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BATTERY TECHNOLOGIES FOR ELECTRIC
VEHICLES

Zeynep OZSERCE HASTE!

1. INTRODUCTION

The rapid growth of electric mobility has established
battery technology as a key determinant of electric vehicle (EV)
performance. Beyond energy storage, batteries directly influence
driving range, power capability, charging performance, service
life, safety, vehicle mass, and cost. Lithium-ion batteries
currently dominate EV applications because of their favorable
balance of energy density, power capability, efficiency, and
durability. However, these attributes are strongly interdependent;
improvements in energy density or charging rate may introduce
trade-offs involving thermal behavior, degradation, and safety
(Sciatti et al., 2026).

Battery performance must therefore be evaluated across
multiple scales, from fundamental electrochemical processes and
cell components to module and pack integration. This chapter
reviews the role of batteries in EV performance, the
electrochemical principles governing rechargeable energy
storage, battery architecture and components, and the key
performance parameters and chemistry-dependent trade-offs that
define contemporary EV battery technologies.

L Dr, Sivas Bilim ve Teknoloji Universitesi, Mihendislik Fakiiltesi, Kimya
Miihendisligi, ORCID: 0000-0001-7783-9515.
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1.1. Role of Batteries in Electric Vehicle Performance

The battery is the primary onboard energy-storage system
in a battery electric vehicle (BEV) and directly influences driving
range, power capability, charging performance, service life,
safety, and overall cost. Unlike conventional vehicles, BEVs rely
on electrochemical energy storage to supply electrical power to
the traction system. Battery selection therefore requires a
balanced consideration of energy and power capability,
durability, efficiency, safety, cost, and operating conditions rather
than optimization of a single parameter (Sciatti et al., 2026;
Waseem et al., 2025).

Specific energy and volumetric energy density determine
how much energy can be accommodated within the mass and
volume available in a vehicle and therefore strongly influence
driving range and battery-pack design. However, nominal battery
capacity alone does not determine vehicle range. Vehicle mass,
aerodynamic and rolling resistance, auxiliary loads, regenerative
braking, driving conditions, and powertrain efficiency also affect
how effectively stored energy is converted into vehicle motion
(Sciatti et al., 2026). Power capability is equally important
because it governs the rate at which energy can be delivered or
accepted during acceleration, hill climbing, and regenerative
braking.

Charging performance and battery lifetime are closely
interconnected. Fast charging improves vehicle usability but can
accelerate degradation when high charging currents coincide with
unfavorable temperature or state-of-charge conditions (Leijon,
2025). Battery aging occurs through both cycling and calendar
processes and is influenced by temperature, charge—discharge
rate, voltage limits, cell variability, and electrochemical changes
that progressively reduce usable capacity and increase internal
resistance (Zhang et al., 2024).
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Temperature further affects electrochemical Kinetics,
ionic transport, resistance, durability, and safety. Low
temperatures generally restrict ion transport and increase internal
resistance, whereas elevated temperatures can accelerate parasitic
reactions and degradation. Appropriate thermal control is
therefore essential for maintaining performance and limiting
safety risks, particularly during high-power charging and
discharging (Rahman et al., 2025). Safety must likewise be
considered together with energy density because overcharging,
overheating, mechanical damage, or internal degradation may
initiate hazardous failure processes, including thermal runaway
(Sen et al., 2024; Rahman et al., 2025).

Battery technology also affects the economic and
environmental performance of EVs through material
requirements, manufacturing cost, resource availability,
recyclability, and end-of-life management. Consequently,
modern EV battery development increasingly involves balancing
electrochemical performance with safety, durability, cost, and
sustainability (Sciatti et al., 2026).

1.2. Electrochemical Fundamentals

Rechargeable batteries store and release energy through
reversible electrochemical reactions governed by
thermodynamics, reaction kinetics, and charge transport. During
discharge, oxidation and reduction reactions convert stored
chemical energy into electrical work: electrons flow through the
external circuit, while ionic transport through the electrolyte
maintains charge balance. During charging, an external electrical
potential drives these processes in the reverse direction, restoring
a higher-energy electrochemical state (Finkelstein et al., 2024).
The fundamental charge—discharge mechanism is illustrated in
Figure 1.
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Figure 1. Fundamental electrochemical processes during charge
and discharge, showing electron flow through the external circuit
and ionic transport through the electrolyte.

Source: Original illustration by the author, based on Finkelstein et al. (2024).

The thermodynamic origin of cell voltage is described by
the Gibbs free-energy change of the overall electrochemical
reaction:

AG =-nFE

where AG is the Gibbs free-energy change, n is the
number of electrons transferred, F is Faraday's constant, and E is
the equilibrium cell potential. A spontaneous discharge reaction
therefore corresponds to a negative AG and a positive cell
potential, with the free-energy difference defining the maximum
reversible electrical work obtainable from the cell (Finkelstein et
al., 2024). The relationship between Gibbs free energy and
equilibrium cell potential is illustrated in Figure 2.
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Figure 2. Relationship between Gibbs free-energy change and
equilibrium cell potential according to AG = —nFE.

Source: Original illustration by the author, based on Finkelstein et al. (2024).

The equilibrium potential varies with the thermodynamic
state of the reacting species and can be expressed by the Nernst
equation:

E=E°— (RT/nF)In Q

where E° is the standard electrode potential, R is the
universal gas constant, T is absolute temperature, and Q is the
reaction quotient. Variations in composition and species activity
consequently modify the equilibrium potential during battery
operation. This relationship also underlies the wuse of
electromotive-force and open-circuit-voltage measurements to
investigate electrochemical potential, temperature, composition,
and state of charge (Hu et al., 2024).

Practical battery operation deviates from thermodynamic
equilibrium because electrochemical reactions and transport
processes occur at finite rates. The resulting polarization includes
activation losses associated with interfacial charge-transfer
kinetics, ohmic losses arising from ionic and electronic
resistance, and concentration polarization caused by mass-
transport limitations. These losses generally increase with current
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and reduce discharge voltage or increase the voltage required
during charging. The principal sources of electrochemical
polarization are illustrated in Figure 3.
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Figure 3. Principal sources of electrochemical polarization:
activation, ohmic, and concentration losses.

Source: Original illustration by the author.

Battery performance therefore depends on coordinated
ionic and electronic transport. lonic conductivity, diffusion,
transport distance, temperature, and local concentration influence
the rate at which electrochemical reactions can proceed. The
theoretical amount of charge available is governed by Faraday's
law, whereas practical capacity and energy are reduced by
incomplete active-material utilization, polarization, transport
limitations, resistance, and parasitic reactions. Consequently,
practical energy efficiency remains below the ideal reversible
limit.

Temperature affects thermodynamics, reaction Kinetics,
ionic mobility, diffusion, and internal resistance simultaneously.
Low temperatures generally increase polarization by slowing
transport and interfacial reactions, whereas excessive
temperatures may accelerate unwanted reactions and irreversible
losses. Rechargeable battery behavior therefore results from the
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coupled effects of redox thermodynamics, interfacial Kinetics,
polarization, and charge transport, which together determine how
closely practical operation approaches the thermodynamic limit.

1.3. Architecture and Components of EV Batteries

Electric vehicle batteries are hierarchical energy-storage
systems in which individual electrochemical cells are integrated
into larger electrical and structural assemblies. At the cell level,
performance depends on the coordinated operation of the
electrodes, electrolyte, separator, current collectors, and
supporting materials. At the vehicle level, cells are interconnected
and integrated into modules and packs to satisfy voltage, capacity,
power, mechanical, and packaging requirements (De Santis,
Giusti, Poli, Piancastelli, & Liverani, 2026; Sciatti et al., 2026).

The electrodes contain electrochemically active materials,
conductive additives, and binders deposited onto metallic current
collectors. Active materials store and release charge-carrying
ions, conductive additives provide electronic pathways, and
binders maintain mechanical cohesion. Aluminum and copper
foils are commonly used as positive- and negative-electrode
current  collectors, respectively, providing low-resistance
electronic pathways while contributing to the inactive mass of the
cell (Sciatti et al., 2026).

The electrolyte enables ionic transport between the
electrodes, while the separator prevents direct electronic contact
while remaining permeable to ions. Together, these components
must provide sufficient ionic conductivity, electrical insulation,
chemical stability, and mechanical integrity for reliable cell
operation (Sciatti et al., 2026). The principal components of a
lithium-ion battery cell are illustrated in Figure 4.
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Figure 4. Principal components of a lithium-ion battery cell,
including electrodes, current collectors, separator, electrolyte, and
external terminals.

Source: Original illustration by the authors, based on Sciatti et al. (2026).

These internal components are enclosed within a
mechanically protective housing, and their arrangement gives rise
to the major commercial cell formats used in EVs: cylindrical,
prismatic, and pouch cells. Cylindrical cells employ wound
electrode assemblies enclosed in rigid metallic casings and
benefit from standardized manufacturing and high mechanical
robustness. Prismatic cells package electrode layers within a
rectangular rigid enclosure, enabling efficient utilization of
available installation space. Pouch cells replace the rigid metal
enclosure with a flexible laminated package, reducing inactive
structural mass but increasing the importance of external
mechanical support. The choice among these formats therefore
affects not only cell geometry but also manufacturing complexity,
structural overhead, packaging efficiency, and subsequent
integration into the vehicle (De Santis, Giusti, Poli, Piancastelli,
& Liverani, 2026).

A single electrochemical cell cannot normally provide the
voltage and energy required for vehicle propulsion. Cells are
therefore interconnected electrically in series and/or parallel
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configurations. Series connections increase the total operating
voltage, whereas parallel connections increase available capacity
and current capability. Groups of interconnected cells may form
modules, which provide an intermediate level of mechanical
organization and electrical assembly. Multiple modules, together
with electrical interconnects, sensing elements, protective
devices, structural supports, and thermal-management interfaces,
are subsequently integrated into the complete battery pack. Cell-
to-cell variations in capacity, internal resistance, and state of
charge can become important at this scale because the behavior
of individual cells influences the performance and reliability of
the assembled pack (Chang et al., 2024). The hierarchical cell-
module—pack architecture is illustrated in Figure 5.

Cell level Module level Pack level
(Electrochemical unit) (Mechanical and clecrical assembly) (Vehicle integration)

7
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Cylindrical
cell

Pack cover
g (sealing i provection)

:’i-'{k 4[:(;

Module level - Main functio

Figure 5. Hierarchical cell-module—pack architecture of an EV
battery system.

Source: Original illustration by the authors.

Conventional cell-module—pack architectures introduce
intermediate housings, frames, connectors, and other inactive
components that add mass and occupy volume. Recent EV battery
design has therefore increasingly explored more integrated
architectures. In cell-to-pack (CTP) configurations, cells are
incorporated more directly into the pack, reducing or eliminating
conventional module-level structures. More highly integrated
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concepts extend this principle toward cell-to-body or cell-to-
chassis designs, in which the battery assembly contributes more
directly to the vehicle structure. Reducing intermediate packaging
can increase the proportion of pack mass and volume devoted to
energy-storing cells; however, higher integration also introduces
design trade-offs involving mechanical protection, thermal
interfaces, manufacturability, maintenance, and end-of-life
disassembly (De Santis et al., 2026; GhasemiPourMasoule,
Keshavarzi, & Saeidi Googarchin, 2026). The evolution toward
more integrated battery architectures is illustrated in Figure 6.

The battery pack must additionally withstand mechanical
loads encountered during vehicle operation and potential crash
events. Its enclosure and supporting structures protect the cells
from vibration, deformation, impact, and environmental exposure
while  maintaining  appropriate  electrical isolation.
Reinforcements,  energy-absorbing  elements,  mounting
structures, sealing systems, and safety components are therefore
integral to pack architecture. Structural design is particularly
important because improvements in mechanical protection
generally require additional material, whereas excessive
structural mass reduces pack-level specific energy. Modern EV
battery engineering consequently seeks to minimize inactive
structural overhead without compromising mechanical integrity
or safety (GhasemiPourMasoule et al., 2026).

