehensive introduction to the applications of copper
and its compounds in energy conversion and catalysis. Based on the introduction of
the crystal and electronic structure of bulk Cu and the representative low-index
surfaces, several kinds of Cu-based materials with different band gaps are further
illustrated, including semiconductors, semimetals, alloys, and superconductors. We
find that the bonded elements and crystal structure can greatly influence the elec-
tronic band structure of the Cu-based compounds, and further induce various
physical-chemistry properties, including light absorption property, conductivity, cat-
alytic performance, and so on. At last, the typical application of Cu-based compounds
in several important catalytic processes, utilizing solar energy and/or small quantity of
electric energy, are introduced with typical examples. In general, Cu and Cu-based
materials exhibit broad and effective applications in the critical energy conversion and
catalysis fields, including plasmonic catalysis, HER, OER, ORR, NRR, CO,RR, and
SAC.

6. Perspectives

Despite significant progress in the field of energy conversion and catalysis using
copper and its compounds have been achieved, there still have some various chal-
lenges and issues that demand attention. Firstly, how to design materials and further
improve the activity, stability, and selectivity of specific reactions. Secondly, devel-
oping convenient theoretical and experimental methods for precise control of the
atomic structure and electronic band structure of Cu-based compounds and the
related heterojunction, as well as the number, location, and coordination environment
of outer surface/inner layer active sites. Thirdly, an effective route for quantity pro-
duction to meet the requirements of industrialization.

In the future, emphasis should be placed on catalytic activity, stability, selectivity,
and quantity production, which are the keys to achieve industrialization. Initially,
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attention must be directed toward structural material design, involving alterations in
specific surface area, pore size, and constructing heterostructure to enhance catalytic
activity. Subsequently, stability can be heightened through surface modification uti-
lizing corrosion-resistant and high-temperature-resistant materials. Furthermore, the
establishment of stability in reaction intermediates via bond optimization between
product and catalyst surface is crucial for controlling product selectivity. Lastly,
artificial intelligence (AI)-based model study and data mining from historical data-
base can be employed for structure design, performance prediction, and structure-
relationship analysis, this should be quite helpful for shortening the development
cycle of high-performance catalysts. Besides, efficient synthesis methods for fast and
large-amount preparation must also be developed.

In summary, Cu and its compounds demonstrate substantial potential for applica-
tions in the realm of energy conversion and catalysis. Through sustained and in-depth
research and exploration in future, Cu and its compounds could be believed to realize
more potential and play a vital role in the field of energy conversion and catalysis.
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Chapter 6

Numerical Simulation of the Solar
Cell Based on the Quaternary
System Cu(In,Ga)Se,
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Soumaila Ouédraogo, Frangois Zougmoré and Zacharie Koalga

Abstract

Energy in one form or another has been and remains an essential vital element for
humanity. It is positioned as the essential propellant for the accomplishment of any
human activity. Its sources have diversified over time to meet the ever-increasing
needs of industry and consumers. This chapter deals with the solar cell based on
copper, indium, gallium, and diselenide (CIGS), which is a photovoltaic technology in
constant evolution and demonstrates very interesting record yields. The aim is to
show through the results obtained from the numerical simulation that the solar cells
based on CIGS have the capacity in terms of energy conversion to meet part of the
energy needs of the world population. In this chapter, after describing and modeling
the Mo/Cu(In,Ga)Se,/CdS/ZnO structure, we noted from the obtained results that
Shockley-Read-Hall (SRH) recombination is the predominant mode of recombination
in the CIGS solar cell, and these recombinations more affect the performance of the
solar cell inside the space charge region (SCR).

Keywords: solar cell, CIGS absorber, CdS buffer layer, SCAPS-1D, operating
temperature, series and shunts resistances, electrical parameters, SRH recombination

1. Introduction

Energy is at the center of all human activity; its transformation has been and still
remains a great concern. It is increasingly used, especially in developed countries.
Currently, more than 80% of the energy consumed in the world is of fossil origin
[1-3]. In 2017, non-renewable energy sources constituted approximately 86% of
global energy demand and nearly 48% of energy demand in Africa [4]. The rest of the
energy (52%) used in Africa comes from essentially renewable energy in general and
more particularly PV solar, wind, solar thermic but, above all hydraulic and biomass
[4]. We see that fossil energy sources are limited in nature. In addition, the use of
fossil fuels causes numerous social and environmental problems, including the degra-
dation of the ozone layer, the main protector of the earth’s atmosphere.

The move toward sustainable alternative energies is more relevant than ever [5].
The promotion of renewable energies, including photovoltaic, has become more than
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a necessity. This trend accelerated following the ratification of the Kyoto Protocol in
2002. Many countries then intensified research and development of alternative ener-
gies that do not emit carbon dioxide (CO,) [5]. The Paris Agreement announced by
the United Nations organization in 2015 on climate strengthens the Kyoto Protocol
and aims to significantly reduce the risks and effects of climate change, and this
involves limiting the rise in temperature at 1.5°C compared to pre-industrial levels.
This will be made possible for low greenhouse gas emissions and will promote invest-
ment in the development of renewable energies. Solar photovoltaic (PV) energy is one
of the most powerful alternatives for the future of large-scale electricity production.
Solar cells based on Cu(In,Ga)Se; (copper, indium, gallium, and selenium) abbrevi-
ated CIGS from the second generation are among the most promising. They are
developed with the aim of properly converting the maximum amount of light energy
received into electrical energy, effectively reducing electrical and optical losses, and
optimizing surface properties. It meets the current objectives in the field of photovol-
taic: low cost, high conversion efficiency, mass production, and accessibility for all
[6]. The development of a stable, high-efficiency solar cell remains the ultimate
objective of researchers in the PV field. To improve their performance and increase
their yields, we focus our study on the buffer layer.

In this chapter, the main objective is to contribute to a better understanding of the
role of the cadmium sulfide (CdS) buffer layer and the recombination mechanisms in
the operation of the thin-film solar cell based on CIGS.

The chapter is structured into several sections following the specific objectives of
the study. The first section (2.1) addresses photovoltaic solar energy and photovoltaic
sectors. In Section 2.2, we discuss the history of thin-film solar cells based on copper
and indium diselenide. We further describe the structure of the solar cell, highlighting
the role of each layer. We then discuss the operating principle of the solar cell and the
effects of temperature on its operation.

Section 2.3 develops a numerical simulation methodology. We highlight the basic
equations that govern the phenomenon of charge carrier transport in semiconductors
and we discuss the process of solving these equations.

In Section 2.4, we emphasize the need for a numerical method and present simu-
lation software. Section 2.5 describes the two solar cell characterization techniques
used in this work, namely current-voltage density and quantum efficiency character-
izations.

In the last section (2.6), we present the results of the numerical simulation with
solar cell capacitance simulator in one-dimensional (SCAPS-1D) of the Mo/Cu(In,Ga)
Se,/CdS/ZnO structure. We study the evolution of the charge carrier recombination
rate across the thickness of the buffer layer. Likewise, we study the effects of the
outside temperature on the performance of the solar cell. Finally, we determine the
dominant recombination mechanism and its area of predominance.

2. Modeling and simulation of the Mo/CIGS/CdS/ZnO solar cell
2.1 Polycrystalline sector with thin layers of chalcopyrite

In the thin-film polycrystalline sector, three options stand out: cadmium telluride
CdTe technology [5, 7, 8], copper indium diselenide technology CulnSe, (abbreviated
CIS), and copper, zinc, tin, and selenium technology (Cu,ZnSnSey4) [9-12]. Copper
and indium sulfide (CIS) is a ternary material of type I-III-VI, with a chalcopyrite
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structure. It is increasingly promising for the mass production of thin-film modules,
which is essentially explained by the interesting properties and the prospect of mini-
aturization of the solar device. The absorption coefficient of the (n)CdS-(p)CulnSe,
heterojunction has approximately the same threshold as that of crystalline silicon
(c-Si), but CIS is 100-1000 times more absorbent in the range of 1.1-2.6 eV than
crystalline silicon. This allows an absorber thickness of 1-2 pm to absorb the maxi-
mum of photons from the solar spectrum [13, 14].

In the best current devices, Cu(In,Ga)Se; has a gap of the order of 1.2 eV obtained
for [Ga]/[Ga] + [In]) =0.3 [15, 16]. In addition to the high conversion efficiencies that
it promises, CIGS cells have good stability [1]. The interest in these thin layers comes
essentially from the economical use of materials in relation to the physical properties
and the simplicity of the technologies used for their production: easy and inexpensive
development.

2.2 Solar cell based on the Cu(In,Ga)Se, quaternary system
2.2.1 Structure of the solar cell

We distinguish from bottom to top (Figure 1) [17-20]: substrate layer, rear contact
layer, absorber layer, buffer layer, conductive transparent oxide layer, and front
contact layer. To these elements is added a magnesium fluoride (MgF,) anti-reflection
layer.

2.2.1.1 Substrate

The soda glass substrate layer is the support of the device (Figure 1), and its
thermal expansion coefficient is adapted to the growth of the CIGS layers. As early as
1993, the importance of contamination of the CIGS absorber by the sodium (Na)
contained in the substrate was reported by Hedstrom et al. [16]. The sodium
contained in the glass in the form of sodium oxide (Na,O,) plays a determining role
both in the growth and performance of the cell [15, 21-23]. Sodium mainly improves
the efficiency of the CIGS cell by increasing the open circuit voltage (Vo) and the fill
factor [22], other studies also reported an increase in the grain size.

Incident light

§ié

Front contact

Cu (In, Ga)Sez Charge

Molybdenum
Soda glass substrate

Figure 1.
Structure of a solar cell based on CIGS.
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2.2.1.2 Back contact

The rear contact layer is made up of molybdenum (Mo) (Figure 1), it ensures the
collection of positive charges that result from the conversion of incident photons into
electron-hole pairs. The permeability of this layer allows the sodium atoms to diffuse
and contribute to the better growth of the absorber at low and high temperatures
[15, 22, 24-26]. Likewise, the selenium and gallium from the absorber diffuse into the
molybdenum and form compounds such as molybdenum diselenide (MoSe;,) in very
small quantities after annealing at 600°C [27-29]. The good ohmic and electronic
behavior of the Mo/CIGS interface is due to the formation of the thin layer of MoSe,
[23, 25, 28], which allows better adhesion of the molybdenum layer on the glass. The
role of the MoSe; layer with a thickness of around 10 nm has been discussed within
the scientific community [27, 29], and it is now proven that MoSe; is essential to
facilitate the formation of a quasi-ohmic electrical contact at the interface between
CIGS and molybdenum [27].

2.2.1.3 Absorber layer

The absorber layer, the most important of the device (Figure 1), is made up of
indium gallium copper diselenide (Cu(In,Ga)Se;). With p-type conductivity and a
large absorption coefficient of around 10° cm™* [1], it allows optimal conversion of
incident photons into electron-hole pairs and ensures their separation. CulnGaSe; is
the key material in CIGS solar cells, which is why its structural and optoelectronic
properties have been and will be the subject of several studies. The performance of
solar cells based on CIGS depends considerably on the structure of the material, the
doping used, the insertion of gallium, or even the different interactions produced at
the two interfaces of this layer, CulnGaSe,/Mo and CdS/CulnGaSe;.

2.2.1.4 Buffer layer

The buffer layer constituted by the cadmium sulphide (CdS) is n-type (Figure 1).
It creates the heterogeneous p-n junction with the absorber layer [30]. Optimizing the
performance of the CIGS-based solar cell necessarily requires understanding the
mechanism of the formation of this p-n junction. CdS films have the advantage of
having high optical transparency and low electrical resistivity, and the gap of 2.4 eV is
among the largest [30]. The CdS layer passivates the defects on any free surface of the
CIGS absorber and protects it during the deposition of the ZnO layer by cathode
sputtering [25, 23]. The CdS layer provides a good quality interface with the CIGS
layer and makes it possible to control the phenomenon of diffusion of defects toward
this interface. It has been reported that the element cadmium present in cadmium
sulfide diffuses into the absorber at about 10 nm depth and brings positive effects
[31, 32].

2.2.1.5 Transparent conductive oxide layer

There are two main requirements for transparent conductive oxides (TCO) used in
CIGS solar cells [16], sufficient transparency to allow enough light to reach the CIGS
layer and conductivity high enough to be able to transport the photocurrent generated
to an external circuit.
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For our study, TCO is made up of zinc oxide (ZnO) (Figure 1). We distinguish
n-ZnO doped TCO with a wide gap of 3.3 eV and high transparency. It mobilizes the
maximum number of incident photons from the incident light toward the absorber. The
presence of the intrinsic TCO i-ZnO in the solar cell based on Cu(In,Ga)Se, reinforces
the protection of the absorber and also protects the buffer layer during the deposition of
energetic ions from n-ZnO by sputtering cathodic. The i-ZnO layer has been shown to
increase device performance due to increased open circuit voltage (Voc) [16, 33].

2.2.1.6 Front contact

Finally, the front contact layer which is made up of a metal grid made of aluminum
(Al) and nickel (Ni) ensures good collection of electrons (Figure 1). This metal grid is
made up of a succession of layers (Ni/Al/Ni). The first layer of nickel prevents the
oxidation of the aluminum contained in the TCO. The aluminum layer represents the
front ohmic contact of the device, and the second nickel layer prevents oxidation of
the aluminum, which could create direct contact with the ZnO window layer [22].

2.2.2 Operating principle

Regarding the CIGS-based solar cell, photons with energy Eph < 3.3 eV pass
through the ZnO layer. Those with an energy between 2.4 and 3.3 eV are absorbed in
the CdS buffer layer. In general, the largest majority of photons will reach the CIGS
absorber to be absorbed in the Space Charge Region (SCR) [6, 17]. The photo-
generated electron-hole pairs in the SCR are separated by an internal electric field,
which then accelerates and propels the electrons toward the n-type zone and the holes
toward the p-type zone [34]. The electrons are collected at the front contact (metallic
grid) (Figure 1) and the holes at the back contact (Mo) (Figure 1). These carriers give
rise to a generation photocurrent [35]. The electron-hole pairs that are collected at the
metal grid (front contact), and at the ohmic contact (rear contact) of the cell are
delivered into the load (Figure 1).

2.2.3 Influence of temperature

Temperature is a limiting parameter for solar photovoltaic devices. Cells exposed
to solar radiation heat up. The very energetic photons transfer the energy equivalent
to the gap of the semiconductor material, and the excess energy is dissipated in the
form of heat through the device [3]. The increase in the temperature of the cell
causes an expansion of the crystal lattice of the semiconductor material. The value of
the gap decreases, which causes an increase in the saturation current [36]. Conversely,
photons are more absorbed at long wavelengths, which leads to a slight increase in the
short-circuit current [36]. We note that more free electrons are produced in the
conduction band (BC) to the benefit of the slight reduction in the gap. The instability
of the gap at high temperature can accelerate the recombination between the valence
band (BV) and the (BC) [37], and the open-circuit voltage of the cell decreases.
Operating at the lowest possible temperature allows for better conversion efficiency.

2.3 Modeling of the thin-film solar cell based on CIGS

The performance of a solar cell depends on its various electrical parameters, which
are the short circuit current density (Jsc), the open circuit voltage (Voc), the fill
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factor (FF), and its conversion efficiency photoelectric (). Obtaining these different
parameters of the solar cell requires the resolution of a certain number of equations. In
this section, we will first highlight the essential equations governing the operation of

thin-film solar cells. We then discuss solving these equations.

2.3.1 Transport phenomenon in a semiconductor

The differential equations governing the operation and characterization of a solar
cell can be reduced to three (3) [35]:

* Poisson’s equation:

V.eV® = —q(p —n+Nj, — Ny) (1)

* the continuity equation for electrons:

VI, =q(R—G)+q% @)

* the continuity equation for holes:

VE:—ﬂR—®+q% A3)

In these equations, ¢ is the dielectric constant, @ the electrostatic potential, g the
electrostatic charge; the terms # and p designate the concentrations of electrons and
holes.

NB and N are the densities of ionized donors and ionized acceptors, respectively;
the terms J,, and ], are the current densities of the electrons respectively of the holes. R
is the recombination rate, and G is the generation rate.

In a particular case of operation in a static regime, we have:

on_op _
a a0 “)
Then Egs. (2) and (3) become:
V.J,=q(R-G) )
V.J,=—4(R-G) (6)

The recombination term in Eqs. (2) and (3) is a function of the charge carrier
density. Therefore Egs. (1)-(3) are nonlinear differential.

2.3.2 Generation term

In our work, generation results from optical excitation. The density of the photon
flux denoted ®(z), decreases exponentially with the depth z of the device. The back
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reflection shows that a fraction of the absorbed light reaches the back contact. If ecigs
is the thickness of the absorber, the flux of the intensity of the reflected light has the

expression [35]: @y exie = RpPeys> Rp is the reflection of the rear contact. The gener-
ation rate due to optical excitation is given by the following relationship:

G(z) = —Z%) = a, D (20) exp(—ax(z — 20)) @)

In this equation, @ is the photon flux density per unit area and time, and a is the
absorption constant, the subscript x denotes a given layer: ZnO, CdS, and CIGS.

