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RECYCLING OF In2O3 FROM WASTE LCD PANELS & PROCESS DESIGN 

SUMMARY 

Indium’s scarcity and increasing usage rate classifies it as a critical metal. As indium 

mines are depleted, recycling offers an alternative indium resource worldwide. 

Indium is used for various fields worldwide while electronics applications hold the 

biggest percentage. Specifically, optoelectronic applications are the most indium-

consuming field. Our study aims to recycle In2O3 from scrap LCD and produce In2O3 

particles by using different process routes. 

Indium based transparent conductive oxides (TCOs) offer higher transparency to 

visible light than their counterparts while having low electrical resistance. These 

properties enable In2O3 to be used on applications that require TCOs. While In2O3 

thin films themselves can be used as TCOs, additions like zinc and tin help lower 

cost and improve properties. SnO2 addition is used for the most popular TCO on 

consumer products, Indium – Tin Oxide (ITO). Liquid crystal displays (LCD) are 

one of the devices that require a TCO, where TCO operates as an electrode. In LCD 

technology, electrodes (TCOs) are necessary to apply a voltage difference to liquid 

crystal and ITO is the most widely used TCO for LCD based screens. While LED 

screens are more dominant nowadays, this technology also depends on liquid crystals 

and uses TCOs, only difference being utilizing different backlight source.  

Display devices and other usage areas increase worldwide indium consumption. As 

consumption increases annually, mine capacities soon will not be able to match 

demand. This situation pushes researchers to study on different approaches to recycle 

indium from various sources. LCDs contain indium in the form of ITO thin films, 

which is found on smartphones, tablets, laptops, desktop monitors and televisions. 

These are commercial devices and have an average life cycle of 4-5 years or even 

shorter. After they complete their life cycles, they are collected as e-waste or waste 

electronic and electric equipment (WEEE). WEEEs are usually dismantled to reveal 

different parts like batteries, printed circuits, displays, magnets etc. Most parts of 

WEEE are recycled as they usually contain valuable elements. Therefore, indium-

recycling methods can be included to existing e-waste recycling streams with ease as 

LCDs are already dismantled from their devices. 

In this study, we aimed to extract indium from End-of-life LCD glasses by leaching, 

cleaning the solution of impurities with solvent extraction and produce high-quality 

In2O3 particles by Ultrasonic Spray Pyrolysis (USP) method. LCD panels were 

obtained dismantled from their respective plastic housings and printed circuits. LCDs 

were split into front and back panels to expose ITO layers, which were in contact 

with liquid crystal sandwiched between front and back panels. Appropriate sizes 

were measured; glass was cut and weighed according to leach parameters. 

Leaching experiments involved multiple sections. First section utilized different 

acids (H2SO4 and HNO3) and same solid to liquid ratio (1:10). Aim was to test how 

indium and impurity concentration would change if solid weights were increased 
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while maintaining solid to liquid ratio. The results showed that increased solid 

amount still yielded high indium concentration. Next two sections of leaching studies 

were done to increase the indium concentration in leach solutions while maintaining 

volume. H2SO4 and HNO3 with 1:10 solid to liquid ratio were used again. They were 

performed with multi-step approach (10 total steps), where same acid solutions were 

utilized to increase indium ion concentration remarkably. Leaching started with 1M 

H2SO4 and HNO3 separately; with each subsequent step leached solids were removed 

and a new set of solid (LCD pieces) was put into liquid (H2SO4 or HNO3, the acid 

solution from previous step). This resulted in a substantially higher concentration of 

indium compared to single step leaching, while maintaining volume. Last section of 

leach involved 1M H2SO4 as liquid media, 1:10 solid to liquid ratio and a custom 

tank design to maximize ITO – liquid interaction while minimizing liquid volume. 

Single piece, larger LCD glasses were used. This section also utilized the same 

multi-step approach as previous leachs. As a result, a high indium containing and 

relatively high volume solution was obtained.  

Afterwards, a model solution for multi-step leachate was prepared to conduct 

synthetic solvent extraction experiments for parameter optimization. D2EHPA 

diluted in kerosene was used for extraction; D2EHPA concentrations, shaking 

durations and O/A ratios were tested. 1M HCl was used to strip loaded D2EHPA 

solutions; shaking times and O/A ratios were tested. We determined optimized 

parameters from synthetic solution experiments and used them on high volume 

multi-step leachate. This leach solution was treated by parameter-optimized solvent 

extraction process to extract indium out and obtain indium-rich solutions for In2O3 

production. 

Ultrasonic spray pyrolysis method is capable of producing particles with small, 

spherical size and homogeneous distribution. As commercial In2O3 particles are 

required to have good sinterability, USP was chosen as particle production method. 

Another reason was that USP requires a liquid solution as starting material and our 

planned solvent extraction experiments would yield indium-rich solutions. Our USP 

experiments included In2O3 production from synthetic nitrate salts with varying 

temperatures. 
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ATIK LCD PANELLERİNDEN In2O3 GERİ DÖNÜŞÜMÜ VE PROSES 

TASARIMI 

ÖZET 

İndiyumun az bulunurluğu ve artan kullanım oranı bu metalin kritik metal olarak 

sınıflandırılmasına sebep olmuştur. Geri dönüşüm, tükenen indiyum madenlerine 

karşılık olarak alternatif bir indiyum kaynağı olarak önerilmektedir. İndiyumun 

Dünya çapında birçok kullanım alanı bulunmak ile birlikte, elektronik uygulamaları 

bu uygulamalar arasından en büyük payı kapsamaktadır. Daha spesifik olarak, 

optoelektronik uygulamaları en fazla indiyum tüketen sektör olarak öne çıkmaktadır. 

