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ONSOZ

Kritik mineraller ve Nadir Toprak Elementleri (NTE), giiniimiizde enerji doniisiimii, savunma
sanayi, elektronik, yenilenebilir enerji sistemleri ve ileri teknoloji uygulamalarinin temel bilesenleri
arasinda yer almakta, bu durum s6z konusu hammaddelerin stratejik 6nemini her gegen giin
artirmaktadir. Ozellikle elektrikli araglar, batarya teknolojileri, yiiksek performansl miknatislar, yar
iletken sistemler ve siirdiiriilebilir enerji altyapilarinda kullanilan kritik elementlere yonelik kiiresel
talep, yeni kaynak arayislarimi ve siirdiiriilebilir iiretim teknolojilerinin gelistirilmesini zorunlu hale
getirmistir.

Bu kapsamda diizenlenen calistay, NTE, kritik metaller, siirdiiriilebilir madencilik, ikincil
kaynaklarin degerlendirilmesi, geri doniisiim teknolojileri, biyohidrometalurji, fitomadencilik ve ileri
malzeme uygulamalari gibi glincel ve stratejik aragtirma alanlarini ¢ok disiplinli bir bakis acisiyla ele
almay1 amaglamigtir. Calistay siiresince gergeklestirilen sunumlarda; kirmizi ¢amur, ugucu kiil, atik
katalizorler, lityum-iyon piller, kullanim Omriinii tamamlamis miknatislar ve farkli endiistriyel
atiklarin kritik metal geri kazanimi agisindan tasidigi potansiyel kapsamli bicimde degerlendirilmistir.
Bunun yaninda birincil kaynaklardan NTE’lerin iiretimi konusu da bilimsel ve teknik yonleriyle
tartigilmustir.

Calistayin en onemli ¢iktilarindan biri, kritik hammaddeler alaninda uluslararas1 akademik is
birliklerinin gelistirilmesinin gerekliligini ortaya koymasi olmustur. Ozellikle Tiirkiye ile Endonezya
arasinda NTE, kritik mineraller ve siirdiiriilebilir metalurji alanlarinda yiiriitiilebilecek ortak
arastirmalarin; bilgi paylasimi, teknoloji transferi ve insan kaynagi gelisimi agisindan énemli firsatlar
sundugu degerlendirilmistir.

Bu sonug kitap¢iginda yer alan galigmalarin, arastirmacilar, kamu kurumlari, sanayi temsilcileri ve
politika yapicilar i¢in yararl bir bagvuru kaynagi olusturacagina inanilmaktadir. Calistaya katki sunan
tiim konusmacilara, arastirmacilara, katilimcilara ve organizasyon siirecinde emegi gecen herkese
tesekkiir eder, bu bilimsel etkilesimin gelecekte daha kapsamli is birliklerine zemin hazirlamasini

temenni ederiz.

Calistay Diizenleme Kurulu
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FOREWORD

Critical minerals and Rare Earth Elements (REE) are among the fundamental components of
today's energy transition, defense industry, electronics, renewable energy systems, and advanced
technology applications, which increases the strategic importance of these raw materials day by day.
Especially, the global demand for critical elements used in electric vehicles, battery technologies, high-
performance magnets, semiconductor systems, and sustainable energy infrastructures has made the
search for new resources and the development of sustainable production technologies a necessity.

In this context, the organized workshop aimed to address current and strategic research areas such
as REEs, critical metals, sustainable mining, the evaluation of secondary resources, recycling
technologies, biohydrometallurgy, phytomining, and advanced material applications from a
multidisciplinary perspective. In the presentations delivered throughout the workshop; the potential of
red mud, fly ash, waste catalysts, lithium-ion batteries, end-of-life magnets, and different industrial
wastes in terms of critical metal recovery was comprehensively evaluated. In addition, the production
of REEs from primary resources was also discussed with its scientific and technical aspects.

One of the most important outcomes of the workshop was that it revealed the necessity of
developing international academic collaborations in the field of critical raw materials. In particular, it
was evaluated that joint research that can be carried out between Tiirkiye and Indonesia in the fields
of REEs, critical minerals, and sustainable metallurgy offers important opportunities in terms of
knowledge sharing, technology transfer, and human resource development.

It is believed that the studies included in this proceedings booklet will constitute a useful reference
source for researchers, public institutions, industry representatives, and policymakers. We would like
to thank all speakers, researchers, participants, and everyone who contributed to the organization
process for their contributions to the workshop, and we hope that this scientific interaction will pave

the way for more comprehensive collaborations in the future.

Workshop Organizing Committee
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ACILIS KONUSMASI

Saym Rektoriim,
Degerli Konuklar,
Degerli Meslektaglarim ve Katilimcilar,

Giimiigshane Universitesi Maden Miihendisligi Boliimii tarafindan diizenlenen “Kritik Metallerin
ve Nadir Toprak Elementlerinin Birincil ve Ikincil Kaynaklardan Geri Kazanimi” bashkl
calistayimiza hos geldiniz.

Oncelikle, koordinatdrliigiinii yiiriitme ayricaligina sahip oldugum TUBITAK 2221 progranu
kapsaminda tiiniversitemizi ziyaret eden Prof. Dr. Widi Astuti ve Dr. Hendra Prasetia’ya icten
tesekkiirlerimi sunmak isterim. Kendilerini agirlamaktan onur duyuyor ve bu galistaya katkilarina
biiyiik deger veriyoruz.

Universitemize hos geldiniz.
Selamat datang, Prof. Widi Astuti dan Dr. Hendra Prasetia.

Ayrica, bu iki giin boyunca birincil ve ikincil kaynaklarin yani sira biyolig, fitomadencilik, geri
doniisiim ve kentsel madencilik gibi yenilik¢i yaklasimlari ele alan degerli aragtirmalarini bizlerle
paylasacak olan tiim kiymetli konugmacilarimiza tesekkiir etmek isterim.

Degerli katilimcilar,

Bugiin ele alacagimiz kritik ve stratejik elementler, giiniimiiz teknolojisinin ilerlemesinde ve
siirdiiriilebilir endiistriyel biiylimenin saglanmasinda temel bir rol oynamaktadir. Bu elementler;
telekomiinikasyon, yenilenebilir enerji, elektrikli ulasim ve savunma sistemleri gibi hayati sektorlerde
kullanilmaktadir. Bu kaynaklar olmadan, ileri teknolojilerin gelisimini miimkiin kilan kiiresel tedarik
zincirlerinin ciddi kisitlamalarla karsilasacagi agiktir. Kisacasi, ceplerimizdeki akilli telefonlardan
gezegenimizin yoriingesinde donen uydulara kadar bu elementler, modern yasam ve teknolojik
ilerleme i¢in vazgecilmezdir.

Son yillarda, farkli mineral ve element gruplartyla ilgili kavramlar giderek daha fazla 6nem
kazanmistir. Bu baglamda, nadir toprak elementleri, kritik mineraller ve stratejik hammaddeler gibi
terimler akademik ve politika gelistirme siireglerinde yaygin olarak kullanilmaktadir. Bu kavramlar
arasindaki ayrim temel olarak ekonomik dnemlerine, ulusal giivenlikle baglantilarina ve iilkelerin
kiiresel tedarik zincirlerindeki konumlarina dayanmaktadir.

Kritik hammaddeler genel olarak yiliksek tedarik riskiyle iliskili kaynaklar olarak
tamimlanmaktadir. Bu kaynaklarin teminindeki kesintiler veya ani fiyat dalgalanmalari, endiistriyel
iretim ve daha genis kapsamli ekonomik istikrar acisindan 6nemli zorluklar olusturabilir. Buna
karsilik, stratejik hammaddeler ulusal giivenlikten uzun vadeli ekonomik rekabet gliciine kadar uzanan
genis bir oneme sahiptir. Bu hammaddeler, sivil kullanim alanlarinin yamn sira ileri imalat ve savunma
teknolojilerinde de dogrudan ve vazgegilmez bir rol oynamaktadir.

Bu ayrimin kiiresel literatiirde de goriildiigii lizere ulusal bakis agilarina gore degistigi agiktir.
Onemli mineral kaynaklarina sahip iilkeler, bu malzemeleri cogunlukla stratejik iistiinliik saglama
araci olarak degerlendirmektedir. Buna karsilik, teknolojik agidan gelismis ancak kaynaklara bagimli
ekonomiler konuya Oncelikle tedarik agisindan yaklagsmakta ve bu nedenle “kritik” terimini tercih
etmektedir.
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Ornegin Cin, nadir toprak elementleri piyasasinda baskin bir konuma sahipken Sili, diinyanin en
biiyiik bakir iireticisidir. Benzer sekilde, Giiney Afrika ve Rusya gibi iilkeler platin grubu elementlerin
onde gelen kiiresel iireticileri arasinda yer almaktadir. Bu Ornekler, hammadde kaynaklariin
mevcudiyetinin ulusal stratejileri nasil sekillendirdigini ve kiiresel tedarik dinamiklerini nasil
etkiledigini agikga ortaya koymaktadir.

Bir diger onemli kavram ise nadir toprak elementleridir (NTE). Bu elementler, lantanit serisinin
yani sira skandiyum ve itriyumdan olugmaktadir.

Sike¢a sorulan bir soru sudur: Bu elementler ger¢ekten nadir midir?

Aslinda, jeolojik bolluklar1 bakimindan sanildigi kadar nadir degillerdir. Aksine, ekonomik ve
teknolojik agidan islenmeleri gii¢ oldugu i¢in “nadir” olarak adlandirilirlar. Benzer kimyasal
ozellikleri nedeniyle bunlarin ayrilmast ve saflagtirilmasi karmasik ve maliyetli siirecler gerektirir.
Ayrica, igleme sirasinda radyoaktif bilesenlerin varligi ve bununla iligkili atik yonetimi zorluklari, ek
cevresel hususlar1 da beraberinde getirmektedir. Dolayisiyla bu elementlerin kritik 6nemi, nadir
olmalarindan degil, verimli liretim ve ayristirma igin gerekli ileri teknolojilere yalnizca sinirl sayida
iilkenin sahip olmasindan kaynaklanmaktadir.

Bu baglamda, ¢alistayimizin birincil kaynaklardan geri kazanim ve kullanim émriinii tamamlamig
bataryalar ile NdFeB miknatislar gibi ikincil kaynaklardan siirdiiriilebilir yontemlerle metal kazanimi
olmak {iizere iki temel odagi, dongiisel ekonomiye gecisi desteklemek agisindan biiyiik onem
tasimaktadir.

Konusmami tamamlamadan 6nce, bu galistayin diizenlenmesine katkida bulunan herkese icten
tesekkiirlerimi sunmak isterim. Ozellikle giiglii destekleri igin {iniversite yonetimimize, bu etkinligin
gerceklestirilmesindeki degerli katkilar1 ve siirekli destekleri i¢in Béliim Baskanimiz Dr. {lker Erkan’a
ve Bolim Bagkan Yardimcimiz Dr. Sener Aliyazicioglu’na tesekkiir etmek isterim.

Ayrica, yaklasik li¢ yil 6nce tamigtigim Prof. Dr. Widi Astuti’ye ve arastirma ekibine &zel
tesekkiirlerimi sunmak isterim. Bir yillik doktora sonrasi arastirma siirecim boyunca ekibinin bir
parcasi olmama olanak tanidigi i¢in Prof. Dr. Widi Astuti’ye ve bu siire boyunca sagladigi paha
bicilmez destek i¢in Dr. Hendra Prasetia’ya igtenlikle minnettarim. Bunun yani sira, TUBITAK 2221
programi kapsaminda bu ¢alistaya degerli katilimlar ve katkilari i¢in her ikisine de bir kez daha icten
tesekkiirlerimi ifade etmek isterim.

Bu degerlendirmeler 1s1ginda, bu calistayin kritik metaller ve nadir toprak elementleri alaninda
bilimsel tartisma, bilgi aligverigi ve yeni is birliklerinin gelistirilmesi i¢in degerli bir platform
saglayacagina ylirekten inaniyorum.

Katilimmiz igin hepinize tesekkiir ediyor, verimli ve basarili bir ¢alistay gegirmenizi diliyorum.

Dr. Cavit KUMAS
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WELCOME SPEECH

Honorable Rector,

Distinguished Guests,

Dear Colleagues and Participants,

Welcome to our workshop titled

"Recovery of Critical Metals and Rare Earth Elements from Primary and Secondary Sources,"

organized by the Department of Mining Engineering at Glimiishane University.

First of all, I would like to express my sincere gratitude to Prof. Dr. Widi Astuti and Dr. Hendra
Prasetia, who are visiting our university within the scope of the TUBITAK 2221 program, which I
have the privilege to coordinate. We are honored to host them and greatly value their contributions to
this workshop.

Welcome to our university.
Selamat datang, Prof. Widi Astuti dan Dr. Hendra Prasetia.

I would also like to thank all our esteemed speakers who will share their valuable research over the
course of these two days, covering both primary and secondary resources, as well as innovative
approaches such as bioleaching, phytomining, recycling, and urban mining.

Dear participants,

The critical and strategic elements we will address today constitute the foundation of contemporary
technological advancement and sustainable industrial growth. Their applications span vital sectors,
including telecommunications, renewable energy, electric mobility, and defense systems. It is
important to recognize that without these resources, the global supply chains underpinning advanced
technologies would face significant constraints. In short, from the smartphones in our pockets to the
satellites orbiting our planet, these elements are truly indispensable.