2.3.3 Recombination term

There are several types of recombination: surface, trap, Auger-type volume,
radiative-type volume, and Schockley-Read-Hall recombination [38].

Schockley-Read-Hall recombination appears to be the predominant mode of
recombination in the solar cell. It introduces a step in the transition between the
conduction and valence bands in the form of an intermediate electronic state located
in the forbidden band. The recombination rate R can be described by the following
equation [35]:

_ (np — n?)
rh(n + 7’l1) + Te(]” +p1)

(8)

This equation expresses the recombination in the quasi-neutral regions of a doped
semiconductor. Under these conditions, the recombination rate of carriers in materials
n and p is expressed respectively:

A

R, =L 9)
Th
An

Rp = T—e (10)

With Az and Ap, the excess concentrations of electrons and holes.

2.3.4 Solving of equations

Numerical simulation is an effective tool used to understand and solve very com-
plex problems related to the structure of solar cells. It makes it possible to effectively
model and improve the conversion efficiency of CIGS-based solar devices.

The unknowns of Egs. (1)-(3) are the following state variables: the electrostatic
potential @, the quasi-Fermi level energies for electrons, and holes E, and Ej,. These
three state variables are sufficient to describe the operation of the solar cell. The
occupation of the conduction band by electrons and of the valence band by holes can
be described by the Fermi-Dirac statistic:

1

(11)
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This function describes the probability of occupation of the electron in the con-
duction band and the expression 1 — f(E) that of the hole in the valence band. With k
the Boltzmann constant, T the temperature, E the energy of the electron for a given
level, and Ef the energy for the Fermi level. The occupation of the Fermi level is given
by the expressions for the densities of the donors 7 and that of the acceptors p [39]:

E-—-E

n = N¢cexp (— CkT f) (12)
Er — E

P :NV €xXp <— fkT V) (13)

N¢ and Ny are the effective densities of electrons in the conduction band and the
effective densities of holes in the valence band and have the following expressions
respectively:

N¢ = 2<72H:’:; kT) (14)
2[]m; kT\*?
Ny = 2(%) (15)

In this equation, % is Planck’s constant, . and m, are the effective masses of the
electron and the hole. In equilibrium, the product of # and p is constant and depends
only on the temperature, the effective masses, and the gap of the semiconductor:

E
np = n? = NcNy exp ( ké") (16)

In non-equilibrium situations, such as under illumination or during fault injection,
there is no uniform Fermi level. In the steady state, the energies of the quasi-Fermi
levels Ez;, and Ej, can be introduced and the product np depends on the voltage:

np = n?exp(qV /kT) 17)

In the absence of a magnetic field and temperature gradient, the transport of a
charge carrier in semiconductors occurs by diffusion and is expressed from the fol-
lowing equations relating to the current density of electrons and holes [35, 39]:

J. = q(u,ne +D,Vn) (18)

Jr =14 (ﬂppf - Dpr) (19)

With yu, andup, the mobility of electrons and holes, respectively; the terms D, and
D,, diffusion constants of electrons and holes, respectively.

The introduction of the Fermi potential ®5, and @, respectively for electrons and
holes as a function of the energy of the quasi Fermi level Eg, and E,, makes it possible
to simplify Egs. (18) and (19):

@ = —Ep/q (20)
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(I)fp = Efp/q (21)
Jp = —qm,pV s (23)

Expressions (20) and (21), applied to Egs. (1)-(3), describe the equation for the
transport of charge carriers in the structure.

Egs. (1)-(3) are subject to the conditions on the potential ® and the current density
J at the contacts. In a one-dimensional case, we have the following expressions [40]:

®(0) =@y — V (24)
o(L)=0 (25)

Jp(0) = =4S, 0(o(0) —p(0)) (26)
Jp(L) =4S, (p(L) = po(L)) (27)
Ju(0) = ano( n(0) —n0(0)) (28)
Ju(L) = =4S, (no(L) — n(L)) (29)

p0(0) and po(L) are the populations (density of holes) of the valence band respec-
tively at the position X = 0 and the thermodynamic equilibrium position X = L. 7¢(0)
and no(L), the electron density of the conduction band at X = 0 and at thermodynamic
equilibrium X = L. The quantities p(0) and p (L) correspond to the population of holes
encountered at X = 0 and X = L. The quantities #(0) and n(p) correspond to the
population of electrons found in the region delimited by X = 0 and X = L. The terms
Spo> Spi> Sno, and Sy, are the effective recombination speeds on the surface of holes and
electrons at the respective positions X = 0 and X = L [40].

2.4 Problematic of solving equations in thin layers
2.4.1 Need for a numerical method

Egs. (1)-(3) are highly non-linear partial differential equations (PDE). The fact of
having several nested layers, each with different input parameters, complicates the
equations and prevents analytical solutions. These input parameters are of three types:

* the parameters that act on the entire device such as the temperature, the speed of
thermal agitation, and the reflection coefficient;

* the parameters that apply to a particular region of the device such as the
properties of the materials, the mobility of electrons and holes, and the width of

the gap;

* the parameters that apply to the light spectrum such as light, wavelength, and
absorption coefficient.

A complete solution to Eqs. (1)-(3) must correctly describe the possible disconti-
nuities in the energy bands at the layer interface. Likewise, the effect of deep energy
states (defects) in the majority of layers must be fully addressed and an explanation
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regarding recombination in the space charge region must be provided. In addition, the
solution to Egs. (1)-(3) must allow the determination of the state variables, ¢(x), 7(x),
and p(x), which completely define the system at each point x. Given all of the above,
an analytical solution to this problem is then excluded. Numerical methods appear
essential for solving these equations. A typical methodology includes the following
approach:

* discretization (mesh) of the device;

* discretization of the Poisson equation and the continuity equations for electrons
and holes;

* application of contact boundary conditions and initial conditions;

* solution of the resulting matrix equation by iteration (Newton-Raphson method,
Picard).

In short, a simulation program for thin-film solar cells must take into account the
presence of several layers, and the recombination phenomena in volume and at the
interface of the layers must be considered. It must also correctly deal with the recom-
bination problem and the generation-recombination centers in the deep states of
the volume of the layers. It must also offer the simulated opto-electrical characteristics
(J-V, QE-2, C-V, and C-f) and allow a comparison with the experimental
measurements carried out.

2.4.2 Simulation software

Among the solar cell simulation software, we have AMPS, PC, SCAPS, and
AFORS-HET at our disposal. Software is used directly or indirectly to evaluate the
performance of the cell in one dimension [41]. All software in its diversity uses the
equations described above. In the following lines, we will describe AMPS and SCAPS.
The latter two are used specifically for chalcopyrite thin-film solar cells.

2.4.2.1 Analysis of microelectronic and photonic structures-1D

Analysis of microelectronic and photonic structures-1D (AMPS-1D) is the work of
the team of Professor Stephen J. Fonash, from Pennsylvania State University with the
support of the Electric Power Research Institute [1]. It makes it possible to obtain the
response of any optoelectronic device to a given excitation: light, bias voltage, or
temperature [42]. Among these devices, we distinguish:

* homo-junctions and heterojunctions p-n, p-i-n, n-i-n, and p-i-p;

¢ microelectronic structures;

¢ detector structures, and solar cell structures.

In the numerical simulation, AMPS-1D takes into account several layers in the case

of heterojunctions. The simulation of a solar cell with AMPS-1D gives the current
density-voltage characteristics under illumination and darkness as well as the charge
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collection efficiency as a function of voltage. Furthermore, important information such
as free and trapped electric field distributions, recombination profiles, and densities of
each current carrier as a function of position are extracted from the simulation.

2.4.2.2 Solar cell capacitance simulator

Solar cell capacitance simulator (SCAPS-1D) is the work of Marc Burgelman’s team
from the Department of Electronics and Information Systems (ELIS) at the Ghent
University in Belgium. SCAPS-1D, one-dimensional numerical simulation software, is
developed to obtain the electrical characteristics of heterojunction and thin-film solar
cells. Its development is inspired by work on solar cells based on CdTe and Cu(In,Ga)
Se, [19, 43]. The simulated and measured results were in very good agreement with
the results in the literature [20, 41]. With SCAPS, it is possible to simulate structures
consisting of seven intermediate layers, front and back contacts with different doping
profiles, and energy distributions of given donor or acceptor levels. All physical and
electronic properties can be viewed and edited in a separate window. SCAPS-1D,
through numerical simulation, studies the most sensitive parameters of the solar cell,
namely J(V), C(V), C(f), and QE()A) under illumination and in the dark [43]. This
feature makes SCAPS a very attractive program that catches our attention.

2.5 Characterization of a thin-film solar cell based on CIGS with SCAPS-1D

Characterization of CIGS-based solar devices is necessary to determine the sources
of losses and suggest ways to minimize them. We investigate two characterization
techniques in this manual: J-V and QE-A.

2.5.1 Chavracterization of curvent density-voltage J-V

The current density-voltage characteristic of the solar cell is described by a stan-
dard diode equation. The diode current density is limited by Shokley-Read-Hall
recombinations across states of the CIGS space charge zone and leads in the simplified
case to the following equation [4]:

J =JoexplgV/ART] — ], (30)

Jo is the diode saturation current density, A is the quality factor, ], is the
photogenerated current density (J,, = Jsc), k is the Boltzmann constant, and T is the
temperature. The simplest and most effective way to describe the operation of a solar
cell is to use its current density-voltage characteristics. There are two modes of
current density-voltage characterization (Figure 2):

* Under darkness, the J-V curve follows the exponential diode law. SCAPS makes it
possible to monitor the effects of series and shunt resistances on the performance
of the solar cell.

* Under illumination, the J-V curve is shifted downward by an amount designated
by Jon called photogenerated current density, which in the ideal case is
independent of the open-circuit voltage (Voc) and the short current density
circuit (Jsc). SCAPS allows us to directly access the main electrical parameters
which are Jsc, Voc, FF, and 1.
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Figure 2.
Characteristics (J-V) under darkness and illumination [4].

2.5.2 Quantum efficiency.

Quantum efficiency (QE) or quantum yield is defined as the ratio of charge
carriers collected to photons incident on a surface at each wavelength. In the ideal
case, each photon creates an electron-hole pair that contributes to the photocurrent.
For an ideal cell, the highest energy photons (hv > Eg) give an efficiency of 100%
and 0% for the lower energy photons (hv < Eg). This is not the case for a real cell
because of reflection losses and losses due to incomplete collection of charge
carriers (Figure 3). Photons whose energy is lower than the band gap therefore do not
contribute to the current density.

Losses at short wavelengths are the result of absorption in the CdS layer (A
< 520 nm) and in the ZnO layer (A < 375 nm) because most of the carriers generated

100
N P
X
= 80 : .
> P Reflection losses %’-
e 70 i \ £
@ :
S 60 :! Absorptionin CdS g
£ 50 =,' yi B
o : S
: H : B
g 40 $ Recombination losses \ e
£ 30 ‘#\ "\ 2
g 20 i . :
10 w% Absorption in ZnO \"-__
\

0 .
300 400 500 600 700 800 900 100011001200
Wavelength [nm]

Figure 3.
Quantum efficiency with current losses.
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in these layers are generally not collected [1]. The spectral response is the ratio
between the density of the collected current and the density of the incident photons,
for each wavelength of light radiation. It depends much more on the optical properties
of the materials than on the spectral distribution of the light received; it makes it
possible to evaluate the quantum efficiency of the cell as a function of the wavelength
of the incident light. Its optimization requires improvement in the front and even rear
surfaces.

The internal spectral response (IQE) and the external spectral response (EQE), are
strongly linked to surface and volume recombination, the diffusion length of the
carriers, and the thickness of the region concerned [16]. External quantum efficiency
takes into account optical loss effects such as unabsorbed light and reflected light. It is
given by the equation:

RQE(1) = Ijgj’—% 31)

The ratio between the number of electron-hole pairs collected and the number
of absorbed photons provided is the internal spectral response [1]. It makes it
possible to evaluate the quality of the different regions of the solar cell and is given by
Eq. (32) [36, 44].

B RQE(2) B 1 Jon(4)
RQI(2) = 1-R(1) (1-R() qé)o(i) )

These two forms of spectral response are strongly linked to surface and
volume recombination, the carrier diffusion length, and the thickness of the layers of
the solar cell [16].

2.6 Results of the numerical simulation with SCAPS-1D
2.6.1 Study of the CdS buffer layer

In this part, we vary the thickness of the buffer layer and we obtain the curves
relating to the electrical and optical characteristics respectively, J-V and QE-A.

2.6.1.1 Influence of the thickness of the CdS on the electrical characteristics

At T = 300 K, we obtain Figure 4 and Table 1 which represent the influence of the
thickness of the buffer layer on the J-V characteristic.

From the results in Table 1 and Figure 4, we see a decrease in the values of all
electrical parameters with the increase in the thickness of the CdS buffer layer [6].
However, we note a weak influence of the thickness of the CdS layer on the Vgc. In
addition, the results show that the values of all the electrical parameters are greater for
the small thickness of the CdS.

These results can be explained, on the one hand, by a reduction in the quantity of
incident photons arriving at the absorber. This decrease is due to the absorption of
incident photons in the CdS layer, which becomes important with the increase in the
thickness of the CdS [6]. On the other hand, the value of the series resistance increases
in the solar cell, which increases with the increase in the thickness of the CdS.
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Figure 4.
J-V characteristic as a function of the thickness of the CdS [6].

Wegs (nm) 0 10 20 30 40 50 100 1000

Voc (V) 0.806 0.796 0.787 0.782 0.779 0.778 0.776 0.774

Jsc (mA/cm—?) 35.74 35.28 34.77 34.30 33.88 33.51 32.14 29.83

FF (%) 85.34 83.69 81.71 79.80 78.37 77.54 76.46 76.28
n (%) 24.60 23.51 22.38 21.42 20.70 20.22 19.27 18.27
Table 1.

Values of electrical parameters depending on the thickness of the CdS at 300 K [6].

2.6.1.2 Influence of the thickness of the CdS on the quantum efficiency

Figure 5 shows that for small thicknesses (10 < W¢g4s < 50 nm), the range of
wavelengths absorbed in the CIGS layer goes from 380 nm to 1100 nm. When the
thickness of the CdS is greater than 50 nm, the absorption in the buffer layer becomes
very important. For a sufficiently large thickness (1000 nm) of the CdS, we see from
Figure 5 that the length limiting absorption wave of the buffer layer is approximately
500 nm. As a consequence, all incident photons with a wavelength less than or equal
to 500 nm are absorbed in this layer (CdS) [6].

Unfortunately, the majority of electron-hole pairs photogenerated in the CdS
layer recombine and are not collected at the contact levels. This explains the low
values of Jsc and 1 observed in Table 1. We emphasize that the significant reduction
in conversion efficiency (Table 1) is a direct consequence of the losses linked to Jsc
and Voc [6]. It appears from the study carried out on the buffer layer that the
recombination inside the CdS layer and the interface of the CdS/CIGS layers
become more and more important when the thickness of the CdS increases [19]. A
thin layer of 10-40 nm of CdS is important for obtaining better performance and
good stability [6].
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Figure 5.
Spectral response as a function of the thickness of the CdS [6].

2.6.2 Influence of temperature on the performance of the CIGS solar cell
2.6.2.1]-V and quantum efficiency characteristics

Temperature is a limiting factor for the proper functioning of the solar cell. The
present work effectively demonstrates that the J-V characteristic is affected by the
temperature, in particular the open-circuit voltage of the device. We observed from
the J-V characteristic (Figure 6a) [6], a significant decrease in V¢ with the increase
in temperature. From the results in Table 2, in addition to Vg, the values of FF and n
decrease with increasing temperature [6], on the other hand, Jsc increases slightly.

2.6.2.2 Electricals parameters

We assume that a reduction in the quantity of photons absorbed at the absorber or
a significant recombination of electron-hole pairs inside the SCR may be responsible
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Figure 6.

(a) Current density-voltage chavacteristics and (b) quantum efficiency for different temperatures [6].
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T (K) 260 280 300 320 340 360 380

Voc (V) 0.8491 0.8159 0.7824 0.7482 0.7139 0.6794 0.6441

Jsc (mA/cm™?) 34.300 34.301 34.301 34.303 34.304 34.307 34.310

FF (%) 82.004 80.923 79.805 78.660 77.428 76.096 74.701
n (%) 23.890 22.652 21.419 20.189 18.96 17.732 16.504
Table 2.