10
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Figure 6. Evolution from conventional module-based battery
architecture toward cell-to-pack and structurally integrated
configurations.

Source: Original illustration by the authors, based on De Santis et al. (2026)
and GhasemiPourMasoule et al. (2026).

Overall, EV battery architecture represents a transition
from microscopic electrochemical components to a vehicle-scale
energy-storage system. Electrodes, electrolyte, separator, current
collectors, and supporting materials establish the functional cell,
while cell format, electrical interconnection, structural
integration, and packaging determine how this electrochemical
capability is translated to the module and pack levels. The
resulting architecture directly influences usable energy, power
delivery, volumetric efficiency, mass, reliability, and vehicle
integration.

1.4. Key Performance Parameters of EV Batteries

The performance of an electric vehicle (EV) battery
cannot be represented adequately by a single metric. Driving
range, acceleration, charging capability, service life, energy
efficiency, and safe operation depend on several interrelated
parameters, including capacity, operating voltage, specific
energy, volumetric energy density, specific power, C-rate
capability, cycle life, and temperature tolerance. Their relative

11
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importance also changes with vehicle requirements. A long-range
passenger vehicle, for example, places greater emphasis on
energy density, whereas applications involving frequent charging
or intensive cycling may benefit more from durability and rate
capability. Battery chemistry consequently plays a central role in
establishing the balance among these performance attributes.

Capacity and operating voltage provide the starting
point for evaluating battery performance. Capacity,
conventionally expressed in ampere-hours (Ah), represents the
amount of charge that can be transferred under specified
conditions, whereas the energy available from a battery depends
on both capacity and operating voltage. Chemistry strongly
influences voltage. Commercial NMC and NCA cells generally
operate at higher nominal voltages than LFP-based cells, while
LTO-containing systems operate at substantially lower cell
voltages because of the relatively high potential of the LTO
negative electrode. These differences are consequential at the
pack level because the required number of series-connected cells
and the attainable energy depend partly on cell voltage (Sciatti et
al., 2026; Sen, Ozcan, & Eker, 2024)

For EV applications, specific energy and volumetric
energy density are particularly important because they determine
how much energy can be accommodated within the mass and
volume available in the vehicle. Specific energy is expressed in
Wh kg™', while volumetric energy density is expressed in Wh L.
Among established lithium-ion technologies, NCA and high-Ni
NMC generally provide the highest cell-level specific energy.
Recent reviews report commercial specific-energy ranges of
approximately 220-240 Wh kg! for NMC and 250-300 Wh kg
for NCA, although values depend strongly on cell design and
material formulation. LFP typically provides lower specific
energy, with reported commercial ranges around 90-160 Wh
kg™, but its lower energy density is compensated by other

12
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advantages, particularly thermal stability and durability. LMO
generally occupies a lower-to-intermediate energy range, while
LTO-based cells exhibit particularly low specific energy because
of their lower operating voltage (Sciatti et al., 2026; Sen et al.,
2024).

The emerging lithium manganese iron phosphate (LMFP)
chemistry seeks to narrow the energy-density gap between LFP
and layered transition-metal oxides. Partial substitution of Fe by
Mn raises the operating voltage relative to conventional LFP
while retaining many characteristics associated with phosphate-
based cathodes. Recent commercial-scale reports summarized by
Sciatti et al. (2026) indicate that advanced LMFP cells can
approach approximately 240 Wh kg™ under favorable designs.
LMFP therefore illustrates an important point in battery
evaluation: performance development does not necessarily
involve maximizing one parameter, but can instead involve
modifying chemistry to obtain a more favorable compromise
among energy density, cost, stability, and lifetime. The
comparative characteristics of major EV battery chemistries are
summarized in Figure 7.

(a) Comparatie performance profile (b) Key performance parameters (typical ranges)

(c) Summary of key chara,
SMC
LMy,

Figure 7. Comparative performance characteristics of major
lithium-ion battery chemistries for EV applications.

Source: Original illustration by the authors, based on Sen et al. (2024) and
Sciatti et al. (2026).

13
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Energy storage must be considered together with power
capability. Specific power (W kg™') and volumetric power density
(W L") describe how rapidly energy can be delivered relative to
battery mass and volume. High power capability is required
during acceleration and hill climbing and is also relevant to
regenerative braking, where the battery must accept energy over
relatively short periods. LTO-based cells are particularly
attractive from this perspective because their chemistry supports
high charge and discharge rates. LMO also exhibits favorable rate
capability, whereas NMC and NCA are generally engineered to
balance power delivery with higher energy storage. LFP can
provide substantial power, although its lower cell voltage and
energy density influence overall pack characteristics. These
differences demonstrate why energy density alone is insufficient
for selecting a battery technology for a particular EV application
(Sen et al., 2024). The trade-off between specific energy and
specific power is illustrated in Figure 8.

High power
High C-rate
Fast charge/discharge

Higher cnergy than LFP
» Moderate energ g

e i Good stability
Long cycle life

10°4

Specific power (W kg™')
-

10 10*
Specific energy (Wh kg™')

Figure 8. Conceptual Ragone-type comparison of specific energy
and specific power for major lithium-ion battery chemistries used
in electric mobility.

Source: Original illustration by the authors based on recent comparative
literature.

14
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The C-rate provides a normalized measure of charge or
discharge current relative to nominal capacity. Under idealized
conditions, 1C corresponds to transferring the nominal capacity
in approximately one hour, 2C in approximately 30 min, and 0.5C
in approximately two hours. In practice, increasing C-rate
intensifies internal heat generation and may introduce stronger
kinetic and transport limitations. The permissible rate is therefore
chemistry- and design-dependent. LTO is particularly well suited
to high-rate operation, whereas conventional NMC, NCA, and
LFP cells are normally operated within more conservative ranges
when long service life is required. Importantly, the maximum
short-duration C-rate reported for a cell should not be interpreted
as a continuously sustainable operating condition (Sciatti et al.,
2026).

Cycle life further differentiates lithium-ion chemistries. It
is generally defined as the number of charge—discharge cycles
completed before capacity falls to a specified end-of-life
threshold. NMC cells commonly provide approximately 1,000—
2,000 cycles under representative conditions, although optimized
operating windows can extend their lifetime considerably. LFP
typically offers longer and more stable cycling, with values of
roughly 2,000 cycles or more frequently reported. LTO-based
systems exhibit exceptional durability, with approximately
3,000-7,000 cycles and values above 5,000 cycles reported in
comparative literature. By contrast, conventional NCA and LMO
systems may show shorter cycle life under demanding conditions.
These ranges must be interpreted cautiously because depth of
discharge, C-rate, temperature, state-of-charge window, cell
construction, and end-of-life criterion can substantially alter the
measured result (Sen et al., 2024; Sciatti et al., 2026).

Temperature-dependent behavior and thermal stability
introduce another important chemistry-dependent distinction.
Layered Ni-rich oxides such as NMC and NCA enable high

15
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energy density but require careful control of temperature and state
of charge because increasing Ni content can reduce structural and
thermal stability. LFP possesses a comparatively stable olivine
framework and is generally more resistant to thermally induced
decomposition. Comparative literature reports thermal-runaway
onset values around 150 °C for some NCA systems,
approximately 210 °C for NMC, and approximately 250-270 °C
for LMO and LFP, although the actual onset temperature depends
strongly on cell design, state of charge, electrolyte, testing
procedure, and the definition of thermal runaway. LTO-
containing systems can offer still greater thermal tolerance in
some configurations. These values should therefore be used
comparatively rather than as universal safety thresholds (Sen et
al., 2024; Sciatti et al., 2026).

Energy efficiency describes the fraction of charging
energy that can subsequently be recovered. Coulombic efficiency
considers the ratio of discharged to charged capacity, whereas
round-trip energy efficiency additionally accounts for voltage
losses. High energy efficiency is desirable because internal losses
reduce usable energy and generate heat. However, efficiency is
not exclusively determined by cathode chemistry; cell resistance,
electrode design, temperature, C-rate, state of charge, and aging
condition also contribute. It is therefore more appropriate to
regard efficiency as a cell- and operating-condition-dependent
performance metric rather than assign a single invariant
efficiency value to each chemistry.

16
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EMERGING BATTERY TECHNOLOGIES

Zeynep OZSERCE HASTE!

1. INTRODUCTION

Continued expansion of electric mobility and renewable-
energy storage is increasing the performance demands placed on
rechargeable batteries. Although lithium-ion technology has
reached a high level of maturity, simultaneously increasing
energy storage capability, safety, charging performance, service
life, and material sustainability remains difficult. Emerging
battery concepts therefore seek improvement through changes in
electrode chemistry, electrolyte design, or the fundamental
architecture of the electrochemical cell.

These approaches can be broadly distinguished by the
limitation they are intended to overcome. Solid-state systems
redesign ion transport by replacing conventional liquid
electrolytes with solid ion conductors, whereas lithium-metal and
silicon-based concepts primarily target greater anode capacity
(Dutra et al., 2025; Wang et al., 2024; Sun et al., 2024). Lithium—
sulfur chemistry instead exploits sulfur conversion reactions to
achieve high theoretical energy storage (Heo et al., 2025).
Sodium-ion batteries broaden the material base through Na-based
electrochemistry and abundant sodium resources (Mariyappan et
al., 2026), while metal-air systems obtain a cathodic reactant
from atmospheric oxygen rather than storing all active material
within the cell (Rai et al., 2025). The resulting technologies
therefore differ not only in potential performance but also in the

1 Dr., Sivas University of Science and Technology, Department of Chemical
Engineering, ORCID: 0000-0001-7783-9515.
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interfacial, structural, kinetic, and manufacturing problems that
must be resolved.

These technologies address different limitations of
conventional batteries and therefore offer distinct advantages and
challenges. Their main development pathways are summarized in
Figure 1.

Emerging Battery Technologies
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Figure 1. Principal development pathways of emerging battery
technologies.

Source: Original illustration by the author.

The following sections discuss solid-state, lithium-metal,
silicon-anode, lithium-sulfur, sodium-ion, and metal-air
batteries, focusing on their key characteristics, advantages,
limitations, and potential applications.

2. SOLID-STATE BATTERIES

Solid-state batteries (SSBs) are considered a promising
alternative to conventional lithium-ion batteries. Their main
difference is the use of a solid electrolyte instead of a liquid
electrolyte. This design can improve battery safety by reducing
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the use of flammable liquids and may also enable high-energy
electrodes such as lithium metal (Sung et al., 2024; Dutra et al.,
2025).

Solid electrolytes used in SSBs encompass sulfide-,
oxide-, polymer-, and halide-based materials, each providing a
different balance between ion transport, stability, mechanical
behavior, and manufacturability. Sulfides are attractive for their
high ionic conductivity, although their sensitivity to moisture
complicates processing. Oxides generally provide greater
chemical and thermal robustness, but their rigidity can limit
intimate contact with electrode surfaces. Polymer electrolytes
offer greater flexibility and easier processing at the expense of
comparatively limited room-temperature conductivity. Halide
electrolytes have emerged as another promising class, particularly
because of their ionic conductivity and compatibility with high-
voltage cathodes. Consequently, electrolyte selection remains a
multi-parameter optimization problem rather than a choice based
solely on ionic conductivity (Pourzolfaghar et al., 2024; Dutra et
al., 2025).

The basic structure and major electrolyte types of SSBs
are illustrated in Figure 2.

Emerging Battery Technologies
sk igher anergy,

[ : 3 I IR I E 1

Figure 2. Basic structure and major solid-electrolyte types of
solid-state batteries.

Source: Original illustration by the author.

21



Kimva Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

The performance of SSBs is strongly governed by the
quality of the interfaces formed between solid components. In
contrast to liquid electrolytes, which can readily wet electrode
surfaces, a solid electrolyte must preserve physical and
electrochemical contact as the cell undergoes repeated cycling.
Interfacial reactions, local contact loss, and mechanically induced
stress can therefore create resistive regions and hinder ion
transport. These effects become particularly important when
lithium metal is employed, since heterogeneous lithium
deposition may further destabilize the electrolyte—anode interface
(Jia et al., 2024).