In recent years, concepts related to different groups of minerals and elements have gained
increasing prominence. In this context, terms such as rare earth elements, critical minerals, and
strategic raw materials are widely used in academic and policy discussions. The distinction between
these concepts is primarily based on their economic significance, their links to national security, and
countries' positions within global supply chains.

Critical raw materials are generally defined as resources associated with a high supply risk.
Disruptions in their availability or sudden price volatility may pose significant challenges to industrial
production and broader economic stability. Strategic raw materials, by contrast, have a wider sphere
of influence, extending from national security considerations to long-term economic competitiveness.
In addition to their civilian applications, they play a direct and indispensable role in advanced
manufacturing and defense-related technologies.

It is also evident in the global literature that this distinction varies according to national

perspectives. Countries endowed with substantial mineral resources often regard these materials as

10
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instruments of strategic leverage. Conversely, technologically advanced yet resource-dependent
economies tend to approach the issue primarily from a supply-side perspective and therefore favor the
term "critical." For example, China holds a dominant position in the rare earth elements market, while
Chile is the world's largest producer of copper. Similarly, countries such as South Africa and Russia
are among the leading global producers of platinum group elements. These examples clearly illustrate
how the availability of mineral resources shapes national strategies and influences global supply
dynamics.

Another important concept is rare earth elements (REEs). These elements consist of the lanthanide
series, along with scandium and yttrium.

A frequently asked question is: Are these elements truly rare?

In fact, they are not necessarily rare in terms of geological abundance. Rather, they are termed
"rare" because they are difficult to process economically and technologically. Due to their similar
chemical properties, their separation and purification require complex and costly processes.
Furthermore, the presence of radioactive components during processing, along with associated waste
management challenges, introduces additional environmental considerations. Therefore, their critical
importance lies not in their scarcity but in the fact that only a limited number of countries possess the
advanced technologies required for their efficient production and separation.

In this context, the workshop’s dual focus on the recovery of metals from primary resources and
their sustainable extraction from secondary sources, such as spent batteries and NdFeB magnets, is of
great importance in supporting the transition toward a circular economy.

Before concluding, I would like to express my sincere appreciation to all those who contributed to
organizing this workshop. I would especially like to thank our university administration for their
strong support, as well as our Head of Department, Dr. ilker Erkan, and our Vice Head of Department,
Dr. Sener Aliyazicioglu, for their valuable contributions and continuous support in making this event
possible.

I would also like to extend my special thanks to Prof. Dr. Widi Astuti and her research team, whom
I met approximately 3 years ago. I am deeply grateful to Prof. Dr. Widi Astuti for allowing me to be
part of her team during my one-year postdoctoral research period, and to Dr. Hendra Prasetia for the
invaluable support he provided throughout this time. Furthermore, I would like to once again express
my sincere thanks to both of them for their valuable participation in and contributions to this workshop
under the TUBITAK 2221 program.

In light of these perspectives, I firmly believe that this workshop will provide a valuable platform
for scientific discussion, knowledge exchange, and the development of new collaborations in the field
of critical metals and rare earth elements.

Thank you all for your participation, and I wish you a productive and successful workshop.

Dr. Cavit KUMAS

11
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Kirmizi Camurdan Nadir Toprak Elementlerinin Kazanim

Dr. Cavit Kumas

Kirmizi camur (boksit artig1), Bayer prosesi ile aliimina iiretimi sirasinda ortaya ¢ikan ve yiiksek
miktarlarda {iretilen endiistriyel bir atik olup, icerdigi degerli elementler nedeniyle 6nemli bir ikincil
kaynak potansiyeline sahiptir. Aliimina {iretiminde her 1 ton iirlin i¢in yaklasik 1-2,5 ton kirmizi
¢amur olugmasi, bu malzemenin kiiresel dlgekte ciddi bir gevresel problem haline gelmesine neden
olmaktadir. Giiniimiizde toplam kirmizi ¢amur birikimi yaklasik 4 milyar ton seviyesine ulagmistir ve
2040 yilina kadar bu miktarin 8 milyar tonu agsmasi beklenmektedir.

Kirmizi camurun yiiksek alkalinitesi (pH 10-12,5) cevresel riskleri artirmakta, depolama, sizint1
ve olasi baraj kazalar1 gibi durumlarda ciddi ekolojik ve saglik sorunlarina yol agabilmektedir. Nitekim
2010 yilinda Macaristan’da gergeklesen Ajka kirmizi camur felaketi, bu tiir atiklarin yanlig
yonetiminin yaratabilecegi etkileri agik¢a ortaya koymustur. Bununla birlikte, kirmizi ¢gamur yalnizca
bir atik degil, demir, aliiminyum, titanyum ve &zellikle nadir toprak elementleri (NTE) agisindan
zengin bir ikincil kaynak olarak degerlendirilmektedir.

Kirmizi ¢amur igerisinde seryum, lantanyum, neodimyum, itriyum ve &zellikle skandiyum gibi
kritik elementler ppm seviyelerinde bulunmakla birlikte, olusan biiyiik hacimler bu kaynag1 ekonomik
acidan cazip hile getirmektedir. Ozellikle skandiyum, havacilik alagimlari, kati oksit yakit hiicreleri
ve ileri malzemeler gibi yiiksek katma degerli uygulamalarda kullanilmakta olup, arz-talep
dengesizligi nedeniyle stratejik bir element olarak 6ne ¢ikmaktadir. Diinyanin ¢esitli bolgelerindeki
kirmiz1 camurda bulunan skandiyum konsantrasyonu, literatiirde ekonomik sinir degerleri olan 20-50
ppm degerlerini agmaktadir.

Kirmizi ¢gamurdan NTE geri kazaniminda cesitli yontemler gelistirilmistir. Asit ligi en yaygin
yontem olmakla birlikte diisiik secicilik, yiiksek asit tiiketimi ve silika jel olusumu gibi dezavantajlara
sahiptir. Yiiksek basingli li¢ yontemleri yiiksek geri kazanim verimleri sunarken, proses karmasikligi
ve maliyet agisindan sinirlamalar igermektedir. Siilfatlayict kavurma gibi 6n islemler, segiciligi
artirarak daha verimli ¢6ziimler sunabilmektedir. Ayrica iyonik sivilar ile ekstraksiyon ve biyoli¢ gibi
alternatif yaklasimlar, daha ¢evreci ve segici prosesler gelistirme potansiyeli tasimaktadir.

Sonu¢ olarak, kirmizi ¢amur hem g¢evresel bir yllk hem de onemli bir kaynak olarak
degerlendirilmelidir. Artan kiiresel talep ve sinirl birincil kaynaklar dikkate alindiginda, bu tiir ikincil
kaynaklarin degerlendirilmesi siirdiiriilebilir madencilik ve dongiisel ekonomi agisindan kritik dneme
sahiptir. Gelecekte, proses optimizasyonu ve yenilik¢i teknolojilerin gelistirilmesi ile kirmizi ¢gamurun
“atik” statiistinden ¢ikarilarak stratejik elementlerin geri kazaniminda &nemli bir rol oynamasi

beklenmektedir.
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Extraction of Rare Earth Elements from Red Mud
Dr. Cavit Kumas

Red mud (bauxite residue) is an industrial waste generated in large quantities during alumina
production via the Bayer process and possesses significant potential as a secondary resource due to
the valuable elements it contains. The generation of approximately 1-2.5 tons of red mud per ton of
alumina produced has made this material a serious environmental issue on a global scale. Currently,
the total accumulated amount of red mud is estimated to have reached approximately 4 billion tons,
and this figure is expected to exceed 8 billion tons by 2040.

The high alkalinity of red mud (pH 10-12.5) increases its environmental risks and may lead to
severe ecological and health-related problems in cases of storage failures, leakage, and potential dam
accidents. Indeed, the Ajka red mud disaster that occurred in Hungary in 2010 clearly demonstrated
the impacts that improper management of such wastes can cause. Nevertheless, red mud should not
only be considered as a waste material, but also as a secondary resource rich in iron, aluminum,
titanium, and particularly rare earth elements (REEs).

Red mud contains critical elements such as cerium, lanthanum, neodymium, yttrium, and especially
scandium at ppm levels; however, the enormous volumes generated make this resource economically
attractive. In particular, scandium is used in high value-added applications such as aerospace alloys,
solid oxide fuel cells, and advanced materials, and it has emerged as a strategic element due to supply—
demand imbalances. The scandium concentrations reported in red mud from various regions of the
world exceed the economic threshold values of 20-50 ppm reported in the literature.

Various methods have been developed for REE recovery from red mud. Acid leaching is the most
widely used method; however, it suffers from disadvantages such as low selectivity, high acid
consumption, and silica gel formation. Although high-pressure leaching methods provide high
recovery efficiencies, they involve limitations in terms of process complexity and cost. Pretreatment
methods such as sulfation roasting can enhance selectivity and provide more efficient solutions. In
addition, alternative approaches such as ionic liquid extraction and bioleaching offer the potential for
developing more environmentally friendly and selective processes.

In conclusion, red mud should be regarded both as an environmental burden and as a significant
resource. Considering the increasing global demand and the limited availability of primary resources,
the utilization of such secondary resources is of critical importance for sustainable mining and the
circular economy. In the future, through process optimization and the development of innovative
technologies, red mud is expected to move beyond its “waste” status and play a major role in the

recovery of strategic elements.
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Nadir Toprak Miknatislarindan Nadir Toprak Elementlerinin Geri Kazanim
Dr. Cavit Kumas

Nadir toprak elementleri (NTE), elektronik, yenilenebilir enerji sistemleri ve savunma teknolojileri
basta olmak iizere bircok ileri teknoloji uygulamasinda kritik 6neme sahip stratejik hammaddelerdir.
Ozellikle neodimyum-demir-bor (NdFeB) ve samaryum-kobalt (SmCo) esasli kalici miknatislar,
yliksek manyetik performanslar1 sayesinde elektrikli araclar, riizgar tiirbinleri ve hassas elektronik
cihazlarda yaygin olarak kullanilmaktadir. NdFeB miknatislar yliksek maksimum enerji ¢arpimi
((BH)max yaklasik 40-50 MGOe) ile 6ne ¢ikarken, SmCo miknatislar yiiksek sicaklik dayanimi ve
korozyon direnci ile tercih edilmektedir.

Son yillarda artan talep dogrultusunda, nadir toprak miknatislarina olan kiiresel ihtiya¢ hizla
yiikselmektedir. 2020’li yillarin basinda yaklasik 200.000 ton seviyesinde olan NdFeB miknatis
talebinin, 2030’lu yillarda 450.000 tonun {iizerine ¢ikmasi beklenmektedir. Bununla birlikte, bu
elementlerin arzi sinirh olup jeopolitik faktorlerden etkilenmektedir. Ayrica, savunma sanayinde
kullanilan sistemlerde yiiksek miktarlarda NTE tiiketimi, bu kaynaklarin stratejik 6nemini daha da
artirmaktadir. Bu durum, siirdiriilebilir tedarik zincirlerinin olusturulmast ve geri doniisiim
teknolojilerinin gelistirilmesini zorunlu kilmaktadir.

Kullanim 6mriinii tamamlamis miknatislardan NTE geri kazanimi igin farkli geri doniisiim
yaklagimlarn gelistirilmistir. Dogrudan geri doniistim yontemleri, miknatisin yapisini koruyarak enerji
verimliligi saglarken, hidrometalurjik prosesler yiiksek saflikta {irlin elde edilmesine olanak
tanimaktadir. Pirometalurjik yontemler ise karmagik atiklar i¢in uygun olmakla birlikte yiiksek enerji
tiikketimi ve ¢evresel etkiler gibi dezavantajlara sahiptir. Bu nedenle, optimum geri doniisiim yontemi,
verimlilik, maliyet ve ¢evresel siirdiiriilebilirlik kriterlerinin dengelenmesini gerektirmektedir.

Hidrometalurjik siirecler kapsaminda asidik li¢, ¢oktliirme ve solvent ekstraksiyonu gibi adimlar
kullanilarak NTE’ler secici olarak geri kazanilabilmektedir. Literatiirde verilen akim semalarinda li¢
sonrasit demirin uzaklastirilmasi ve NTE’lerin oksalat formunda ¢oktiiriilerek yiiksek saflikta oksitlere
donistiiriilmesi yaygin bir yaklasim olarak sunulmaktadir. Ayrica diisiik sicaklikta klorlayict kavurma
gibi yenilik¢i yontemlerin, yiiksek secicilik ve enerji verimliligi saglayarak %95’in {izerinde geri
kazanim verimlerine ulagabildigi goriillmektedir.

Buna karsin, mevcut durumda nadir toprak miknatislarinin geri doniisiim orani oldukga diisiiktiir
ve %5’in altindadir. Sonug olarak, nadir toprak miknatislarmin geri doniisiimii, strdiiriilebilir
madencilik ve dongiisel ekonomi perspektifinde kritik bir arastirma alanidir. Gelecekte, daha verimli,
secici ve ekonomik proseslerin gelistirilmesi ile ikincil kaynaklarm kullaniminin artmasi ve NTE arz

giivenliginin saglanmasi gerekmektedir.
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Recovery of Rare Earth Elements from Rare Earth Magnets
Dr. Cavit Kumas

Rare earth elements (REEs) are strategic raw materials of critical importance for numerous
advanced technological applications, particularly in electronics, renewable energy systems, and
defense technologies. In particular, neodymium—iron—boron (NdFeB) and samarium—cobalt (SmCo)-
based permanent magnets are widely utilized in electric vehicles, wind turbines, and precision
electronic devices due to their superior magnetic performance. NdFeB magnets are distinguished by
their high maximum energy product ((BH)max approximately 40-50 MGOe), whereas SmCo magnets
are preferred because of their high-temperature stability and corrosion resistance.