Evolution of electrical parameters as a function of temperature [6].

for these results. However, the quantum efficiency of the solar cell appears not to be
affected by the temperature variation as shown in Figure 6b. The quantity of photons
absorbed in the absorber is therefore not reduced [6]. In reality, when the tempera-
ture increases, the mobility of the charge carriers decreases according to Eq. (3) and
leads to significant recombination of the charge carriers. In addition, at high temper-
atures the gap of semiconductor materials decreases and leads to low performance of
the solar cell. The slight increase in Js¢ values is due precisely to this reduction in the
gap of the absorber with temperature (Table 2).

tup =D (33)

The analysis of these results shows that the losses in the performance of our solar
cell model as a function of temperature are linked to the recombination of electron-
hole pairs inside the SCR. The performance losses at the maximum power point are
approximately: 0.35-0.5%/°C for a solar cell based on crystalline silicon [36, 45]; 0.27-
0.32%/°C for a CIGS-based solar cell [37]. For our model, losses as a function of
temperature are estimated at 0.1%/°C [34].

2.6.3 Recombination in CIGS solar cells

In this part of our chapter, our objective is to determine the type of recombination
mechanism (Auger, radiative, or SRH) dominant in our solar cell model. In addition,
we seek to understand in which part of the cell (CdS layer, SCR, CIGS/Mo, or CdS/
CIGS interfaces) this type of recombination mechanism most affects the performance
of the solar cell.

2.6.3.1 Dominant recombination mechanism

Charge carrier recombination plays a major role in CIGS-based solar cells. Con-
trolling the different recombination mechanisms is very important for better perfor-
mance of solar cells. The recombination of a charge carrier depends on its lifetime (7),
its mobility (u), its diffusion length (L), and its recombination speed (v,). There are
radiative, Auger, and Shockley Read Hall (SRH) type recombination mechanisms. The
simulation with SCAPS-1D allows us to obtain Figure 7, which highlights the effects
of the different recombination mechanisms on the J-V characteristic. From Figure 7,
we see a significant loss of Jsc by SRH-type recombination. We deduce from these
results that SRH type recombinations are dominant within the present solar cell
model. Based on the results of Figure 7 we affirm that the different recombinations
encountered in the previous sections are of the SRH type.
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2.6.3.2 Activation energy

The activation energy, denoted Ea, is a phenomenological parameter used to locate
the place of the predominance of SRH-type recombination mechanisms in the CIGS
solar cell. In the literature, several methods exist for determining the recombination
activation energy [16, 17, 46, 47]:

The method that inspired us consists of plotting the Vo¢ curve as a function of
temperature; we graphically obtain the activation energy by extrapolating the curve
up to the temperature of 0 K at the origin of the benchmark (Figure 8). The Vo value
read corresponds to the value of the activation energy to a factor of 1/q (Voc = Ea/q)
(Figure 8). We make the following hypotheses:

1.If the activation energy is lower than the absorber gap (Ea < Eg), the interface
recombination mechanisms (CdS/CIGS, CIGS/Mo) are dominant;

2.1f the activation energy is substantially equal to or greater than the gap of the
absorber, the recombination mechanisms inside the SCR dominate.

From Figure 8 obtained from the numerical simulation, we see that the activation
energy of the model studied has a value of approximately 1.3 eV. This value is greater
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Figure 8.
Method for determining the activation energy.

143



Copper Overview — From Historical Aspects to Applications

than the gap value of the absorber studied (E.g. = 1.2 V). In conclusion, the
present model is affected more by SRH type recombinations in volume, more
precisely inside the SCR.

3. Conclusion

In this manuscript, we proposed a theoretical framework for characterizing the
CIGS-based solar cell based on the CdS buffer layer. We have set ourselves the
objective of clearly explaining the different recombination phenomena that affect the
performance of CIGS-based PV solar cells.

We described the polycrystalline sector with thin chalcopyrite layers and we
presented the role of the different layers constituting the CIGS-based structure. Then,
we discussed the operating principle as well as the influence of temperature on the
Mo/CIGS/CdS/ZnO structure.

In the following sections, we modeled the CIGS-based solar cell from the basic
equations that govern the transport phenomenon of charge carriers in a semiconduc-
tor. We also explained the terms of generation and recombination and underlined the
need for a numerical method for solving the equations. We then gave an overview of
the basic concepts of numerical simulation and described the SCAPS-1D and AMPS-
1D simulation software. Finally, we presented the J-V and QE characterization tech-
niques used for the numerical simulation.

We finally presented the results on the Mo/CIGS/CdS/ZnO structure in numerical
simulation. The results show that the presence of a large thickness of the buffer layer
reduces the quantity of photons arriving at the absorber. It also leads to recombina-
tions inside the CdS layer of photogenerated charge carriers. We found that the
electrical parameters decrease with increasing temperature, with the exception of Jsc,
which observes a slight increase. In addition, the increase in temperature leads to
recombination inside the SCR and greatly limits the performance of solar cells. Over-
all, we were able to show that SRH-type recombination is the predominant mode of
recombination in CIGS-based solar cells. Our results further show that recombinations
inside the SCR affect the performance of the solar cell.

It appears from this study that for good performance of our model, a thickness
of 30 nm of the CdS layer is necessary. We retain the range of 300-360 K for the
proper functioning of the chalcopyrite cell based on the Cu(In,Ga)Se, quaternary
system.
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Abstract

Copper metal is a natural element found in soil, water, and rocks. This metal is
one of those functional metals that have significantly improved the quality of human
life. In the agricultural industry, copper plays an essential role as a primary nutri-
ent required for the optimal growth of living tissues in plants and other organisms.
Additionally, it is used to control fungal diseases; copper sulfate, one of the most
widely used derivatives of copper metal, is employed for this purpose. Hence, the
use of copper in agriculture is crucial. Another advanced and innovative application
of copper is in chemical processes within the petrochemical industry as a catalyst.
Copper catalysts exhibit a more favorable hydrogenation activity compared to nickel
catalysts. The copper catalyst is designed in three forms: extruded and tablet forms for
fixed-bed reactions and powder for liquid-bed reactions.

Keywords: copper catalyst, copper metal, copper alloys, copper applications,
agricultural industry, electrical industries, pharmaceutical industries

1. Introduction

Copper metal is a natural element found in soil, water, and rocks. It is regarded as
one of the functional metals that have significantly impacted the quality of human
life. Historically, copper has been considered among the most essential materials in
various industries [1]. Its extensive use in daily life, electronic industries, and indus-
trial machinery underscores the paramount importance of this metal. Furthermore,
copper stands out as one of the most widely used heavy nonferrous metals [2, 3]. In
terms of appearance, copper compound minerals exhibit vibrant colors, especially
red, green, and blue, as depicted in Figure 1 [4].

Copper is a metal as old as human history. Copper was among the first metals used
for coinage, a practice that started around 8000 BC. The coin depicted at the bottom
is a Roman Follis featuring Constantius I (Figure 2) [5].

1.1 Characteristics and applications of copper

Why is copper a popular metal? Due to its exceptional and noteworthy features,
copper is used in various industries such as machinery, agriculture, electronics,
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Figure 1.
Copper ore.

Figure 2.
Roman Follis.

etc. [6]. Among the most essential features of copper metal, the following can be
mentioned: conduction of electricity and heat [7], being a hammerhead, corrosion
resistance [8], machining ability, tensile strength [9], alloy property [10], very high
malleability, the possibility of recycling copper [11], and an esthetically pleasing color
suitable for artistic applications.

The combination of these qualities has rendered copper a sought-after metal for
various purposes. Furthermore, Copper, as a very versatile metal, has excellent electri-
cal and thermal conductivity, malleability, corrosion resistance, and other desirable
properties as a final product in several sectors such as (1) Electronics industries: produc-
tion, transmission, and distribution of electricity. (2) Construction and architecture:
roof and plumbing. (3) Transportation: car wires, connections, and various electri-
cal parts for the construction of ships, planes, and trains. (4) Industrial machinery
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Figure 3.
Utilization of copper metal.

and equipment: engines, generators, pumps, compressors, and heat exchangers. (5)
Renewable energy: It is an essential component in solar panels, wind turbines, and
energy storage systems. (6) Plumbing and water systems: plumbing and water supply
systems. (7) Coins and currency: production of coins, especially with lower denomina-
tions. (8) Medical applications: Medical devices and equipment, including surgical
instruments, imaging systems, touch surfaces, and hospital equipment are suitable to
help reduce the spread of infection. (9) Consumer goods: cooking utensils, household
appliances, jewelry, decorative items, and musical instruments are used. In other words,
the direct sale of copper sheets or various forms is a common practice (Figure 3).

1.2 Role of copper alloys in industry

Copper metal alloys are crucial, especially brass, bronze, copper, and nickel silver.
Approximately 30% of the world’s copper production is dedicated to alloying. Copper
alloys are generally worked, with only 10% is produced by casting, approximately
78-80% copper and 20-22% tin mixed together to form bell metal; in smaller propor-
tions, it creates bronze. Additionally, 70-90% copper metal is mixed with 10-30%
zinc to form a brass alloy, also 88% copper and 12% zinc used to form Pinchbeck, and
other alloys (Figure 4) [10, 12, 13].

1.3 End uses of copper

End uses of copper metal and the use of copper products in various industries are
called “end uses.” In order of importance, these industries are electrical and elec-
tronic, construction, consumer goods, industrial machinery manufacturing, trans-
portation, and military. Copper is one of the four metals whose natural color is not
gray or silver. The most production and extraction of copper belongs to Chile. The sale
of copper in Chile, with an exhibition of 7.5 million tons, has taken the largest share
of the copper market. Copper ingot producers, foundries, wire-making units, brass
products production units, and other sectors use refined copper. The transformation
of copper into products such as uncoated wire, cable, coated wire, tape and belt, pipe,
rod, and casting products reveals its final applications in our lives (Figure 5) [14].
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Figure 4.
Copper alloys.

Figure 5.
Use in electrical industries.

2. Copper’s versatility in daily life and industry

In the previous sections, we learned about the characteristics of copper metal.
These features have increased the use of copper in different conditions. For this
reason, today, we see the benefit of copper in various industries and daily life.

2.1 Application of copper in electronics and electrical industries

One of the best and most cost-effective conductive metals is copper, known for
its efficient electrical conductivity. Additionally, owing to its properties, copper has
become one of the safest metals for wires and power transmission tools. The majority
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Figure 6.
The use of copper in the electronics industry.

of copper is utilized in the electrical and electronic industries, accounting for approx-
imately 46% (Figure 6) [15].

One of the high-tech applications of copper in electrical applications is the use
of copper nanoparticles for conductive inks. The potential of low price, low melting
temperature, and high conductivity of copper nanoparticles has enabled them to
prepare themselves to enter new flexible electronic technologies, such as foldable and
wearable electronic devices (Figure 7) [16].

The new technologies, such as solar panels, wind turbines, and energy storage
systems for renewable energy production, are experiencing growth due to the escalat-
ing consumption of fossil fuels and the resultant increase in pollution. These tech-
nologies, including solar, tidal, and wind, necessitate immediate storage solutions.
Another high-tech electronic application is supercapacitors, which function as devices
capable of rapidly storing and generating electrical energy. CuS/C@PANI nanocom-
posites are employed as advanced electrode materials for supercapacitor applica-
tions. These superconductors are composed prepared of copper nitrate trihydrate
(Cu(NO;)2-3H,0, 99.99%), polyvinyl pyrrolidone (PVP, 99%), and 1,3,5-benzenetri-
carboxylic acid (H3BTC, 95%) (Figure 8) [17].

PVP: polyvinyl pyrrolidone

' Cu(CH
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Figure 7.

Copper nanoparticles for conductive inks.
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Synthesis CuS/C@PANI nanocomposites as advanced electrode materials for supercapacitor applications [17].

2.2 Construction application

Copper metal finds application not only in the fagade of buildings but also in all
wiring, certain pipes, various door handles, and even in all the electrical appliances
inside a house. Interestingly, almost 197 kg of copper is used in each building [18, 19].
One copper compound with unique applications is copper nanoparticles featur-
ing different structures tailored for specific uses. These nanoparticles, produced
by biological methods, including copper compounds and plant extracts, can have
basic applications in producing paints, ceramics, batteries, fuel cells, etc. Bimetallic
nanoparticles are compounds that can have these applications. Chitosan is a biological
compound, biodegradable, biocompatible, and nontoxic polymer with antifungal
properties, and a special chemical structure has a special application in the produc-
tion of metal nanostructures, especially copper; due to the OH and NH2 groups, it
can create a strong metal bond and create a complex and a strong polymer structure
for special applications. It is employed as a stabilizing agent due to its ability to form
chemical bonds with metals in the nanoparticle production process (Figure 9) [20].

2.3 Transportation industries application

Using copper to construct ships, railways, airplanes, and cars is also widespread in
transportation industries. Copper alloys are standard materials in shipbuilding from
bolts and rivets to a ship’s propellers and pipes. This metal makes many train parts in
the railway industry, including engines, brakes, and control parts. Airplanes require
ventilation, hydraulic, navigation, and electrical systems, and copper is essential in
the automotive industry for brakes, bearings, engines, radiators, and wiring. A typical
vehicle alone can contain 23 kg of copper [21-23]. Copper oxide brake nanofluid
(CBN) is a compound under consideration for car braking, evaluated using the arc
submerged nanoparticle synthesis system (ASNSS). Brake fluids containing copper
nanoparticles are produced by melting the bulk metal immersed in the dielectric
liquid as an electrode. Copper vaporizes in DOT3 brake fluid, rapidly quenches, and
results in the formation of nanocrystalline copper powders at the core. The produced
CBN, aimed at reducing the occurrence of vapor lock, exhibits a higher boiling point,
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Figure 9.
Synthesis of bimetallic nanoparticles.

increased conductivity, and greater viscosity, ensuring the optimal performance of
CBN. Considering that the performance of brake oil depends on the three character-
istics of higher boiling point, higher viscosity, and stronger conductivity, one of the
great advantages of CBN produced can be the increase of 8°C in the boiling point of
CBN, which has reached 278°C. Also, an increase of 5 units of viscosity and reaching
the viscosity at 35 (mm?/s, cSt) to 37 (mm?/s, cSt) and an increase of 0.05 W/m°C is
0.03 units of conductivity and reaching a conductivity of 0.05 W/m°C [24].

2.4 Pharmaceutical industries application

While copper’s utilization in the pharmaceutical industry may not be as extensive
as in other sectors, its significance persists owing to the unique properties of cop-
per metal, notably its antibacterial characteristics. Studies have shown that bacteria,
viruses, and yeast find it challenging to survive on a copper surface due to the metal’s
interference with the electrical charge on the microbial cell membrane. Among the
bacteria and microorganisms in question are E. coli, Legionella pneumophila, cobacillus,
Staphylococcus aureus, Salmonella, poliovirus cited. According to the US Environmental
Protection Agency (U.S. EPA), a copper surface can eliminate 99.9% of bacteria that
land on it within two hours [25-27]. The utilization of a composite film, demonstrat-
ing outstanding bacterial-killing efficiency, as a wound dressing material is one of the
applications of copper metal as an antibacterial compound. In this process, copper
nanoparticles with oxidative stability are produced using a modified dialdehyde starch
(DAS) as an environmentally friendly reducing agent. Additionally, a biocompatible
polymer, polyethyleneimine (PEI), serves as a stabilizer in the production of these cop-
per nanoparticles. The potential for various clinical applications has been investigated
using the antibacterial properties of agar film embedded with copper nanoparticles
against E. coli bacteria, which has shown excellent bacterial killing efficiency and can be
used as a wound dressing material (Figure 10) [28].

Healthy living conditions and international concerns have given rise to new chal-
lenges in developing cost-effective antimicrobial materials, focusing on preventing the
survival and proliferation of microorganisms, particularly after the attention garnered
by the coronavirus pandemic. An emerging field involves the utilization of metal cations
in conjunction with azo-Schiff base ligands as highly active antibacterial compounds
(Figure 11). Recent studies emphasize the noteworthy antimicrobial and antibacterial
properties of copper metal ions on Staphylococcus aureus and E. coli bacteria [29].
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Schematic representation for the synthesis route of azo-Schiff base ligands and their metal (1I) complexes.

Reprinted with permission from [29]. License number: 5677770865497.
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2.5 The use of copper in industrial equipment and machinery application

The application of copper in industrial equipment and machinery is widespread
across various sectors, including the petrochemical industry. These machines
and equipment comprise copper pipes, electric motors, evaporators, condensers,
heat exchangers, valves, and containers designed for use in corrosive environ-
ments [30, 31].

Investigating the chemical nature of copper oxide (Cu,0) and copper surfaces
in the presence of H,0 and CO, at room temperature using X-ray photoelectron
spectroscopy shows that today the use of copper in rotor and brush electrodes is
considered in electric motors. Investigating the surface chemistry of copper surfaces
used in electric motors on Cu,0, Cu, and Zn/Cu characters at room temperature,
in the presence of CO, gas, using X-ray photoelectron spectroscopy under constant
temperature and pressure environmental conditions shows that clean copper can
activate CO, to CO,* species with a negative charge. At the same time, Cu,0 is inac-
tive for CO, absorption at room temperature CO, can be converted to carbonate more
in the presence of Cu. This action increases the electric current in electric motors
(Figure 12), the XPS spectrum of Cu,0 in the presence of 0.1 torr CO,. It shows at
room temperature (Figure 13) [32].