Çalışmamız amacı, atık Sıvı Kristal Ekranlar’dan (Liquid Crystal Display-LCD) 

In2O3 geri dönüşümü ve In2O3 partiküllerinin üretimidir. 

İndiyum-bazlı saydam iletken oksitler (transparent conductive oxides-TCO), diğer 

TCO’lara kıyasla daha düşük elektriksel direnç ve görünür ışığa daha yüksek 

transparanlık gösterirler. Söz edilen bu özellikler, In2O3’in TCO gerektiren 

uygulamalarda kullanılmasını mümkün kılmaktadır. In2O3 ince filmleri tek başlarına 

TCO olarak kullanılabilirken, çinko ve kalay gibi eklentiler maliyetin düşmesini ve 

özelliklerin iyileşmesini sağlamaktadır. SnO2 eklentili İndiyum-Kalay Oksit (Indium-

Tin Oxide-ITO), TCO kullanan ticari ürünlerde en çok tercih edilen ince film 

kaplama olarak öne çıkmaktadır. TCO’ya ihtiyaç duyan en popüler ticari ürünlerden 

bir tanesi LCD’dir. ITO ince filmler, LCD’nin yapısını oluşturan camların 

yüzeylerine kaplanarak elektrot olarak kullanılmaktadırlar. LCD teknolojisinin 

temelini oluşturan sıvı kristallerin görevlerini yerine getirebilmeleri için voltaj farkı 

uygulanmasına ihtiyaçları vardır. Bu görev, camlara ince film şeklinde kaplanan, iki 

tane ITO elektrotu tarafından gerçekleştirilmektedir. ITO, LCD cihazları için 

dünyada en çok kullanılan TCO çeşididir. Günümüzde, LCD yerine, “LED Ekran” 

isimli görüntü sistemi kullanan cihazlar daha popülerdir. Bu hususta dikkat edilmesi 

gereken nokta, “LED Ekran”ın ticari bir isim olmasıdır. En büyük fark arka ışık 

kaynağı olarak LED’lerin kullanılmasıdır. LED cihazlarda da aynı sıvı kristal temelli 

teknoloji ve dolayısı ile TCO bulunmaktadır. 

İndiyumun dünya üzerindeki tüketimi ekranlar ve diğer indiyum kullanan 

teknolojiler ile birlikte sürekli artış göstermektedir. Yıllık tüketimin istikrarlı artışı 

sebebi ile madenlerden yapılan birincil üretimin arza cevap veremeyecek hale 

geleceği öngörülmektedir. Bu durum, bilim adamlarını çeşitli kaynaklardan indiyum 

geri dönüştürülebilecek farklı yaklaşımlar üzerinde çalışmaya teşvik etmiştir. 

İndiyum LCD’lerin bünyesinde ITO ince film şeklinde bulunmaktadır. LCD’ler ise 

akıllı telefonlar, tabletler, dizüstü bilgisayar, masaüstü monitörleri ve televizyonlar 

gibi cihazlarda kullanılmaktadır. Bunlar ticari ekipmanlardır ve çoğunun ortalama 

kullanım ömürleri 4-5 yıl veya daha kısadır. Kullanım ömürlerini tamamladıktan 

sonra e-atık veya atık elektronik ve elektrik cihaz (waste electronic and electric 

equipment-WEEE) olarak toplanmaktadırlar. WEEE’lerin çoğu; piller, baskılı 

devreler, ekranlar, mıknatıslar gibi farklı bileşenleri açığa çıkarma amacı ile 
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sökülürler. WEEE’lerin çoğu parçası değerli metallar içermeleri sebebi ile geri 

dönüştürülmektedir. LCD komponentleri ise, hali hazırda bulundukları cihazlardan 

ayrılmaktadırlar. Bu durum, indiyum geri dönüşüm proseslerinin, devam eden e-atık 

geri dönüşüm süreçlerine kolaylıkla dahil edilebilmesi imkanını doğurmaktadır. 

Çalışmamızda; ömrünü tamamlamış LCD camlarından liç yolu ile indiyumu 

sökmeyi, çözeltiyi solvent ekstraksiyon ile empüritelerden temizlemeyi ve Ultrasonik 

Sprey Piroliz (Ultrasonic Spray Pyrolysis-USP) yolu ile yüksek kalite In2O3 

partikülleri üretmeyi amaçladık. LCD panelleri, polimerik yapısal parçalarından ve 

baskılı devrelerinden demonte edilmiş şekilde alınmıştır. ITO katmanı, ön ve arka 

panel arasında sıkıştırılmış olarak yer alan sıvı kristal ile temas halinde 

bulunmaktadır. ITO katmanını ortaya çıkarmak amacı ile LCD’ler ön ve arka panel 

olarak ayrılmıştır. Elle yapılan ayırma işleminde sonra, liç parametreleri esas 

alınarak gerekli ağırlık ve uzunluk ölçümleri yapılmış ve cam uygun biçimlerde 

kesilmiştir. 