In recent years, the global demand for rare earth magnets has increased rapidly. The demand for
NdFeB magnets, which was approximately 200,000 tons in the early 2020s, is expected to exceed
450,000 tons by the 2030s. However, the supply of these elements is limited and strongly influenced
by geopolitical factors. Moreover, the extensive consumption of REEs in defense industry systems
further enhances the strategic importance of these resources. Consequently, the establishment of
sustainable supply chains and the development of recycling technologies have become essential.

Various recycling approaches have been developed for the recovery of REEs from end-of-life
magnets. Direct recycling methods provide energy efficiency by preserving the structural integrity of
the magnets, whereas hydrometallurgical processes enable the production of high-purity products.
Pyrometallurgical methods are suitable for complex waste streams; however, they suffer from
disadvantages such as high energy consumption and environmental impacts. Therefore, the optimum
recycling strategy requires balancing efficiency, cost, and environmental sustainability criteria.

Within hydrometallurgical processes, REEs can be selectively recovered through steps such as
acidic leaching, precipitation, and solvent extraction. Flowsheets reported in the literature commonly
involve the removal of iron after leaching, followed by the precipitation of REEs in oxalate form and
their subsequent conversion into high-purity oxides. In addition, innovative methods such as low-
temperature chlorination roasting have demonstrated high selectivity and energy efficiency, achieving
recovery efficiencies exceeding 95%.

Despite these advancements, the current recycling rate of rare earth magnets remains extremely
low and is below 5%. In conclusion, the recycling of rare earth magnets represents a critical research
area within the framework of sustainable mining and the circular economy. In the future, the
development of more efficient, selective, and economical processes will be necessary to increase the

utilization of secondary resources and ensure the security of REE supply.
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Endonezya’da Birincil Kaynaklardan Nadir Toprak Elementlerinin Geri Kazanim ve
Ekstraksiyonu
Prof. Dr. Widi Astuti

Sunumda, Endonezya’nin 6zellikle monazit, ksenotim ve iyon adsorpsiyon killeri gibi yerli birincil
kaynaklardan nadir toprak elementleri (NTE) iiretme potansiyeli ele alinmaktadir. NTE’ler; lantanitler,
itriyum ve skandiyum dahil olmak iizere toplam 17 elementi kapsamaktadir. Bu elementler genellikle
diisiikk tenorlerde ve karmasik mineral yapilar igerisinde bulunduklarindan, madencilik ve
ekstraksiyon siirecleri teknik agidan zorludur. Kalici miknatislar, katalizorler, bataryalar, elektronik
sistemler ve savunma sanayi uygulamalarinda yaygin olarak kullanilmalar1 nedeniyle stratejik
onemleri giderek artmaktadir.

Kiiresel 6l¢ekte NTE iiretiminde Cin baskin konumunu siirdiirmekte ve diinya {iretiminin biiylik
kisminmi karsilamaktadir. Cin’i Amerika Birlesik Devletleri, Myanmar ve Avustralya izlemektedir.
Endonezya heniiz kiiresel 6lgekte tanimlanmig 6nemli NTE rezervlerine sahip tilkeler arasinda yer
almamakla birlikte, bunun temel nedeni kaynak yetersizliginden ziyade sinirli arama faaliyetleri
olarak degerlendirilmektedir. Cin, Myanmar, Tayland, Vietnam, Avustralya ve Malezya gibi NTE
bakimindan zengin bolgelerin Endonezya’ya yakin olmasi, iilkenin énemli bir jeolojik potansiyele
sahip oldugunu gostermektedir.

Endonezya’nin potansiyel NTE kaynaklar1 arasinda Bangka-Belitung bolgesindeki kalay
madenciligi artiklarindan elde edilen monazit ve ksenotim mineralleri, Sumatra, Sulawesi, Kalimantan
ve Papua’daki iyon adsorpsiyon killeri ile kalay ciirufu, nikel atiklari, boksit artiklar1 ve kdmiir ugucu
kiilleri yer almaktadir. Sunumda teknik odak noktas1 agirlikli olarak birincil kaynaklar olmustur.

Caligmanin 6nemli bir boliimiinde, Bangka’daki kalay cevheri isleme faaliyetlerinden elde edilen
monazitlerden NTE ekstraksiyonu incelenmistir. Monazit; La, Ce, Nd, Pr, Sm, Gd, Dy ve Y gibi
degerli NTE’lerin yan1 sira radyoaktif toryum ve uranyum da igermektedir. Bu nedenle proseslerde
dikkatli bir ayirma stireci gerekmektedir. Uygulanan akim semasi; monazitin par¢alanmasi, fosfat
ayrimi, NTE c¢oziindiiriilmesi, U-Th ¢oktiiriilmesi, NTE hidroksit iiretimi ve ileri saflastirma
asamalarini kapsamaktadir. Pilot 6lgekli ¢aligmalarda %95-99 saflikta La oksit, Ce oksit, Nd-Pr oksit,
Pr oksalat ve Y oksit liretimi gergeklestirilmistir.

Sunumda ayrica, daha diisitk NTE tendrlerine sahip olmalarina ragmen daha basit li¢ yontemleriyle
islenebilen iyon adsorpsiyon killeri de degerlendirilmistir. Genel olarak ¢alisma, Endonezya’nin yerli
bir NTE deger zinciri olusturma agisindan gii¢lii bir potansiyele sahip oldugunu, ancak bunun igin
daha kapsamli arama faaliyetleri, proses optimizasyonu ve pilot dl¢cek dogrulama ¢alismalarina ihtiyag

duyuldugunu ortaya koymaktadir.
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Recovery and Extraction of Rare Earth Elements from Primary Sources in Indonesia
Prof. Dr. Widi Astuti

The presentation discusses Indonesia’s potential to develop rare earth elements (REEs) from
domestic primary resources, especially monazite, xenotime, and ion-adsorption clays. REEs consist
of 17 elements, including the lanthanides, yttrium, and scandium. Although many REEs are not
geologically rare, they are difficult to mine and extract because they usually occur in low
concentrations and complex mineral matrices. Their strategic importance is increasing due to their use
in permanent magnets, catalysts, batteries, electronics, defense technologies, and other high-value
applications.

China remains the dominant producer, accounting for more than two-thirds of global production,
followed by the United States, Myanmar, and Australia. Indonesia is not yet listed among countries
with recognized global REE reserves, but the presentation emphasizes that this reflects limited
exploration rather than absence of potential. Because REE-bearing regions such as China, Myanmar,
Thailand, Vietnam, Australia, and Malaysia are geographically close to Indonesia, the country is
considered to have promising geological prospects.

Indonesia’s potential REE sources include monazite and xenotime from tin-mining residues in
Bangka-Belitung, ion-adsorption clays in Sumatra, Sulawesi, Kalimantan, and Papua, as well as tin
slag, nickel tailings, bauxite residue, coal fly ash, and urban-mining sources such as spent catalysts,
batteries, and magnets. The presentation distinguishes between primary and secondary sources, with
the main technical focus placed on primary sources.

A major section discusses REE extraction from Indonesian monazite, particularly from tin-ore
processing in Bangka. Monazite contains valuable REEs such as La, Ce, Nd, Pr, Sm, Gd, Dy, and Y,
but also contains radioactive thorium and uranium, requiring careful separation. The processing route
includes monazite decomposition, phosphate separation, REE dissolution, U-Th precipitation, REE
hydroxide production, and further purification. Pilot-scale work has been conducted, including a 50
kg monazite/batch process for U-Th separation and REOH production, and a 10 kg REOH input pilot
plant. Products reported include La oxide, Ce oxide, Nd-Pr oxide, Pr oxalate, and Y oxide with purities
generally ranging from 95% to 99%.

Ion-adsorption clays, which typically contain lower REE grades but can be processed through
simpler leaching methods, are also evaluated. Indonesia is exploring IAC resources in Mamuju,
Sulawesi, and Bangka-Belitung, with in-situ leaching work planned from May 2026. Overall, the
presentation concludes that Indonesia has strong potential to build a domestic REE value chain, but
further exploration, processing optimization, pilot-scale validation, environmental control, and

downstream integration are still required.
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Endonezya’da ikincil Kaynaklardan Nadir Toprak Elementlerinin Geri Kazamm ve
Ekstraksiyonu
Prof. Dr. Widi Astuti

Sunumda, Endonezya’daki ikincil kaynaklardan nadir toprak elementlerinin (NTE) geri kazanimi
ve ekstraksiyonu ele alinmakta; bu kaynaklarin dongiisel ekonomi, yerli kritik mineral tedariki ve
temiz enerji teknolojileri acisindan stratejik onemi vurgulanmaktadir. Endonezya’nin baslica NTE
iceren ikincil kaynaklar1 arasinda kalay madenciligi artiklarindan elde edilen monazit ve ksenotim
kalintilari, , kalay ciiruflar, nikel atiklar, kirmizi gamur, kdmiir ugucu kiilleri, kullanilmis katalizorler,
atik bataryalar ve kullanim 6mriinii tamamlamis miknatislar yer almaktadir. Bu materyaller; La, Ce,
Nd, Pr, Sm, Dy, Y, Gd ve Sc gibi énemli NTE’leri igermekte olup, element konsantrasyonlar1 ve
islenebilirlik diizeyleri kaynak tiiriine ve proses gecmisine bagli olarak degismektedir.

Endonezya, alternatif NTE hammaddesi olarak degerlendirilebilecek 6nemli miktarda endiistriyel
atiga sahiptir. Bunlar arasinda nikel atiklari, kalay ciiruflari, kirmizi camur ile komiir yakith termik
santrallerden kaynaklanan ugucu kiil ve taban kiilii onemli yer tutmaktadir. Ozellikle kdmiir ugucu
kiili, iilke genelinde yaygin olarak bulunmasi ve Y, La, Ce, Nd, Eu, Gd, Tb, Er, Ho ve Lu gibi bir¢ok
NTE igermesi nedeniyle dikkat ¢ekici bir kaynak olarak degerlendirilmektedir. Sunumda ayrica
gelecekte komiir kullanimindaki artisin ugucu kiil olusumunu artirabilecegi ve bu nedenle s6z konusu
atiklarin degerlendirilmesinin hem kaynak yonetimi hem de atik minimizasyonu agisindan 6nemli
oldugu belirtilmektedir.

Sunumda, BRIN kapsaminda yiiriitiilen gesitli arastirma g¢alismalarina da yer verilmektedir.
Kullanilmis FCC katalizorleri tizerine gerceklestirilen ¢alismalarda, bu materyallerin Al, Si, Ni ve Fe
ile birlikte énemli miktarda lantan igerdigi ifade edilmektedir. Onerilen proses; asit ligi, kati-s1v1
ayirma, ¢Oktiirme, kurutma ve kalsinasyon asamalarin1 icermekte ve yiiksek saflikta lantan oksit
iiretimini hedeflemektedir. Proses sonrasinda olusan kalintilarin ise jeopolimer malzeme olarak
yeniden kullanilabilecegi belirtilmektedir.

Komiir ugucu kiilleri {izerine yiiriitiilen ¢aligmalarda ise asidik ¢oziindiirme, alkali ¢oktiirme ve
devaminda NTE ayirma-saflastirma siiregleri incelenmektedir. XRF ve ICP-MS analiz sonuglari,
Endonezya komiir ugucu kiillerinin Si, Fe, Al ve Ca gibi baslica oksitlerin yani sira Ce, Y, La, Nd, Sc,
Pr, Sm ve Dy gibi cesitli NTE’leri de igerdigini gostermektedir. Ayrica, kullanim dmriinii tamamlamis
miknatislardan Nd-Pr geri kazanimi da 6nemli bir aragtirma alan1 olarak ele alimmaktadir.

Genel olarak c¢aligsma, ikincil kaynaklardan NTE geri kazaniminin birincil madencilige bagimlilig
azaltabilecegini, ¢cevresel riskleri minimize edebilecegini ve stratejik teknolojiler i¢in siirdiirtilebilir

tedarik zincirlerini destekleyebilecegini ortaya koymaktadir.
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Recovery and Extraction of Rare Earth Elements from Secondary Sources in Indonesia
Prof. Dr. Widi Astuti

The presentation discusses the recovery and extraction of rare earth elements (REEs) from
secondary resources in Indonesia, emphasizing their strategic value for circular economy
development, domestic critical-mineral supply, and clean-energy technologies. Indonesia’s major
REE-bearing secondary sources include monazite and xenotime residues from tin mining, tin slag,
nickel tailings, bauxite residue/red mud, coal fly ash, spent catalysts, spent batteries, and spent
magnets. These materials contain important REEs such as La, Ce, Nd, Pr, Sm, Dy, Y, Gd, and Sc,
although their concentrations and readiness levels vary by source and processing history.

Indonesia has significant volumes of industrial residues that could serve as alternative REE
feedstocks. Examples include nickel tailings, tin slags, red mud, and fly ash-bottom ash from coal-
fired power plants. Coal fly ash is presented as especially relevant because it is widely distributed
across Indonesia and contains multiple REEs, including Y, La, Ce, Nd, Eu, Gd, Tb, Er, Ho, and Lu.
The presentation also notes that future coal use could increase fly ash generation, making its
valorization important from both resource and waste-management perspectives.