2.6 Copper metal in the agricultural application

The application of copper metal in the agricultural industry is crucial as it serves
as a primary nutrient necessary for the optimal growth of living tissues in plants and
other organisms. Additionally, copper is utilized to control fungal diseases and act asa
stimulant for the development of chickens and other poultry. Copper sulfate, derived
from copper metal, is one of the extensively used compounds in this context. Hence,
the use of copper in agriculture is deemed essential [33-37].

The goal of safeguarding more sustainable agricultural products has become a priority
for farmers. In 2020, the Food and Agriculture Organization of the United Nations (FAO)

CO, + H,0

Figure 12.
Surface chemistry of Cu in the presence of H,0 and CO, [32]. Copyright © 2008, American Chemical Society.
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Figure 13.

Cz1s XPS spectra of Cu,O in the presence of 0.1 torr CO, at room temperature, show that the X-rays and the
secondary photoelectrons induce carbonate formation on Cu,0O [32]. Copyright © 2008, American Chemical
Society.

designated it as an international year focused on protecting plants, promoting economic
growth, and enhancing environmental sustainability. The FAO highlighted that over
40% of crops are lost annually due to pests. One historical copper-containing pesti-

cide utilized for this purpose since 1885 is the Bordeaux mixture [38, 39]. It has been
employed concurrently with pesticides, and subsequently, numerous pesticides incorpo-
rate copper compounds. The antibacterial activity of copper is grounded in two primary
mechanisms. In the first mechanism, Cu** is generated and delivered [40]. In the second
method, with the presence of copper nanoparticles, ROS production method that is reac-
tive oxygen species proceeds [41]. Due to the decreased accumulation of metal in the soil,
reduced harm to microbiota, and lower toxicity to plants, food, and underground water,
the amount of copper in European pesticides has been reduced from 6 kg per hectare to
4 kg per hectare today [42]. Therefore, it is crucial to develop new pesticide compounds
with low copper content and the most significant reduction of antimicrobial activity.
Recent research indicates that lignin, an abundant, biodegradable, and natural biopoly-
mer, can be used in conjunction with copper nanoparticles [43]. Incorporating lignin as
polyphenols, which are antimicrobial compounds, can diminish the reliance on copper
in the structure, while still imparting valuable properties, various phenolic monomer
fragments are found in lignin, making it a valuable reservoir of natural antibacterial
agents. The strongest inhibitory effect is generally observed in phenolic moieties with a
double bond at the a and p positions of the side chain and a methyl group at the y posi-
tion (Figure 14) [45]. Antimicrobial properties have been successfully demonstrated in
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Figure 14.
Structure lignin as polyphenols [44] Copyright ©2022, American Chemical Society.

lignin derived from different sources, using different extraction methods, and evenina
wide range of lignin model compounds against different microorganisms [46-48]. The
antimicrobial effect of polyphenolic compounds of lignin is attributed to the damage
and lysis of the bacterial cell membrane, which leads to the subsequent release of the
cell contents [45, 49]. Nanoparticles show more useful polyphenolic side chains on their
surface due to their wide surface area. This extended contact area has the potential to
increase the antimicrobial effect [44]. An innovative organic-inorganic combination

of lignin and brocanthite Cuy(OH)SO, has garnered significant attention (Figure 15).
In conclusion, the antimicrobial activity of the lignin@Cu compound and the correla-
tion between the dimensions/shape of the brochantite crystals were investigated on the
tomato plant through in vivo tests, yielding valuable results. The iz vivo test revealed that
the copper content in commercial pesticides is 20 times higher than that in the lignin@
Cu composition. Notably, the organic-inorganic compound with wood-shaped crystals
measuring about 10-30 nm in length demonstrated significantly higher effectiveness
compared to these conventional developments [50].

The use of metal ions in CuO, CuS, and Cu(OH), compounds for antifungal
properties is common in commercial applications. However, recent restrictions have
emerged due to concerns about their accumulation in farm soil and water resource
contamination, limiting their use. It is crucial to employ nanomaterials for controlling
the release of copper metal [51]. A valuable method involves using phosphate com-
pounds to regulate the release of metal ions and reduce fungal and bacterial infec-
tions. The compound Cuz(PO,4),-3H,0, synthesized through the polyol method and
presented by White and colleagues, has yielded valuable results in watermelon field
applications to enhance resistance to fungi. A concentration of 10 mg L™! nanosheet
Cu3(PO4)»3H,0 exhibited a 58% reduction in the development of fungal diseases
(Figure 16) [52].
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Figure 15.
Two synthetic pathways followed to obtain the hybrid material lignin@Cu: (a) wet procedure, and (b)
mechanochemistry [50]. Copyright ©2020, American Chemical Society.

Nanomaterials Disease
suppression

CU3(P°4)2

Fusarium oxysporuminfected
watermelon

Figure 16.
Use of copper metal ions in watermelon field [52]. Copyright ©2020, American Chemical Society.
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2.7 Copper catalyst applications

Due to their high potential applications, certain metals, including copper, are
promising alternatives to expensive metals as catalysts in chemical processes.

The natural abundance and low manufacturing cost of copper nanoparticles have
positioned it as a valuable compound in synthesis [53]. Practical methods for
synthesizing copper nanoparticles include sonochemical, hydrothermal, sol-gel,
electrochemical, and thermal evaporation techniques. However, these methods
often involve the use of regenerating chemical compounds, such as NaBH,, or
may require other substances, such as ethylene glycol and polyvinyl pyrrolidone,
which can pose environmental risks [54]. Currently, the adoption of green syn-
thesis methods for the production of metal nanoparticles is gaining prominence.
Biological green synthesis, a well-established approach, utilizes natural biological
resources, microorganisms, and plants. The stability of metal nanoparticles syn-
thesized through biological methods is attributed to the presence of compounds
such as flavonoids, alkaloids, and polyphenols. Compounds from the Rutaceae
family, such as Muraya Koenigii (Curry leaf) or Daun Kari in Malay, are par-
ticularly prevalent in the biological synthesis of metal nanoparticles. Among the
advantages of biological methods for the synthesis of copper nanoparticles, they
offer mild reaction conditions, environmentally friendly, and cost-effective pro-
cesses. These methods ensure biocompatibility and enable diverse applications in
medicine while also providing control over the size and shape of the nanoparticles.
The use of extracts or natural microorganisms reduces the environmental impact
and energy consumption, making it a sustainable and efficient approach [55, 56].
Mustaffa Shamsuddin presented a valuable method using the aqueous extract of
Murayya koenigii leaves as a reducing agent for producing CuO nanoparticles. He
has used these nanoparticles as a catalyst in reducing 4-nitrophenol to 4-amino-
phenol (Figure 17) [57].

The development of green, efficient, solvent-free, and safe catalysts using
one-pot methods for synthesizing heterocyclic compounds is a current focus. One
of the green synthesis methods for heterocyclic compounds involves employing
multicomponent reaction (MCR) [58]. This method holds significance in modern
research for synthesizing heterocycles. It involves a technique where three or four
starting materials combine to form a complex molecule through a one-pot reaction
[59]. There are numerous methods for preparing heteroatoms containing (N and S)
groups, such as pyrazole and thiadiazole [60]. However, the use and development
of new catalytic methods with the design of nanocatalysts and features such as
selectivity, biocompatibility, and reusability can be used as green industrial meth-
ods in preparing organic compounds [61]. One of the green synthesis methods for
organic compounds involves the use of copper metal nanocatalysts [62]. Sharaf
Zeebaree and his colleagues have explored the utilization of Trifolium resupinate
leaf extract as a reducing agent for synthesizing copper nanoparticles, serving
as catalysts in C—C and C-heteroatom bond formations. They have successfully
synthesized a valuable heterocyclic compound known as 1,3,4-thiadiazole using the
MCR method and the developed nanocatalyst. The synthesis method is illustrated
in Figure 18 [63].

A long-standing goal in polymer chemistry is the design of new macromol-
ecules and achieving high molecular weight control using radical polymerization
methods.
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Figure 17.
Synthesis of copper nanoparticles as a catalyst for the reduction of 4-nitrophenol to 4-aminophenol [57].

In 1990, reversible deactivation radical polymerization (RDRP) techniques were
first realized, as depicted in Figure 19. This figure illustrates the mechanism of atom
transfer radical polymerization (ATRP), a type of RDRP reaction, with potential side
reactions and equilibria in aqueous media. Generally, this method operates through a
dynamic equilibrium between a dormant species and an actively propagating species.
The conversion between inactive and active states occurs rapidly, with only a small
fraction of chains being active and growing at any given moment. Consequently,
the average molecular weight is influenced by the ratio between the initiator and
monomer, ensuring that each polymer chain grows with the same molecular weight
distribution [65].

The use of water as a reaction medium has transformed this process into a
green one. The control and stability of vinyl monomer polymerization are other
valuable features of the processes. New protocols for RDRP processes were introduced
by Haddleton et al. in 2013, in which Cu(0) is produced in aqueous media by an iz situ
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(A) Synthesize copper nanoparticles and (B) synthesis of 1,3,4-thiadiazole [63]. License number: 5677750744431.
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Mechanism of ATRE, one of the RDRP reactions, with potential side reactions and equilibria in aqueous media:
blue represents the hydrolysis of alkyl halide chain end, red depicts radical-vadical termination veactions, orange
illustrates the disproportionation of Cu(I), and green signifies the dissociation of halogens. Reprinted with
permission from reference [64]. Copyright 2015 Royal Society of Chemistry.
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production method. Cu(0) is formed through the rapid disproportionation of Cu(I)
before the addition of monomers and initiators [66]. Then, using nitrogen injection,
deoxygenation is created in the solution. Monomers and alkyl halides are injected
into the catalyst mixture with an aqueous solution to complete the polymerization.
Polymerization is carried out in an ice bath due to a decrease in the rate of hydrolysis
and an increase in the function of end groups (Figure 20). Alsubaie and his col-
leagues made the architecture of high-grade block copolymers by decablock copoly-
mers quickly [64]. Therefore, using copper intermediate is helpful in synthesizing
polymers in aqueous environments using the RDRP process [67].

One of the newest applications of copper involves its use in chemical processes in
petrochemicals as a catalyst. Copper catalysts exhibit more favorable hydrogenation
activity compared to nickel catalysts. The copper catalyst is designed in three forms:
extruded and tablet for fixed-bed reactions and powder for liquid-bed reactions.

2CuBr
0 m.TRENl 2ml, H,0

0
= Cu +CuBr.
“ﬂf“ﬁ‘*" S Y

1mi H,0/ 0°C OH

o Wy O

NIPAM

Figure 20.
Synthesis of multi-block copolymers composed of NiPAm, DMA, and HEAm by iterative Cu(0)-RDRP in H,0,
permission from veference [64]. Copyright 2015 Royal Society of Chemistry.
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A crucial chemical transformation in the industry, representing one of the applica-
tions of gas-phase purification in the flow of olefins for polymerization, is the
semi-hydrogenation of alkyne to alkene [68, 69]. The synthesis of metal nanopar-
ticles with high-added value is widely utilized in the industry. In 2022, Mohammadi
Dehcheshmeh et al. conducted a green process to synthesize nanoparticles of pal-
ladium and copper. It has had an exciting performance in the hydrogenation process.
PdCu nanoparticles are synthesized through three steps, including I- synthesis of
polylactide as a biodegradable and widely used polymer II- binding of polylactide to
metal and formation of metal stereocomplexes based on polylactide III- reduction of
metal using hydrogen (Figure 21) [70].

A
oJH"' =N N VAVANE P

r'jjro + Toluene, 138 °C, 12h * INSN\ dpLa
0 Sn(Oct)y
Vi lactide

CHyCl,

CHCl,
pllly) = 20 bar

|PdCu] M = Pd [Pd]; Cu [Cu]

Figure 21.
Syntheses of the nanoparticles catalysts PACu, Pd, and Cu [70]. License number: 5680370589458.
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Figure 22.
Hydrogenation by Cu nanoparticles catalyst [70]. License number: 5680370589458.

One of the applications of these nanoparticles is the partial hydrogenation of
2-butene-1,4-diol and 3-hexyn-1-ol as an industrially important alkynol, which led to
cis-alkenol with high selectivity (98%) (Figure 22).

3. Conclusion

This chapter emphasizes the significance of utilizing copper as a versatile metal
applicable in pharmaceutical, electronic, chemical, industrial, and agricultural
domains. The use of nanoparticles represents a scientific revolution in the twenty-
first century, with copper nanoparticles playing a pivotal role in various industries.
These nanoparticles serve as fundamental elements in fields such as agriculture,
pharmaceuticals, electronics, and industry, functioning as catalysts. Consequently,
the green synthesis methods outlined in this chapter hold particular importance. The
green synthesis of copper nanoparticles has garnered attention from scientists and
researchers as an advanced technology.
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Chapter 8

Advances in Techniques for Copper
Analysis in Aqueous Systems

Ahwmed Elkhatat

Abstract

Copper is an essential micronutrient but can be toxic at elevated levels. Monitoring
copper in aqueous systems is critical for characterizing pollution sources and mitigat-
ing human health risks. This chapter comprehensively evaluates recent advances in
analytical methods for detecting copper, including atomic spectrometry, molecular
spectrophotometry, electrochemical sensors, voltammetry, and chromatography.
Each technique’ critical detection limits, selectivity, complexity, and advantages
are outlined. Atomic absorption spectrometry, inductively coupled plasma-optical
emission, and inductively coupled plasma-mass spectrometry provide the most
sensitive copper quantification down to parts per trillion levels. Meanwhile, spectro-
scopic methods using novel reagents offer inexpensive and rapid copper screening.
Electrochemical and optical sensors show promise for on-site and continuous moni-
toring. Chromatographic separation before detection improves selectivity in complex
sample matrices. Critical evaluation of these complementary approaches can inform
the selection of optimal copper quantification techniques for different environmen-
tal, industrial, and biological monitoring applications. Recent advances continue
to expand the analytical toolkit for sensitive, selective, and cost-effective copper
analysis across diverse aqueous systems.

Keywords: copper, water analysis, heavy metals, analytical methods, atomic
spectrometry, sensors, voltammetry, chromatography

1. Introduction

The lack of clean and safe drinking water is a severe issue threatening human
health and quality of life worldwide. The rapid increase in population and industrial-
ization have led to a higher demand for drinkable water, resulting in increased waste-
water contaminated with pollutants. Wastewater discharge significantly contributes
to drinking water, groundwater, and marine environment pollution, especially with
heavy metals. Although some heavy metals are necessary for biological systems,
excessive exposure can harm ecosystems. For instance, exposure to heavy metals can
result in bioaccumulation in fish’s liver and muscle tissues, which can occur through
different exposure pathways. These contaminants could severely affect marine life
and human health if they enter the food chain. For instance, water pollution caused
by heavy metals like lead, mercury, cadmium, chromium, copper, nickel, zinc, and
arsenic poses a significant threat to our environment, leading to severe ecological and
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human health consequences. Heavy metals can enter water bodies through various
pathways, including industrial wastewater discharges from mining, metal plating,
electronics, and chemical manufacturing. Agricultural runoff, such as pesticides,
fertilizers, and animal manure, can also contain heavy metals that may leach into
water. Natural mineral deposits can erode and weather rocks and soil, releasing heavy
metals. Corroded pipes and plumbing, particularly those made of lead and copper,
can also leach into drinking water. Heavy metals released into the air from industries,
incinerators, and so on can deposit via particulate matter into water. Leached heavy
metals from landfills can enter surface and groundwater through rainfall percolating
through the landfill. Untreated or partially treated sewage can introduce heavy metals
into rivers, lakes, and oceans [1-5].

Copper is a typical heavy metal found in the environment. It is an essential micro-
nutrient for many organisms but can also biomagnify the food chain. Human activi-
ties such as agriculture, mining, and manufacturing are significant sources of copper
pollution. Copper-based fertilizers and pesticides used in agriculture; effluents from
chemical, pharmaceutical, and paper manufacturing facilities; and corrosion of
household plumbing can all contribute to copper pollution [4, 6, 7].

Due to the increasing global production of copper, the concentrations of bioavail-
able copper compounds have significantly risen in the environment. Soluble forms of
copper are the most harmful to human health, and prolonged exposure to elevated
levels of copper can lead to severe toxicity, anemia, diabetes, renal disorders, liver
damage, and even death. Because of this, it is crucial to use sensitive analytical
techniques to monitor copper levels in water resources and effluents to determine if
concentrations exceed safe limits and mitigate risks to human populations. The World
Health Organization (WHO) has established limits for the maximum acceptable
concentration of copper in drinking water to safeguard human health. The World
Health Organization (WHO) suggests that the maximum tolerable concentration of
copper in drinking water should not exceed 2 mg/L (ppm) as a provisional guideline
value. Copper can cause gastrointestinal issues in short-term exposures at levels above
2 ppm. For long-term exposure, the guideline value is set based on a level that does
not cause liver damage in sensitive populations [5, 6, 8-10].