Liç deneyleri birden fazla kısımdan oluşmaktadır. İlk iki kısım farklı asitler (H2SO4 

ve HNO3) ve aynı katı-sıvı oranını (1:10) kullanmaktadır. Amaç ise katı-sıvı oranı 

sabit iken, katı miktarının artması ile indiyum ve empürite miktarında oluşacak 

değişimi gözlemlemektir. “Ağırlık Arttırma Liçi” deneylerinden, indiyum miktarının 

katı miktarı ile birlikte beklenen oranlarda artabileceği gözlemlenmiştir. Sonraki iki 

kısım ise, liç çözeltisinin hacmini sabit tutulurken, içerisindeki indiyum 

konsantrasyonunu arttırmaya yönelik gerçekleştirilmiştir. Bu deneyler adımlı liç 

(toplam 10 adım) yaklaşımı ile yapılmıştır. Aynı asit çözeltilerinin tekrarlı olarak 

kullanılarak indiyum konsantrasyonunun arttırılması esasına dayanmaktadırlar. 

Adımlı liçler 1M H2SO4 ve HNO3 ile ayrı ayrı başlatılmıştır. Her adımda liç işlemine 

uğramış katı parçalar asitten çıkarılmıştır ve yeni bir set LCD camı parçaları önceki 

adımdan elde edilen aside (H2SO4 veya HNO3) yerleştirilmiştir. Yerleştirme 

sırasında ITO katmanı ve asidin etkileşimi göz önünde bulundurulmuştur. Çok adımlı 

liç işlemi sayesinde, tek adımlı liçe oranla çok daha yüksek miktarda indiyum 

konsantrasyonuna sahip çözelti elde edilmiştir ve hacim düşük düzeylerde 

tutulmuştur. Liç deneylerinin son kısmında sıvı olarak sadece 1M H2SO4 

kullanılmıştır. Katı-sıvı oranı için 1:10 korunmuş, özel bir liç tankı tasarımı ile ITO 

katmanı – sıvı etkileşimi azami düzeye çıkarılmış ve sıvı hacmi asgari düzeyde 

tutulmuştur. Deneyde; tek parça, daha geniş yüzey alanlı LCD camları kullanılmıştır. 

Bu kısımda, önceki liç deneyleri ile benzer olarak, çok adımlı (toplam 10 adım) liç 

yaklaşımı kullanılmıştır. Sonuç olarak indiyum konsantrasyonu oldukça yüksek ve 

göreceli olarak yüksek hacimli bir çözelti elde edilmiştir. Bu özelliklere sahip bir 

çözeltinin varlığı, liç deneylerinin verimliliğini onaylamanın yanı sıra, çalışmanın 

sonraki adımlarını devam ettirmek açısından önem teşkil etmektedir. 

Solvent Ekstraksiyon yöntemi ile liç çözeltisinin temizlenmesi ve indiyumun yalnız 

bırakılması amaçlanmıştır. Özel liç tankı tasarımından elde edilen çözelti miktarı, 

diğer liç deneylerine göre daha fazla olmasına rağmen Solvent Ekstraksiyon 

prosesinin parametre optimizasyonu için yeterli değildir. Birden fazla adım ve hepsi 

için çeşitli parametreler içeren Solvent Ekstraksiyon prosesini optimize etmek için 

büyük hacimli bir çözeltiye ihtiyaç duyulmuştur. Bu amaçla sentetik bir model 

çözelti hazırlanmıştır. Model çözelti içeriği, liç çözeltisinde yer alması beklenen en 

yüksek konsantrasyonlu metaller düşünülerek tasarlanmıştır. Metaller ve 

konsantrasyonları ise, incelenen literatür çalışmaları ve yapılan ilk liç deneyleri 

ışığında, özel liç tankı tasarımdan elde edilecek çok adımlı liç deneyinin sonuçlarını 

simüle etmesi amacıyla belirlenmiştir. Bu kapsamda, belirlenen metallerin uygun 
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miktardaki sülfat tuzları (-SO4
(2-)) 1M H2SO4 içinde çözülmüştür ve başlangıç 

çözeltisi elde edilmiştir. Ekstraksiyon işlemi için, “Kerosene” içinde seyreltilmiş 

D2EHPA kullanılmıştır; D2EHPA konsantrasyonu, karıştırma süresi ve O/A oranı 

test edilmiştir. Yüklü D2EHPA çözeltisinden sıyırma yapmak için 1M HCl 

kullanılmıştır; karışma süresi, O/A oranı ve birden fazla adım test edilmiştir. Sentetik 

model çözelti ile yapılan deneyler sonucu optimize parametreler elde edilmiştir. 

Optimize parametreler ile son liç deneyinden elde edilen çözelti (özel liç tankı 

tasarımlı – çok adımlı) temizlenmiştir. Bu sayede indiyumca zengin hale getirilmiş 

çözeltiler elde edilmesi planlanmıştır. 