Several BRIN-related research examples are presented. For spent fluid catalytic cracking catalysts,
the material contains lanthanum along with Al, Si, Ni, and Fe. The proposed process involves acid
leaching, solid-liquid separation, precipitation, drying, and calcination to produce high-purity
lanthanum oxide, while the residue may be reused as geopolymer material. For coal fly ash, the
research focuses on acid dissolution, alkali precipitation, and subsequent REE separation and
purification. XRF and ICP-MS results show that Indonesian coal fly ash contains major oxides such
as Si, Fe, Al, and Ca, as well as REEs including Ce, Y, La, Nd, Sc, Pr, Sm, Dy, and others. The
extraction of Nd-Pr from spent magnets is also highlighted as important because these elements are
critical for permanent magnets used in electric vehicles and wind turbines.

Overall, secondary REE recovery can reduce dependence on primary mining, minimize landfill
and environmental risks, and support Indonesia’s future supply chain for strategic technologies. The
key message is that industrial wastes should be treated not only as environmental liabilities but also

as potential domestic resources for REE recovery, recycling, and zero-waste mineral processing.
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NTE’lerin Absorpsiyonu Icin Alternatif Bir Teknik Olarak Fitoremediasyon Yaklasimi

Dr. Hendra Prasetia

Sunumda, fitoremediasyonun 6zellikle madencilik faaliyetlerinden etkilenmis topraklar, atik
depolama alanlar1 ve asidik maden drenaji1 sistemleri gibi ikincil kaynaklardan nadir toprak elementleri
(NTE) ve agir metallerin uzaklastirilmasina yonelik ¢evreci ve alternatif bir teknoloji oldugu ele
almmaktadir. Fitoremediasyon yalnizca cevresel iyilestirme yOntemi olarak degil, ayn1 zamanda
kirlenmis biyokiitleden NTE geri kazanimina olanak saglayabilecek potansiyel bir fitomadencilik
stratejisi olarak degerlendirilmektedir. Temel yaklagim, se¢ilmig bitki tlirlerinin NTE ve agir metalleri
dokularinda absorbe edebilmesi, biriktirebilmesi ve bu elementlere tolerans gosterebilmesine
dayanmaktadir.

Sunumda metal ve NTE’lerin bitki dokularina alim mekanizmalar1 agiklanmakta, geleneksel ve
gelismis fitoremediasyon yaklasimlar karsilastirilmakta ve bitki secimi, biyobirikim kapasitesi ile
doku analizlerinin énemi vurgulanmaktadir. Ozellikle egrelti otlari, NTE ve agir metal absorpsiyonu
acisindan giiglii karasal bitkiler olarak one c¢ikarilmaktadir. Pteris vittata, arsenik hiperakiimiilatorii
olarak tamimlanmakta ve arsenik igeren topraklarda etkili bir tiir olarak degerlendirilmektedir.
Blechnopsis orientalis ise 6zellikle Endonezya’nin Bangka bolgesi igin en 6nemli yerel egrelti otu
aday1 olarak gdsterilmektedir. Bu tiirlin yapraklarinda toplam NTE konsantrasyonunun 3000 pg/g
seviyesine kadar ulagabildigi ve ayni zamanda yiiksek miktarda arsenik biriktirebildigi
belirtilmektedir. Dicranopteris linearis de dogrulanmis bir NTE hiperakiimiilatorii olarak
tanimlanmakla birlikte, biyokiitle ve biiyiime sinirlamalar1 nedeniyle uygulama potansiyelinin daha
diisiik oldugu ifade edilmektedir.

Sunumda ayrica asidik maden drenaji sistemlerinde kullanilabilecek sucul bitkilere de yer
verilmektedir. Ozellikle su siimbiilii (Eichhornia crassipes), su marulu (Pistia stratiotes) ve su
mercimegi (Lemna spp.) tiirleri dikkat cekmektedir. Su siimbiilii, yiiksek biyokiitlesi ve gelismis kok
sistemi sayesinde metal iceren atik sularda etkili bir ylizen makrofit olarak tanimlanmaktadir. Pistia
stratiotes Fe ve Mn gideriminde etkili bir tamamlayici tiir olarak degerlendirilirken, Lemna tiirlerinin
hizli biliylime ve kolay hasat avantaji sundugu belirtilmektedir. Ayrica bazi ¢aligmalarda 8 giin
igerisinde %95’e varan Gd giderim verimlerine ulasildigi ifade edilmektedir.

Sunumda, basit absorpsiyon yaklasimindan fitomadencilige gecis siireci de ele alinmaktadir. Bu
yontemde, NTE igeren topraklar hiperakiimiilator bitkilerle bitkilendirilmekte; biyokiitle hasat
edilerek kurutma, kiillestirme ve li¢ islemleri sonrasinda NTE bakimindan zengin ara iiriinler elde
edilmektedir. Ancak fitomadenciligin uygulanabilir olmasi i¢in biyokiitle iiretkenligi, biiylime hiz1 ve
metalurjik siireclerin ekonomik a¢idan uygun olmasi gerektigi vurgulanmaktadir. Genel olarak
calisma, fitoremediasyonun disiik ¢evresel etkiye sahip siirdiiriilebilir bir yaklasim sundugunu ve
ozellikle Bangka kokenli yerel hiperakiimiilator tiirlerin gelecekteki NTE odakli pilot ¢alismalar

agisindan 6nemli potansiyele sahip oldugunu ortaya koymaktadir.
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Phytoremediation Approach as an Alternative Technique to Absorb REEs
Dr. Hendra Prasetia

The presentation discusses phytoremediation as a green and alternative technology for absorbing
rare earth elements (REEs) and heavy metals from secondary sources, especially mining-affected soils,
tailings, and acid mine drainage systems. It positions phytoremediation not only as an environmental
remediation method, but also as a potential phytomining strategy for recovering REEs from
contaminated biomass. The main concept is that selected plant species can absorb, accumulate, and
tolerate REEs and heavy metals in their tissues.

The presentation explains the general flow of metal and REE uptake into plant tissues, compares
conventional and advanced phytoremediation approaches, and highlights the importance of plant
selection, bioaccumulation capacity, digestion methods, and tissue analysis for identifying REEs in
plant biomass. A major focus is placed on ferns as potent terrestrial plants for REE and heavy-metal
absorption. Pteris vittata is presented as a benchmark arsenic hyperaccumulator, useful for arsenic-
bearing soils and mining-affected areas, although it is not considered the best species for mercury
removal. Blechnopsis orientalis is emphasized as the most important local fern candidate for
Indonesia, particularly Bangka, because it can accumulate up to 3000 ug/g total REEs in fronds and
co-accumulate arsenic up to 2100 ug/g. Dicranopteris linearis is also identified as a confirmed REE
hyperaccumulator, but with lower practical extraction potential compared with B. orientalis due to
biomass and growth limitations.

The presentation also highlights aquatic plants for acid mine drainage utilization, especially
Eichhornia crassipes or water hyacinth, Pistia stratiotes or water lettuce, and Lemna spp. or
duckweed. Water hyacinth is described as a strong floating macrophyte for mixed wastewater and
metal-bearing waters because of its high biomass and extensive root system. P, stratiotes is presented
as a practical companion species for Fe and Mn reduction in contained pond systems. Lemna spp. is
considered promising for compact engineered systems because of its fast growth, easy harvesting, and
reported ability to remove gadolinium efficiently, with one cited result showing 95% Gd removal in 8
days. The presentation further introduces a transition from simple absorption to phytomining, where
REE-bearing soils or tailings are planted with hyperaccumulator species, the biomass is selectively
harvested, then dried, ashed, leached, and processed into an REE-enriched intermediate stream.
However, it stresses that REE phytomining is only realistic if biomass concentration, growth rate,
harvestability, and downstream metallurgy are economically and technically justified.
Phytoremediation offers a sustainable and low-impact approach for treating REE- and heavy-metal-
bearing soils, tailings, and acid mine drainage. For Indonesia, the strongest opportunity lies in using
native Bangka hyperaccumulator ferns, especially B. orientalis, for mine-land rehabilitation and future
REE-oriented pilot studies. However, the presentation emphasizes that early pilot work should first
prove plant growth performance, REE uptake, biomass productivity, and mass balance before moving

toward full REE recovery chemistry.

26



Kritik Metallerin ve NTE’lerin Birincil ve Ikincil Kaynaklardan Geri Kazanimi Calistay1 (14-15 Nisan 2026

alue proposition

Core Vi

27



Kritik Metallerin ve NTE’lerin Birincil ve Ikincil Kaynaklardan Geri Kazanimi Calistay1 (14-15 Nisan 2026

Endonezya’da Karasal ve Sucul Bitkiler Kullanilarak NTE Absorpsiyonu: Bir Vaka Calismasi

Dr. Hendra Prasetia

Sunumun Onemli bir boliimii, bitkilerin fitoremediasyon ve potansiyel fitomadencilik
uygulamalarindaki kullanimini, &zellikle agir metaller ve nadir toprak elementlerinin (NTE)
absorpsiyonu agisindan ele almaktadir. Egrelti otlar1 umut verici karasal bitkiler olarak sunulurken,
asidik maden drenaji (AMD) aritiminda kullanilmak iizere Acorus calamus, Eleocharis parvula ve
Cyperus haspan gibi sucul tiirler incelenmistir. Gergeklestirilen deneysel izleme ¢aligmalari, zaman
icerisinde metal aliminin gergeklestigini ve su kalitesinde iyilesme saglandigini gostermistir.

Sunumda, NTE’lerin bitki sistemlerine nasil giris yaptigi, bitki biiylimesini nasil etkiledigi ve
biyoyararlanabilirlik, ¢cevresel kosullar ile bitki tiiriine bagl olarak kok ve yapraklarda nasil biriktigi
aciklanmaktadir. Ayrica, NTE alim yogunlugu, bitkilerde birikim mekanizmalar1 ve toprak ile sucul
ortamlardaki NTE biyoyararlanabilirligi iizerine gergeklestirilen giincel caligmalara da yer
verilmektedir.

Deneysel veriler, maruziyet siiresi boyunca bitki dokularindaki metal konsantrasyonlarinin
arttigini, 6zellikle Fe, Zn ve Cr igin belirgin bir birikim gerceklestigini géstermektedir. On besinci giin
sonunda Fe birikiminin hem koklerde hem de yapraklarda oldukea yiiksek seviyelere ulastigi, Zn ve
Cr’nin de 6nemli miktarda absorbe edildigi belirlenmistir. Bunun yaninda pH degerinin 3,27’den
6,75’e yiikselmesi, bitki temelli aritim siirecinde ortam asiditesinin azaldigini ortaya koymaktadir.
AMD sisteminde metal giderim verimlerinin ise 15. giin sonunda yaklasik olarak Zn i¢in %49,9, Fe
i¢cin %63,7 ve Cr igin %90,3 seviyelerine ulastig1 belirtilmektedir.

Sunumda ayrica, temel fitoremediasyon gostergeleri olan Biyokonsantrasyon Faktori (BCF) ve
Translokasyon Faktorii (TF) kavramlar1 da agiklanmaktadir. BCF sonuglari, 6zellikle Fe agisindan
giiclii bir kok birikimini isaret etmektedir. TF degerleri ise Zn ve Cr’nin 15. giin sonunda yapraklara
daha etkin bir sekilde tagindigin1 géstermektedir. Buna karsin Fe’nin biiyiik 6l¢iide kdk bolgesinde
kaldig1 ve Zn ile Cr’ye kiyasla sinirl translokasyon gosterdigi ifade edilmektedir.

Sunumun son bdliimiinde, 6zellikle 15. glindeki Eleocharis parvula 6rmeklerinin kok-alt bdlgesine
ait mikro-XRF veya elementel haritalama analizleri sunulmaktadir. Bu analizlerde Fe, Cr, Zn, Pb, Ni,
Co ve Mn gibi metallerin yani sira Sc, Y, Ce, Nd, La, Sm, Gd ve Ho gibi NTE’lerin mekansal dagilimi
belirlenmeye ¢aligilmistir.

Genel olarak sunum, secilmis karasal ve sucul bitkilerin metal ve NTE alim1 agisindan yiiksek
potansiyele sahip oldugunu ortaya koymaktadir. Bu durum, s6z konusu bitkilerin asidik maden drenajt
aritimi, fitoremediasyon uygulamalar1 ve kirlenmis ortamlardan degerli elementlerin geri kazanimina

yonelik fitomadencilik yaklagimlarinda kullanilabilecegini gostermektedir.
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REEs Absorption Using a Terrestrial and Aquatic Plant in Indonesia: A Case Study

Dr. Hendra Prasetia

A major part of the presentation highlights the potential of plants for phytoremediation and
potential use as phytomining, especially for absorbing heavy metals and rare earth elements (REEs).
Ferns are presented as promising terrestrial plants, while aquatic species such as Acorus calamus,
Eleocharis parvula, and Cyperus haspan are discussed for treating acid mine drainage (AMD), and
experimental monitoring has shown metal uptake and water-quality improvement over time.

It explains how REEs can enter plant systems, affect plant growth, and accumulate through roots
and leaves depending on bioavailability, environmental conditions, and plant species. The presentation
cites recent studies on REE uptake intensity, plant accumulation pathways, and the bioavailability of
REEs in soils and aquatic environments.

The experimental data show that metal concentrations in plant tissues increased during exposure,
especially for Fe, Zn, and Cr. By Day 15, Fe accumulation was very high in both roots and leaves,
while Zn and Cr also showed significant uptake. The pH increased from 3.27 to 6.75, indicating
reduced acidity during plant-based treatment. Metal reduction efficiencies in AMD reached
approximately 49.9% for Zn, 63.7% for Fe, and 90.3% for Cr by Day 15.