Various methods, such as spectrophotometry, voltammetry, sensors, and selective
membranes, have been developed to detect copper in water samples. Therefore, this
chapter aims to comprehensively assess these technologies for different water samples
and evaluate their advantages and disadvantages. Figure 1 demonstrates a hierarchi-
cal graph of these methods.

2. Atomic spectrometric methods

Atomic spectrometric methods (ASMs) use specialized equipment to isolate and
measure element-specific signals. These methods can be classified into two catego-
ries based on the type of spectral dispersion used: atomic absorption spectroscopy
(AAS) and atomic emission spectroscopy (AES). In AAS, ground-state atoms of
the analyte element absorb light at specific wavelengths, allowing electronic transi-
tions in the atom’s electron orbitals. On the other hand, in AES, thermal energy
excites atoms, which then generate emission signals as they return from high-energy
states to lower-energy levels. While modern analytical instruments can measure
multiple elemental species by inserting equipment set to excite these elements, one
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Techniques for copper analysis in aqueous systems.

significant advantage of atomic emission is the ability to measure numerous elemen-
tal species simultaneously [11, 12].

ASM can be divided into two types based on the detection method: photo-spec-
troscopy and mass-spectroscopy. In photo-spectroscopy, the process is measured by
detecting the emitted or absorbed photons. On the other hand, in mass-spectrometric
methods, the atom is first ionized to obtain an electric charge and gain electrons. The
analytes are then identified and quantified based on their mass-to-charge (m/z) ratio
generated from the sample [13].

2.1 Atomic absorption spectroscopy

A widely used technique for analyzing heavy metals is atomic absorption
spectrometry (AAS). This encompasses several methods in which free atoms in a
gaseous state absorb specific optical radiation, determining the atomic composi-
tion. AAS is classified according to the atomization methods into graphite furnace
atomic absorption spectrometry (GFAAS), flame atomic absorption spectrometry
(FAAS), cold vapor atomic absorption spectrometry (CVAAS), and hydride atomic
absorption spectrometry (HAAS). The absorption intensity can be used to evalu-
ate the sample’s concentration levels of detected elements. AAS can detect over 70
elements in samples with different physical states, such as solid or solution phases
[14-16]. Figure 2 illustrates the principle of instrumentation for atomic absorption
spectrometry. The key features of various atomic absorption spectrometry techniques
are presented in Table 1.

AAS, FAAS, and GFAAS are standard analytical equipment for detecting copper
in liquid samples. Studies worked to improve detection limits, and Table 2 summa-
rizes the studies conducted on detecting copper (Cu) in water samples using atomic
absorption spectroscopy (AAS).
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Technique Principle Temperature Detection Advantages Disadvantages
(°C) limit

Graphite Sample Up to 3000 Pg-ng/mL Very low Slow analysis,
furnace heated in range detection limits, fewer elements
AAS graphite minimal sample detectable
(GFAAS) furnace volumes
Flame AAS Sample 2300 (air- Ppb-ppm Faster analysis, Higher detection
(FAAS) aspirated acetylene) 3000 range more elements limits

into flame (N20-acetylene) detectable
Cold Used for Room Ppt range High sensitivity Only suitable for
vapor AAS volatile temperature for Hg and As volatile elements
(CVAAS) elements like

Hgand As
Hydride Generates Room Ppb range Good sensitivity Only applicable
AAS volatile temperature for elements for hydride-
(HAAS) hydrides forming hydrides forming elements

Table1.

Comparison of the critical features of various atomic absorption spectrometry techniques.

2.2 Atomic emission spectroscopy

Atomic emission spectroscopy encompasses several techniques that utilize plasma
or electrical excitation to generate characteristic atomic emissions for analysis. Major
atomic emission spectroscopy techniques include:

¢ Flame photometry: uses a flame to excite alkali and alkaline earth metals

* Inductively coupled plasma (ICP): uses radio frequency induction to create an
argon plasma that excites/ionizes samples. Optical emission spectrometry (ICP-
OES) and mass spectrometry (ICP-MS). In ICP-OES, detection relies on emitted
photons, whereas in ICP-MS, it depends on the mass-to-charge ratio (m/z). To
benefit from the unique features of each detector, many researchers have investi-

gated a combination of OES and MS.
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AAS equipment Sample preparation Sample type Detection limit(s) Reference
GFAAS Direct determination Seawater 0.3-0.4 pg/L (single [17]
injection) and
0.07 pg/L (multiple
injections)
GFAAS Dispersive liquid-liquid Environmental 0.01 ng/mL [18]
microextraction water
FAAS Direct determination Wastewater 4 ppb [19]
FAAS Solid phase extraction River water/ ng/mL [9]
sewage water
FAAS Dispersive liquid-liquid Water samples/ 0.60 pg/L [20]
microextraction food samples
FAAS Direct determination Pure water 21 pg/L [21]
spiked with Cu
FAAS Cloud-point Seawater/river 1.5pg/L [22]
preconcentration water
FAAS Cloud-point Seawater/river 0.04 pg/L [23]
preconcentration water
FAAS Dispersive liquid-liquid Wastewater/tap 0.67 pg/L [24]
microextraction-slotted water/seawater
quartz tube
FAAS Cloud-point extraction Water samples 1.5pg/L [25]
preconcentration
FAAS Adsorption onto Water samples 6.9 ng/mL [26]
microcrystalline
benzophenone
Table 2.

Summary of the studies conducted on detecting copper (Cu) in water samples using atomic absorption
spectroscopy (AAS).

* Microwave-induced plasma optical emission spectrometry (MIP-OES): uses
microwave energy to generate a plasma for excitation

* Atmospheric pressure glow discharge (APGD): operates a plasma at atmospheric
pressure and gas temperature to excite sample atoms

* Spark or arc atomic emission spectrometry: utilizes an electric spark or arc for
atomic excitation

* X-ray fluorescence (XRF): though not a traditional AES technique, it analyzes
characteristic X-ray emissions to detect heavy elements

* Laser-induced breakdown spectroscopy (LIBS): focuses a laser onto the sample
to create a plasma and analyzes emitted light

There are two methods for detecting ICP: Optical Emission Spectrometry (ICP-
OES) and Mass Spectrometry (ICP-MS). In ICP-OES, detection relies on emitted
photons, whereas in ICP-MS, it depends on the mass-to-charge ratio (m/z). To benefit
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The principle of instrumentation for inductively coupled plasma.

from the unique features of each detector, many researchers have investigated a com-
bination of OES and MS. This results in more accurate analysis and a broader linear
range of calibration curves [27-30]. The principle of instrumentation for inductively
coupled plasma is illustrated in Figure 3, and a comparison of different atomic emis-
sion spectroscopy techniques is detailed in Table 3.

3. Molecular spectrophotometric methods

Quantifying copper via colored complex formation with organic reagents offers a
simple, rapid, and sensitive detection method for routine analysis. Molecular spectro-
photometric methods are widely used for copper detection by measuring the absorp-
tion of ultraviolet (UV), visible, or near-infrared (NIR) light by copper-reagent
complexes known as chromophores. When copper ions react with specific reagents,
characteristic-colored complexes are formed. These chromophores exhibit peak
absorbance at specific wavelengths, with the absorbance proportional to the copper
concentration as described by Beer’s law [12].

Sensitive and selective copper quantification in water samples has been made
possible by developing various spectrophotometric reagents [42-44]. Alharthi
Al-Saidi [45] synthesized a chromogenic reagent known as 4-amino-3-mercapto-6-
[2-(2-thienyl)vinyl]-1,2,4-triazin-5(4H)-one (AMT), which quickly forms a colored
complex with copper(II) ions. To prepare a Cu(II) stock solution, Cu(NO3)2 was
dissolved in deionized water. Using a HACH DR-6000 spectrophotometer, absor-
bance spectra of AMT and the Cu-AMT complex were recorded. The AMT-copper(II)
complex exhibited a distinct brown color within 10 seconds and was effective over a
wide pH range. This method has a detection limit of 0.011 pg/mL, making it suitable
for routine copper analysis.

Various spectrophotometric reagents have been studied for detecting copper(II)
ions, including azo-Schiff base ligands [46], chloro(phenyl)glyoxime [47], cefixime
[48], and 1-(2-pyridylazo)-2-naphthol [49]. These reagents create colored complexes
with copper(II), making it possible to detect copper(II) ions at concentrations as low
as 0.1 pg/mL. Notably, some of these techniques use non-toxic and environmentally
friendly reagents like 5-(4-nitrophenylazo)salicylic acid (NPAS) [50] and polyeth-
yleneimine (PEI) [51]. PEI reacts quickly and selectively with copper(II) ions and
exhibits absorbance peaks at 275 and 630 nm. A detection limit of 566 nM has been
demonstrated.
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Reagent used Detection limit Key features References

4-amino-3-mercapto-6-[2-(2-thienyl) 0.011 pg/ml Rapid color formation, [45]

vinyl]-1,2,4-triazin-5(4H)-one (AMT) wide pH range

Azo-Schiff base 1-((4-(1-(2-hydroxyphenyl 1.7-5.4 pg/ml Forms colored complex [46]

imino)ethyl)-phenyl)diazenyl) with copper

naphthalene-2-ol (HPEDN)

Chloro (phenyl) glyoxime 10 pg/L High molar absorptivity, [47]

low detection limit

Cefixime in 1,4-dioxan-water 0.0319 pg/ml Rapid analysis, minimal [48]
reagents

1-(2-pyridylazo)-2-naphthol 0.1-2.5 pg/ml Forms colored chelate [49]
complex

5-(4-nitrophenylazo)salicylic acid and 0.63-5.04 pg/ml Ternary complex [50]

2,2'-dipyridyl formation

Polyethyleneimine 566 nM Fast detection, high [51]

sensitivity
Table 4.

Summary of molecular spectrophotometric methods for the detection of Cu®* in aqueous samples by UV-Vis
spectrophotometer.

Advances in chromogenic reagents for copper analyses with improved selectivity
are presented in Table 4.

4. Sensors

Recent advances in electrochemical, colorimetric, and optical sensor technologies
have enabled rapid and sensitive detection of copper in water systems. Electrochemical
sensors utilizing square wave anodic stripping voltammetry with electrodes modified
by grapefruit peel bio-templates can detect copper at 0.99 pg/L levels in drinking water
[52]. Colorimetric sensors employing nanoparticles or organic dyes have achieved
detection limits approaching 0.01-6.4 pg/L in aqueous copper solutions and tap water
by measuring color changes with UV-vis spectroscopy [53-55]. Optical sensors such as
fluorescent Schiff base probes can selectively detect copper at 0.055 pg/L in aqueous
samples through fluorescence enhancement upon copper binding [56]. Additionally,
surface plasmon resonance biosensors functionalized with chelating agents have
reached detection limits around 0.02 pg/L in drinking water [4]. The principles,
detection methods, and applications of these sensors provide versatile techniques for
sensitive copper quantification in the pg/L range for water quality monitoring. Sensors
show immense promise for copper detection across environmental, industrial, and
biological systems by combining sensitivity, selectivity, and ease of use. Advances in
sensors for copper analyses with improved selectivity are presented in Table 5.

5. Electrochemical methods

Electrochemical or (voltammetry) is a reliable method for detecting copper ions
in water and wastewater samples. This technique involves applying a time-dependent
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potential to an electrochemical cell and measuring the resulting current to gain
insights into the oxidation or reduction reactions of the subject ions [57].

Recent research has shown that a carbon paste electrode modified with biochar
can effectively preconcentrate copper ions on the electrode surface, resulting in a low
detection limit, high sensitivity, and stability. This cost-effective approach provides
an excellent option for analyzing copper ions [58]. In addition, differential pulse
anodic stripping voltammetry and fast Fourier transformation continuous stripping
cycle voltammetry are two effective techniques for detecting copper in liquid samples.
Differential pulse voltammetry utilizes a gold microelectrode and 0.01 M HNO;
electrolyte to detect sensitive and fast copper at 1 uM concentrations [59]. The gold
microelectrode facilitates the anodic stripping process, where copper is first reduced
and deposited on the electrode surface, then oxidized to produce a measurable
current peak [60]. In contrast, fast Fourier transform voltammetry employs a carbon
paste electrode without an electrolyte. Instead, it uses 2-amino-N-(2-pyridyl methyl)-
benzamide as an organic ligand to complex copper ions and transfers them across
a supported liquid membrane [61]. The carbon paste electrode enables continuous
cyclic stripping measurements for complex copper. While anodic stripping offers
very low detection limits, ligand-assisted continuous stripping allows for constant

Sensor type Principle Detection Sample Detection References
method type limit
Electrochemical Adsorption of Square Drinking 0.99 pg/L [52]
sensor using copper ions wave anodic water
carbon paste onto carboxyl- stripping samples
electrode prepared functionalized voltammetry
from bio-template carbon paste
(grapefruit peels) electrode
Colorimetric Color change of UV-vis Tap water 0.1pM [53]
sensor using silver/dopamine absorption samples (equivalent
silver/dopamine nanoparticles in spectroscopy to around
nanoparticles presence of copper 6.4 png/L)
ions

Colorimetric Color change UV-vis Dopamine 0.5uM [54]
probe using gold caused by spectroscopy solutions (equivalent
nanoparticles aggregation of to around

gold nanoparticles 0.1 pg/mL)

in presence of
dopamine
Colorimetric Color change UV-vis Aqueous 0.2pM [55]
sensor using caused by spectroscopy copper (equivalent
diamine- coordination of solutions to around
functionalized copper ions to 0.01 mg/L)
SBA-15 diamine groups on
SBA-15

Optical sensor Fluorescence Fluorescence Aqueous 87x10°M [56]
using fluorescent enhancement of spectroscopy solutions for Cu®
Schiff base Schiff base probes (equivalent

upon binding Cu** to

and AP 0.055 pg/L)
Table 5.

Summary of sensors used for the detection of Cu** in aqueous samples.
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monitoring and speciation of complex copper [62]. Both techniques provide comple-
mentary capabilities for sensitive trace copper quantification and dynamic concentra-
tion profiling in water quality monitoring applications. Advances in voltammetric
methods for copper analyses with improved selectivity are presented in Table 6.

6. Chromatography

Liquid chromatographic (LC) techniques such as high-performance liquid
chromatography (HPLC), reverse phase high-pressure liquid chromatography
(RP-HPLC), and ion chromatography (IC) can provide sensitive and selective quanti-
tation of copper at trace levels. Figure 4 illustrates the operational principle of LC.

HPLC with UV detection allows copper detection down to low parts per billion
levels [63]. Reverse phase high-pressure liquid chromatography (RP-HPLC) can reach
trace detection limits by preconcentrating samples with a tetra (m-aminophenyl)
porphyrin (Tm-App) ligand before injection [64-67]. In contrast, ion chromatog-
raphy uses a mixed mode cation/anion exchange column and ammonium formate/
KOH eluent, which retains both hydrated and complex Cu** species [64, 68]. These
chromatographic methods’ sensitivity, accuracy, and precision make them ideal for
monitoring copper concentrations in environmental waters, evaluating treatment
efficiency, and assessing regulatory compliance. When analyzing complex water
samples, careful optimization of operating parameters and sample preparation steps
are needed to mitigate matrix effects and interferences. Chromatographic techniques
are indispensable for reliable copper quantification at environmentally relevant levels
in diverse aqueous matrices. Advances in chromatographic techniques for copper
analyses with improved selectivity are presented in Table 7.

7. Advantages and drawbacks of different detection methods
Various analytical techniques are available for quantitatively detecting copper,

each with inherent advantages and limitations. Table 8 summarizes the advantages
and drawbacks of different detection methods for copper analyses.

Liquid Chromatography
&
\ Column

Solvent

Data Acquisition

Figure 4.
Operational principle of LC.
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Technique High-performance Reverse phase Ion chromatography
liquid high-pressure liquid (IC)
chromatography chromatography
(HPLC) (RP-HPLC)

Stationary phase C18 reverse-phase Nonpolar C18 column [67] Mixed mode cation/anion
column [63] exchange column (Ionpac

CS5A) [68]

Mobile phase Buffer with ion pairing Methanol/acetone buffer Ammonium formate/
agent [63] [67] KOH eluent [68]

Detection UV-VIS Spectrophotometer at Absorbance at 530 nm
spectrophotometry 435nm [67] after post-column PAR
[63] complexation [68]

Preconcentration Solid phase Solid phase extraction with —
extraction[63] Tm-App ligand [66, 67]

Copper species Free copper ions [63] Hydrated Cu* [64] Hydrated and complexed

Cu™ [68]

Sensitivity Low ppb range [63] Trace levels [64] ~mg/L range [69]

Advantages High sensitivity, ability Very sensitive speciation Detects complexed copper
to speciate copper [63] capabilities [64] [70]

Limitations Matrix effects, Only detects free hydrated Less sensitive than HPLC
interferences [63] Cu® [65] [70]

Table 7.