Large-scale manufacturing also remains challenging.
Solid electrolytes must be produced as thin and uniform layers
while maintaining sufficient mechanical strength and ionic
conductivity. Material cost, moisture sensitivity, processing
conditions, and pressure requirements can further complicate
commercial production (Sung et al., 2024).

Recent studies therefore focus on improving solid
electrolytes, stabilizing electrode—electrolyte interfaces, and
developing scalable manufacturing methods. Continued progress
in these areas could make SSBs suitable for electric vehicles
requiring higher energy density and improved safety. However,
long-term cycling stability, manufacturing complexity, and cost
must still be addressed before widespread commercialization
(Dutra et al., 2025).

3. LITHIUM-METAL BATTERIES

Lithium-metal batteries (LMBs) seek to increase cell-
level energy storage by replacing the conventional graphite anode
with metallic lithium. The attraction of this approach arises from
lithium metal's theoretical specific capacity of 3860 mAh g! and
its electrochemical potential of —3.04 V versus the standard
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hydrogen electrode (SHE) (Wang et al., 2024). Its practical
behavior, however, is governed by the reversibility of lithium
deposition and removal. During repeated cycling, spatially
uneven current distribution can produce irregular lithium deposits
rather than a compact and uniform layer. Continued growth of
these deposits may generate dendritic or moss-like structures,
while some deposited lithium can lose electronic contact and
remain electrochemically inactive as “dead lithium.” Together,
these processes lower Coulombic efficiency and accelerate
capacity loss (Jiang & Ye, 2024).

A second limitation originates from the strong chemical
reactivity of metallic lithium toward the electrolyte. Instead of
forming a completely stable interface, repeated lithium deposition
and stripping can continuously disturb the solid electrolyte
interphase (SEI), exposing fresh lithium to further parasitic
reactions. The resulting consumption of lithium and electrolyte
progressively increases interfacial losses. This issue becomes
particularly critical when cells are evaluated under practically
relevant conditions, including limited electrolyte quantity, thin
lithium electrodes, and high cathode loading (Sun et al., 2025).

Accordingly, current strategies are designed not only to
inhibit dendritic growth but also to regulate how lithium
nucleates, deposits, and dissolves at the interface. Electrolyte
formulation, artificial interphases, three-dimensional host
architectures, and solid electrolytes represent complementary
approaches for promoting more homogeneous deposition and
accommodating morphological changes during cycling (Peng et
al., 2024; He et al., 2024).

The main processes and challenges associated with
lithium-metal anodes are illustrated in Figure 3.
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Figure 3. Lithium plating-stripping behavior and major
challenges of lithium-metal anodes.

Source: Original illustration by the author.

Overall, lithium-metal batteries offer substantial potential
for increasing battery energy density. However, dendrite
formation, unstable interfaces, low Coulombic efficiency, and
limited cycle life must be controlled under practical operating
conditions before widespread application can be achieved.

4. SILICON-BASED ANODES

Silicon offers a substantially different lithium-storage
mechanism from graphite and is therefore an attractive route
toward higher-capacity lithium-ion batteries (LIBs). Formation of
L1isSis corresponds to a theoretical specific capacity of
approximately 3579 mAh g!, compared with 372 mAh g! for
graphite. This large capacity advantage, together with silicon's
abundance and relatively low operating potential, has motivated
extensive research on silicon-containing anodes (Sun et al.,
2024).
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The principal difficulty is that lithium storage in silicon
proceeds through alloying rather than conventional graphite-like
intercalation. Incorporation of lithium into the silicon structure
can produce a volume increase of approximately 300%, followed
by substantial contraction as lithium is removed. Repetition of
this dimensional change imposes mechanical stress throughout
the electrode. Over successive cycles, the resulting damage can
fracture silicon particles, disrupt conductive pathways, and
progressively isolate active material from the electrode network
(Li et al., 2025).

Mechanical degradation is closely coupled with interfacial
instability. When an expanded silicon particle contracts and its
surface fractures, newly exposed regions react again with the
electrolyte. The SEI must therefore repeatedly reform instead of
remaining stable over long-term cycling. This continuous
reconstruction consumes cyclable lithium and electrolyte,
contributing to irreversible capacity loss and low initial
Coulombic efficiency, particularly in electrodes containing large
fractions of silicon (Xiao et al., 2026).

Materials engineering consequently aims to preserve both
mechanical integrity and interfacial stability. Nanostructured or
porous silicon can provide additional space for dimensional
changes, whereas mechanically adaptable binders help maintain
cohesion within the electrode. Combining silicon with carbon is
particularly useful because the carbon phase can provide
continuous electron-transport pathways while partially buffering
silicon expansion. Complementary approaches, including
prelithiation, electrolyte optimization, and targeted interface
modification, are being investigated to compensate for
irreversible lithium loss and promote a more stable SEI (Sun et
al., 2024; Xiao et al., 2026).
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The main lithiation-induced changes and degradation
mechanisms of silicon-based anodes are illustrated in Figure 4.

(a) Structure of a silicon-based anode (b) Lithiation and fsilicon  (¢) degradation during cycling
Lithiation (charging)

Binder 22
(e.g. PVDF, @ J J < 'é‘_u
CMC, SBR) ¥ i ' 0‘0‘
ggmm % . Pristine S C acklml Pu\vermuor\ Loss of

9. 29 b IN] electrical contact

CNT, graphene)

(~300% volus mmpansmn)

Silicon particles. (d) SEI formation and continuous growth

(nanofmicro, compasite) Delithiation (discharging)

@-..) S9PPD

FreshSisuface InitalSEl  SElgrowth Repeated fracture
LiSi (volume contraction) formation  during cycling  and reformation

(e) Key challenges and main strategies for silicon-based anodes

Main challenges Strategies
‘volume change Uraatd £ Lossol dhctricn Low intial
(~300%) o] Coulomblc efficiency structures
. 2 — 1stoyete
43 E S
3 4 5
: 6‘ HI\
o 1000 2000 3000
o Particle fracture. | * Wmﬂui SEl Capacity (mAhg™) o Shorter LI diffusion
9 distance cmduﬂmy expan smﬂ negrty
Eiectrode « Imeversible ithium loss Btk }

= . c m .
degradation \mem\m _ m’ ™|« Lower energyefficiency | stabity * ol vckume change 2ol

Figure 4. Volume expansion and major degradation mechanisms
of silicon-based anodes.

Source: Original illustration by the author.

Overall, silicon-based anodes provide a promising
pathway toward higher-energy LIBs while remaining compatible
with established lithium-ion battery chemistry (Sun et al., 2024;
Xiao et al., 2026). However, controlling volume expansion,
maintaining electrode integrity, and stabilizing the SEI under
practical operating conditions remain essential for their broader
commercialization.

5. LITHIUM-SULFUR BATTERIES

Lithium—sulfur (Li-S) batteries derive their high
theoretical energy-storage capability from the conversion
chemistry of sulfur rather than the intercalation reactions
characteristic of conventional lithium-ion cathodes. Sulfur

26



Kimva Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

provides a theoretical specific capacity of 1675 mAh g, while
the corresponding cell chemistry has a theoretical specific energy
of approximately 2600 Wh kg'. Its natural abundance and
relatively low cost further strengthen the interest in sulfur as a
cathode material for lightweight, high-energy batteries (Heo et
al., 2025).

Sulfur reduction does not occur in a single step. During
discharge, elemental sulfur is progressively transformed through
intermediate lithium polysulfides (LiPSs) before the reaction
terminates predominantly in lithium sulfide (Li2S); charging
drives the sequence in the opposite direction. The difficulty is that
several intermediate LiPSs are soluble in commonly used
electrolytes. Once dissolved, they can leave the cathode region
and migrate through the cell, producing the characteristic
polysulfide shuttle. This redistribution of sulfur species promotes
parasitic reactions, self-discharge, and loss of electrochemically
available sulfur, ultimately accelerating capacity decay (Ke et al.,
2025).

The shuttle process is only one component of the practical
challenge. Both sulfur and Li.S are electronically insulating, so
efficient electron transport must be provided by the electrode
architecture. At the same time, conversion between sulfur species
produces dimensional changes within the cathode, while the
lithium-metal counter electrode introduces its own interfacial and
deposition instabilities. Stable operation therefore requires
simultaneous management of reaction kinetics, mass transport,
electrode structure, and lithium-anode behavior (Qian et al., 2024;
Majid et al., 2024).

These considerations have shifted research toward
integrated cell design, including conductive sulfur hosts, catalytic
interfaces, selective separators, electrolyte optimization, and
lithium-anode protection. Importantly, improvements obtained
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with excess electrolyte or very low sulfur loading may not
translate into high cell-level energy density. Practical
development therefore requires strong electrochemical
performance to be retained at high sulfur loading and under lean-
electrolyte conditions (Fei & Li, 2024; Qian et al., 2024).

The main sulfur conversion reactions and polysulfide
shuttle mechanism are illustrated in Figure 5.
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Figure 5. Sulfur conversion and polysulfide shuttle mechanism in
lithium—sulfur batteries.

Source: Original illustration by the author.

Overall, Li-S batteries offer high theoretical energy
density and the advantage of abundant sulfur resources. Their
practical development, however, depends on controlling
polysulfide shuttling, improving electrode conductivity,
stabilizing the lithium-metal anode, and maintaining good
performance under realistic sulfur-loading and electrolyte
conditions.
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6. SODIUM-ION BATTERIES

Sodium-ion batteries (SIBs) provide an alternative
electrochemical platform in which Na* ions reversibly move
between positive and negative electrodes during cycling. Their
growing importance is associated not only with electrochemical
performance but also with the broad geographical availability of
sodium resources and the possibility of reducing dependence on
some critical raw materials used in lithium-ion technologies.
These characteristics have generated particular interest in SIBs
for stationary storage and selected mobility applications
(Mariyappan et al., 2026).

The chemistry offers considerable flexibility in electrode
selection. Layered transition-metal oxides, polyanionic
compounds, and Prussian blue analogues are among the principal
cathode families, whereas hard carbon has become a leading
anode candidate. Unlike a simple single-site storage process,
sodium uptake by hard carbon can involve several contributions,
including adsorption at accessible sites, insertion within carbon
layers, and storage associated with nanoporous regions. The
relative contribution of these mechanisms depends strongly on
carbon structure and processing history (Wu et al., 2024).

Sodium chemistry also introduces constraints that differ
from those encountered in lithium-ion systems. The larger ionic
radius of Na* can impose greater structural and kinetic demands
on some host materials, while current SIBs generally deliver
lower energy density than leading lithium-ion cells. For hard-
carbon anodes, irreversible sodium consumption during initial
cycling can additionally reduce the initial Coulombic efficiency
(Wang et al., 2025). Consequently, current research seeks to
control pore architecture, defect populations, surface chemistry,
precursor characteristics, and electrode—electrolyte interactions in
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order to improve reversible sodium storage and cycling stability
(Wu et al., 2024; Wang et al., 2025).

The basic operating mechanism, electrode materials, and
main advantages and limitations of SIBs are summarized in
Figure 6.
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Figure 6. Operating principle and key characteristics of sodium-
ion batteries.

Source: Original illustration by the author based on the literature discussed
in the text.

Overall, sodium-ion batteries offer an attractive route
toward more resource-diverse and potentially lower-cost energy
storage. Their broader application will depend on further
improvements in energy density, electrode performance, and
manufacturing efficiency

7. METAL-AIR BATTERIES

Metal-air batteries (MABs) differ fundamentally from
closed battery systems because one of the electrochemically
active reactants—oxygen—is supplied from the external
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environment rather than stored entirely within the cell. In a typical
configuration, oxidation occurs at the metal anode, while a porous
air electrode provides sites for oxygen electrochemistry. This
open-cathode concept reduces the amount of internally stored
cathode-active material and accounts for the high theoretical
specific energies associated with several metal-air chemistries
(Rai et al., 2025).