The presentation also introduces key phytoremediation indicators, including Bioconcentration
Factor (BCF) and Translocation Factor (TF). The BCF results indicate strong root accumulation,
especially for Fe, while TF values suggest that Zn and Cr were more effectively translocated to leaves
by Day 15. Fe remained closer to the root system, showing limited translocation compared with Zn
and Cr. The final section presents micro-XRF or elemental mapping analysis of . parvula at Day 15,
especially the bottom/root region. The scan aimed to identify the spatial distribution of major elements
and metals such as Fe, Cr, Zn, Pb, Ni, Co, Mn, as well as REEs, including Sc, Y, Ce, Nd, La, Sm, Gd,
and Ho.

Overall, the presentation concludes that selected aquatic and terrestrial plants have strong potential
for metal and REE uptake, making them useful for AMD treatment (secondary sources),
phytoremediation, and possible recovery of valuable elements from contaminated environments, well-

known as phytomining.
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Kritik Metal Geri Kazamminda Biyoteknolojik Yaklasimlar: Atik Katalizérler Uzerine Bir
Vaka Calismasi

Dr. Ceren Eriist Unal

Enerji doniisiimii ve karbon nétrliigii hedefleri dogrultusunda artan talep nedeniyle lityum, kobalt
ve nadir toprak elementleri gibi kritik metallere olan ihtiya¢ hizla artmakta, bu durum ise tedarik
risklerini beraberinde getirmektedir. Bu kapsamda, endiistriyel atiklardan metal geri kazanima stratejik
acgidan 6nemli bir konu haline gelmistir. Bu ¢alismada, biyohidrometalurjik yontemler kapsaminda yer
alan biyoli¢ prosesi incelenmis ve prosesin etkinligi degerlendirilmistir. Acidithiobacillus
ferrooxidans, Acidithiobacillus thiooxidans ve Leptospirillum ferrooxidans gibi asidofilik bakterilerin
kullanildig1 sistemlerde metal ¢oziinmesinin agirlikli olarak dolayli mekanizmalar araciligiyla
gerceklestigi belirlenmistir. Bu siiregte bakteriler Fe** iyonlarim1 Fe** iyonlarina oksitleyerek giiglii bir
oksitleyici ortam olusturmakta, ayrica kiikiirt oksidasyonu yoluyla ortam pH’sini diislirerek metal
¢Oziiniirligiini artirmaktadir.

Deneysel calismalar, kullanilmis vanadyum Kkatalizorleri ile akigkan katalitik kirma (FCC)
katalizorleri tizerinde gerceklestirilmistir. Kimyasal analizler, bu materyallerin SiO, ve AlO;
bakimindan zengin bir matrise sahip oldugunu, bununla birlikte vanadyum, lantan ve seryum gibi
degerli metalleri de igerdigini gostermistir. Biyoli¢ deneyleri diisiik pH kosullarinda ve 35°C sicaklikta
yliriitilmiig; kati/sivi oraninin metal geri kazanim verimini etkileyen temel parametrelerden biri
oldugu belirlenmistir. Li¢ sonrasi saflagtirma asamasinda demir, pH ayarlamasi yoluyla ¢oktiiriilmiis
ve ardindan vanadyum geri kazanimi igin uygun ¢ozelti kosullart olusturulmustur. Nadir toprak
elementleri arasinda seryumun, +4 oksidasyon basamagindaki kararliligi sayesinde segici ¢oktiirme
ve solvent ekstraksiyonu yontemleriyle ayristirilmasinda 6nemli bir avantaj sagladigi tespit edilmistir.
Gergeklestirilen  tekno-ekonomik  analizler,  Onerilen  biyohidrometalurjik  proseslerin
uygulanabilirligini desteklemektedir. Vanadyum geri kazanimi i¢in yaklagik 2,25 milyon ABD dolart
tutarinda yatirim ve 3,8 yillik geri 6deme siiresi dngoriiliirken; lantan ve seryum geri kazanimi igin
geri 6deme siiresinin 2,2 yila kadar diistiigli belirlenmistir.

Sonug olarak, biyoli¢ temelli yaklasimlar; diisiik ¢evresel etkileri, secicilikleri ve ekonomik
uygulanabilirlikleri sayesinde kritik metal geri kazaniminda umut verici bir alternatif sunmaktadir.
Kullanilmis katalizorler gibi ikincil kaynaklarin degerlendirilmesi hem kaynak gilivenligine katki

saglamakta hem de dongiisel ekonomi hedeflerinin desteklenmesine olanak tanimaktadir.
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Biotechnological Approaches for Critical Metal Recovery: A Case Study on Spent Catalysts

Dr. Ceren Eriist Unal

With the increasing demand driven by energy transition and carbon neutrality goals, the need for
critical metals such as lithium, cobalt, and rare earth elements is rapidly growing, leading to heightened
supply risks. In this context, the recovery of metals from industrial waste has become strategically
important. In this study, the bioleaching process within the scope of biohydrometallurgical methods
was investigated and its effectiveness was evaluated. In systems utilizing acidophilic bacteria such as
Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, and Leptospirillum ferrooxidans, metal
dissolution occurs predominantly through indirect mechanisms. In this process, bacteria oxidize Fe?*
to Fe*', creating a strong oxidizing environment, while sulfur oxidation lowers the pH, thereby
enhancing metal solubility.

Experimental studies were conducted on spent vanadium catalysts and fluid catalytic cracking
(FCC) catalysts. Chemical analyses showed that these materials consist of a matrix rich in SiO2 and
Al,Os, while also containing valuable metals such as vanadium, lanthanum, and cerium. Bioleaching
experiments were carried out at 35°C under low pH conditions, and the solid-to-liquid ratio was
identified as a key parameter affecting metal recovery efficiency. In the post-leaching purification
stage, iron was precipitated through pH adjustment, followed by the establishment of suitable solution
conditions for vanadium recovery. Among rare earth elements, cerium was found to have a significant
advantage due to its stability in the +4 oxidation state, enabling selective precipitation and separation
via solvent extraction. Techno-economic analyses support the feasibility of the proposed
biohydrometallurgical processes. For vanadium recovery, an investment of approximately 2.25
million USD with a payback period of 3.8 years was estimated, while for lanthanum and cerium
recovery, the payback period was reduced to 2.2 years.

In conclusion, bioleaching-based approaches offer a promising alternative for critical metal
recovery due to their low environmental impact, selectivity, and economic feasibility. The utilization
of secondary resources such as spent catalysts contributes both to resource security and to the

advancement of circular economy goals.
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Kritik Metal Olarak Lityum: Birincil Kaynaklardan Kazanim
Dr. ilker Erkan

Lityum, yeryiiziindeki en hafif kat1 element olup 0,534 g/cm® yogunluguyla 6ne ¢ikmaktadir. En
negatif standart elektrot potansiyeline ve en yiiksek 1s1l kapasiteye sahip olmasi sayesinde batarya
teknolojilerinde vazgecilmez bir konumdadir (160 Wh/kg ve 400 Wh/L'nin iizerinde enerji
yogunlugu). AB tarafindan "kritik hammadde" olarak siniflandirilan lityum, yiiksek ekonomik degeri
ve tedarik riski nedeniyle stratejik 6nem tasimaktadir. Tiirkiyenin geleneksel lityum rezervleri
acgisindan zayif olmasina karsin, bor rezervlerinin yanindaki killerde 2.000 ppm'e kadar lityum
bulundugu vurgulanmaktadir. Kapali havza tuzlalarindaki hipersalin sular, 6zellikle Atacama'da 1.500
ppm'e ulasan lityum konsantrasyonuyla diinyanin en zengin salamura kaynagini olusturmaktadir. Sili,
Arjantin ve Bolivya'dan olusan "Lityum Uggeni" diinya havza tuzla rezervlerinin %358'"ini
barindirmaktadir. Lityum; kapali havza tuzlalari, pegmatit cevherler ve sedimanter killer olmak iizere
3 tip birincil kaynaktan elde edilebilmektedir.

Kapali havza tuzlalarinda geleneksel yontem olan gilines enerjisiyle buharlastirma 12-24 aylik bir
siire gerektirmekte; yiiksek su tiiketimi ve cografi kisitlamalar temel dezavantaj olusturmaktadir.
Dogrudan Lityum Cikarimi (DLE) teknolojileri ise iyon degisimi, solvent ekstraksiyonu ve
membran/elektrodiyaliz yontemleriyle %80-95 geri kazanim orani ve saatler iginde islem siiresi vaat
etmektedir. Pegmatit cevherleri (6zellikle spodiimen) ~7.000 ppm ile en yiiksek tenorlii lityum
kaynagini temsil etmekte ve kiiresel arzin yaklasik %40'm1 karsilamaktadir. Avustralya bu {iretimin
~%50'sini iistlenmekte; Greenbushes ve Pilgangoora madenleri one ¢ikan projeler arasindadir.
Islemede kritik adim, a-spodiimenin 1.050°C'de kalsinasyonla B-spodiimene déniistiiriilmesidir. Bu
doniisiim olmaksizin asit ligiyle lityum ¢ikarilamamaktadir ve toplam igleme enerjisinin %30—40'n1
tek basina bu adim tliketmektedir. Bu asamadan sonra Li,COs, siilfat yontemi ile, LiOH ise alkali
yontem ile elde edilmektedir. Yiiksek enerji tiiketimi (1 ton konsantre igin 25-30 GJ), yiiksek sermaye
maliyeti (500 milyon-2 milyar $) ve madencilik ayak izi baslica zorluklar arasindadir.

Sedimanter killerden olan; hektorit ve illit gibi kil minerallerinde ve jadarit gibi borosilikat
minerallerinde lityum 1.000—4.000 ppm araliinda bulunmaktadir. Thacker Pass (ABD), Sonora
(Meksika) ve Jadar (Sirbistan) en 6nemli projelerdir. Asit ligi (H2SO4) baskin ekstraksiyon yontemi
olmakla birlikte, Mg*/Li* ayrimimnin giigliigii, yiiksek su tiiketimi ve atik yonetimi temel teknik ve
cevresel engeller olarak belirtilmektedir. Kil kaynaklar1 heniiz ticari Olgekte yaygilagmamis;

"gelecegin sinir kaynagi1" olarak konumlandirilmaktadir.
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Lithium as a Critical Metal: Extraction from Primary Sources
Dr. ilker Erkan

Lithium is the lightest solid element on Earth, standing out with a density of 0.534 g/cm?. Thanks
to its most negative standard electrode potential and highest specific heat capacity, it holds an
indispensable position in battery technologies (with an energy density of over 160 Wh/kg and 400
WHh/L). Classified as a "critical raw material" by the EU, lithium holds strategic importance due to its
high economic value and supply risk. Although Tiirkiye is weak in terms of traditional lithium
reserves, it is emphasized that lithium can be found in clays next to boron reserves, up to 2,000 ppm.
The hypersaline waters in closed basin salt flats, especially in Atacama, with lithium concentrations
reaching 1,500 ppm, constitute the richest brine source in the world. The "Lithium Triangle,"
consisting of Chile, Argentina, and Bolivia, contains 58% of the world's salt flat reserves. Lithium can
be obtained from three types of primary sources: closed basin salt flats, pegmatite ores, and
sedimentary clays.

In closed-basin salt flats, the traditional method of solar evaporation requires a period of 12-24
months; high water consumption and geographical constraints are the main disadvantages. Direct
Lithium Extraction (DLE) technologies, on the other hand, promise an 80-95% recovery rate and
processing times within hours using ion exchange, solvent extraction, and membrane/electrodialysis
methods. Pegmatite ores (especially spodumene) represent the highest-grade lithium source with
~7,000 ppm and account for approximately 40% of the global supply. Australia accounts for
approximately 50% of this production; the Greenbushes and Pilgangoora mines are among the
prominent projects. The critical step in the process is the conversion of a-spodumene to -spodumene
through calcination at 1,050°C. Without this transformation, lithium cannot be extracted through acid
leaching, and this step alone consumes 30-40% of the total processing energy. After this stage, Li.CO;
is obtained using the sulfate method, while LiOH is obtained using the alkaline method. High energy
consumption (25-30 GJ for 1 ton of concentrate), high capital cost ($500 million-2 billion), and mining
footprint are among the main challenges.

In sedimentary clays, lithium is found in the range of 1,000—4,000 ppm in clay minerals such as
hectorite and illite, and in borosilicate minerals such as jadarite. Thacker Pass (USA), Sonora
(Mexico), and Jadar (Serbia) are the most important projects. Although acid leaching (H2SQs) is the
dominant extraction method, the difficulty of separating Mg?"/Li", high water consumption, and waste
management are cited as the main technical and environmental barriers. Clay resources have not yet

become widespread on a commercial scale; they are positioned as the "future frontier resource."
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Boksit ve lligskili Cevherlerden Nadir Toprak Elementlerinin Geri Kazamim I¢in Yeni ve
Siirdiiriilebilir Bir Proses

Dr. Turan Uysal

Diinya genelinde NTE madenciligi, birincil (6rn. karbonatitler) ve ikincil jeolojik (6rn. killer,
boksitler) kaynaklar {izerinde yiiriitiilmektedir. Birincil jeolojik kaynaklarda fiziksel ve kimyasal
zenginlestirme prosesleri nispeten zor ve maliyetli iken, ikincil jeolojik kaynaklarin yiiksek rezervlere
sahip olmalari, igletme maliyetleri ve radyoaktif element igeriklerinin diisiikk olmasi gibi iistiinliiklere
sahiptir. Bu avantajlar ikincil jeolojik kaynaklara olduk¢a onemli bir deger kazandirmaktadir. Bu
ylizden bu kaynaklardan siirdiirtilebilir ve ¢evreci NTE {iretim teknolojisinin gelistirilmesine iliskin
kapsamli aragtirma yapilmasi gerekmektedir.