Summary of chromatographic techniques for copper analyses with improved selectivity.

Analytical method Advantages Disadvantages References

Atomic absorption High selectivity Expensive equipment [14]

spectrometry (AAS) * Accurate and reliable * Requires skilled staff
quantitation * Standards needed for
* Fastand simple calibration
* Cannot determine oxidation
state or isotope
Inductively * Simultaneous multi- * Expensive equipment [71,72]
coupled pl'flsr.na— element analysis « Requires skilled staff
optical emission « Fast and simple
spectrometry P * Standards needed for
(ICP-OES) * Low sample volume calibration
* Cannot determine oxidation
state or isotope
Inductively coupled * Very low detection limits * Expensive equipment [28,71,73]

plasma-mass

High-resolution capabilities Requires skilled staff

spectrometry
(ICP-MS) * Simultaneous multi- « Standards needed for
element analysis calibration
* Low sample volume * Spectral interferences need
control
Microwave- * Sensitive detection * Expensive equipment [36]
induced plasma . R

Fast analysis Requires skilled personnel

optical emission

spectrometry Multi-element capability Standards needed for
(MIP-OES) calibration
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Analytical method Advantages Disadvantages References
Atmospheric pressure * Cost-effective ¢ Limited sensitivity [37]

glow discharge * Simple operation « Difficulty in quantification

(APGD)

Low power requirements May need complementary

methods for precise analysis

X-ray fluorescence Non-destructive

spectrometry (XRF)

Surface analysis primarily [38, 39]

Multi-element analysis Limited sensitivity for some

elements

No sample preparation
required

Expensive equipment

X-ray fluorescence Enhanced sensitivity Requires probe preparation [40]

SpeCthCOPY with * Selective detection * Limited to surface analysis
graphene oxide probes
* Possibility of real-time * Requires skilled personnel
analysis
Laser-induced * Fast, almost real-time * Requires skilled personnel [41]
breakdown analysis Eaui .
» Equipment can be expensive
spectroscopy (LIBS) * Minimal sample preparation
with chelating resin pleprep * Standards needed for
enrichment * Multi-element capability calibration
* Portable systems available * Sample enrichment step may
add complexity
Spectrophotometric * Simple and inexpensive ¢ Time consuming [45, 46]
* Precise and sensitive with * Uses large solvent volumes
proper reagents
Sensors * Fast real-time analysis ¢ Sensor lifetime issues [74]
* High sensitivity and * Special calibration solutions
selectivity * Qualified operators needed
* Potential for continuous
monitoring
Voltammetric * Inexpensive equipment e Variability with environ- [59]
* Easy sensor fabrication mental conditions
« Rapid copper quantitation * Hazardous waste generated
 Requires indicator reagents
Chromatography * Small sample volumes * Expensive equipment [68, 75, 76]
* High selectivity for complex ¢ Requires skilled staff
samples * Standards needed for
calibration
* Environmentally L -
. * Long analysis times
friendly ,
* High pressures
Table 8.

Summary of advantages and drawbacks of different detection methods for copper analyses.

Spectrophotometric and voltammetric methods offer inexpensive and rapid
copper analysis but can suffer from interferences and environmental variability.
Meanwhile, sophisticated instrumentation like atomic absorption spectrometry
(AAS), inductively coupled plasma-optical emission spectrometry (ICP-OES), and
inductively coupled plasma-mass spectrometry (ICP-MS) provide sensitive and
reliable quantitation, although at substantially higher costs. ICP-MS, in particular,
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enables isotope ratio analysis and limits detection down to parts per trillion levels.
Electrochemical sensors present a promising on-site or continuous monitoring
approach given their real-time measurement capabilities. However, widespread
implementation still needs to address sensor robustness and operator expertise.
Where sample complexity is high, chromatographic separation before element-
specific detection can improve selectivity and sensitivity without extensive sample
pretreatment. Critical parameters such as target detection limits, available resources,
and sample matrix effects are needed to select the optimal copper detection method-
ology for a given application.

Abbreviations

AAS atomic absorption spectroscopy

AES atomic emission spectroscopy

FAAS flame atomic absorption spectrometry

GFAAS graphite furnace atomic absorption spectrometry

CVAAS cold vapor atomic absorption spectrometry

HAAS hydride atomic absorption spectrometry

ICP-OES inductively coupled plasma-optical emission spectrometry
ICP-MS inductively coupled plasma-mass spectrometry

MIP-OES microwave-induced plasma optical emission spectrometry
APGD atmospheric pressure glow discharge

XRF X-ray fluorescence spectroscopy

LIBS laser-induced breakdown spectroscopy

UV-Vis ultraviolet-visible spectroscopy

HPLC high-performance liquid chromatography

RP-HPLC reverse phase high-pressure liquid chromatography

IC ion chromatography
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Chapter 9

Cu Recovery from E-wastes
Hadi Sharifidarabad

Abstract

Due to technological development and increased production efficiency in all
industries, recovery of metals from secondary sources is one of the most important
issues. Copper is used in a variety of residential and industrial applications, including
power generation and transmission (infrastructure), building wiring, transportation,
industrial machinery, commercial durables, and electrical and electronic products due
to its unique physical and chemical properties, such as high ductility, malleability,
electrical and thermal conductivity, and excellent corrosion resistance. For these
reasons, electronic waste is a well-known secondary resource rich in copper. This
topic focuses on the statistical study of electronic waste and the metals it contains, the
mineralogical and elemental identification of copper in electronic waste, and the study
of the steps and methods for recovering copper from electronic waste, especially
pyrometallurgy, hydrometallurgy, biohydrometallurgy, and their combination.

Keywords: recycling, E-wastes, copper, pyrometallurgy, hydrometallurgy,
biohydrometallurgy

1. Introduction

E-waste, technically known as waste electrical and electronic equipment (WEEE),
includes non-functioning and discarded electrical or electronic equipment and its
discarded components. It is a significant global problem whose increasing generation
rates are being closely monitored by the scientific research community [1, 2].

E-waste is classified on the basis of functional similarity, material composition,
average weight, and obsolescence characteristics. In the 2002 European Union Direc-
tive, e-waste was divided into ten classes, including toys, medical equipment, sports
equipment, and vending machines. These classifications help to better understand and
manage the different types of e-waste [1].

In 2016, Baldé et al. reported about 48.2 million tons (6.1 kg per capita per year) of
e-waste, with the largest contribution coming from Asia (about 41%), followed by the
United States (around 29%) and the European Union (EU) (about 27%) [3, 4].
According to the Global E-waste Monitor 2020, around 53.6 million tons of e-waste
were generated worldwide in 2019, which corresponds to 7.3 kilograms per person. It is
predicted that this amount will exceed 74 million tons by 2030, with an estimated
annual increase of 2 million tons. Europe is the leader in the generation of e-waste per
person (16.2 kilograms per person), while Asia recorded the highest generation of e-
waste, with around 24.9 million tons in 2019. China, India, Japan, and Indonesia are the
main producers of e-waste generation in Asia [1, 5]. Figure 1 illustrates the global
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Figure 1.
Global E-waste generation from 2014 to 2030 [6].

generation of e-waste and the forecast scenarios for the generation of e-waste from 2014
t0 2030 [7]. The increasing generation of e-waste can be attributed to factors such as
higher production and consumption rates, industrialization and urbanization, availabil-
ity of cheaper versions, shorter product lifespan, and technological advances [5]. In the
United States, China, and European countries, the typical lifespan of electronic devices
such as smartphones is less than two years [1]. The increase in e-waste production can
be attributed to technological advances, industrial automation, progress in information
and communication technology (ICT), economic growth rates, and competition for the
affordability of electrical and electronic equipment [8, 9]. In addition, this generation
pattern is closely linked to income levels, social status, and geographical location, as the
growth rate of e-waste is also influenced by advanced materials and manufacturing
technologies, rapid market penetration, and a stable economy [7].

Electronic and electrical equipment (EEE) covers a wide range of items, from
essential to luxury, and is used in both households and public institutions.
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Generation and recycling rate of E-waste according to the continent [7].
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Top ten E-waste producers in 2019 [2, 5].

Figure 2 shows that while Europe, Oceania, and the Americas have the highest per
capita generation of e-waste, the total amount of e-waste produced there is relatively
low. This discrepancy can be attributed to factors such as income levels, the availabil-
ity of recycling and recovery facilities, and the cross-border movement of e-waste
from industrialized to developing countries [7]. Figure 3 shows the largest e-waste
producers in 2019.

The different classes of waste, electrical and electronic equipment, contribute to
the total volume of e-waste. Small appliances, large appliances, and heat exchangers
contribute the most. The rapid progress in the smartphone industry has meant that the
lifespan of electronic devices is getting shorter and shorter, making them a major
contributor to e-waste generation [1].

Of the total e-waste generated (53.6 million tons), only 9.3 million tons (17.4%)
were formally recycled, while the remaining 44.3 million tons (82.6%) remained
untreated. Although the recycling rate has improved compared to 2014 (1.8 million
tons), it is not enough to offset the annual growth rate of 2 million tons in the
generation of e-waste. Europe had the highest recycling rate at 42.5%, followed by
Asia (11.7%), America (9.4%), Oceania (8.8%), and Africa (0.9%). Obviously, the
stricter regulations for the management of e-waste in industrialized countries con-
tribute to higher recycling rates [1]. Currently, the treatment of printed circuit boards
(WPCBs), which account for about 3-6% of total e-waste, poses a major environ-
mental challenge [10].

Tackling the problem of e-waste requires a comprehensive approach involving
governments, manufacturers, consumers, and the recycling industry. Initiatives such
as extended producer responsibility (EPR), proper collection and disposal schemes,
and public awareness campaigns play an important role in promoting the responsible
management of e-waste. By adopting sustainable practices and embracing the circular
economy principles, we can reduce the environmental and health impacts associated
with e-waste and create a more sustainable future.

2. Chemical composition of e-waste

E-waste, also known as electronic waste, has been extensively studied by
researchers who have categorized it into different components and materials. These
categories include iron (ferrous), non-ferrous metals and compounds, plastics, and
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other materials such as rare earth elements (REEs). Iron and steel make up around
50% of the weight of e-waste, while plastics such as polycarbonates or polystyrene
make up around 10-30%. E-waste also contains a variety of metals, including copper,
zinc, nickel, lead, arsenic, mercury, chromium, cadmium, gold, silver, and palladium.
Interestingly, the amount of copper found in e-waste can be up to 40 times greater
than the amount found in natural copper ores [1].

In recent decades, the recycling of waste electrical and electronic equipment
(WEEE) and the identification of innovative business models that can bring signifi-
cant benefits have become increasingly important [11]. Within WEEE, printed circuit
boards (PCBs) account for about 3% by weight and contain about 60 different ele-
ments [12]. Among the various components found in WPCBs, metals account for
about 30% of their weight, which is significantly more than the metal content in
natural minerals. These metals include base metals such as copper (Cu) and zinc (Zn),
precious metals such as gold (Au), silver (Ag), and palladium (Pd) as well as heavy
metals [13]. Figure 4 illustrates common materials that can be recovered from
e-waste.

The potential of e-waste as a source of valuable and critical elements such as iron,
aluminum, copper, gold, silver, platinum group metals (PGMs), and various plastics
has been recognized. The raw materials in e-waste were estimated at USD 57 billion in
2019, assuming an ideal collection and recycling rate of 100%. However, only 17.4% of
e-waste was collected and recycled that year, with the majority ending up in landfill,
landfill sites, or incinerated [2].

Copper is one of the most important metals in e-waste. E-waste is reported to be
the largest source of copper-containing waste worldwide, followed by construction
and demolition waste, electrical industry waste, and end-of-life vehicles. Different
countries have different classification schemes for e-waste. In Europe, for example,
the EU’s WEEE Directive divides e-waste into six categories according to type and
size, while in Japan, e-waste is categorized by size and includes both large and small
household appliances. South Korea categorizes e-waste by weight [2]. WPCBs come
from various sources, including PCB manufacturers, electrical and electronic equip-
ment (EEE) manufacturers, and e-waste recycling facilities of different sizes. The
composition of PCBs is typically 30% ceramics, 40% metals, and 30% organics. The
metal content in PCBs varies depending on the type. For example, desktop PCBs
usually contain 20% copper and 250 parts per million (ppm) gold, 210 ppm palladium,
and 13% copper. TV circuit boards, on the other hand, contain 10% copper, 20 ppm

Gold
Copper
Palladium
Plastics
Silver
Aluminum
Tin
Barium
Platinum
Cobalt

Wt. %

Figure 4.
Common materials that can be vecovered from e-waste [11].
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gold, and 110 ppm palladium [10]. It is obvious that the different types of e-waste
contain different amounts of copper. The copper content in PCBs of cell phones, PC
scrap, LCD notebooks, tablets, TV scrap, and calculator scrap is 39.6% [14], 2.84%
[15], 6.93% [16], 135 g/unit [11], 27 g/unit [11], 3.8% [16], and 3% [16].

3. Why we should recycle e-waste

The expansion of technology and the increasing affinity to purchase multiple
electronic products such as smartphones, tablets, laptops, and game consoles has led
to a rapid increase in global consumption, estimated at around 2 million tons annually
[5]. This increase in electronic waste (e-waste) poses a significant threat to local
communities as it contains toxic metallic and non-metallic components that can have
negative effects on human health. These negative effects include DNA damage and
mutations, cardiovascular problems, skin diseases, cancer, hearing problems, neuro-
logical disorders, learning difficulties, and respiratory effects [1].

Addressing the aggravation of e-waste is a major concern to ensure human health
and achieve ecosystem sustainability. However, a more optimistic view of e-waste is
to consider it as an additional resource for metals, which are essentially non-natural
ores. An example of this approach is the Tokyo 2020 medal project in Japan, which
collected around 78,985 tons of e-waste across the country. Around 32 kg of gold,
3500 kg of silver, and 2200 kg of bronze were recovered from this project for the
production of Olympic and Paralympic medals [17].

In India, the third largest e-waste producer in the world with 3.2 million tons and
limited mineral resources, proper recycling of precious metal components should be a
top priority as it enables effective waste management and can potentially improve the
country’s economy. Currently, only about 20% of e-waste is recycled in India, with
178 registered e-waste recyclers. Earlier, recycling processes were largely informal and
involved manual dismantling and open burning, resulting in low efficiency in metal
recovery and significant pollution to the ecosystem [18].

Copper is an important non-ferrous metal with unique physical and chemical
properties such as good ductility, high thermal and electrical conductivity, and corro-
sion resistance, and it is widely used in various industries. However, despite the
relatively large copper resources in China, the overall copper resources, especially the
high-grade copper resources, are still scarce. Therefore, the comprehensive recycling
of copper-containing PCB waste is of great social and economic significance for
environmental protection and resource recycling [19].

Improper disposal of e-waste can cause significant damage to the environment and
human health. In addition, the processing cost of natural ores is much higher (about
10 to 160 times) than the cost of recycling. Due to these factors, the e-waste recycling
market has experienced tremendous growth and was valued at USD 41.97 billion in
2019, with projections that it will reach USD 102.62 billion by 2027, growing at a
compound annual growth rate (CAGR) of 11.9% from 2020 to 2027. As a result,
e-waste recycling has become an emerging business globally [1].

Given the very heterogeneous composition of e-waste, there is no universal
treatment technique for its recycling or metal recovery. Furthermore, e-waste con-
tains multiple metallic components, which requires a comprehensive understanding
of the process dynamics and interactive mechanisms to maximize recovery potential.
Temperature plays a crucial role in these processes, and knowledge of the process
thermodynamics of base metals and analysis of the composition of the intermediates
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formed are essential for process optimization [20]. Future research efforts should
focus on these important areas in order to provide better methods for the recovery of
metals from e-waste.

4. The way of recovery

A systematic and formal approach to e-waste recycling involves three main pro-
cesses: e-waste collection, pre-treatment, and metal recovery. Figure 5 illustrates
these processes. In contrast, informal recycling methods are characterized by unsci-
entific and unethical practices, often lacking safety measures [21]. These informal
processes not only pollute natural resources but also pose a risk to human health. For
example, the informal incineration method of recovering economically valuable
metals such as copper (Cu), aluminum (Al), gold (Au), lead (Pb), mercury (Hg),
cadmium (Cd), palladium (Pd), and platinum (Pt) leads to the release of hydrocar-
bons that pollute the air. Cu in particular is highly toxic and dangerous to the ecosys-
tem, as recognized in the RoHS (Restriction of certain Hazardous Substances)
Directive. Open burning, the preferred method for recovering copper in informal
recycling, leads to the release of hazardous compounds into the environment [22].
Highly toxic chemicals such as hydrochloric acid (HCI), nitric acid (HNO3), sulfuric
acid (H,SO,), and cyanide are also frequently used in the recycling of metals such as
silver (Ag), gold (Au), and palladium (Pd). The vapors produced during these pro-
cesses are highly polluting to the atmosphere [23]. In addition, the efficiency of metal
extraction in informal processes is less than 80%, whereas recovery rates of over 95%
can be achieved in the formal processing of e-waste. During pre-treatment, the e-
waste is physically broken down and then desoldered, shredded, and fractionated into
metallic and non-metallic components. The metallic fractions are subjected to further
recycling processes, which may include pyrometallurgical, hydrometallurgical, and
biohydrometallurgical methods [1].