The electrochemical requirements of the air electrode
change with the direction of operation. During discharge, oxygen
participates in the oxygen reduction reaction (ORR), coupled with
oxidation of the metal anode. Rechargeable configurations must
additionally support the reverse oxygen evolution reaction (OER)
during charging. Because both processes can exhibit sluggish
kinetics and substantial polarization, the activity and durability of
the air-electrode catalyst strongly influence round-trip efficiency
and long-term performance (Liu et al., 2025).

The choice of metal produces chemically distinct systems
rather than a single universal metal-air technology. Lithium-air
cells are attractive from the standpoint of theoretical energy
storage but remain highly sensitive to electrolyte and reaction-
product stability. Zinc-air chemistry benefits from the
availability and relatively low cost of zinc and has been widely
investigated for rechargeable and stationary systems. Aluminum-
air and magnesium-air batteries offer similarly abundant metallic
resources, although corrosion, surface passivation, and
difficulties in achieving efficient electrical recharge remain
significant limitations (Rai et al., 2025; Nazir et al., 2024).

Progress therefore depends on coordinated improvements
at both electrodes and within the electrolyte. At the air cathode,
reducing ORR/OER polarization requires active and durable
bifunctional catalysts together with structures that maintain
oxygen and ion transport. Meanwhile, electrolyte decomposition,
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metal corrosion or passivation, atmospheric contamination, and
anode instability must be controlled to preserve reversibility.
Advances in catalyst design, electrolyte chemistry, air-electrode
architecture, and anode protection are consequently being
pursued as complementary rather than isolated solutions (Rai et
al., 2025; Liu et al., 2025).

The working principle, major types, advantages, and
challenges of metal-air batteries are summarized in Figure 7.
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Figure 7. Working principle and key characteristics of metal-air
batteries.

Source: Original illustration by the authors based on the literature discussed
in the text.

Overall, metal-air batteries offer considerable potential
for high-energy and sustainable energy storage. However,
practical application requires improvements in oxygen-reaction
kinetics, electrolyte stability, anode protection, rechargeability,
and long-term cycling performance Rai et al., 2025; Liu et al.,
2025).
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KROM SONRASI DONEM: ALTERNATIF
TABAKLAMA SISTEMLERININ
KARSILASTIRMALI BiR DEGERLENDIRMESI

Hatice ER?
Ertan EROL?

1. GIRIS

Deri, hayvan postunun kolajen yapisinin kimyasal olarak
kararli hale getirilmesiyle elde edilen ve insanlik tarihinin en eski
islenmis malzemelerinden biridir. Ham post, nem ve
mikroorganizmalar karsisinda hizla bozunur; 1sitildiginda ise
belirli bir sicaklikta geri donilisiimsiiz  bi¢cimde biiziiliir.
Tabaklama, kolajen lifleri arasinda yeni baglar ya da etkilesimler
kurarak bu biyolojik malzemeyi ¢iirimeye karsi direngli, 1s1l
acidan daha kararli ve kullanim 6zellikleri kalic1 bir malzemeye
doniistiiren siirectir (Covington, 2009). Tabaklamanin etkinligi
sektorde en yaygin bigimde biiziilme sicakligi (Ts) ile ifade edilir;
ham kolajen i¢in bu deger yaklasik 60-65 °C iken etkili bir
tabaklama ile 100 °C’nin iizerine ¢ikabilmektedir (Covington ve
Wise, 2019).

Yiizyillar boyunca deri, agirlikli olarak bitkisel tanenlerle
tabaklanmistir. On dokuzuncu ylizyilin ikinci yarisinda krom
tuzlarinin tabaklama amaciyla kullanilmaya baslanmasi ise
sektorii kokten degistirmistir. Bugiin diinya deri tiretiminin biiytik
bolimi (genellikle %80-90 araliginda tahmin edilmektedir)

L Opgr. Uyesi Dr. Hatice ER, Tekirdag Namuk Kemal Universitesi, Corlu Meslek
Yiksekokulu, Deri Teknolojisi B6limi, ORCID: 0000-0003-2125-7406.

2 QOpgr. Gor. Ertan EROL, Tekirdag Namik Kemal Universitesi, Corlu Meslek
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bazik krom(IIl) siilfat ile tabaklanmaktadir (Covington, 2009;
China vd., 2020). Krom tabaklamanin bu hakimiyeti tesadif
degildir: siire¢ hizlidir, gorece ucuzdur, dngoriilebilir sonuglar
verir ve yiiksek 1sil kararliliga sahip, yumusak, dolgun ve
boyamaya elverigli bir ara iirin olan “wet-blue” deriyi ortaya
cikarir.

Ne var ki son otuz yilda krom tabaklamaya yonelik
cevresel, saglik ve pazar kaynakli baskilar giderek artmistir.
Bitmis deride alt1 degerlikli krom [Cr(V])] olusma olasilig1, krom
iceren kat1 atiklarin ve aritma camurlarinin yonetimi, isletmelerin
atiksu desarj yukiimliilikleri ve markalarin “kromsuz” iiriin
talepleri, sektort alternatif tabaklama sistemlerini ciddi bigimde
degerlendirmeye yoneltmistir (Dixit vd., 2015; Kral, Schmel ve
Buljan, 2014). Bu baglamda “krom sonrast dénem” kavramu,
kromun tamamen terk edildigi bir gelecegi degil, krom
tabaklamanin tartismasiz varsayilan secenek olmaktan ¢iktigi ve
farkli son kullanimlar i¢in farkli tabaklama kimyalarinin rekabet
ettigi bir doniisiim stirecini ifade etmektedir.

Bu bolimiin  amaci, baglica alternatif tabaklama
sistemlerini (bitkisel, aldehit esasli, reaktif sentetik organik, krom
dist mineral, kombinasyon ve biyo-bazli sistemler) teknik
performans, proses Ozellikleri, cevre ve saglik etkileri ile
ekonomik uygulanabilirlik dlgiitleri ¢ergevesinde karsilastirmali
olarak degerlendirmektir. Ozetle, bir sistemin sadece kromsuz
olmasi onu kendiliginden daha siirdirilebilir yapmaz.
Alternatifler kiyaslanirken tek bir iiretim asamasi yerine, tim
iiretim zinciri ve Uriiniin kullanim O6mrii dolduktan sonraki
durumu dikkate alinmalidir.
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2. KROM TABAKLAMANIN KiMYASI VE
SINIRLARI

2.1. Tabaklama Mekanizmasi ve Kromun
Ustiinlukleri

Krom tabaklamada etken madde, sulu c¢o6zeltide c¢ok
cekirdekli kompleksler olusturan bazik krom(IIl) siilfattir.
Tabaklama, pikle edilmis (diisiik pH’ta asit ve tuzla dengelenmis)
postun krom tuzuyla muamele edilmesi ve ardindan pH’in
kademeli olarak yukseltilmesi (bazifikasyon) ile gerceklestirilir.
Bu surecte krom kompleksleri, kolajenin yan zincirlerindeki
karboksil gruplar1 ile koordinasyon baglar1 kurar ve kolajen
molekiilleri arasinda ¢apraz baglar olusturur (Covington, 1997).
Genisletilmis X-151n1 sogurma ince yap1 (EXAFS) caligmalari,
krom tiirlerinin kolajenle etkilesiminin klasik “iki karboksil
arasinda koprii” modelinden daha karmasik oldugunu ve kolajen
etrafinda bir supramolekiiler ag yapismnin 1s1l kararliliga katkida
bulundugunu géstermistir (Covington vd., 2001).

Covington’mn  “bagla-kilitle” (link-lock) kurami ise
tabaklamay1, kolajen etrafindaki su yapist ve tabaklama
maddesiyle olugan yeni matrisin kooperatif davranisiyla agiklar;
bu kuram, kombinasyon sistemlerinin neden bilesenlerinden daha
yiiksek biiziilme sicakliklar1 saglayabildigini anlamak i¢in de bir
cerceve sunar (Covington ve Wise, 2019).

Kromun endustriyel Gstinlukleri; 100 °C’nin Uzerindeki
biiziilme sicakligi, bir ila iki giinlik proses siiresi, wet-blue
derinin retenaj ve bitirme asamalarinda ¢ok farkli son
kullanimlara uyarlanabilmesi ve kiiresel olgekte standartlagmis
bilgi birikimi ile tedarik zinciri olarak 6zetlenebilir (Heidemann,
1993; Covington, 2009).
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2.2. Alt1 Degerlikli Krom Sorunu ve Diizenleyici
Cerceve

Tabaklamada kullanilan Cr(III) bilesikleri gorece diistik
toksisiteye sahipken, Cr(VI) bilesikleri Uluslararas1 Kanser
Arastirma Ajansi tarafindan insanlar i¢cin kanserojen (Grup 1)
olarak siniflandirilmaktadir (IARC, 2012). Cr(VI) ayrica giiglii
bir cilt alerjenidir ve krom kaynakli alerjik kontakt dermatitin
Onemli bir nedeni olarak kabul edilir. Deri sektorii agisindan
kritik nokta, tabaklama asamasinda Cr(VI) kullanilmamasina
karsin bitmis deride Cr(Ill)’iin belirli kosullarda Cr(VI)’ya
yukseltgenebilmesidir.

Bu yiikseltgenmeyi tetikleyen baslica etkenler arasinda
doymamus yag asitleri iceren yaglama maddeleri, UV 15181na ve
1stya maruz kalma, yiliksek pH ve uzun siireli depolama
sayillmaktadir (Hauber ve Germann, 1999). Bu bulgular, Cr(VI)
sorununun  bilyidk O6lcliide proses yonetimiyle  kontrol
edilebilecegini de gostermektedir: antioksidan igeren yaglama
maddelerinin kullanimi, bitkisel tanenlerle retenaj ve son
asamalarda pH kontrolii Cr(VI) olusumunu onemli dlgiide
azaltabilmektedir (Covington ve Wise, 2019).

Diizenleyici acidan Avrupa Birligi, 301/2014 sayili
Komisyon Tiiziigii ile REACH Ek XVII’ye ekleme yaparak ciltle
temas eden deri iriinlerinde ve deri bilesenlerinde Cr(VI)
icerigini kuru agirhgmn 3 mg/kg’1 ile sinirlandirmistir (European
Commission, 2014). Bu sinir pratikte standart analiz yonteminin
tespit sinirma karsilik geldiginden, fiilen Cr(VI) igermeyen iiriin
anlamimna gelmektedir. Avrupa pazarina ihracat yapan ireticiler
acisindan bu diizenleme, krom tabaklanmis derilerde siireg
kontroliinii zorunlu kilmis ve bazi segmentlerde kromsuz
alternatiflere yonelimi hizlandirmstir.
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2.3. Atik Yonetimi ve Krom Geri Kazanimi

Krom tabaklamanin ikinci biiylik sorunu atik yonetimidir.
Geleneksel krom tabaklamada kullanilan kromun 6nemli bir
kismi deriye baglanmadan atik tabaklama ¢ozeltisine gecer. Kiitle
denkligi calismalari, bir ton ham postun islenmesinde ortaya
cikan kat1 atiklarin (traslama talasi, kesim artiklari, aritma
camuru) ve atiksuyun Onemli miktarda krom igerdigini ortaya
koymustur (Buljan, Reich ve Ludvik, 2000). Krom igeren talas ve
camurun depolanmasi ya da yakilmasi, yiikseltgen kosullarda
Cr(VI) olusumu riski nedeniyle 0Ozel onlemler gerektirir
(Kolomaznik vd., 2008).