Elektrikli ve hibrit araglarin en kritik parcast olan motorlarinda NdFeB ve savunma sanayinde ise
SmCo kalici1 miknatislar1 kullanilmaktadir. Gelecekte olabilecek arz kesintisi nedeniyle ekonomik ve
ulusal giivenlik agisindan bu hammaddeler oldukga kritik bir neme sahiptirler. Bu yiizden diinyada
NTE iiretimi adma biiyiik ¢apta yogun projeler yiiriitiilmektedir. Ulkemizin de tedarik sorununun
giderilmesi, rekabet giicliniin saglanmas1 adina Eskisehir-Beylikova yatagina alternatif olabilecek
agir-NTE icerigi yiiksek kaynagimizin olmasi olduk¢a dnemlidir. Ulkemizde NTE’ce zengin killer,
lateritler, boksit ve iliskili cevherler gibi potansiyel kaynaklarin tespiti calismalarina hiz verilmelidir.
NTE arama ve zenginlestirme siireclerinde, i¢inde bulundugumuz medeniyet cografyasinda aktif rol
alimmasi biiyiik 6nem tasimaktadir. Bu baglamda, 6zellikle teknoloji transferi alaninda Endonezya ile
yiirttiilecek is birliklerinin giiglendirilmesi, ikili iligkilerin gelistirilmesi agisindan stratejik bir 6ncelik
olarak one ¢ikmaktadir. Sonug olarak ekonomik dneme sahip NTE’ce zengin kil, boksit ve iligkili
cevher yataklarinin tespiti, liretim teknolojisinin gelistirilmesi ¢aligmalarinin yapilmasi olduk¢a 6nem

arz etmektedir.
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Novel Sustainable Process for the Recovery of Rare Earth Elements from Bauxite and Related
Ores
Dr. Turan Uysal

Rare earth element (REE) mining worldwide is conducted on both primary (e.g., carbonatites) and
secondary geological resources (e.g., clays and bauxites). While physical and chemical beneficiation
processes for primary geological resources are relatively difficult and costly, secondary geological
resources offer significant advantages, including large reserves, lower operating costs, and lower
concentrations of radioactive elements. These advantages provide substantial value to secondary
geological resources. Therefore, comprehensive research is required for the development of
sustainable and environmentally friendly REE production technologies from these resources.

NdFeB permanent magnets are used in the motors of electric and hybrid vehicles, which represent
one of the most critical components of these systems, whereas SmCo permanent magnets are widely
utilized in defense industry applications. Due to the potential risk of future supply disruptions, these
raw materials are of critical importance in terms of both economic sustainability and national security.
Consequently, extensive large-scale projects on REE production are being conducted worldwide. In
order to overcome supply-related challenges and maintain competitiveness, it is of great importance
for Tiirkiye to possess alternative resources with high heavy-REE content in addition to the Eskigehir-
Beylikova Rare Earth Elements Deposit. Efforts aimed at identifying potential REE-rich resources in
Tiirkiye, such as clays, laterites, bauxites, and associated ores, should therefore be accelerated.

It is also of considerable importance to take an active role in the exploration and beneficiation
processes of REEs within the broader geographical sphere of our civilization. In this context,
strengthening collaborations with Indonesia, particularly in the field of technology transfer, emerges
as a strategic priority for the enhancement of bilateral relations. In conclusion, the identification of
economically significant REE-rich clay, bauxite, and associated ore deposits, as well as the

development of production technologies for these resources, is of critical importance.

38



Kritik Metallerin ve NTE’lerin Birincil ve Ikincil Kaynaklardan Geri Kazanimi Calistay1 (14-15 Nisan 2026

199 oS 5@
maff;ﬂ;‘may e
(Es*

-

A ‘ 4;'/\"

1 4
{ /] Py
ey X

L) N i :
— the defensé industry

. pproxima

o5 and
e o industry. 3PP

in el :
ﬁ:;gz:mc vehicies. I the defens

:i ' /A ""' »’. y

:

| Roadmaps and Future Strategies

» Earth .
for Recovery of Rare Eart - — . ‘!

lecnanochemical Synthesis: ey |

o (ot Vo rser sy
P

Mechamcatl activation of pyrophyil

ctraction Dy ac:dic leaching
ction of rare earth elements and a-alumin
ching solution cbtained

m Turkish bawuate-red

irs thank the TUBITAK3501 and or financially supportin

Teri

39



Kritik Metallerin ve NTE’lerin Birincil ve Ikincil Kaynaklardan Geri Kazanimi Calistay1 (14-15 Nisan 2026

Nadir Toprak Elementi i¢eren Siiperiletkenlerin Manyetik Ozellikleri ve Histerezis Egrilerinin
Analizi

Dr. ibrahim Diizgiin

Nadir toprak elementleri (NTE), stratejik 6neme sahip kritik malzemeler olmanin 6tesinde,
stiperiletken seramiklerde yapisal ve manyetik 6zellikleri dogrudan sekillendiren giicli islevsel
degistiricilerdir. NTE iyonlari, sahip olduklar1 4f elektron konfigiirasyonlar1 sayesinde biiyiik
manyetik momentler, gii¢lii anizotropi etkileri ve yerel kristal ortamini modifiye etme yetenegi saglar.
Bu elementler pasif katki maddeleri degil, islevsel davranisin aktif degistiricileridir.

Bu calismada, YBCO ve BSCCO yiiksek sicaklik siiperiletken ailelerinde gergeklestirilen
sistematik NTE katkilama g¢aligmalarinin manyetik davranis tizerindeki etkileri, histerezis egrisi
analizi perspektifinden degerlendirilmektedir. Tip-II siiperiletkenlerde miknatislanma histerezis
dongiisti (M-H egrisi), malzemenin aki tutturma giicii, geri doniislimsiiz miknatislanma davranisi ve
kritik akim yogunlugu hakkinda kapsamli bilgi sunar. Bir histerezis egrisi, girdap dinamiklerinin ve
performansin parmak izidir. Dongii genisligi kritik akim yogunluguyla (Jc) dogrudan orantilidir ve
Bean kritik durum modeli gergevesinde kantitatif J¢ degerleri elde edilebilir.

Calismada ii¢ deneysel vaka incelenmistir. ilk olarak, YosREosBa,Cu;Oy (RE = Lu, Yb, Dy)
bilesimlerinin karsilagtirmali analizi, liitesyum ikamesinin 77 K'nin altinda en yiiksek kritik akim
yogunlugunu sagladigini ve tane boyutunu artirdigini ortaya koymustur; ayni ana yapida bile farkli
NTE'lerin farkl1 sonuglar iirettigi gosterilmistir. Ikinci olarak, Dy katkili YBCO ile Er katkili BSCCO
sistemleri karsilastirilmistir. Disprosyum, YBCO'da yiiksek manyetik alanlarda kiitle kritik akim
yogunlugunu artirirken paramanyetik katkilar da ortaya ¢ikarmistir. Buna karsin, BSCCO sisteminde
kalsiyum yerine erbiyum ikamesi, stokiyometrik olarak uygun goriinmesine ragmen faz kararliligin
bozmus ve Jc'yi yaklasik %14 diistirmiistiir. Kdgit iizerinde umut verici olmak, pratikte basarili olmak
anlamina gelmez. Ugiincii olarak, Ho ikameli Y358 seramiklerinde 1limli ikamenin (x = 1,5) referans
histerezis alanimin ~%93'"inii korudugu, tam ikamenin ise %67 oraninda azalttig1 belirlenmis; yar
ikameli numunenin ayni1 zamanda en iyi radyasyon kalkanlamasi performansini gostermesi, gok islevli
malzeme potansiyelini ortaya koymustur.

Sonuglar agikca gostermektedir ki NTE ikamesi bir ayar stratejisidir, garantili bir iyilestirme
degildir. Etki; iyonik yarigap uyumlulugu, 6rgii bozulmasi, tasiyici dengesi, tane baglanirlig: ve ikincil
faz olusumu gibi birbiriyle rekabet eden faktorlere baglidir. Bir histerezis egrisi salt bir manyetik
grafik degil, tutturma ve islevsel performansin kompakt bir parmak izidir. Bu nedenle, NTE'lerin
gelecekteki kullanim ve geri kazanim stratejilerinin degerlendirilmesinde manyetik karakterizasyon

temel bir arag olarak 6ne ¢ikmaktadir.
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Magnetic Properties of Rare-Earth-Containing Superconductors and Analysis of Hysteresis
Curves

Dr. ibrahim Diizgiin

Rare earth elements (REEs) are far more than strategically important critical materials; they are

powerful functional modifiers that directly shape the structural and magnetic properties of
superconducting ceramics. Owing to their 4f electron configurations, REE ions provide large magnetic
moments, strong anisotropy effects, and the ability to modify the local crystal environment. These
elements are not passive additives, they are active modifiers of functional behavior.
This study evaluates the effects of systematic REE doping on the magnetic behavior of YBCO and
BSCCO high-temperature superconductor families from the perspective of hysteresis curve analysis.
In type-II superconductors, the magnetization hysteresis loop (M—H curve) provides comprehensive
information on flux pinning strength, irreversible magnetization behavior, and critical current density.
A hysteresis curve is a fingerprint of vortex dynamics and performance. The loop width is directly
proportional to the critical current density (J¢), and quantitative J¢ values can be extracted within the
Bean critical-state model framework.

Three experimental case studies are examined. First, a comparative analysis of Yo sREqsBa>CuzOy
(RE =Lu, Yb, Dy) compositions revealed that lutetium substitution yielded the highest critical current
density below 77 K and increased grain size; even within the same host structure, different REEs
produce distinctly different outcomes. Second, Dy-doped YBCO and Er-doped BSCCO systems were
contrasted. Dysprosium enhanced the bulk critical current density at high magnetic fields in YBCO
while also introducing paramagnetic contributions. In contrast, erbium substitution for calcium in
BSCCO, although stoichiometrically plausible, disrupted phase stability and led to approximately 14%
lower Jc compared to the undoped sample. Promising on paper does not equal successful in practice.
Third, in Ho-substituted Y358 ceramics, moderate substitution (x = 1.5) preserved approximately 93%
of the reference hysteresis area, whereas full substitution (x = 3) reduced it by 67%. The fact that the
half-substituted specimen simultaneously exhibited the best radiation shielding performance
demonstrates the multifunctional potential of these materials.

The results clearly demonstrate that REE substitution is a tuning strategy, not a guaranteed
improvement. The outcome depends on competing factors such as ionic radius compatibility, lattice
distortion, carrier balance, grain connectivity, and secondary phase formation. 4 hysteresis curve is
not just a magnetic graph; it is a compact fingerprint of pinning and functional performance.
Therefore, magnetic characterization stands out as an essential tool for evaluating future REE

utilization and recovery strategies.

41



Kritik Metallerin ve NTE’lerin Birincil ve Ikincil Kaynaklardan Geri Kazanimi Calistay1 (14-15 Nisan 2026

42



Kritik Metallerin ve NTE’lerin Birincil ve Ikincil Kaynaklardan Geri Kazanimi Calistay1 (14-15 Nisan 2026

Atik Lityum-Iyon Pillerinden Kritik Metallerin Geri Kazamim: Sehir Madenciliginin Yeni
Cevheri
Prof. Dr. Ersin Yener Yazici

Kiiresel enerji sisteminin karbonsuzlastirilmast ve 2050 iklim hedeflerine ulagilmasi amaciyla
riizgar tiirbinleri, giines panelleri ve elektrikli araglar gibi yenilenebilir enerji teknolojilerinin iiretimi
icin yaklagik {i¢c milyar ton mineral ve metale ihtiya¢ duyulacagi 6ngoriilmektedir. Bu durum; lityum,
kobalt, nikel, mangan ve bakir gibi kritik metallere olan talebi Onemli Ol¢iide artirmaktadir.
Gilinimiizde Tirkiye dahil olmak iizere bircok biiyiikk sanayi ekonomisi, bu elementleri
“Kritik/Stratejik Mineraller ve Hammaddeler” olarak siniflandirmaktadir. Tiirkiye nin 2025 y1l1 kritik
hammaddeler listesi de T.C. Enerji ve Tabii Kaynaklar Bakanlig tarafindan yayimlanmistir. Birincil
kaynaklardan yapilan madencilik faaliyetleri bu talebin bir kismimi karsilayabilse de cevher
tenodrlerinin diigmesi, enerji maliyetlerinin artmas1 ve rezervler ile rafinasyon kapasitesinin belirli
bolgelerde yogunlagmasi tedarik risklerini artirmaktadir. Bu nedenle geri doniisiim faaliyetleri stratejik
onem kazanmustir. Yapilan projeksiyonlara gore geri doniisiim sayesinde 2040 yilina kadar Cu, Li, Ni
ve Co igin birincil kaynak talebinin yaklasik %10 oraninda azaltilmasi miimkiin olabilecektir. Bu
durum yalnizca kobalt i¢in planlanan yaklasik kirk yeni madencilik projesinin gerekliligini ortadan
kaldirabilecek diizeydedir.