Ultrasonik Sprey Piroliz yöntemi ile küçük boyutlu, küresel şekilli ve homojen 

dağılıma sahip partiküller üretilebilmektedir. In2O3 partikülleri, Magnetron 

Püskürtme (Magnetron Sputtering-MS) yöntemine hammadde sağlamak amacıyla iyi 

sinterlenebilme özelliklerine sahip olmalıdır. USP prosesi ile üretilebilen 

partiküllerin özellikleri, ticari In2O3 partiküllerinin özellikleri ile örtüşmektedir. Bu 

sebeple In2O3 partikülleri üretim yöntemi olarak USP seçilmiştir. Ayrıca USP 

yöntemi hammadde olarak “başlangıç çözeltisi” kullanmaktadır ve planlanan Solvent 

Ekstraksiyon deneylerimiz sonucunda indiyumca zengin çözeltiler elde edilmesi 

planlanmıştır. Yapılan USP deneyleri, sentetik nitrat tuzlarından farklı sıcaklıklarda 

In2O3 üretimini kapsamaktadır. 
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 INTRODUCTION 

Indium is a scarce source with a supply risk that does not have be solved with 

additional mining operation. Worldwide indium consumption has been increasing 

steadily in the last decade and projection show no deceleration in near future [1]. 

Coupled with 0% recycling, indium has been labeled as a critical raw material by 

multiple organizations [2-4]. As with many critical raw materials, indium’s supply 

problem can be solved with recycling methods [5-7].  

In order to address this situation, we should first look into indium’s main resources. 

Indium metal doesn’t have its own mines, instead it is associated with zinc, lead, 

copper and tin ores [8]. Typical zinc ores contain 1-100 ppm of indium and world’s 

primary indium production mostly rely on them [9]. This low concentration can’t 

keep up with world’s indium demand, moreover, projections show that world’s 

primary indium reserves will be depleted by 2025 [5,10,11]. Zinc ores (specifically 

sphalerite ores) produce indium as a side-product along with gallium and germanium 

[12]. Unfortunately, low ore concentrations make the indium purification processes 

harder and more expensive. As with many other metals that are used in electronics 

applications, indium has to be purified to high percentages (99.9999%) [9]. Mine 

extraction processes are already environment damaging as they are, additional 

purification steps consume more resources and causes more harm. Low ratio of ores 

is not the only problem with primary production of indium; it should be noted that 

not all sphalerite ores contain adequate quantities of indium, therefore limited 

number of countries hold indium-extractable zinc mines. This creates geopolitical 

problems with indium and other critical metal supplies. Political relationships 

between countries have the ability to effect metal prices tremendously, creating 

supply shortages [7]. For example; recent years experienced a China-dominant 

market for primary indium production where China accounted for more than 50% of 

the share, which can be seen on Figure 1.1 [13].  
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Figure 1.1 : Primary production of indium in the world, compared to China [13]. 

A single country holding more than half of supply creates a massive risk for 

continuous supply of a metal that is used on various fields with expanding annual 

consumption. Aforementioned reasons suggest that indium supply issues cannot be 

fixed with primary production solutions but instead other measures should be 

considered to fix supply streams. 

Indium – Liquid Crystal Display relationship is an important connection that needs to 

be understood in order to tackle indium problems. Indium’s usage areas are 

extensive, even though more than 70% of worldwide indium consumption is on ITO 

thin film production [14]. ITO is an essential part of LCD-based screens and they are 

the most popular type of screens in the world [15]. “Liquid Crystals” are made of 

benzene rings with a rod-like shape structure that contains mostly carbon, along with 

smaller amounts of hydrogen, nitrogen and oxygen [16]. As per their working 

principle, liquid crystals need to be applied a voltage difference to align themselves 

which is provided by a transparent conductive oxide (TCO) layer. For this reason, 

LCDs require a TCO layer to operate. TCO layers are used in the form of thin films, 

both in LCDs and photovoltaics (PVs). In commercial LCD screens, Indium-Tin 

Oxide (ITO) is often chosen as the go-to TCO layer, owing to its superior optical and 

electronic properties [11,17-19]. ITO is both the most popular choice for LCD and 

most indium consuming field in the world [7]. There are variety of different TCO 

materials but ITO is the most attractive choice for various display technologies, 

including LCDs [20,21]. ITO thin film’s high transmittance to visible light and good 

electrical conductivity has put this material on other technological advancements’ 

scopes as well; e.g. organic light-emitting diodes (OLED) screens, photovoltaic solar 
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cells, antistatic conductive films and touch panels [22,23]. These areas will only 

further increase annual indium consumption. 

ITO thin film layer is coated on glass panels to work as a TCO. “Liquid Crystals” are 

sandwiched between ITO coated sides of two glass panels, along with color filters 

and organic layers; this multi-layer scheme represents the basic structure of LCD 

screens, which can be seen in Figure 1.2. 

 

Figure 1.2 : Schematic of an LCD screen cross-section with basic components [24]. 

A TCO’s role is obviously indispensable in LCDs and indium becomes an almost-

permanent ingredient in manufacturing LCD-based screens. Investigating past and 

present popularity of LCDs, combined with future market estimates it can be seen 

clearly that, along with their respective devices, massive amounts of indium is 

discarded as scrap [25]. Meanwhile lower than 1% of EOL-LCDs are recycled for 

indium recovery [6,7]. As of today, LCDs are still the biggest indium consuming 

field in the world because of their essential part in manufacturing TVs [2,8]. While 

many laptops, desktop monitors and some smartphone manufacturers also prefer 

LCD-based screens, TVs’ proportions increase ITO thin film (and indium) usage 

dramatically. 