Bu sorunlara yanit olarak gelistirilen yiiksek tlikenmeli
(high-exhaustion) krom tabaklama sistemleri, tabaklama
coOzeltisinin geri donlisimii ve kromun ¢oktiiriilerek geri
kazanilmas1 gibi teknikler Avrupa Birligi’nin Mevcut En lyi
Teknikler (BAT) referans belgesinde ayrintili olarak ele
alimmistir (Black vd., 2013). Krom geri kazanimi ve verimli
kullanim1 {izerine yapilan kapsamli degerlendirmeler, iyi
yonetilen bir krom prosesinin cevresel yikinln geleneksel
uygulamalara  gore  Onemli  Ol¢iide  azaltilabilecegini
gostermektedir (Sreeram ve Ramasami, 2003; Sundar, Raghava
Rao ve Muralidharan, 2002). Tiirkiye’de aritma g¢amurundan
krom geri kazaniminin yasam dongiisii degerlendirmesi
yaklasimiyla incelendigi c¢aligmalar da bu tartigmaya katki
saglamistir (Kili¢ vd., 2011).

3. ALTERNATIF SISTEMLERI
DEGERLENDIRME CERCEVESI

Alternatif tabaklama sistemlerine iliskin literatiir, ¢ogu
zaman tek bir Olgiite, Ozellikle de biiziilme sicakligina
odaklanmaktadir. Oysa endiistriyel uygulanabilirlik acisindan
tabaklama sistemi; teknik performans, proses ozellikleri, cevre ve
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saglik etkileri ve ekonomik uygulanabilirlik olmak iizere en az
dort diizlemde degerlendirilmelidir (China vd., 2020).

Teknik performans diizleminde biiziilme sicakligimin yani
sira dolgunluk, yumusaklik, gerilme ve yirtilma dayanim,
boyanabilirlik, 1s1k hasligi ve boyutsal kararlilik 6nem tagir.
Diferansiyel taramali kalorimetri (DSC) bu diizlemde nesnel
karsilastirma olanag1 sunar (Onem vd., 2017). Proses diizleminde
stiire, kimyasal tiiketimi, mevcut dolap ve ekipman altyapisiyla
uyum ve isletme esnekligi belirleyicidir. Cevre ve saglik
diizleminde atiksudaki kimyasal oksijen ihtiyaci (KOI), toplam
¢Oziinmiis kat1 ve tuz yiiki, is¢ilerin kimyasal maruziyeti, bitmis
tirtindeki kalintt maddeler ve kati1 atiklarin degerlendirilebilirligi
ele almmalidir. Son olarak ekonomik diizlemde kimyasal
maliyeti, enerji ve su tiketimi ile Olceklenebilirlik dikkate
alimmalidir.

Bu dort diizlemi birlestiren en kapsamli ara¢ yasam
dongiisii  degerlendirmesidir (YDD). YDD, bir tabaklama
sisteminin hammadde Uretiminden Grlinin émir sonuna kadar
olan ¢evresel etkilerini farkli etki kategorilerinde (iklim
degisikligi, Otrofikasyon, toksisite vb.) nicel olarak
karsilastirmaya olanak tanir. Ancak YDD sonuglari sistem
sinirlarina, fonksiyonel birim se¢imine ve veri kalitesine son
derece duyarlidir; bu nedenle farkli ¢alismalarin sonuglarinin
dikkatle yorumlanmasi gerekir (Laurenti vd., 2017).

4. ALTERNATIF TABAKLAMA SISTEMLERI
4.1. Bitkisel Tabaklama

Bitkisel tabaklama, aga¢ kabuklari, odun, meyve, yaprak
ve kozalak gibi bitkisel kaynaklardan elde edilen polifenolik
bilesiklerle (tanenler) gergeklestirilir. Tanenler kimyasal
yapilarma gore iki ana gruba ayrilir. Hidrolize olabilen tanenler,
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bir seker cekirdeginin (genellikle glikoz) gallik asit ya da elajik
asit tiirevleriyle esterlesmesiyle olusur; kestane, tara, sumak ve
palamut (valonya) bu grubun baslica temsilcileridir. Kondanse
tanenler ise flavan-3-ol birimlerinin polimerlesmesiyle olusan
proantosiyanidinlerdir; mimoza (akasya) ve kebrako bu grubun
ticari ag¢idan en onemli 6rnekleridir (Haslam, 1998; Falcao ve
Aradjo, 2018).

Tanenler kolajenle agirlikli olarak ¢ok sayida hidrojen
bagi ve hidrofobik etkilesim kurar. Bu nedenle bitkisel
tabaklamada deriye kiitlece ylksek miktarda tabaklama maddesi
girer ve ortaya c¢ikan deri siki, dolgun ve sekil tutan bir yapiya
sahip olur. Buzilme sicakligi tanen tipine bagl olarak genellikle
70-85 °C araligindadir; kondanse tanenler hidrolize olabilen
tanenlere gore biraz daha yiiksek degerler verme egilimindedir
(Covington, 2009). Bitkisel deri, taban derisi, saraciye, kemer,
kayis ve kaliteli deri esya i¢in bugiin de standart malzemedir ve
yaslandikca kazandig1 patina nedeniyle liiks segmentte ayricalikli
bir konuma sahiptir.

Bitkisel tabaklamanin zayif yonleri de iyi bilinmektedir.
Geleneksel ¢ukur tabaklama haftalar hatta aylar surebilir; dolap
tabaklama bu sureyi gunlere indirse de krom tabaklamaya gore
daha uzundur. Kimyasal tiiketimi yiiksektir ve tiikenmemis
tanenler atiksuda yiiksek KOI ve renk yiikii olusturur;
polifenollerin biyolojik aritmas1 da giigtiir (Dixit vd., 2015).
Bitkisel deri 1s18a maruz kaldiginda koyulasir, islandiginda
sertlesme egilimi gosterir ve krom tabakli deriye kiyasla daha
diistik 1s11 ve hidrotermal kararlilia sahiptir. Bu nedenle yumusak
giyim derisi veya yuksek performans gerektiren otomotiv derisi
i¢in tek basina uygun degildir.

Bitkisel tabaklamanin cevresel profilini iyilestirmeye
yonelik ¢alismalar, enzim destekli siireclerle tanen niifuzunun
hizlandirilmasini ve tiikenmenin artirilmasini incelemistir (Kanth
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vd., 2009). Tanen kaynaklarinin arazi kullanimi ve tedarik zinciri
boyutu da “dogal” etiketinin sorgulanmasini gerektirmektedir.

Anadolu agisindan bitkisel tabaklamanin ayri bir tarihsel
onemi bulunmaktadir. Bati Anadolu’da yetisen palamut
mesesinin kadehlerinden elde edilen valonya, yiizyillar boyunca
hem yerel debbaglik hem de ihracat agisindan G6nemli bir
hammadde olmustur. Valonya gibi yerel tanen kaynaklarinin
modern proses teknikleriyle yeniden degerlendirilmesi, hem iiriin
kimligi hem de yerel deger zinciri agisindan bir firsat olarak
gorulebilir.

4.2. Aldehit Tabaklama ve Wet-White Stirecleri

Aldehitler, kolajenin lizin ve hidroksilizin kalintilarindaki
serbest amino gruplariyla kovalent baglar kurarak tabaklama
etkisi gosterir. Tarihsel olarak formaldehit bu amacla kullanilmas,
ancak toksikolojik profili nedeniyle bugun buyuk Olgide terk
edilmistir. Giinimiizde en yaygin kullanilan aldehit tabaklama
maddesi  glutaraldehit ve onun modifiye tlrevleridir;
oksazolidinler ve tetrakis(hidroksimetil)fosfonyum sulfat (THPS)
da bu grupta incelenen diger maddelerdir (Covington ve Wise,
2019).

Aldehit tabaklama ile genellikle 75-85 °C araliginda
biiziilme sicaklig1 elde edilir. Ortaya ¢ikan beyaz renkli ara iiriin,
wet-blue’ya karsilik olarak “wet-white” olarak adlandirilir. Wet-
white deri tek basina yeterli dolgunluk ve deri karakteri saglamaz;
bu nedenle retenaj asamasinda sentetik tanenler, bitkisel tanenler
ve polimerlerle tamamlanir. Bu yaklasim o6zellikle otomotiv
dosemelik derisinde yayginlagmistir. Bunun baglica nedenleri,
kromsuz talas ve kesim artiklarinin degerlendirilmesinin daha
kolay olmasi, arag dmrii sonu diizenlemelerine uyum ve otomotiv
ic mekaninda aranan diisiik bugulanma (fogging) degerleridir
(Fathima vd., 2006; Shi vd., 2016).
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Aldehit  sistemlerinin ~ baghica  smurliligi  saglik
boyutundadir. Glutaraldehit solunum yolu ve cilt igin
duyarhlastirict bir maddedir ve igyerinde maruziyetin dikkatle
denetlenmesi gerekir. Formaldehit ise IARC tarafindan Grup 1
kanserojen olarak smiflandirilmistir (IARC, 2012); bu nedenle
formaldehit salabilen sistemler ve kalinti formaldehit, bitmis
deride sik1 bigimde izlenmektedir. Ayrica wet-white derinin 151k
ve UV etkisi altindaki davranisi retenaj sistemine gii¢lii bicimde
baglidir (Rosu vd., 2018).

4.3. Reaktif Sentetik Organik Tabaklama Maddeleri

Aromatik bilesiklerin formaldehitle kondenzasyonundan
elde edilen sentetik tanenler (sintanlar) esas olarak retenajda
kullanilir;  “degistirme  sintanlar1” ise yiiksek oranda
kullanildiginda tek basina tabaklama etkisi gosterebilir
(Covington, 2009). Ancak bu iiriinlerde kalinti serbest fenol,
formaldehit ve bisfenol tiirevleri gibi maddelerin varligi,
kimyasal kisitlama listeleri agisindan giderek daha fazla dikkat
cekmektedir.

Son yillardaki en dikkat ¢ekici gelisme, kolajenle kovalent
bag kuran ve aldehit icermeyen reaktif organik tabaklama
maddelerinin endiistriyel Olgekte kullanima girmesidir. Bu
gruptaki triazin esashi Tlrlinler, kolajenin amino gruplartyla
reaksiyona girerek yaklasik 75 °C civarinda biiziilme sicakligi
saglayabilmektedir. Bu sistemlerin mevcut dolap altyapisiyla
uyumlu olmasi, piklesiz ya da diisiik tuzlu siireclere olanak
tantyarak atiksudaki tuz yiikiinii azaltabilmesi ve aldehit kaynakli
saglik sorunlarindan kagmilmasi 6énemli avantajlardir (China vd.,
2020).

Bununla birlikte reaktif sentetik sistemlerin maliyeti krom
tabaklamadan yiiksektir ve ortaya c¢ikan derinin “eli” (dokunsal
karakteri) ve dolgunlugu kromdan farklidir; bu farkin kapatiimasi
retenaj kimyasma baghdir. Ayrica bu driinlerin petrokimya
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kokenli olmasi, biyobozunurluk ve yasam dongiisii profilleri
acisindan iriine ozgl degerlendirme yapilmasini
gerektirmektedir. Krishnamoorthy ve arkadaslarinin (2012) dogal
olmayan amino asit turevleriyle kromsuz tabaklama (Uzerine
yaptig1 calisma gibi arastirmalar, bu alanda yesil kimya ilkelerine
dayali yeni molekiiler tasarimlarm arandigini gostermektedir.

4.4. Krom Dis1 Mineral Tabaklama Maddeleri

Krom disindaki metal tuzlarmin tabaklama potansiyeli
uzun suredir bilinmektedir. Aluminyum, zirkonyum, titanyum ve
demir bu baglamda en ¢ok incelenen metallerdir (Covington,
2009; Covington ve Wise, 2019).

Aliiminyum tuzlar1 tarihsel olarak beyaz deri (sap
tabaklama) {tretiminde kullanilmistir. Aliiminyumun kolajen
karboksil gruplariyla kurdugu baglar gorece zayiftir; bu nedenle
tek basma sagladig1 biiziilme sicakligi sinirhidir ve tabaklama
etkisi yikamayla kismen geri donebilir (Covington ve Sykes,
1984). Bu nedenle aliminyum gunumizde daha c¢ok
kombinasyon sistemlerinde, 6zellikle bitkisel tanenlerle birlikte
kullanilmaktadir.