Elektrikli araglarm temel bileseni olan lityum-iyon piller (LIB), Li, Ni, Mn, Co, Cu ve grafit gibi
kritik hammaddelerin en yogun kullanildig1 sistemlerden biridir. Bu nedenle kullanim Omriinii
tamamlamis LIB’ler 6nemli bir ikincil kaynak olarak degerlendirilmektedir. Elektrikli arag
bataryalarinin ilk neslinin 2030°1u yillarda kullanim émriinii tamamlamasiyla birlikte dnemli bir atik
yoOnetimi problemi ortaya ¢ikacaktir. 2040 yili itibariyla geri donilisiim tesislerine gelen besleme
materyalinin %83 liniin tiiketici sonras1 bataryalardan olusacagi dngdriilmektedir.

LIB geri doniigiimiinde dogrudan geri doniisiim, pirometalurjik ve hidrometalurjik yontemler
kullanilmaktadir. Pirometalurjik prosesler yiiksek enerji tiketimi ve lityum ile grafitin geri
kazanimindaki sinirliliklart nedeniyle dezavantajlidir. Buna karsilik hidrometalurjik prosesler, tiim
metallerin ve grafitin yiiksek verimle geri kazanilmasina olanak saglamaktadir. Son yillarda ¢evresel
etkilerin azaltilmasi amaciyla organik asitler, biyolic ve derin o6tektik ¢ozlciiler gibi alternatif
yaklagimlar one g¢ikmaktadir. Bununla birlikte, laboratuvar 6l¢eginden endiistriyel Olcege gegis
dogrusal bir siire¢ degildir ve teknik agidan basarili prosesler dahi giivenilir besleme zinciri olmadan
ticari basarisizlik yasayabilmektedir. Bati’daki bazi geri doniisiim sirketlerinin iflaslar1 bunun 6nemli
ornekleridir. Buna karsilik Cin; yiiksek geri doniisiim kapasitesi, gli¢lii rafinasyon altyapisi, devlet
destegi ve liretim atiklarina dogrudan erisimi sayesinde kiiresel 6lgekte lider konumdadir. Bu nedenle
rekabet¢i ve siirdiiriilebilir bir LIB geri doniisiim endiistrisinin olusturulabilmesi igin teknik,

ekonomik, ¢evresel ve lojistik boyutlar1 kapsayan biitiinciil stratejilerin gelistirilmesi gerekmektedir.
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Recovery of Critical Metals from Waste Lithium-Ion Batteries: The New Ore of Urban Mining
Prof. Dr. Ersin Yener Yazici

Around three billion tonnes of minerals and metals will be required to produce renewable energy
technologies (e.g., wind turbines and solar panels) and electric vehicles (EVs) in order to decarbonise
the global energy system and meet the 2050 climate targets. This will substantially increase the
demand for lithium, cobalt, nickel, manganese, copper and other metals. Nearly every major industrial
economy now classifies these elements/minerals as “Critical/Strategic Mineral/Metals/Raw Materials
(CRM/SRM)” including Tiirkiye in its 2025 list which was published by the Turkish Ministry of
Energy and Natural Resources. Although mining from primary resources can supply part of this
demand, declining ore grades, increasing energy costs and the geographical concentration of both
reserves and refining capacity leave users exposed to supply risk. Consequently, recycling activities
have become vital as they could reduce primary demand for Cu, Li, Ni, and Co by around 10% by
2040 which would be enough to eliminate forty new mining projects from the cobalt pipeline alone.

Lithium-ion batteries (LIBs), the core component of EVs, are the largest consumers of CRM/SRM
(e.g., Li, Ni, Mn, Co, Cu, graphite) and therefore one of the richest secondary sources of these raw
materials. As the first generation of EV batteries reaches the end of their life through the 2030s, end-
of-life (EoL) LIBs will present a waste management problem. By 2040, post-consumer batteries are
expected to account for 83% of recyclers’ feedstock rather than production scrap from cell
manufacturing. The full LIB value chain is projected to exceed 400 billion USD globally by 2030 with
the recycling sector accounting for 3% of this figure.

The recycling of CRM/SRM in EoL LIBs can be achieved through direct recycling,
pyrometallurgical and hydrometallurgical processes although direct recycling is still at a low TRL.
Pyrometallurgical processes are energy-intensive and have technical shortcomings in recovering
lithium and graphite. Hydrometallurgical processes, by contrast, offer high recovery of all metals as
well as graphite, with high flexibility and lower costs. Attention is now shifting towards the use of
organic acids, bioleaching and deep eutectic solvents in hydrometallurgical processes, mainly due to
the high environmental footprint of inorganic acid-based systems and the growing pressure to reduce
process carbon intensity. However, scaling up a hydrometallurgical flow sheet from laboratory/pilot
to industrial scale is not linear and even technically sound processes can fail commercially without a
reliable feedstock supply chain. The recent bankruptcies of Western recycling companies demonstrate
that owning the technology does not guarantee its commercial viability. Conversely, China has the
highest global recycling capacity and a reliable ecosystem comprising its top eight recyclers, well-
established policies and a combination of refining infrastructure, state support, lower labour costs and
direct access to manufacturing scrap which Western competitors lack. Therefore, establishing a
resilient and competitive LIB recycling industry requires a comprehensive strategy that encompasses
techno-economic feasibility, environmental soundness, logistics, business models and supportive

policy frameworks in order to build reliable supply chains and sustain recycling businesses.
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Arsenik: Cevresel Bir Riskten Stratejik Bir Kaynaga
Dr. Taha Boyraz

Arsenik, uzun yillar boyunca toksik ozellikleri ve 6zellikle yeralti suyu ile toprak sistemlerinde
neden oldugu cevresel kirlilik nedeniyle metalurjik proseslerin tehlikeli bir yan {iriinii olarak
degerlendirilmistir. Ancak son yillarda bu yaklasim degismeye baslamis ve arsenik, 6zellikle 5G/6G
haberlesme sistemleri, optoelektronik uygulamalar ve savunma sanayinde kullanilan galyum arsenit
(GaAs) tabanli yar iletkenlerdeki kritik rolii nedeniyle stratejik bir hammadde olarak 6nem
kazanmigtir. Arsenikle iliskili gevresel riskler, baglica arsenopirit (FeAsS), realgar (AssS4) ve orpiment
(As2S3) gibi siilfiirlii minerallerde bulunmasindan kaynaklanmaktadir. Madencilik ve mineral isleme
faaliyetleri sirasinda bu minerallerin oksitleyici kosullara maruz kalmasi, asidik maden drenaji (AMD)
olusumuna ve 6zellikle As(IIl) ile As(V) tiirlerindeki toksik arsenik bilesiklerinin mobilizasyonuna
neden olmaktadir. Bu siire¢ genis capli ¢evresel kirlenmeye ve ciddi halk sagligi sorunlaria yol
agmaktadir.

Geleneksel arsenik yonetimi yaklagimlart ¢ogunlukla stabilizasyon ve bertaraf yontemlerine
dayanmakta, genellikle kireg bazli aritma sistemleri kullanilmaktadir. Bu ydntemler arsenik
hareketliligini azaltmada etkili olmakla birlikte yiiksek miktarda ikincil atik olusumuna neden olmakta
ve arsenik geri kazanimini saglamamaktadir. Buna karsilik modern yaklagimlar, arsenigin hem birincil
hem de ikincil kaynaklardan geri kazanilmasi ve katma degerli bir {iriine doniistiiriilmesine
odaklanmaktadir. Pirometalurjik proseslerde arsenik, ergitme tesisi baca gazlarindan arsenik trioksit
(As203) formunda tutulabilmekte; hidrometalurjik yontemlerde ise secici li¢ ve ¢oktiirme teknikleri
kullanilarak bakir, altin ve bor gibi degerli bilesenlerden ayrilabilmektedir.

Bu ¢alisma kapsaminda, bor iceren asidik ¢ozeltilerden siilfiirlii ¢oktiirme yontemi ile arsenigin
secici geri kazanimi incelenmistir. Proses, endiistriyel borik asit tiretim sistemlerini temsil eden
kosullar altinda tasarlanmistir. Sodyum siilfiir (Na»S) kullanilarak arsenik, ozellikle ii¢ degerlikli
formunda segici olarak c¢oktiiriilmekte ve boylece cozeltiden etkin sekilde ayrilabilmektedir.
Geleneksel kire¢ bazli yontemlerle karsilagtirildiginda bu yaklagim, ikincil atik olusumunu 6nemli
Olciide azaltmakta ve daha ileri saflagtirma iglemleri i¢in arsenik¢e zengin bir ara {iriin olusturmaktadir.

Arsenik geri kazanimi yalnizca ¢evresel iyilestirme agisindan degil, ayn1 zamanda artan arz
risklerinin azaltilmasi bakimindan da 6nem tasimaktadir. Arsenik; iiretiminin sinirli ve cografi olarak
yogunlagmis olmasi, yan iiriin geri kazanimina bagimlilig ve yiiksek jeopolitik hassasiyeti nedeniyle
bircok tilke tarafindan kritik hammadde olarak siniflandirilmaktadir. Bununla birlikte, teorik olarak
yiiksek geri doniislim potansiyeline sahip olmasina ragmen bu potansiyel giliniimiizde yeterince
degerlendirilememektedir. Calisma sonuglari, arsenigin tiir kontrollii ¢oktiirme mekanizmasi
sayesinde asidik kosullar altinda secici olarak uzaklastirilabilecegini ve bu yaklasimin mevcut
endiistriyel proses akimlarina entegre edilebilecegini gostermektedir. Bu yaklagim, ¢evresel koruma
ile kaynak siirdiiriilebilirligini birlikte desteklemekte ve modern metalurjik sistemlerde atik

yonetiminden kaynak geri kazanimina gecisin 6nemini ortaya koymaktadir.
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Arsenic: From an Environmental Risk to a Strategic Resource

Dr. Taha Boyraz

Arsenic has long been regarded as a hazardous by-product of metallurgical processes, primarily
due to its toxicity and its role in environmental contamination, particularly in groundwater and soil
systems. However, this traditional perception has been shifting in recent years. Arsenic iS now
increasingly recognized as a critical raw material due to its indispensable role in advanced
technologies, especially in gallium arsenide (GaAs)-based semiconductors used in 5G/6G
communication systems, optoelectronics, and defense applications.

The environmental risks associated with arsenic are mainly linked to its occurrence in sulfide
minerals such as arsenopyrite (FeAsS), realgar (AssS4), and orpiment (As,S3). Mining and mineral
processing activities expose these minerals to oxidative conditions, leading to the formation of acid
mine drainage (AMD) and the mobilization of toxic arsenic species, primarily As(IIl) and As(V). This
process results in widespread environmental contamination and poses serious public health concerns.

Traditionally, arsenic management strategies have focused on stabilization and disposal, often
through lime-based treatment methods. While effective in reducing mobility, these approaches
generate significant amounts of secondary waste and do not recover arsenic as a usable product. In
contrast, modern approaches emphasize the recovery and valorization of arsenic from both primary
and secondary sources. Pyrometallurgical processes enable arsenic capture as arsenic trioxide (As>03)
from smelter off-gases, while hydrometallurgical methods utilize selective leaching and precipitation
techniques to separate arsenic from valuable components such as copper, gold, and boron.

In this context, the present study focuses on the selective recovery of arsenic from boron-containing
acidic solutions using sulfide precipitation. The process is designed to operate under conditions
representative of industrial boric acid production systems. By applying sodium sulfide (Na,S), arsenic
is selectively precipitated, particularly in its trivalent form, enabling efficient separation from the
solution phase. Compared to conventional lime treatment, this approach significantly reduces
secondary waste generation and produces an arsenic-rich intermediate that can be further refined.

Beyond environmental remediation, arsenic recovery also addresses emerging supply risks.
Arsenic is classified as a critical raw material by several global economies due to its limited and
geographically concentrated production, strong dependence on by-product recovery, and high
geopolitical sensitivity. At the same time, arsenic exhibits a high theoretical recycling potential, which
remains largely underutilized. Therefore, developing efficient recovery strategies from secondary
resources is essential for ensuring sustainable and secure supply chains.

The findings of this study demonstrate that arsenic can be selectively removed under acidic
conditions through speciation-controlled precipitation, with strong potential for integration into
existing industrial flowsheets. This approach supports both environmental protection and resource
sustainability, highlighting the importance of transitioning from waste management to resource

recovery in modern metallurgical systems.
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Altin Isleme Atiklarindan Civa Geri Kazanim
Ars. Gor. Salih Sivircik

Altin madenciliginde civa yonetimi, 6zellikle kontrolsiiz uygulamalarin diinya genelinde ciddi
cevresel riskler olusturdugu kiiciik dlgekli ve zanaatkar tipi altin madenciligi (ASGM) faaliyetlerinde
kritik bir konudur. ASGM faaliyetleri, diinya iizerindeki kasitli civa kirliliginin en biiyiik kaynag:
olarak kabul edilmektedir. Uretilen her 1 kg altin i¢in yaklasik 2,6 kg civa dogrudan atik akimlarma
ve cevreye karismaktadir. Bu proseslerdeki diisiik geri kazanim verimi nedeniyle atik depolama
artiklarinda hélen ekonomik degere sahip metaller bulunmakta, bu nedenle ikincil bir li¢ asamasi
gerekli olmaktadir. S6z konusu atiklara uygulanan geleneksel siyaniir lici, artik civa ile reaksiyona
girerek yiiksek derecede toksik siyaniir-civa kompleksleri olusturmaktadir. Bu kompleksler aym
zamanda cevrede oldukca hareketli yapidadir. Bu durum yalnizca ekolojik riskleri artirmakla
kalmamakta, ayn1 zamanda atik yonetim maliyetlerini de yiikseltmektedir.