Indium’s usage on LCDs began around 1980s with the industrial manufacturing of 

ITO thin films [26]. Today, LCDs are the most popular screen technology and still 

uses indium. The price change on indium has not affected the manufacturers heavily 

as indium ratio in LCD can be as low as 200 ppm and this percentage means that 

manufacturers can handle volatile indium price changes [27]. But indium supply is 

predicted to be an issue in coming years and possibly create a bottleneck [6]. 

Changeable prices push manufacturers into different indium production fields. As an 
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example; Figure 1.3 shows the comparison between indium prices and ratio of 

indium to zinc production, along with significant events for indium supply and 

demand. 

 

Figure 1.3 : Indium price variation (black lines, left side), ratio between primary 

indium and zinc production (red dots, right side) and significant advancements and 

events in indium market (blue circles with numbers) [28]. 

The predicted issues on indium supply has pushed researchers to look into different 

areas for indium resources, such as EOL device recycling [7]. Although Magnetic 

Sputter (MS) target wastes provide a secondary indium resource, potential of EOL-

LCDs must be investigated to reveal the great amounts of indium in waste landfills 

[29]. Most of the electronic devices used nowadays employ a user interface in the 

form of screens. As the prominent screen technology, indium-based EOL-LCDs are 

discarded as waste along with their respective devices [5,8]. Today, average LCD 

devices’ lifetime is only 3-8 years and it is decreasing further as more advanced 

devices are released everyday [10,14,30]. From Figure 1.4, it can be understood that 

TVs and laptops are two of the lowest lifetime electronic devices and both of them 

use LCDs. Waste ITO thin films in these LCDs are predicted to be a valuable indium 

reserve in the future [31]. Even though indium amount per kg of LCD glass is fairly 

low (250 g In/kg glass), it is still higher than the percentage in primary production 

ores (1 to 100 ppm) [9,32]. Recycling of indium, combined with better 
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manufacturing methods, can stabilize the scales between supply and demand of 

indium market [29]. 

 

Figure 1.4 : Product lifespan plotted versus discarding probability of some of the 

most used electrical and electronic equipment [33]. 

Utilization of these wastes requires a vast electronic waste collection effort. 

However, proper planning, resource management, law-backed regulations and urban 

mining can help LCDs become an important secondary indium-bearing source [18]. 

LCD’s advantage as a resource also shines with the fact that they can be part of 

larger WEEE scrap processes. Even though LCD glass dismantling from their 

housing space is labor intensive and difficult to automate, incorporation of indium 

recycling from LCDs is a promising field [7,31]. Indium is not the only valuable and 

recyclable element in these complex, commercial devices [33]. To reveal a 

meaningful section of resources, these commercial devices have to be dismantled. As 

WEEEs already require pre-treatment steps such as dismantling, inclusion of LCDs 

into this recycling stream becomes a simpler and more feasible task. 

LCD variation of ITO thin films provide electrical conductivity to liquid crystals 

[11]. The coatings provide conductivity to the whole picture-generating area, as all 

liquid crystals work as an on/off switch [34,35]. A structural defect on ITO thin films 

represents itself as inadmissible feature on a LCD, which is an unacceptable situation 

for displays [36]. This presents the requirement of near-perfect ITO coatings. As the 

coatings are desired to be thin and uniform, importance of the method of coating is 

revealed. Even though it is expensive, manufacturers usually choose “Magnetic 

Sputter” (MS) to coat ITO thin films [20,23,35,37]. MS’s parameters are controllable 



6 

and coated films present superior quality and minimal contamination [21]. MS 

processes uses a dense and bulk version of the coating materials as resource and 

these are usually called “targets”, or in ITO’s case; “ITO Targets” [38]. ITO targets’ 

properties and defects have direct effects on performance of ITO thin films [26]. 

These targets are expected to maintain high purity and density with homogeneous 

micro-crystalline structure [22,26,39]. High pressure sintering methods are often 

chosen to produce ITO Targets for industry [40]. First step in manufacturing these 

targets is to fabricate proper starting powders. Additional to high purity, sinterability 

is an important property for starting powders [36]. Homogeneous mixture of In2O3 

and SnO2, small particle size (preferably nano scale) and spherical-uniform 

morphology are desired properties of starting powders for ITO Target manufacturing 

[41]. After sintering, ITO Targets are expected to have almost no porosity in bulk 

form [36,42]. High-density requirement of targets originates from MS process itself. 

MS process cannot continue properly with a low density target. Even though target 

production technologies are highly advanced; on average, only 30% of targets are 

used and rest of the targets are discarded as waste [13]. Today, these “waste ITO 

targets” represents “secondary indium supply” of the world indium market [13]. 

Most of the recycled indium is used again on ITO production because ITO 

production accounts for the  more than 60% of worldwide indium demand [7]. 

The information provided above should give a brief explanation about the thought-

processes behind our study. While we want to recycle indium from End-of-Life 

LCDs, we also want to produce industrially usable indium particles too. Our study 

consists of three main steps; leaching, solvent extraction, ultrasonic spray pyrolysis 

(USP). Leaching step will be used to extract indium from ITO layer of waste LCDs. 