Zirkonyum tuzlarn yiiksek biiziilme sicakliklar1 saglar;
ancak ¢ok diisiik pH gerektirir ve siki, gorece sert bir deri verir.
Bu nedenle zirkonyum daha ¢ok beyaz ve agik renkli deriler gibi
0zel uygulamalarda kullanilmaktadir.

Titanyum son yillarda yeniden ilgi goren bir alternatiftir.
Titanyum(IV) bilesiklerinin biyolojik acidan gorece inert kabul
edilmesi ve beyaz, acgik renkli deriler iretilebilmesi Onemli
avantajlardir. Titanyum tuzlarinin hidrolize egilimi nedeniyle
maskeleme maddeleriyle kontrollii kullanimi gerekmektedir.
Tiirkiye’den yapilan ¢aligsmalar, metal endiistrisi atiklarindan elde
edilen titanyum esasli tabaklama maddeleriyle kromsuz deri
tiretiminin teknik olarak miimkiin oldugunu gostermistir (Mutlu
vd., 2014). Bununla birlikte titanyum tabaklamanin proses
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kararlilig1 heniiz kromun tutarlilik diizeyine ulasmamistir. Ayrica
tiim mineral alternatifler, “kromsuz” olsalar da metal igeren atik
sorununu ortadan kaldirmaz; yalnizca bigimini degistirir.

4.5. Kombinasyon Tabaklama Sistemleri

Tek bilesenli alternatif sistemlerin ¢ogu, kromun sagladigi
ozellik biitliniinii tek basma karsilayamaz. Bu nedenle literatiirde
ve endiistride en umut verici yaklasimlardan biri kombinasyon
tabaklamadir. Kombinasyon sistemlerinde farkli mekanizmalarla
etki eden iki ya da daha fazla tabaklama maddesi birlikte
kullanilir ve sinerjik bir etki elde edilmesi amaclanir (Covington
ve Wise, 2019).

En iyi bilinen ornekler, “yar1 metal” tabaklama olarak
adlandirilan  bitkisel tanen—aliiminyum kombinasyonu ile
kondanse tanen—oksazolidin kombinasyonudur; bu sistemlerle
kromla karsilastirilabilir biiziilme sicakliklarina ulasilabildigi
rapor edilmistir (Covington, 2009). Aldehit ile bitkisel tanen,
sentetik tanen ile bitkisel tanen ve titanyum ile aliminyum gibi
kombinasyonlar da yogun bi¢cimde incelenmektedir (Fathima vd.,
2006; Bacardit vd., 2014).

4.6. Biyo-Bazh ve Gelismekte Olan Yaklasimlar

Son on yilda yenilenebilir kaynaklardan elde edilen
tabaklama maddeleri {lizerine yapilan aragtirmalar hiz
kazanmistir. Bu grupta oksitlenmis polisakkaritler (dialdehit
nigasta, oksitlenmis aljinat ve benzeri tiirevler), lignin tiirevleri,
genipin gibi dogal c¢apraz baglayicilar, modifiye bitkisel
polifenoller ve zeytin yapragi ekstrakti gibi tarimsal yan
tiriinlerden elde edilen maddeler yer almaktadir (China vd.,
2020). Bu maddelerin bir kism1 aldehit benzeri reaktif gruplar
tastyarak kolajenle kovalent bag kurarken, digerleri polifenollere
benzer etkilesimlerle tabaklama etkisi gosterir.
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Biyoteknolojik yaklasimlar da bu alanda onemli bir yer
tutmaktadir. Enzimlerin kil giderme, kireglik ve tabaklama dncesi
islemlerde kullanimi, kimyasal tiiketimini azaltmanin ve
tabaklama maddelerinin niifuzunu kolaylagtirmanin bir yolu
olarak uzun siredir incelenmektedir (Thanikaivelan vd., 2004;
Thanikaivelan vd., 2005). Dongusel ekonomi perspektifinden ise
deri kati atiklarinin tabaklama ve retenaj kimyasallarina
doniistiiriilmesi dikkat c¢eken bir arastirma alanidir (Sathish,
Madhan ve Raghava Rao, 2019).

Ne var ki bu sistemlerde hammadde arzinin tutarliligi,
endiistriyel Olgekte proses kararlilii, maliyet ve uzun siireli
performans heniiz yeterince kanitlanmamistir; bu nedenle 6nce
nis segmentlerde yayilmalar1 beklenebilir.

5. KARSILASTIRMALI DEGERLENDIiRME
5.1. Teknik Performans

Tablo 1, ele alinan sistemlerin baslica 6zelliklerini krom
tabaklama referans aliarak 6zetlemektedir.

Tablo 1. Bashica Tabaklama Sistemlerinin Karsilastirmasi

Sistem Yaklasik Ts  Giiglii Yanlar Smirhhiklar:
Q)
Krom(l11) 100-120 Hiz, maliyet, ¢ok yonliilik Cr(VI) riski, krom iceren
(referans) atik
Bitkisel 70-85 Dolgunluk, sekil tutma, Uzun siire, yiiksek KOI,
yenilenebilir kaynak 151k hasligi
Aldehit (wet- 75-85 Kromsuz atik, otomotiv Duyarlilastiricilik, sinirl
white) uyumu dolgunluk
Reaktif sentetik ~ ~75 Aldehitsiz, mevcut altyapiyla Maliyet, petrokimya
uyum kokeni
Al/ZrTi 70-95* Krom dis1 mineral segenek, Sertlik, kararlilik, metal
acik renk igeren atik
Kombinasyon 85-115* Sinerji, esneklik Proses karmagiklig1
Biyo-bazli Degisken Yenilenebilirlik, Olgek, tutarlilik, maliyet

biyobozunurluk

Not: Degerler yaklasik olup formiilasyon ve proses kosullarina gore degisir. * Kullanilan metale
veya bilesenlere baglidir. Covington (2009), Covington ve Wise (2019) ve China vd. (2020) temel
alinarak derlenmistir.
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Teknik performans agisindan tablo ag¢ik bir 6riintii ortaya
koymaktadir: tek bilesenli alternatiflerin hi¢biri kromun yiiksek
1s1l kararhilik, hiz ve ¢ok yonlilik birlesimini tek basina
karsilayamamaktadir. Ancak bu durum her uygulama i¢in bir
dezavantaj anlamina gelmez. Pek ¢ok son kullanimda 100 °C’nin
tizerinde biiziilme sicakligi gercek bir gereksinim degildir;
ayakkabi iiretiminde 1s1l sekillendirme veya yliksek sicaklikta
kurutma gibi islemler disinda, 75-85 °C araligindaki degerler
¢ogu zaman yeterlidir. Bu nedenle degerlendirme “kromla
esdeger mi?” sorusundan ¢ok “bu son kullanim i¢in yeterli mi?”
sorusuna dayanmalidir.

5.2. Cevresel Etki ve Yasam Dongiisii Bakis Acisi

Kamuoyunda “kromsuz” ile “cevre dostu” ¢ogu zaman
esdeger kabul edilse de yasam dongiisii ¢alismalart bunun her
zaman gecerli olmadigin1 gostermektedir. Farkli deri isleme
teknolojilerinin ¢evresel ayak izinin Olclildiigli calismalar,
sonuclarin secilen etki kategorisine, sistem sinirlarina ve proses
verimliligine giiglii bicimde bagli oldugunu ortaya koymustur
(Laurenti vd., 2017). Wet-white deri Uretiminin fiziksel ve
cevresel performansinin birlikte degerlendirildigi ¢aligmalar da
kromsuz siireglerin bazi kategorilerde avantajli, bazilarinda ise
dezavantajli olabildigini gostermektedir (Shi vd., 2016).

Omegin bitkisel tabaklamanimn yiiksek tanen tiiketimi,
tanen lretiminin ormancilik ve isleme asamalarindaki etkileri,
uzun mesafeli tasima ve atiksudaki yiiksek organik yiik, bazi etki
kategorilerinde iyi yonetilen bir krom prosesinden daha olumsuz
sonuclar dogurabilir. Benzer sekilde sentetik tabaklama
maddelerinin petrokimya kokeni ve (retimlerindeki enerji
yogunlugu, iklim degisikligi  kategorisinde dezavantaj
olusturabilir. Ote yandan kromsuz derinin en net iistiinliigii kati
attk yonetimi ve Omiir sonu asamasindadir: kromsuz talas ve
kesim artiklar1 jelatin, kolajen hidrolizati, giibre veya biyogaz
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gibi degerlendirme yollarina ¢ok daha kolay yonlendirilebilir
(Y1lmaz vd., 2007; Kolomaznik vd., 2008).

Bu bulgular iki ilkeyi one ¢ikarmaktadir: karsilastirma
tiim iiretim zincirini ve dmiir sonunu kapsamali, alternatifler ise
diisiik verimli uygulamalarla degil, mevcut en iyi tekniklerle
yiiriitiilen krom tabaklama ile kiyaslanmalidir.

5.3. Ekonomik ve Endustriyel Uygulanabilirlik

Ekonomik acidan krom tabaklama hala en rekabetci
secenektir; alternatiflerin ¢ogu daha yiiksek kimyasal maliyetine
ya da daha uzun proses siiresine sahiptir. Ayrica wet-blue,
uluslararasi ticarete konu olan standart bir ara iriin islevi
gormektedir (Kral vd., 2014); alternatif bir ara Grinin bu konuma
ulasmasi ticari standartlasma da gerektirir.

Ote yandan otomotiv sektoriiniin wet-white deriyi biyiik
Olciide benimsemesi ve bazi lilkks markalarin kromsuz deriyi
farklilagtirma araci olarak kullanmasi, bu segmentlerde yiiksek
maliyetin katma degerle dengelenebildigini gostermektedir.

6. TURKIYE DERI SEKTORU ACISINDAN
DEGERLENDIRME

Tirkiye, kokli bir debbaglik gelenegine ve Tuzla,
Menemen, Corlu, Usak ve Gerede gibi bolgelerde yogunlagsmis
organize deri sanayi altyapisina sahip bir tiretici tilkedir. Organize
deri sanayi bolgelerindeki ortak atiksu aritma tesisleri, krom
yonetimi ve geri kazanimi agisindan 6nemli bir yapisal avantaj
sunmaktadir. Aritma camurundan krom geri kazaniminin ¢evresel
optimizasyonuna (Kilic wvd., 2011) ve deri atiklarinin
degerlendirilmesine (Yilmaz vd., 2007) yonelik ¢alismalar, bu
altyapinin ~ dongiisel ekonomi yaklasimiyla birlikte ele
alinabilecegini gostermektedir.
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Tiirk deri sektoriiniin 6nemli bir boliimii Avrupa pazarina
yonelik tiretim yapmaktadir. Bu durum, REACH kapsamindaki
Cr(VI) smirt ve markalarin kimyasal kisitlama listeleri gibi
gerekliliklere uyumu zorunlu kilmakta, ayni zamanda kromsuz
deri talebine yanit verebilme kapasitesini rekabet acisindan kritik
hale getirmektedir. Titanyum esasli tabaklama (Mutlu vd., 2014)
ve tabaklama maddelerinin karsilastirilmas1 (Onem vd., 2017)
lizerine yapilan ¢alismalar, bu alanda ulusal bir bilgi birikiminin
olustugunu gostermektedir.

Sektor agisindan {i¢ stratejik yon One ¢ikmaktadir.
Birincisi, mevcut krom proseslerinin yuksek tikenmeli sistemler,
krom geri kazanimi ve Cr(VI) dnleyici bitirme uygulamalartyla
mevcut en iyi teknikler diizeyine tasinmasidir. Ikincisi, otomotiv
ve ihracata yonelik premium segmentlerde wet-white ve
kombinasyon sistemlerine  yoOnelik Gretim  kapasitesinin
gelistirilmesidir. Ugiinciisii, valonya gibi yerel bitkisel tanen
kaynaklarmin ve tarimsal yan {riinlerin tabaklama kimyasi
acisindan yeniden degerlendirilmesidir; bu yaklasim hem yerel
deger zincirini giliclendirebilir hem de iiriinlere ayirt edici bir
kimlik kazandirabilir.