Various methods have been used to recycle printed circuit boards, including
mechanical, pyrometallurgical, hydrometallurgical, and biological processes
(Figure 6). Physical recovery processes effectively separate metals from non-metals;
they do not produce pure metal products and must be combined with hydrometallur-
gical processes. Furthermore, physical recovery is an important step in the pre-
treatment of electronic waste recycling [1, 19]. In a typical pyrometallurgical process,
e-waste is melted in high-temperature furnaces, and the resulting slag, which contains
refractory materials, is processed to recover precious or base metals [24]. In hydro-
metallurgical processes, special activating agents such as halides, thiourea,
thiosulphate, cyanide, and acids are used to leach metals by forming stable metal
complexes [25]. In biohydrometallurgy, selective microorganisms are used either in
the presence of cells or in cell-free extraction media to extract metals. This microbially
driven process is efficient, environmentally friendly, and cost-effective. It requires

Recovery

Collection Pre-treatment Method

Figure 5.
Main process of e-waste recycling formal approach.
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Figure 6.
Schematic flowchart of e-waste recycling methods [2].

minimal labor or energy and can be carried out with minimal industrial equipment,
even at low metal concentrations [26]. When considering formal recycling methods, it
is important to critically analyze their applicability and potential drawbacks in order
to select the optimal method(s) for e-waste management [1].

4.1 Collection

The collection of e-waste or waste electrical and electronic equipment (WEEE)
poses a major challenge for e-waste recycling. In contrast to other types of waste, the
collection and sorting of e-waste requires considerable effort due to the wide
variety of materials used in compact form in electrical and electronic equipment [27].
Collection is the first stage of the e-waste recycling process and is a challenge in both
low- and high-income countries. In 2017, France and Italy had e-waste collection rates
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of 43.2% and 21.7%, respectively, while China, South Africa, and Chile had lower rates
of 17.9%, 5.6%, and 0.4%, respectively [28]. The collection of e-waste is particularly
difficult in low- and middle-income countries because there is no national legislation
or policy specifically for e-waste, and the infrastructure for waste management is
lacking or underdeveloped. According to [5], only 78 countries worldwide have
implemented national e-waste management policies, laws, or regulations, and the
informal sector plays an important role in the management of e-waste. Consequently,
approximately 82.6% of e-waste worldwide remains undocumented, with Africa,
Oceania, South and North America, Asia, and Europe, having rates of 99.1%, 91.2%,
90.6%, 88.3%, and 57.5%, respectively [5]. Governments can enhance e-waste collec-
tion and recycling rates by enacting laws that penalize the disposal of e-waste with
household waste. In Iran, the responsibility for the disposal of industrial waste lies
with the manufacturers, and the providers of such services must also take on aspects
of waste disposal for their products. In Japan, for example, special stickers are
required for the collection of large household appliances, while the government of
the Australian state of Victoria has taken an even stricter measure by banning the
disposal of e-waste in landfills. The government combined this ban with educational
programs for citizens and a financial package of AUD 16.5 million to support the safe
disposal of e-waste [5]. In Hong Kong, a WEEE recycling facility called “WEEE Park”
was developed by the government and started operations in 2017. The planned
processing capacity is 30,000 tons per year [29]. Singapore has a well-established
e-waste recycling program managed by the National Environment Agency (NEA).
Electronic products can be dropped off at designated recycling bins or collection
points located at various locations such as shopping malls, community centers, and
electronics stores. These bins are usually marked with the “recycling” symbol or the
NEA logo [30, 31]. Figure 7 shows the legislation in other countries that are not
located in Europe.

4.2 Pre-treatment

Pre-treatment is a necessary step in the recycling process, as the direct smelting of
e-waste is not ideal due to its lower copper content compared to copper
scrap. Dismantling, crushing, and pre-concentration are used to recover the materials
and homogenize the feed for subsequent processes. Manual or semi-automatic dis-
mantling and sorting processes are used to remove large, reusable, or hazardous
components [33]. While dismantling is time-consuming, it offers a higher separation

- Waste Electrical and Electronic Products (WEEE) management on

* : environment established nov-lcauonhO?s. _ - Electronic Waste Recycling Act (2003)
" - Management \?l waste household electrical and electronic products - Electronic waste Prevention, Reuse and Recycling Act (2008)
recycling and disposal (2004)
- Management methods on pollution prevention in electric industry (2005) —  COMPUte Equipment Recovery Act(2005)
- - National Computer Recycling Act{2009)
y - Mandatory disposal and recovering of electronic-waste
China ordinance (2005). usa - Electronic equipment recycling and reuse Act (2010)
] L= .
- The Envi Protection Act [1986)
@ - The Ozone Depleting Substances (Regulation and Control) Rules (2000) = * e
" - 'National Computer and Television Recovering Structure’ which consists
_ The Hazardous Wastes [Handling and Transboundary) Rules (2008) * PR i Computers and Televisions Regulations (2011)
- The Plastics (Manufacture, Usage and Waste Management) Rules (2008)
India - The E-Waste {(Management and Handling Rules (2011) Australia
Figure 7.

E-waste management laws in other countries that ave not located in Europe [32].
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Crushing Magnetic separation Electrical separation Gravity separation

Crushers (impact crusher, Cross belt magnetic Corona-electrostatic ~ Sink-float

Hammer mill, etc.) separator separation separation

Shredding and cutting Induced roll magnetic Tribo-electrostatic Jig separation
separator separation

Grinding and pulverizing High intensity magnetic Eddy current Shaking table
separator separation

Table 1.

Common physical separation methods for pre-treatment of e-waste.

efficiency compared to other methods. The next step is crushing, which serves two
important purposes: liberation and size reduction for easier handling, processing, and
usability. Crushers and shredders are more efficient, as e-waste consists of both brittle
materials (e.g., glass and ceramics) and tough materials (e.g., plastics and metals). The
shredded materials then undergo a series of operations including screening/classifica-
tion, magnetic/electrostatic separation, gravity separation, eddy current separation,
and flotation to recover and separate ferrous alloys, aluminum scrap, copper-bearing
scrap, and plastics [2]. The physical processes used in e-waste recycling often have
low recovery efficiency and high energy consumption [13]. Table 1 shows the com-
mon physical separation methods for pre-treatment of e-waste.

4.3 Pyrometallurgy

Pyrometallurgy is a process in which non-ferrous metals are refined or extracted
from metallurgical materials at high temperatures. It includes processes such as
incineration, melting, drossing, smelting, and roasting to extract valuable metals from
e-waste [33]. The selection of specific pyrometallurgy processes depends on the type
of e-waste and the requirements of the melting process [34]. Various metals, including
Cu, Ag, Au, Pd, Nj, Se, Zn, and Pb, can be recovered from different sources of e-waste
using this method. However, maintaining the operating parameters for successful
recovery of precious metals can be challenging. One of the biggest challenges is
balancing the heat and the materials to be treated to maintain the high temperatures
[1]. In addition, predicting the mechanical aspects of the recovery process is
complex as the metallurgical reactions quickly reach equilibrium, leading to changes
in the chemical and phase composition of the e-waste. The pyrometallurgical
process also produces by-products such as slag, soot, and flue gases, which consist
of high-temperature dust, smoke, and toxic gases. These toxic gases, including
dibenzo-p-dioxin, biphenyl, anthracene, polybrominated dibenzofurans (PBDFs),
and polybrominated dibenzodioxins (PBDDs), can have adverse effects on human
health and the atmosphere. The formation of slag can also affect the yield of the
process by hindering metal recovery. There are a limited number of recycling plants
using pyrometallurgical methods, such as the Ronnskar smelter in Sweden, Umicore
in Belgium, Aurubis in Germany, and Noranda in Canada [35, 36]. Researchers are
continuously working on improving the yield and reducing the emissions associated
with this method.

After pre-concentration, the copper-bearing scrap is further processed in existing
smelters to extract metal. Typically, copper smelters process enriched copper scrap as
a secondary raw material in various plants, depending on the purity of the scrap.
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The Swedish Boliden Ltd., for example, feeds scrap with a high copper content into the
converting process, while scrap with a low copper content is fed into the Kaldo furnace
[37]. In Japan, Dowa’s Kosaka smelter has been using copper scrap from e-waste as a
secondary feedstock in its Outokumpu flash smelter since 2002, and in 2006, around
10% of the plant’s copper throughput came from e-waste [38]. Plastics in e-waste can
be useful as an energy source and reducing agent for some smelters. For example,
Umicore’s IsaSmelt™ TSL (Top Submerged Lance) process has successfully used
plastic-rich e-waste as a reducing agent instead of coke without any problems [37]. As
the generation of e-waste continues to increase, specialized, stand-alone smelters may
become necessary to process these materials. Flores et al. [39] proposed the construc-
tion of an IsaSmelt™ TSL plant that processes copper scrap from e-waste and copper
wire waste, which could open up new opportunities in countries where this waste is
currently exported for processing. Pyrometallurgical techniques such as incineration,
pyrolysis, and combustion can also be used as thermal pre-treatment methods to
produce the high copper scrap content required by smelters. Incineration, in which
organic compounds are thermally destroyed to reduce volume, is considered an obso-
lete technique due to the release of unwanted CO,, particulates/dust, and pollutants
such as mercury and cadmium [40]. Pyrolysis, on the other hand, is a heat treatment
process that is carried out without the presence of oxygen and produces organic end
products such as oil and charcoal-metal-glass-ceramic mixtures that are easier to sepa-
rate physically. Incineration, in which e-waste is heated to over 1000°C, is a cheaper
alternative to incineration as it generates energy. Mitsubishi Materials’ Naoshima
smelter and refinery in Japan, for example, incinerates PCB-dominated e-waste to
obtain slag-metal mixtures that are used as secondary feedstock in their patented
Mitsubishi continuous smelting process [17]. Incineration is selected as a pre-treatment
method to destroy brominated flame retardants (BFRs) in PCBs, which are bromine-
containing hydrocarbons classified as persistent organic pollutants, and to avoid the
release of problematic gaseous emissions such as dioxins during smelting. Pyrometal-
lurgy is considered an ideal recycling strategy for e-waste in high-income countries
with existing smelting facilities. However, it is not economically viable in low- and
middle-income countries due to the significant capital expenditure, high operating
costs, and advanced technical expertise required to build and maintain smelters [2].

4.4 Hydrometallurgy

Electronic waste (e-waste) contains a significant number of precious metals, mak-
ing it a valuable resource. However, as electronic products become more environ-
mentally friendly and contain fewer precious metals, research into hydrometallurgical
methods has expanded beyond the recovery of precious metals to the recycling of
precious and common metals [19].

This approach offers advantages such as low investment and high recovery rates,
making it superior to pyrometallurgy [37]. Similar to the pyrometallurgical process,
the hydrometallurgical process includes a pre-treatment step in which mechanical
shredding is followed by a sorting process. This allows the metallic fractions to be
exposed to chemical effects during the leaching process [35]. During leaching, solid
materials react with chemical reagents called extractants or lixiviants, to extract the
desired metals in a dispersion medium. Lixiviating agents such as halides, thiourea,
thiosulfate, cyanide, HCI, H,SO4, and HNO3 are used to form metal complexes that
facilitate the dissolution of the metallic components and their transfer to the leachate
solution [1].
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Hydrometallurgical technology for the recovery of metals from e-waste emerged in
industrialized countries in the late 1960s. The basic principle is to expose the PCB
scrap to acidic or alkaline leaching solutions, which separates the valuable metals from
other materials. Subsequently, solvent extraction, electrowinning, precipitation, dis-
placement, ion exchange, distillation, and filtration are used to recover precious and
base metals from the liquid phase [19].

Hydrometallurgy is considered a promising alternative to pyrometallurgy for e-waste
recycling, especially in low- and middle-income countries. It can be operated on a smaller
scale and applied to low-grade waste [41]. In the past, the focus of e-waste hydrometal-
lurgy has been on gold and silver, but there is growing interested in the recovery of other
metals such as copper, nickel, and cobalt. For the recovery of gold and silver from e-
waste, cyanide and aqua regia can be used, which are common lixiviants in the processing
of gold ore. However, the abundance of copper and ferrous alloys in e-waste poses a
problem related to reagent consumption and interference of Cu™ during recovery [42].
One approach to address this problem is sulfuric acid leaching for the recovery of copper
and iron alloys prior to gold extraction with cyanide or aqua regia [43]. However, the use
of cyanide and aqua regia is becoming increasingly unpopular due to environmental
concerns, so alternative leaching agents have been investigated since 2000. Copper,
cobalt, and nickel can be extracted from e-waste using inorganic or organic solutions.
Dilute nitric acid is effective for the oxidation of copper at room temperature, while
dilute sulfuric acid is not suitable for copper dissolution without an oxidizing agent [44].
In the recovery phase, adsorption on activated carbon, cementation with aluminum,
zero-valent iron or zinc, and electrowinning of metals are generally used.

In addition, technological advances, such as the use of ionic liquids as alternative
solvents, have been investigated for the recycling of e-waste. Ionic liquids are salts
that exist in a liquid state at low temperatures and have unique properties that make
them attractive for metal extraction. They can selectively dissolve metals from e-
waste and offer the potential for more efficient and environmentally friendly
recycling processes. The Taiwanese company Uwin Nanotech has developed an auto-
matic desoldering machine and a non-cyanide hydrometallurgical process for recov-
ering gold, silver, palladium, copper, and tin from printed circuit boards. In recent
developments, supercritical CO, has been identified as a promising lixiviant due to its
ability to selectively break down the polymer matrix of PCBs, allowing easier separa-
tion [45]. On the other hand, in the field of e-waste pyrometallurgy, emphasis is
placed on waste minimization through the reprocessing and reuse of slag/fly ash
rather than making direct changes to processing methods [46]. The composition of e-
waste is also expected to include a greater proportion of discarded renewable energy
technologies such as photovoltaics (PV) [47] or electric vehicles (EV) [48], and
research on these topics is expected to increase in the future.

In addition, research is being conducted into the development of integrated pro-
cesses that combine different recycling methods to maximize metal recovery from e-
waste. These integrated approaches aim to optimize the efficiency and sustainability
of the recycling process by combining techniques such as mechanical processing,
hydrometallurgy, and pyrometallurgy.

Leaching methods include mineral acids and ammonia-ammonium, where mineral
acids include H,SO,4, HNOj3, and HCI. Dilute acids are generally capable of dissolving
base metals such as Zn, Sn, Fe, and Al, which are considered active metals. However,
Cu must be leached with either an oxidizing acid or a non-oxidizing acid containing
oxidizing agents. The concentration of acids is the most influential parameter during
the leaching process [49].
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4.4.1 Nitric acid

* Copper can be oxidized to copper nitrate with dilute nitric acid at normal
temperature without an additional oxidizing agent.

* Leaching produces acid gas.

* Copper nitrate cannot be used directly for electroplating high-purity copper. It
must be converted into a pure copper sulfate solution by extraction and back-
extraction before electroplating.

3Cu + 8HNO; (dilute) = 3Cu(NOs), + 2NO + 4H,0 1)
Cu + 4HNOj3 (concentrated) = Cu(NO3), = 2NO, + 2H,0 )

Zhang used two types of recycling leaching systems, H,SO,-HNO;-H,0-NaOH
and H,SO,4-HNO3-H,0ONOy, for the pre-treatment of electronic waste. Lix84I was
used as the extracting agent, sulfuric acid was used as the extracting agent, and copper
purity of more than 99.9% was obtained. The current efficiency is over 90% [19].
Hoang et al. [50] discovered in their study that a recycling efficiency of 99.7% for Cu
could be achieved by using HNO3 at a concentration of 3.5 mol/L and LIX 984 N at a
concentration of 50%, while maintaining an A/O phase ratio of 1:1.5.

4.4.2 Sulfuric acid
* Copper requires an additional oxidizing agent, and H,SO, cannot dissolve it directly.
* Acid leaching with sulfuric acid has a short reaction time and high efficiency (99%).

* However, sulfuric acid has strong corrosive properties that require special reactor
materials.

* Impurity ions present in the leaching process complicate the subsequent
separation of the metal ions.