Before multi-step leaching, smaller scale-leaching experiments will be done to 

determine parameters. Afterwards, solvent extraction method will be used to extract 

indium, out of leachates and away from impurities. As a multi-parameter process, it 

is difficult to optimize solvent extraction design with low volumes. In order to 

overcome this problem, solvent extraction parameters will be optimized with 

synthetic model solutions of our leachates. 
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 THEORETICAL INFORMATION 

In this section, information about indium and its connection with LCD recycling will 

be given. The aim of this section is to get familiar with the ITO-LCD matter, make it 

easier and more understandable when trying to tackle indium – recycling problem. 

 Critical Metal: Indium 

Indium is an element that is located at IIIA column of periodic table with atomic 

number 49 and atomic mass of 114.81 g/mol. Indium metal, its oxide (In2O3) and 

alloys are used on various fields including electronic, optoelectronics, 

semiconductors, renewable energy, transparent coatings, solder alloys and 

photovoltaics [10,13]. Indium has a silvery metal color and it was discovered by 

Ferdinand Reich in 1863 in samples of zinc sulphide ores [19,43]. Primary 

production of indium is from refined zinc ores, in which indium content can vary 

between 1 to 100 ppm [9,19]. It is a by-product of zinc mining that goes through 

numerous processes to be extracted. Indium did not find a major application until 

1934 where it was used as a coating for aircraft engine bearings [9,43]. Through the 

end of 20th century, indium consumption increased with coating applications [43]. 

This increase was mainly due to TCO coatings on LCD where indium is found in the 

form of Indium – Tin Oxide (ITO). ITO is a mixture of indium oxide (In2O3) and tin 

oxide (SnO2) where weight ratio is 90:10 for In2O3:SnO2 [38]. As the popularity of 

LCDs increased over cathode ray tube (CRT) monitors, worldwide indium 

consumption increased with it [44,45]. This escalation can be seen on Figure 2.1 as 

indium consumption’s relative rise in comparison to zinc and copper consumption, as 

indium is a by-product of zinc and copper ores [13]. 

 

Figure 2.1 : Relative growth in indium primary production with its source material 

ores from 1973 to 2013 [46]. 
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Today, higher than 55% of indium consumption worldwide is attributed for ITO 

production [14,47]. In Figure 2.2, refined indium distribution for consumption is 

seen. As electronic device consumption rises steadily, surely indium demand also 

increases. It should also be noted that today’s popular display type, as marketed by 

manufacturers; “LED Displays”, are a variation of LCD technology where light 

emitting diodes are used instead of cold cathode fluorescent lamps but still utilizes 

ITO as a TCO [48]. 

 

Figure 2.2 : Worldwide indium production in 2011, shown for application fields 

[49]. 

Due to market changes, indium price is remarkably volatile as well. From 2013 to 

2014, indium price per kilogram varied between $520 to $760, decreasing to $520-

550 for the 2nd quarter of 2015 and dropped to $240 in 2016 [19,50]. As the market 

expands, indium primary production will fail to supply demand in the future [51]. 

This issue caused many institutions to classify indium as a “critical metal” which’s 

supply is still at risk [43,52,53]. As with many other valuable critical metals, indium 

recycling from EOL devices is a popular research topic. 



9 

 Liquid Crystal Display and Its Impact on Indium 

As the consumer electronics market demanded a thinner profile for their devices, 

screen and battery manufacturers started to work on different approaches for their 

products. Liquid crystal displays (LCD) are a product of those efforts. LCDs’ 

flexibility in size and shape, coupled with energy efficient design, increased their 

market share dramatically [3,10,14]. So much that, LCDs replaced most of the CRT 

monitors in the last decade [25]. LCD’ properties enabled their application for 

portable devices such as laptops, tablets and smartphones. But as a result, indium 

consumption increased along with LCD usage, as indium-based TCOs are an 

essential part of LCD technology [7,18]. TVs and laptops’ size expansion further 

increased the indium usage worldwide. TCO layers are coated on glass panels, which 

mean that the layer area and required amount of indium is directly proportional to 

display size. As mentioned before, up to 80% of indium usage worldwide is 

attributed to LCD manufacturing [7,14]. An average of 200 million LCD-TV units 

has been sold globally every year since 2010 [10]. Even though there are new 

designs emerging for display technologies, simplicity and expertise on LCD means 

that this technology will be used for many years. In addition, other promising and 

expanding technological fields use indium as well, causing further addition to indium 

consumption [22]. Some studies expect as much as 5% to 10% upsurge per year for 

indium’s annual demand [6]. 

 Indium – Tin Oxide (ITO) 

Indium – Tin Oxide is one of the main components of LCDs and is a mixture of 

In2O3 and SnO2. In literature, the abbreviations “Indium – Tin Oxide” and “ITO” are 

often used to indicate a specific weight ratio of 90:10 for In2O3:SnO2 [38]. ITO is 

often found in thin film shape, deposited by MS method [37]. It is a n-type 

semiconductor with a wide direct band gap (3.6 eV) [36,54]. It shows great electrical 

conductivity and optical transmittance to visible light [22]. Superior conductivity 

property is enabled by doping tin and boosting oxygen vacancies in In2O3 lattice 

[36,54,55]. These thin films are found on devices such as LCDs, touch panels, 

OLEDs, heat reflecting mirrors and solar panels [20,22,23]. Wide application field 

makes ITO the most regularly used TCO in the world [56]. 
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ITO thin film production is a process with multiple intermediate products that are 

often studied individually. Common process route involves mixing of In2O3 and 

SnO2 to produce ITO particles, production of dense ITO Target followed by thin film 

deposition by MS. 