7. SONUC

Bu bolimdeki degerlendirme, kromun yiiksek 1sil
kararlilik, hiz, maliyet ve c¢ok yonliilik birlesimini tek basina
karsilayabilecek bir alternatifin bugiin bulunmadigmi ortaya
koymaktadir. Bitkisel tabaklama kendi nisinde rakipsiz olmakla
birlikte proses suresi ve atiksu yiikii a¢isindan smirlidir; aldehit
ve reaktif sentetik sistemler otomotiv gibi segmentlerde basartyla
uygulanmakta, ancak saglik profili ve maliyet agisindan farkli
zorluklar tasimaktadir; krom dis1 mineral sistemler ise metal
iceren atik sorununu ortadan kaldirmamaktadir.
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Kombinasyon sistemleri, farkli tabaklama maddelerinin
glicli yanlarim1 bir araya getirerek kromla karsilastirilabilir
Ozellikler sunma potansiyeli tasidigindan, kisa ve orta vadede en
gercekci yol olarak gorinmektedir. Biyo-bazli yaklasimlar ise
uzun vadeli bir doniisim i¢in umut vaat etmekle birlikte,
endiistriyel Olgekte tutarlilk ve maliyet agisindan heniiz
olgunlagmamastir.

Yasam dongiisii  perspektifi, “kromsuz” ile
“stirdiiriilebilir” kavramlarinin esdeger olmadigini ve tabaklama
sistemlerinin yalnizca tabaklama adimina gore degil, tim tiretim
zinciri ve {riinlin 6miir sonu davranis1 dikkate aliarak
degerlendirilmesi gerektigini gostermektedir. Bu nedenle krom
sonrast donemin, kromun tamamen ortadan kalktig1 bir donem
olmaktan cok, son kullanima gore secilmis bir tabaklama
sistemleri portfOyiiniin olustugu bir donem olacagi 6ngdriilebilir:
otomotivde wet-white ve reaktif sentetik sistemler, saraciye ve
liks segmentte bitkisel ve kombinasyon sistemleri, Kkitlesel
ayakkabir ve giyim derisinde ise mevcut en iyi tekniklerle
yirdtilen krom tabaklama.

Gelecekteki  aragtirmalar  i¢in  karsilastirilabilir
fonksiyonel birimlerle yiiriitiilen yasam dongiisii
degerlendirmeleri, biyo-bazli maddelerin endiistriyel Olgekte
performansmin belgelenmesi ve kromsuz derilerin dmiir sonu
davramisinin  sistematik olarak incelenmesi 0Oncelikli alanlar
olarak 6ne ¢ikmaktadir.
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BOR ATIKLARININ CEVRESEL
SURDURULEBILIRLIK ACISINDAN
DEGERLENDIRILMESI

Havva MUMCU SIMSEK!

1. GIRIS

Bor, ticari olarak boraks, uleksit, kolemanit, tinkal,
kernit, sassolit gibi minerallerden {iretilir. Bor bilesikleri,
kozmetik {irlinler, giibre, deterjan, tekstil, cam, ilacida igine alan
onemli endiistriyel triinlerde kullanilmaktadir (Zengin ve ark.,
2023). Diinya bor kaynaklar1 belirli jeolojik bolgelerde
yogunlasmaktadir. Bor yataklari diinya genelinde ozellikle ii¢
ana jeolojik kusakta yogunlagmaktadir. Onemli borat yataklar:
Ozellikle Alp-Himalaya kusagi, And kusagi ve Kuzey
Amerika'da bulunmaktadir. Tirkiye, sahip oldugu genis bor
kaynaklar1 nedeniyle diinya bor endiistrisinde stratejik bir
konuma sahiptir. Bunun yaninda ABD, Arjantin, Sili, Cin ve
Rusya da 6nemli bor kaynaklarna sahip iilkeler arasinda yer
almaktadir. Tablo 1°de Ulkelere ait bor rezervleri gosterilmistir
(Warren 2010).

! Dr. Ogr. Uyesi Osmaniye Korkut Ata Universitesi, Bahce Meslek Yiksek
Okulu,Kimya ve Kimyasal Isleme Teknolojileri Bolimii, Osmaniye, Turkiye,
ORCID: 0000-0002-8396-3771.
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Tablo 1. Ulkelerdeki bor rezervleri ve 2025 iiretim miktari

Ulke 2024 Uretimi (bin 2025 Uretimi (bin Rezerv  (bin
ton) ton) ton)
Tirkiye  1.800 1.500 950.000
ABD w w 48.000
Rusya 90 80 40.000
Sili 470 300 35.000
Cin 210 230 9.100
Peru 190 220 4.000
Bolivya 230 380 —
Arjantin 160 170 —
Almanya 45 40 —

Tiirkiye, diinya bor rezervlerinin yaklasik %73 iine sahip
olmas1 nedeniyle bor madenciligi acisindan diinyada énemli bir
konuma sahiptir. Ulkede bilinen baslica bor yataklari Eskisehir-
Kirka, Kiitahya-Emet, Balikesir-Bigadi¢ ve Bursa-Kestelek
bolgelerinde  bulunmaktadir. Tiirkiye’de rezerv  miktart
bakimindan en onemli bor mineralleri tinkal ve kolemanittir.
Tinkal yataklar1 agirlikli olarak Eskisehir-Kirka’da bulunurken,
kolemanit yataklar1 Kiitahya-Emet, Balikesir-Bigadi¢ ve Bursa-
Kestelek’te yer almaktadir (Helvaci 2017). Bunun yami sira
Balikesir-Bigadi¢’te  6nemli  miktarda  Uleksit  rezervi
bulunmakta, Bursa-Kestelek’te ise zaman zaman (leksit yan
uriin olarak elde edilmektedir. Turkiye’de bor ve bor drinlerinin
iiretimi, igletilmesi ve pazarlanmasina iliskin faaliyetler, 2840
say1li Kanun kapsaminda Eti Maden tarafindan yiiriitiilmektedir.
Eti Maden biinyesinde faaliyet gosteren dort Isletme
Miidiirligiindeki  tesislerde ¢esitli rafine bor {irlinleri
iiretilmektedir. Bu iriinler arasinda Boraks Pentahidrat, Boraks
Dekahidrat, Borik Asit (B20s), Etidot-67, Bor Oksit, Cinko
Borat, Kalsine Tinkal, Susuz Boraks, Ogiitiilmiis Kolemanit ve
Ogiitiilmiis Uleksit bulunmaktadir. Uretilen bu iiriinler hem yurt
ici hem de uluslararasi pazarlara sunulmaktadir (Eti maden 2025
Raporu).
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Eti Maden’in 2017 yili itibariyla toplam rafine bor
tiretim kapasitesi yaklasik 2,7 milyon ton olarak gerc¢eklesmistir.
Bu iretim kapasitesi, Tiirkiye’nin sahip oldugu zengin bor
kaynaklarinin ekonomik degere doniistiiriilmesinde ve bor
iriinlerinin diinya pazarindaki konumunun giiclendirilmesinde
onemli bir rol oynamaktadir. Ozellikle rafine bor iiriinlerinin
tiretilmesi, borun yalnizca ham madde olarak ihra¢ edilmesinin
Otesine gegilerek katma degerli tirlinlere doniistiiriilmesine katki
saglamaktadir.

Ham bor mineralleri arasinda en kapsamli sekilde
incelenen ve endiistriyel olarak iiretilen bilesik borik asittir. Bu
uriin, endustride ¢cok énemli bir yere sahiptir ve bircok 6zel bor
tirlinliniin tiretiminde Oncli madde olarak yaygin bir sekilde
kullanilmaktadir. Literatiirde, en yaygin kullanilan ham bor
minerallerinden biri olan yiiksek saflikta borik asit elde etmek
amaciyla pek ¢ok galisma yapilmistir (Lagin 2025). Stratejik ve
endiistriyel dneme sahip bir {iriin olan borik asit, tarim, cam,
seramik, tekstil, deterjanlar ve nikleer enerji gibi endustriyel
uygulamalarda yaygin olarak kullanilmaktadir (Yurtalan ve ark
2014). Ayrica, ¢inko borat, bor esterleri, bor karbiir, bor nitriir,
bor fosfat, bor trihalojeniirler, organik bor tuzlar1 ve
floroboratlar dahil olmak flizere cesitli 6zel bor bilesiklerinin
sentezinde 6ncii madde olarak islev goriir (Rajadesingu ve ark
2023). Buna ek olarak, niikleer reaktorlerde notronlart emmek
icin, kaynak ve lehimlemede, 1siya dayanikli malzemelerin
(refrakterler ve seramikler gibi) iiretiminde, akilli telefon
bilesenlerinde ~ ve  antiseptik  ve  farmasdtik  irlin
formiilasyonlarinda katki maddesi olarak kullanilir. Bu nedenle,
yuksek saflikta borik asit liretimi, modern endiistride giderek
daha 6nemli bir arastirma alan1 haline gelmistir.
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2. BOR ENDUSTRISINDE ATIK OLUSUMU

ETI Maden Isletmeleri’nin konsantrasyon tesislerinde
fiziksel islemlerin ardindan elde edilen yliksek kaliteli konsantre
cevherlerin yan sira, kiiciik tanecik boyutuna ve yiiksek B:Os
icerigine sahip atiklar atik havuzlarinda veya barajlarinda
toplanmaktadir (Elbeyli 2015; Tuzun ve ark 2015). Uretim
yillardir ayn1 sekilde devam ederken, her yil atik havuzlarina ve
barajlarina aktarilan atiklar sayesinde Onemli miktarda B:Os
(vaklasik  %10)  birikmektedir. 2000-2007  dOoneminde
Tiirkiye’de yaklasik 2 milyon ton diisiik kaliteli, kullanilmamis
bor bulundugu belirtilmistir (Kar ve ark 2021; Kilig ve ark 2009)
. 2019 yilinda Bigadic Tesisi atik havuzlarinda 2 milyon ton atik
bulundugu tahmin edilirken, yeni bir atik havuzu/barajina
ihtiyag duyulmus, yeni insa edilen Camkdy atik havuzu
doldurulmus ve seti yiikseltilmistir (Batar ve ark 2007;
Yogurtcuoglu  2019). Bu atiklarin  degerlendirilmemesi
ekonomik kayiplara, gevre kirliligine ve depolama sorunlarina
yol agmaktadir (Kayandan ve ark 2004). Kolemanit ve tincal
konsantrator atiklari, ¢imento iretiminde kullanilan mineral
katk1 maddeleriyle benzer kimyasal bilesime sahiptir ve betonun
dayanikliligmmi ve baglanma 06zelligini artiran puzolanik
ozellikler sergilemektedir (Kula 2000). Bu atiklarin ¢imento ve
beton iiretiminde degerlendirilmesi, hem c¢evre sorunlarinin
azaltilmasina hem de ekonomik kazan¢ saglanmasina katkida
bulunur (Unal ve ark 2025). Sekil 1’de atik &rneginin Sem
goruntust  heterojen ve aglomere olmus partikiillerden
olustugunu gostermektedir. Partikiillerin diizensiz morfolojiye,
farkli boyut dagilimina ve piiriizlii yer yer gozenekli yizeylere
sahip oldugu gozlenmistir. Bu yapi, bor atiginin karmagsik ve
heterojen mineralojik bilesimi ile iligskilendirilebilir.
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Sekil 1. Kitahya-Emet bolgesindeki borik asit fabrikasi atiginin
SEM gorintasa.