Chi et al. [51] used mechanical and physical methods to sort out the non-magnetic
metals from the PCB waste. Then, they soaked the residue to leach copper, iron, zinc,
nickel, and aluminum with sulfuric acid and hydrogen peroxide at 85 C. The leaching
rate was higher than 95%, and the rest of the solid can be recovered by ammonium
sulfate, copper sulfate, and ammonia. Zhang et al. [52] used sulfuric acid and hydro-
gen peroxide as reaction reagents for the leaching of copper and then used the
electrolysis-electrodialysis method to recover copper from the leaching liquid; the
copper recovery rate was 88.07%. The study conducted by Kumari et al. brought to
light the correlation between increased pressure and improved metal dissolution.
Under the conditions of 2.4 M H2S04 at a temperature of 150°C for a duration of
90 minutes and an oxygen pressure of 20 bar, the recovery rate of Cu, Ni, and Fe was
about 99%. To increase the leaching efficiency of Cu leaching, oxidizing agents such as
CuCl, and H,0, were commonly used. When using a 15% by-weight H,SO,4 solution
over a period of 3 hours, the addition of 10 ml of 30% H2O2 to the leaching agent
resulted in the leaching of almost all of the Cu [53].
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4.4.3 Hydrochloric acid

The recycling of copper by chloride hydrometallurgy offers numerous advantages
over conventional processes for the regeneration of mixed copper. These advantages
include shorter process time, simpler equipment requirements, lower capital invest-
ment, lower energy consumption, higher metal recovery rates, lower processing costs,
and non-polluting environmental benefits. To facilitate the chloride leaching of cop-
per in PCB waste, Yu [54] gave guidance on the leaching mechanism and technolog-
ical process using copper chloride solutions (NaCl, HCl, CuCl,) for recycling other
copper. By using CuCl, as an oxidizing agent, the copper in the other copper was
oxidized to Cu" ions, which then combined with Cl™ ions to form copper chloride
complexes and finally enabled copper recovery by electrodeposition. The apparent
activation energy of the leaching reaction indicated that the process of copper chloride
salt leaching followed a typical diffusion-controlled mechanism. Masao [19] investi-
gated the dissolution of copper in copper chloride hydrochloric acid solutions using
dissolved oxygen molecules. The results showed that the concentration of the antiox-
idant CuCl, and the complexing agent Cl™ significantly influenced the dissolution rate
of copper. Under the experimental conditions, the oxygen partial pressure and
hydrogen ion concentration had no effect on the copper dissolution rate, and the
reaction mechanism for copper dissolution was elucidated.

Fe** ions derived from Fe,(SO,); and FeCl; exhibit strong oxidizing properties and
are commonly used as oxidants in leaching processes. Fe;(SO4)3 is not only easily
accessible but can also provide Cl™ ions and form complexes with metals, accelerating
the dissolution of metals. Acidulated solutions of FeCl; are often used for the treat-
ment and recycling of metals. In a study conducted by Cakir [55], the effects of
chemical etching of copper using FeClz and CuCl, solutions were compared, and the
results showed a higher etching rate when FeCl; was used as an etchant. This can be
attributed to the use of ferric chloride as an oxidizing agent, which triggers the
following chemical reactions:

FeCl; + Cu = FeCl, + CuCl 3)
FeCl; + CuCl = FeCl, + CuCl, (4)
CuCl, + Cu = 2CuCl (5)

4.4.4 Ammonia-ammonium salt

* Ammonia or ammonium salt can react with copper in the presence of an
oxidizing agent and form a copper-ammonia complex ion that dissolves the
copper.

* The pH of the leaching system affects the reaction equilibrium and the leaching
rate of copper.

* The copper-ammonia complex solution produced cannot be used directly for
electroplating and must be converted into pure copper sulfate solution through
extraction-reverse extraction technology:

Cu 4 H,0; + 4NHj3 - H,0 = Cu(NH3),”*" + 20H™ + 4H,0 (6)

Cu + H,0, + 4NH** = Cu(NH3),*" + 2H" 4 2H,0 @
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Cu + Cu(NH;),*" = 2Cu(NH;)*" (8)
2Cu(NH;3)*" + H,0, + 4NH; - H,0 4 2H" = 2Cu(NH3),*" + 6H,0 9)

Since the middle of the twentieth century, numerous researchers have investigated
the process of copper solubilization with liquid ammonia. In ammonia-ammonium
salt systems, copper is present in the form of a copper-ammonia complex. The pres-
ence of the copper-ammonium complex and molecular oxygen in the solution serves
as an oxidizing agent and facilitates the separation of copper from other metal com-
ponents [56]. In their studies, Rania et al. used an 8% ammonia-0.5 M ammonium
citrate solution with a liquid-to-solid ratio of 10:1, which resulted in a leaching of
almost 98% of the copper. In addition, more than 96% Cu was leached with ammonia-
ammonium sulfate, and a purity of 99.5% was achieved [53]. Furthermore,
(NH,),CO;3 was used to leach 70% of Zn from ICT waste and 100% of Cu from
WPCBEs, as reported in [57].

In addition to conventional methods, various innovative approaches to base metal
leaching have been explored, such as supercritical liquids, ionic liquids, electrochem-
ical leaching [58], and bioleaching. For example, Calgaro et al. [59] achieved a copper
leaching efficiency of up to 88.79% by using a lixiviant consisting of supercritical CO,
with 20% H,0, and 2.5 M H,SO, in a solid-liquid ratio of 1:2 within a 20-min time
frame. In another study, it was reported that the recovery rate of copper could be
increased from 57.64% to 90.94% by slurry electrolysis by replacing 10% H,SO,4 with
[BSO3HP]HSO, [60]. Electrochemical methods have also been used for copper
recovery, where an H,SO4-CuSO4-NaCl system was successfully used to recover
small-grained cathode copper, with the electrolyte being regenerable [61].

4.5 Biohydrometallurgy

Biohydrometallurgy is a process in which microorganisms are used to dissolve
elements from solid materials so that they can be recovered by separation processes.
The recovery of copper through biohydrometallurgy is successful and has attracted a
great deal of attention. The technique has been used since pre-Roman times to extract
coppet, silver, and aluminum from mines in the Rio Tinto region of Spain. However,
its commercial application was only observed about ten years ago in a mine in Thorsis.

Biohydrometallurgy is considered a promising alternative strategy for metal
extraction due to its low energy consumption and minimal use of chemicals. It can be
operated in two different ways: single-stage and two-stage. In single-stage biohydro-
metallurgy, microorganisms and metals are combined with a nutrient medium, which
enables microbial growth and subsequent dissolution of the metals in the solution.
However, high concentrations of metal ions can be toxic to the microbes, restricting
their growth and reducing the efficiency of recovery.

In two-stage biohydrometallurgy, the microbes are cultivated in a nutrient
medium until they reach the stationary phase of their growth period. The waste
material to be recycled is then added aseptically to initiate the recovery process.

Various organisms are used in the leaching of biohydrometallurgy, including
Acidobacillus thiooxidans, Acidobacillus ferrooxidans, Sulfolobus sp., Pseudomonas sp.,
Bacillus sp., Aspergillus sp., and Penicillium sp. These organisms obtain energy from
oxidation reactions or the reduction of sulfur-containing compounds. The mecha-
nisms of metal transport include acidolysis, metal complexation, redox reactions, or
bioaccumulation [1]. Bioleaching bacteria commonly used in the recycling process
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include acidophilic bacteria isolated from nature [62]. In the bioleaching process,
these acidophilic bacteria use ions as electron donors. Thus, acidophilic bacteria such
as Thiobacillus can efficiently leach over 90% of copper from PCBs. A similar phe-
nomenon has been observed in acidophilic bacteria such as Thiobacillus ferrooxidans.
A low concentration of PCBs is required for the recycling of PCBs on an industrial
scale [63]. Fungi, such as Aspergillus and Penicillium, can also be used as leaching
agents in the bioleaching process. One example is the fungal strain Y5 isolated

from an industrial environment contaminated with heavy metals, in particular
Penicillium chrysogenum. Penicillium chrysogenum was used in the recycling of
copper-containing PCB waste, and its bioleaching efficiency was tested with different
pulp densities [64].

Several studies (Table 2) have demonstrated the effectiveness of biohydrome-
tallurgy in recovering copper from electronic waste (e-waste). The recovery efficiency
can be over 80% or even 90%, depending on the organisms and conditions used.
Factors such as the choice of microorganisms, the surface area, the pulp density, the
choice of starting materials, the temperature, and the pH value all influence the
efficiency of the biohydrometallurgical process (Figure 8).

Challenges with biohydrometallurgy include the long operating time and potential
toxic effects on the microbes that need to be addressed to scale up the process to
commercialization. The use of adaptable microorganisms that can tolerate harsh envi-
ronmental conditions and the elucidation of the inner mechanisms of

Microorganism Copper recovery (%) Operational condition Reference
Thiobacillus thiooxidans, Thiobacillus >90 Pulp density 5-15 g/1 [65]
ferrooxidans
Aspergillus niger 89 Pulp density of 10 g/l [66]
Acidithiobacillus ferruoxidans 99 Concentration of Iron(III) [67]
ions 6.66 g/l
Aspergillus niger, Acidithiobacillus 83 Incubation 6 h, Tamperature [68]
thiooxidans 70-90 C
Pseudomonas chlovoraphis 52.3 pH, temperature, cyanide [69]
concentration
Leptospirillum ferriphilm 100 Pulp density > 5% [70]
Acidithiobacillus ferrooxidans 10 pH, oxidation reduction [71]
potential (ORP), leaching rate
Alicyclobacillus sp. and Sulfobacillus 80 Biochar dose [72]
sp.
Acinetobacter sp. CrB2 23 — [73]
Acidithiobacillus ferrooxidans 74 Pulp density 10 g/, pH 2.5, [74]
ferrous sulfate 40 g/l
Acidithiobacillus ferrooxidans 929 Pulp density 10-30 g, pH 2.0, [75]
temperature 303 K
Mixed microbial consortia iron and 98 Pulp density 7-15% [76]
sulfur-oxidizing microorganisms
Frankia casuarinae Frankia sp 94 Low pulp densities of 0.2% [77]
Table 2.

Copper recovery from e-waste by biohydrometallurgical processes.
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Figure 8.
Parameters that affect bioleaching [17].

biohydrometallurgy are areas that require further research. In addition, the use of
continuous or modified reactors for the recovery of e-waste should be systematically
investigated in the future [1]. The bioleaching process of copper (Cu) extracted from
PCBs by A. ferrooxidans follows an indirect leaching mechanism facilitated by biogenic
sulfuric acid, similar to metal sulfides. The microorganism oxidizes sulfur, which leads
to the production of sulfuric acid. Iron(II) ions and sulfur are introduced into the
leaching medium as electron donors. The presence of iron(II) ions acts as an oxidizing
agent and thus accelerates the leaching process. Copper is mobilized by the interaction
of iron(IIT) ions and sulfuric acid, which leads to the acidolysis-redox-lysis-
bioleaching mechanism for metal dissolution. The concentration of ferric ions is
critical for the leaching rate and extraction efficiency. A favorable association between
PCB particles and A. ferrooxidans occurs when the attractive van der Waals force
outweighs the repulsive force [78].

5. Conclusions

The challenges associated with the exploitation of resources go beyond the deple-
tion of reserves. Difficult access to ores in low- and middle-income countries and the
negative social perception of mining and metal processing are significant obstacles.
Overcoming these challenges requires a strategic approach that also takes socio-
cultural aspects into account. This includes engaging communities and raising aware-
ness of the benefits of mining as well as combating negative perceptions through
education and effective communication. By incorporating socio-cultural

214



Cu Recovery from E-wastes
DOI: http://dx.doi.org/10.5772 /intechopen.1004994

considerations, it becomes possible to promote sustainable resource management and
ensure responsible extraction of copper and critical metals.

The increasing demand for copper and critical metals, driven by the need for
renewable energy and clean technologies, poses a challenge as natural deposits of
these metals are at risk of rapid depletion without efficient recycling strategies. To
extend the lifespan of reserves, it is crucial to improve recycling efficiency, particu-
larly through greater household participation in waste separation and the implemen-
tation of supportive government legislation. In this way, the depletion of copper
reserves can be significantly delayed, and a sustainable supply of these important
metals can be ensured for the next 30 years and beyond.

To improve the recovery and recycling rates of copper and critical metals, the
development of better processing technologies and environmentally friendly tech-
niques is essential. This includes specialized facilities for e-waste and the introduction
of sustainable mine waste management systems. In addition, new issues such as the
removal of microplastics in recycled wastewater need to be addressed. By continu-
ously developing processing technologies and introducing sustainable practices, it is
possible to maximize the benefits from resource use while minimizing the environ-
mental impact.

Pyrometallurgy and hydrometallurgy are two well-known methods used in the
recycling of electronic waste (e-waste) to recover valuable metals. Pyrometallurgy
involves high-temperature processes such as incineration, melting, smelting, and
roasting to refine or extract non-ferrous metals such as copper, silver, gold, palladium,
nickel, selenium, zinc, and lead from e-waste. Pyrometallurgy is used in recycling
plants such as the Ronnskar smelter in Sweden and Umicore in Belgium, but the
challenges lie in balancing heat and material, maintaining high temperatures, and
dealing with the environmental impact of the resulting by-products such as slag and
toxic gases. Efforts are being made to improve yields and reduce emissions in pyro-
metallurgical processes. Hydrometallurgy, on the other hand, offers a promising alter-
native to pyrometallurgy, especially in low- and middle-income countries where
smaller operations and the treatment of low-grade waste are more feasible. This
method involves a pre-treatment step followed by leaching with chemical reagents to
extract metals from the e-waste. Subsequent recovery processes such as solvent
extraction and electrowinning are used to separate and recover the extracted metals.
Cyanide and aqua regia are traditionally used for the recovery of gold and silver in
hydrometallurgy, but alternative leaching agents are being explored due
to environmental concerns. In addition, technological advances such as the use of ionic
liquids and supercritical CO, are being investigated to develop more efficient and
environmentally friendly recycling processes for e-waste. Integrated approaches are
also being developed that combine different recycling methods to maximize metal
recovery and minimize waste generation. Both pyrometallurgy and hydrometallurgy
play a crucial role in e-waste recycling. Ongoing research and development work is
focused on improving their efficiency, sustainability, and environmental impact.

Biohydrometallurgy offers a promising approach to metal recovery, especially for
copper. This process, whose history dates back to pre-Roman times in the Rio Tinto
region of Spain, uses microorganisms to dissolve elements from solid materials.
Biohydrometallurgy is characterized by its low energy consumption and minimal use
of chemicals. It can be operated in either a one-stage or two-stage process, in which
certain microbes are cultivated in a nutrient medium before the waste material is fed
for recovery. Various organisms, including bacteria such as Acidobacillus and
Thiobacillus and fungi such as Aspergillus and Penicillium, play an essential role in the
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biohydrometallurgical process, utilizing mechanisms such as acidolysis, metal com-
plexation, redox reactions or bioaccumulation for metal transport.

6. Future prospectives

The future of e-waste recycling has significant implications for environmental
sustainability and resource conservation. A combination of legislative measures, tech-
nological advances, circular economy principles, international cooperation, and public
engagement is expected to shape the landscape of e-waste management in the coming
years. Governments worldwide are recognizing the urgent need to address the grow-
ing e-waste crisis and are expected to enact stricter laws and regulations to ensure
proper disposal and recycling practices. For example, extended producer responsibil-
ity (EPR) regulations, which make manufacturers responsible for the disposal of their
products at the end of their life, are set to take hold.

In parallel, ongoing research and development efforts in the field of e-waste
recycling will focus on the further development of innovative technologies. These
technologies aim to improve the efficiency and sustainability of e-waste recycling
processes. Advanced separation techniques such as hydrometallurgical and biotech-
nological processes promise more effective extraction of valuable metals from e-
waste, reducing reliance on traditional smelting processes.

The future of e-waste recycling is also expected to see a major shift towards a
circular economy approach. This approach emphasizes the recyclability of electronic
devices by promoting modular designs and environmentally friendly materials. By
recovering valuable resources from e-waste, the circular economy aims to minimize
the amount of waste and reduce the need to extract raw materials.

However, effective recycling of e-waste requires more than just legislation and
technological advances. Raising public awareness and participation are essential com-
ponents of a sustainable e-waste management strategy. Education campaigns
targeting consumers should raise awareness about the environmental and health
impacts of e-waste and encourage responsible disposal practices. Additionally, the
establishment of convenient collection points and incentivized return programs can
encourage citizens to actively participate in e-waste recycling initiatives.
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Edited by Daniel Ferndndez Gonzdlez

Copper is a metal that currently is a key element in the field of electricity, although
it has significant importance in other fields, particularly when it is alloyed, due to its
mechanical properties and corrosion resistance. Moreover, copper and some of its
compounds are gaining importance in other topics due to their antibacterial properties.
Nevertheless, this metal, which was one of the first used by humans, has been crucial for
their development, and for this reason, two periods of history are called the Copper Age
and Bronze Age due to the importance of Cuand Cu-Sn, respectively, in the fabrication of
utensils, weapons, and ornamental objects. From that moment, the utilization of copper
has significantly grown to an actual production approaching 30 Mt, of which around
80% corresponds to the mine production while the rest comes from recycling. The
reutilization of copper (or the exploitation of secondary resources) is a topic of increasing
importance due to both the depletion of high-grade deposits and the importance of
environmental aspects in metallurgical industries. This book provides a collection of
research works and reviews that emphasize some of the above-reported topics.
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