ITO particles are essentially intermediate products of TCO thin film manufacturing 

and have a pale yellow color [55]. As mentioned before, a specific weight ratio of 

indium oxide and tin oxide should be achieved. Whether the mentioned ratio or a 

different studied ratio is selected, a homogeneous mixture of In2O3 and SnO2 must be 

obtained. This mixture is usually produced by either mixing oxide powders 

themselves or producing ITO particles directly from another prepared media 

(solutions, nitrate salts, chloride salts, etc.). An example XRD of cubic ITO structure 

is seen on Figure 2.3. As the addition of tin replaces an indium atom in the cubic 

structure, no peaks of SnO2 or SnO can be observed, which indicates good mixture of 

In2O3 and SnO2 [39,54]. 

 

Figure 2.3 : XRD patterns for different Sn concentration doped In2O3 particles, 

produced with co-precipitation method [54]. 

Various production methods including sol-gel [37,57], emulsion technique [55], co-

precipitation [36,54,58,59], DC arc plasma [40], gas evaporation [60] and different 

spray pyrolyses [61-64] have been studied for the production of ITO particles. 

These particles are used to manufacture “ITO Targets” for Magnetron Sputtering 

(MS) method. MS method has an abundance of controllable parameters, which will 
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not be discussed here [39]. ITO thin films sputtered by MS are known to have better 

overall electrical and optical properties compared to other coating methods [21]. It is 

also the most popular and commercially used method of manufacturing ITO thin 

films [37,65]. This method requires “ITO Targets” as starting materials and the 

properties of ITO Target directly affect the performance and properties of ITO thin 

films [40,60]. Fundamentally, ITO Targets are “densely packed ITO particles” and 

are required to be crystalline, have high density, purity and homogeneity in bulk 

material [60]. Also, by extend, the nature of ITO Targets requires them to be 

manufactured by methods involving high pressure and temperature [40]. 

In order to achieve good electrical and optical features with thin films, starting with 

nano-scale, spherical shaped and homogeneous ITO particles is crucial [36,37, 

59,66]. One of the challenges of making high quality ITO Targets is achieving high 

density and near-zero porosity. Using high-quality ITO particles is the first step for 

tackling this problem [54]. As a result, this creates the need of sinterable ITO 

particles. The properties of ITO particles determine ITO Targets’ properties and 

naturally the final product of thin films [36,60,65]. A low-density target can trigger 

nodule formation, lower thermal conductivity and hot spots [67]. In addition, target 

density and thin film resistivity are inversely proportional properties for DC MS 

processes [68]. It should be noted that even though studies on this problem have 

already managed to obtain 99% calculated density, still only 30% of most ITO 

Targets are used [13,69-71]. However, difficulty and manufacturing expenses of ITO 

Targets make them valuable resources and the work on better target production is an 

ongoing effort [72]. Another challenge in manufacturing high quality ITO Targets is 

achieving enhanced crystallinity and high homogeneity throughout the bulk target 

[41,73,74]. Heterogeneous bulk materials can cause poor properties and no 

uniformity on thin films [37,71]. This no uniformity reflects back to the performance 

of ITO thin film. 

As mentioned above, ITO Target manufacturing is a difficult engineering task. 

Different methods and parameter combinations have been studied and reported but 

properties of starting materials are still of utmost importance. As a result, the 

importance of nanomaterials is revealed. Utilization of nanoscale ITO particles for 

target production is a necessary step for quality ITO thin films [40]. 
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 Recycling of Indium 

Indium recycling from various sources has been a widely studied topic in recent 

years [75]. Natural indium resources are scarce and low in concentration. In fact, 

only five countries hold 90% of world’s total indium production, with China having 

52% of the total share [28]. Indium supply has the potential to develop a bottleneck 

in following years [6]. This situation is not only represented in raw production data 

and political relations should also be considered [5,7,50]. Popularity of LCD devices 

means that probable diplomatic problems can result in an alarming situation for 

manufacturers. These reasons have pushed researchers into developing a feasible and 

adequate process for recycling indium from scrap devices [7,25,75]. 

Recycling of indium has become a prominent issue in the last two decades with the 

rise of LCD market. Consumption of indium has risen substantially relative to its 

main metal ores (zinc, copper) in these years [28]. While the primary production of 

indium was always present, the volume started to become insufficient [5]. Lacking of 

its own mines, indium’s primary production is reliant on other metal refinement 

processes [7]. Low ore content and additional processes increase indium’s price 

drastically compared to associated metals like zinc and copper [8]. Similar to other 

critical metals, this has pushed researchers into studying on recycling methods for 

indium [76]. Secondary indium production is both an industrially and academically 

popular topic. While worldwide indium production could be classified as primary 

and secondary production routes, secondary production itself also split into two 

separate fields; manufacturing waste recycling and EOL device recycling [76]. 