Alternatif bir yaklagim olarak glisin bazli li¢ yontemi 6ne ¢ikmaktadir. Glisin, toksik olmayan,
biyolojik olarak pargalanabilen ve ¢cevre dostu bir amino asittir. Altin1 ¢oziindiirlirken siyaniire kiyasla
¢ok daha diisiik ¢evresel etki olugturmaktadir. Ancak burada 6nemli bir sorun ortaya ¢ikmaktadir:
Glisin ligi uygulandiginda ¢ozeltide kalan civa, altin geri kazanim siireglerinde operasyonel
kisitlamalara neden olmaktadir. Coziinmiis Hg?* iyonlari, aktif karbon ve iyon degisim reginelerindeki
aktif baglanma bolgeleri icin altin kompleksleriyle rekabete girmektedir. Bu rekabet adsorpsiyon
kapasitesini diisiirmekte, dolayisiyla altin geri kazanim verimini azaltmakta ve reaktif tiiketimini
artirmaktadir. Bu darbogazin giderilmesi ve civanin sistemden giivenli sekilde uzaklastirilmasi
amaciyla sodyum siilfiir (Na,S) ile kimyasal ¢oktiirme oldukga etkili bir ¢6ziim sunmaktadir. Bu
proses sayesinde ¢ozeltide bulunan yiiksek reaktiflige sahip Hg?* iyonlari, termodinamik agidan son
derece kararli olan ve dogada civanin en stabil formu olarak bilinen sinabar (HgS) formuna
doniistiiriilmektedir. 24°C°de HgS nin ¢oziiniirlik ¢arpimu (Ksp) 2,0x10-5 gibi son derece diisiik bir
degere sahiptir. Ugucu olmayan ve reaksiyona girmeyen bu yapi, civa atiklarmin ¢evresel agidan
giivenli yonetimi ve depolanmasina iliskin Minamata Civa Sozlesmesi kriterlerini karsilamaktadir.
Prosesin endiistriyel uygulanabilirligini artirmak amactyla Merkezi Kompozit Tasarim (CCD)
yontemi kullamlarak optimizasyon calismalar1 gergeklestirilmistir. Istatistiksel modele gore en yiiksek
civa giderim verimi, 35-40°C sicaklik araliginda ve civa miktarina gore stokiyometrik miktarin 40-45
kat1 Na>S kullanilmasi durumunda elde edilmektedir. Bu kosullar altinda altin kompleksleri ¢6zeltide
kalirken, tiim glimiis, bakirin yaklasik yarisi ve civanin %99’u birlikte ¢oktiiriilmektedir. Proses giimiis
agisindan segici olmamakla birlikte, altinin ¢6ziinmiis fazda tutulmasi sayesinde sonraki geri kazanim
asamalarinin safligini ve verimliligini korumaktadir.

XRD ve SEM analizleri ile dogrulanan inert HgS ¢okeltisi, altin isleme tesislerinde civa igeren lig
¢ozeltilerinin yonetimi i¢in Ol¢eklenebilir, entegre ve siirdiiriilebilir bir yaklasim sunmaktadir. Bu
yontem, ¢evresel mevzuata uyumu garanti altina alirken ayn1 zamanda altin geri kazanim verimini

optimize etmektedir.
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Mercury Recovery from Gold Processing Tailings
Ars. Gor. Salih Sivircik

Mercury management in gold mining is a critical issue, especially in artisanal and small-scale gold
mining (ASGM), where uncontrolled practices pose serious environmental risks worldwide. ASGM
activities rank as the largest source of intentional mercury pollution on the planet. For every kilogram
of gold produced, roughly 2.6 kg of mercury ends up directly in waste streams and the environment.
The low recovery efficiency in these processes means that tailings still hold economic value, so a
secondary leaching step becomes necessary. Conventional cyanide leaching applied to these tailings
reacts with residual mercury and forms highly toxic cyano-mercury complexes, which are also highly
mobile in the environment. This not only worsens ecological risks but also drives up waste
management costs.

An alternative is glycine-based leaching. Glycine is a non-toxic, biodegradable, and
environmentally friendly amino acid. It dissolves gold while leaving a much smaller environmental
footprint than cyanide. However, a significant problem arises: when glycine leaching is applied, any
mercury remaining in solution creates operational constraints for gold recovery. Soluble mercury ions
compete with gold complexes for active binding sites on activated carbon and ion-exchange resins.
That competition lowers adsorption capacity, which in turn reduces gold recovery and increases
reagent consumption.

To eliminate this bottleneck and safely remove mercury from the system, chemical precipitation
with sodium sulfide (Na,S) offers a very effective solution. This process converts highly reactive Hg**
ions in solution into cinnabar (HgS), thermodynamically extremely stable and the most stable mercury
form found in nature. At 24°C, HgS has a solubility product (Ksp) as low as 2.0x10"%. This
non-volatile, non-reactive structure meets the criteria of the Minamata Convention for
environmentally sound management and storage of mercury waste.

Optimization studies were performed using a Central Composite Design (CCD) to maximize
industrial applicability of the process. According to the statistical model, the highest mercury removal
efficiency is achieved at 35-40°C, using 40-45 times the stoichiometric amount of Na,S relative to
mercury. Under these conditions, gold complexes stay in solution, while all silver, about half of the
copper, and 99% of mercury precipitate together. The process is not selective for silver, but because it
keeps gold in the soluble phase, it preserves the purity and efficiency of the downstream recovery
steps.

This inert HgS precipitate — confirmed by XRD and SEM analyses — provides a scalable, integrated,
and sustainable framework for managing mercury-bearing leach streams in gold processing plants. It

guarantees environmental compliance while optimizing gold yield.
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Sustainable Mercury
Recovery in ASGM
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SONUC BILDIRGESI

Kritik mineraller ve NTE’lerin, enerji doniisiimii, yenilenebilir enerji teknolojileri, savunma
sanayi, elektronik sistemler, batarya teknolojileri ve yiiksek teknoloji uygulamalar1 agisindan
stratejik 6neme sahip oldugu degerlendirilmistir.

Kiiresel oOlgekte artan kritik hammadde talebinin, siirdiiriilebilir tedarik zincirlerinin
olusturulmasimni zorunlu héle getirdigi, bu kapsamda birincil kaynaklarin yani sira ikincil
kaynaklarin degerlendirilmesinin de biiyiik 6nem tasidig1 vurgulanmistir.

Kirmiz1 ¢amur, ugucu kiil, atik katalizorler, lityum-iyon piller, kullanim 6mriinii tamamlamis
miknatislar ve madencilik atiklar1 gibi endiistriyel atiklarin, NTE ve kritik metaller agisindan
onemli birer ikincil kaynak potansiyeli tasidig1 ortaya konulmustur.

Hidrometalurjik proseslerin, yiiksek geri kazanim verimi, proses esnekligi ve segicilik
avantajlar1 nedeniyle kritik metal geri kazaniminda 6n plana ¢iktig1 degerlendirilmistir.
Geleneksel asit li¢i yontemlerinin yiiksek asit tiikketimi, diisiik segicilik ve ¢evresel etkiler gibi
dezavantajlara sahip oldugu, bu nedenle organik asitler, biyoli¢, iyonik sivilar, derin 6tektik
coziicliler ve diisiik sicaklikli secici prosesler gibi alternatif teknolojilerin 6nem kazandigi
belirtilmistir.

Biyohidrometalurji ve biyolic uygulamalarinin, diisikk cevresel etki, enerji verimliligi ve
stirdiiriilebilir proses gelistirme acisindan umut verici yaklasimlar sundugu degerlendirilmistir.
Fitoremediasyon ve fitomadencilik uygulamalarinin, 6zellikle asidik maden drenaji, agir metal
kirliligi ve NTE igeren sahalarin rehabilitasyonu agisindan dnemli bir potansiyele sahip oldugu
ifade edilmistir.

Kritik metal geri kazanim siireglerinde yalnmizca teknik basarilarin degil, ekonomik
uygulanabilirlik, enerji tiikketimi, karbon ayak izi, lojistik altyap1 ve siirdiiriilebilir iiretim
zincirlerinin de belirleyici unsurlar oldugu vurgulanmastir.

Lityum-iyon pil geri doniigiimiiniin, gelecekte kritik metal arz giivenligi agisindan stratejik bir
sektor haline gelecegi ve bu alanda 6zellikle hidrometalurjik geri doniisiim teknolojilerinin
o6nem kazanacagi degerlendirilmistir.

Nadir toprak miknatislarinin geri doniisiim oranlarinin halen diisiik seviyelerde oldugu, bu
nedenle secici, ekonomik ve yiiksek verimli geri doniisiim teknolojilerinin gelistirilmesine
ihtiya¢ duyuldugu belirtilmistir.

Arsenik gibi geleneksel olarak cevresel risk unsuru olarak degerlendirilen elementlerin, ileri
teknoloji uygulamalarindaki kullanimlar1 nedeniyle stratejik hammaddeler arasinda yer almaya

basladig1 ve bu nedenle geri kazanim odakli yaklagimlarin 6nem kazandigi ifade edilmistir.
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e Tirkiye’nin, NTE, kritik mineraller ve ikincil kaynaklar bakimindan 6énemli bir potansiyele
sahip oldugu, 6zellikle kil, boksit, laterit ve endiistriyel atiklar iizerine arama ve degerlendirme
calismalarinin artirilmasi gerektigi vurgulanmistir.

e Endonezya’nin monazit, ksenotim, iyon adsorpsiyon killeri ve ¢esitli endiistriyel atiklar
bakimindan 6nemli bir potansiyel tagidigi, Tiirkiye-Endonezya is birliklerinin teknoloji transferi
ve ortak arastirma faaliyetleri agisindan stratejik firsatlar sundugu degerlendirilmistir.

e Kritik hammaddeler alaninda uluslararasi akademik ve teknolojik is birliklerinin artirilmasinin,
bilgi paylasimi, pilot Olcekli uygulamalar, insan kaynagi yetistirilmesi ve ortak Ar-Ge
altyapilarinin gelistirilmesi agisindan biiyiik 6nem tasidigi ifade edilmistir.

e Kritik mineraller ve nadir toprak elementleri alaninda siirdiiriilebilir, ¢evreci ve ekonomik
olarak uygulanabilir teknolojilerin gelistirilmesinin; gelecegin enerji, savunma ve yiiksek

teknoloji politikalari agisindan stratejik bir zorunluluk oldugu sonucuna varilmstir.

Tiim katki sunanlara ve katilimcilarimiza tesekkiir ederiz.

Calistay Diizenleme Kurulu
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FINAL DECLARATION

It was assessed that critical minerals and REEs hold strategic importance for the energy
transition, renewable energy technologies, defense industry, electronic systems, battery
technologies, and high-tech applications.

It was emphasized that the increasing global demand for critical raw materials makes the
establishment of sustainable supply chains a necessity, and within this scope, the utilization of
secondary resources alongside primary resources is of great importance.

It was demonstrated that industrial wastes such as red mud, fly ash, waste catalysts, lithium-ion
batteries, end-of-life magnets, and mining wastes carry significant secondary resource potential
in terms of REEs and critical metals.

It was assessed that hydrometallurgical processes come to the forefront in critical metal
recovery due to their advantages of high recovery efficiency, process flexibility, and selectivity.
It was stated that conventional acid leaching methods have disadvantages such as high acid
consumption, low selectivity, and environmental impacts; therefore, alternative technologies
such as organic acids, bioleaching, ionic liquids, deep eutectic solvents, and low-temperature
selective processes are gaining importance.

It was assessed that biohydrometallurgy and bioleaching applications offer promising
approaches in terms of low environmental impact, energy efficiency, and sustainable process
development.

It was expressed that phytoremediation and phytomining applications have significant potential,
especially for the rehabilitation of acid mine drainage, heavy metal pollution, and sites
containing REEs.

It was emphasized that not only technical achievements but also economic feasibility, energy
consumption, carbon footprint, logistics infrastructure, and sustainable production chains are
decisive elements in critical metal recovery processes.

It was assessed that lithium-ion battery recycling will become a strategic sector for critical metal
supply security in the future, and especially hydrometallurgical recycling technologies will gain
importance in this field.

It was stated that the recycling rates of rare earth magnets are still at low levels; therefore, there
is a need to develop selective, economic, and high-efficiency recycling technologies.

It was expressed that elements conventionally evaluated as environmental risk factors, such as
arsenic, have begun to take place among strategic raw materials due to their use in advanced
technology applications, and for this reason, recovery-oriented approaches are gaining

importance.
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o [t was emphasized that Tiirkiye has a significant potential in terms of REESs, critical minerals,
and secondary resources, and exploration and evaluation studies should be increased, especially
on clay, bauxite, laterite, and industrial wastes.

o It was assessed that Indonesia carries significant potential in terms of monazite, xenotime, ion-
adsorption clays, and various industrial wastes, and Tiirkiye-Indonesia collaborations offer
strategic opportunities for technology transfer and joint research activities.

o It was expressed that increasing international academic and technological collaborations in the
field of critical raw materials is of great importance for knowledge sharing, pilot-scale
applications, human resource training, and the development of joint R&D infrastructures.

e It was concluded that developing sustainable, environmentally friendly, and economically
feasible technologies in the field of critical minerals and rare earth elements is a strategic

necessity for future energy, defense, and high-tech policies.

Thank you to all contributors and participants.

Workshop Organizing Committee
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