2.1. Bor Atiklarinin Geri Kazanimi ve Yeniden
Kullanimu ile ilgili yapilan calismalar

Cevher isleme ve aritma siiregleri sirasinda ortaya ¢ikan
atiklarin B2Os igerigi agirlik¢a %11 ile %20 arasindadir (Kavas
2011). Bu atiklar ya atik havuzlarinda depolanmakta ya da ¢op
sahalarma bosaltilmaktadir (Onal 2008; Kavas 2011),bu da
cevreyi kirletmektedir. Bu nedenle, bu atiklarin seramik iiretimi
gibi  endistriyel uygulamalar igin hammadde olarak
kullanilabilme olasilig1, hem ekonomik hem de ¢evresel acidan
onemlidir.

Tiirk seramik karo endiistrisi diinyanin besinci biiyiik
ithracatgisi olmasina ragmen, liretimde en fazla enerji tiikketen
asama yaklagik 1180 °C’de gergeklestirilen sinterlemedir. Bu
nedenle enerji tasarrufu ve ¢evrenin korunmasi igin sinterleme
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sicakliginin diisiiriilmesi onemlidir. Ayrica, yenilenemeyen aki
maddelerine alternatif olarak diisiik maliyetli atik malzemelerin
kullanilmasi, maliyetlerin ve cevre Kkirliliginin azaltilmasina
katki saglayacaktir. Atik borun degerlendirilmesi sayesinde, atik
baraj1 yerlestirme sorunlar1 ortadan kalkacak, baraj maliyetleri
onlenecek, mevcut stoklar (yilda 600 bin ton atik) ekonomiye
kazandirilacak stoklamadan kaynaklanan sorunlar ortadan
kalkacak, c¢evre Kkirliligi azalacak, iiretilen iiriin ek gelir

saglayacak ve atiklara bagl su kirliligi 6nlenecektir (Cengizler
2022).

Bor ¢camurlar1 esas olarak magnezit ve forsteritten olusur.
Magnezyum oksit (MgO) iceren kalsine bor c¢amurlari,
magnezya hammaddesi olarak kullanilabilir. Kalsinasyon oncesi
ve sonrast bor c¢amurlarinin  Ozellikleri  incelenmistir.
Kalsinasyonun ardindan, tam yanmis MgO yerine kalsine bor
camurlar1 kullanilarak hazirlanan hidrasyon iriinleri ve
mikroyapilar1 lizerinde testler gergeklestirilmistir. Ayrica, tam
yanmis MgO’nun bir kisminin kalsine bor ¢amurlariyla ikame
edildigi MPC macunlarinin  6zellikleri de incelenmistir.
Sonuglar, %40 oraninda tam yanmis MgO’nun kalsine bor
camurlariyla ikame edildigi macunlarin yeterli priz siiresi, iyi
akiskanlik ve yiiksek basing dayanimi  sergiledigini
gostermektedir. Bu nedenle, biriken bor camurlarinin
degerlendirilmesi amaciyla MPC iiretiminde tam yanmis
MgO’nun kismen kalsine bor camurlariyla ikame edilmesi
onerilmistir (Yu ve ark 2021).

Bor madeni iiretiminden atilan bor igeren atik kilin
(WCB) alkali aktivasyon olasilig1 arastirilmistir. Calismanin ilk
asamasinda, 500°C ile 800°C arasindaki farkli sicakliklarda
kalsine edilen WCB’nin buharla kiirleme kosullar1 altinda alkali
aktivasyonu incelenmistir. WCB’nin alkali aktivasyonunu
baslatmak icin en az 700°C’lik bir kalsinasyon sicakliginin
gerekli oldugu, maksimum basing dayanimi degerinin ise
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800°C’de elde edildigi saptanmistir. Bu g¢amurun vitrifiye
fayanslarda kullanimi, isleme ve iiriin performanslarindaki kilit
noktalar dikkate alinarak degerlendirilmistir. Camur, tas fayans
partilerine (agirlikca %10’°a kadar) eklendi ve laboratuvar
6lceginde test edildi. Bu ¢amur, feldspatlar, kuvars, illit ve klorit
ile buna ek olarak bu ¢amuru giiclii bir akiskan haline getiren
uleksit (%6,4 B20s3) igerir. Atik, 6giitme sirasinda 6nemsiz bir
etki gostermis, ancak sikistirmanin iyilesmesini saglamistir.
Pisirme sirasindaki reaktivite artt1 eklenen camur miktarina gore
maksimum sicaklik 1200-C’den 1140°C’ye diisiiriilebilir (Aydin
ve Kiziltepe 2011).

3. CEVRESEL RiSKLERIN
DEGERLENDIiRILMESI

Bor kullaniminin  bir dezavantaji, sudaki yiiksek
¢Oziinirligidiir (Mori ve ark., 2002). Bor koruyucu ¢ozeltilerle
isleme tabi tutulan ahsap {iriinlerin, sulu ortamlara maruz
kaldiklarinda kolayca s1zdig1 bilinmektedir (Lesar ve ark., 2012;
Obanda ve ark., 2008). Bu nedenle, bor bazli islenmis ahsap
irtinlerinin ¢ogu yalnizca i¢ mekan kullanimi i¢in tasarlanmistir.
D1s mekan iiriinlerinde ahsap koruma amaciyla kullanildiginda,
genellikle ek koruyucu kimyasallar veya formilasyonlar eklenir
(Baysal ve Yalinkilic, 2005; Guantt ve ark., 2006). Diisiik
konsantrasyonlarda bor, bitkiler icin temel bir mikro besin
maddesi islevi gorlirken, birgok meyve bitkisi ve mikro
omurgasizlar i¢in optimum araligin biraz {izerinde olan
konsantrasyonlarda toksik etkiler gbzlemlenmistir
(Schoderboeck ve ark., 2011). Borun insanlar (zerindeki
etkisiyle ilgili olarak, Diinya Saglik Orgiiti (WHO), 0,17
mg/kg/giinliik tolere edilebilir gilinliik alim degeri (TDI),60
kg'lik bir yetiskin i¢in 2 L'lik giinliik i¢gme suyu tiiketim orani ve
TDI'nin %40'min suya tahsis edilmesi esas alinarak 2400
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mg/L'lik bir igme suyu kilavuz degeri belirlemistir (WHO,
2009). Bor kirliligi bir¢ok ¢alismada arastirilmis olsa da, toplam
bor konsantrasyonlarini, ekolojik riski ve insan saglig1 riskini bir
araya getiren kapsamli degerlendirmeler hala sinirli kalmaktadir.
Bunun ©6nemli bir nedeni, ekolojik risk endekslerinin
hesaplanmasi icin gerekli olan toksisite katsayisinin mevcut
olmamas1 nedeniyle, borun uzun yillar boyunca ekolojik risk
degerlendirmelerinde nispeten az ilgi goérmiis olmasidir. Xu ve
ark. (2020), bir bor toksisite katsayis1 dnermis ve bunun ekolojik
risk  degerlendirme calismalarinda  uygulanabilirligini
gostermistir. Bu gelismeye ragmen, toplam bor birikimini,
ekolojik riski, insan saghigi riskini ve toprak simiflandirmasi
iliskilerini eszamanli olarak degerlendiren ¢alismalar hala azdir.
Tiirkiye’de, tarim topraklarindaki toplam bor
konsantrasyonlarini ekolojik ve insan sagligi riskleriyle birlikte
kapsamli bir sekilde degerlendiren calismalar bulunmaktadir
(Aytop ve ark., 2023; Varol ve ark., 2023).

4. SONUC

Bor, insanlar, bitkiler ve endustriler icin en 6nemli
elementlerden biridir. Daha onceki ¢alismalar, borun
uzaklastirllmasina yonelik bazi siiregleri ele almistir. Bu
calismada, bor geri kazanim tekniklerini 6zetleyen ¢akigma olup
bor atiginin ¢evresel siirdiiriilebilirlik agisindan ele almustir.
Borun ¢evresel davranisi, yalnizca toplam bor konsantrasyonuna
bagli degildir. Borun bulundugu mineral fazlar, ¢oziiniirligi,
pH, toprak ozellikleri, organik madde miktar1 ve su ile temas
kosullar1 borun mobilitesini ve g¢evreye tasinmasini etkileyen
onemli parametrelerdir. Bu nedenle bor atiklarinin ¢evresel risk
degerlendirmesinde toplam bor analizinin yani sira suda
¢Oziinebilir ve li¢ edilebilir bor miktarlarinin belirlenmesi 6nem
tagimaktadir. Borun belirli konsantrasyonlarin Uzerinde bitkiler
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ve diger canlilar {izerinde olumsuz etkilere neden olabilmesi,
ozellikle atik depolama alanlarinin ¢evresel agidan diizenli
olarak izlenmesini gerekli kilmaktadir. Bor atiklarinin uzun
donemli yonetiminde en 0Onemli konulardan biri, depolama
alanlarindan  gergeklesebilecek  bor  tagmmiminin  kontrol
edilmesidir. Yagis ve sizinti sulari, borun atik ortamindan
coziinerek cevredeki toprak ve su sistemlerine tasinmasina
neden olabilir. Bu nedenle bor atiklarinin depolandig: alanlarda
ylizey ve yeralt1 suyu kalitesinin diizenli olarak izlenmesi, sizint1
suyunun karakterizasyonunun yapilmasi ve atigin uzun dénemli
lig davraniginin belirlenmesi gerekmektedir. Risk
degerlendirmesinde yalnizca mevcut bor konsantrasyonlarinin
degil, zaman igerisinde olusabilecek degisimlerin de dikkate
alinmas siirdiiriilebilir ¢cevre yonetimi acisindan 6dnemlidir. Bor
atiklarinin ~ yonetiminde  yalnizca  bertaraf  yaklasiminin
benimsenmesi yerine, atiklarin ikincil hammadde ve geri
kazanilabilir kaynak olarak degerlendirilmesi daha siirdiirtilebilir
bir yaklasim sunmaktadir. Ozellikle bor iceren atik sulardan
borun geri kazanilmasi konusunda adsorpsiyon, iyon degistirme,
solvent ekstraksiyonu, membran prosesleri, coktirme ve
elektrodiyaliz gibi farkli teknolojiler gelistirilmistir. Literatiir,
borun uzaklastirilmasi ile borun geri kazanilmasinin birbirinden
farkli hedefler oldugunu; siirdiiriilebilir kaynak yonetimi
acisindan miimkiin oldugunca geri kazanimin tercih edilmesi
gerektigini ortaya koymaktadir. Son yillarda borun atik
akimlardan geri kazanilmasi, donglisel ekonomi yaklasimi
kapsaminda giderek daha fazla 6nem kazanmaktadir. Bor igeren
atiklarin ikincil kaynak olarak degerlendirilmesi, hem dogal
kaynak kullaniminin azaltilmasina hem de atiklarin depolanmasi
nedeniyle olusabilecek c¢evresel yiiklerin siirlandirilmasina
katki saglayabilir. Ozellikle boraks ¢amurlari, endiistriyel atik
sular, tuzlu sular ve diger bor iceren ikincil kaynaklardan borun
geri kazanilmasina yonelik ¢aligmalar, bor atiklarinin ekonomik
degere doniistiirtilebilecegini gostermektedir. Bu
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degerlendirmeler dogrultusunda bor atiklarinin siirdiiriilebilir
yonetimi igin atik olusumunun azaltilmasi, giivenli depolama,
geri kazanim, yeniden kullanim ve ¢evresel izleme asamalarini
kapsayan biitiinlesik bir yaklasim gelistirilmelidir.Atigin
karakterizasyonundan baslayarak kimyasal ve mineralojik
Ozelliklerinin belirlenmesi; daha sonra li¢ davranisinin, ¢evresel
mobilitesinin ve geri kazanim potansiyelinin aragtirtlmasi
gerekmektedir. Uygun 6zelliklere sahip atiklarin ¢imento, beton,
seramik, cam ve geopolimer gibi  malzemelerde
degerlendirilmesi miimkiin olmakla birlikte, her kullanim alan
icin teknik performans ve cevresel guvenlik birlikte
degerlendirilmelidir.
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