ITO Targets are manufacturing wastes and their recycling is an industrially active 

field [29]. ITO Target recycling routes emerge from the relationship between MS 

coating method and ITO Target. As mentioned before in 2.3, 70% of ITO is 

discarded as scrap after coating with MS method [13]. ITO Target is subjected to 

vacuum atmosphere and electrical currents during MS process. No additional 

ingredients are added to ITO Target during or after the MS process, which makes 

scrap ITO Targets a potential candidate for indium production. In terms of pure 

indium recovery, tin is the only and largest contamination [77]. Nevertheless, ITO 

Targets are better resources compared to mine ores [78]. After MS process, scrap 

ITO Targets are treated to produce In2O3 or ITO powders to again manufacture new 
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ITO Targets, as more than 60% of indium consumption worldwide is already used 

for ITO products [38,76,79].  

Currently, ITO Targets represent the most important resource for secondary indium 

production [80]. Since 2007, secondary production of indium has been surpassing the 

primary raw production [8,18]. As long as MS route remains the dominant 

technology for ITO thin coatings, ITO Targets will keep remaining as an important 

resource. However, ITO Targets do not hold the biggest potential for secondary 

indium production [7]. 

The potential for EOL device recycling is recognized by various studies and 

organizations [25,31,33]. Popularity of indium-based display devices is rising 

steadily while indium’s application fields continue to grow past LCDs [22,46,81]. 

The sheer amount of waste LCDs present a huge opportunity as indium resource 

[8,25,78]. Furthermore, treatment of LCD wastes can decrease the amount that is 

buried in landfills and significantly decrease the environmental and health hazards of 

heavy metal components in LCDs [6,82,83]. Lifetime of LCD containing devices 

like TVs and laptops are limited to 4-5 years or lower [14,30,82,84]. Currently, 

utilization of EOL devices for indium recycling is extremely limited (<1%) due to 

various reasons [25,50,85]. Unfortunately the potential of urban mining systems to 

collect these devices is not recognized enough to be utilized [7,25]. A recycling 

process requires resources and EOL devices’ urban mining is still on infancy stages 

[7]. As more efficient and viable indium recycling processes are developed, surely 

urban mining strategies can become more prominent. Low indium content in LCD 

using devices is another concern [7]. Indium ratio can be as low as 100-300 mg In/kg 

in LCD glass alone, disregarding the rest of the device [78,84]. An additional issue is 

the complexity of said devices [2]. LCDs are display technologies and they are 

almost never alone in application. Additional electronic components are often present 

with electronic devices and supplementary dismantling operations are required to 

reveal more “indium rich” sections. Electronic devices vary tremendously in design, 

from mobile devices to stationary and bigger counterparts. Equipment architecture 

variance between brands and models hinders the possible automation solutions of 

WEEE disassembly. However, as mentioned before, other precious metals present in 

WEEE has the possibility to turn this manual process into a worthy effort [80]. 
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Even though EOL-LCD device indium recycling research is only one or two decades 

old, there have been a number of studies on the subject. Due to the nature of the 

subject at hand, most studies in literature have focused on process aspect of EOL 

device recycling. Different combinations of processes and methods have been 

proposed, which can be classified into pyrometallurgical and hydrometallurgical as 

the most widely studied approaches [19,78]. Many studies used one method to 

extract indium from LCD and another to selectively separate indium, therefore a 

combination of different methods was often necessary and unavoidable. Some 

studies also practiced pretreatment steps like grinding before leaching [18,44, 

81,82,84,86,87] or thermal shock to remove polarizing films [47,88]. The reported 

methods included acidic leaching [4,5,8,14,15,18,32,47,81,87-91], cross-current 

leaching [3,44,53], ultrasonic assisted leaching [11,31,86], acidic ionic liquids [92], 

bioleaching [82,84], pyrolysis [2] and vacuum pyrolysis [16,93] to extract indium. 

Separation of indium was usually incorporated but sometimes it was studied 

individually. Separation methods involved solvent extraction [1,5,8,14,15,32,89,91], 

vacuum chlorinated separation [16], vacuum reduction [93], cementation [3,53,94] 

and utilization of macroporous resins [86]. 

2.4.1 Hydrometallurgical routes for indium 

Hydrometallurgical approaches are often chosen for indium recycling routes, starting 

from either EOL-LCDs or other secondary resources [78]. Different study groups 

studied leaching with various liquid media. Almost all leaching routes included a 

pretreatment method. In order to improve leaching kinetics, some studies chose the 

grinding routes and followed a conventional stir leaching plan. While this technique 

can substantially decrease leaching times and temperatures, it actually does not 

increase the interaction between indium and liquid media [31]. As seen in Figure 2.4, 

ITO layer exist as a flat surface coating. After removing front and back panels, a 

grinding process will only create new non-indium coated surfaces and expose them 

to liquid media. 

Non-crushing leaching can still ensure complete indium-liquid media interaction. 

Although it should be noted that this technique might require specialized leaching 

tank designs. 
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Figure 2.4 : Cross section configuration of a LCD [49]. 

Studies on leaching parameters had several main goals. First goal was to extract 

indium completely. As the indium load on LCDs is relatively low, concentration of 

acidic media was not a major roadblock. The major problem was to extract indium 

selectively, which is another goal in LCD leaching. ITO coatings are high in purity; 

however, leaching studies show that many other elements are also present in 

leachates; like iron, aluminum, magnesium, copper, calcium, strontium and zinc [10, 

31]. Leaching parameters are usually optimized to extract indium while limiting 

leaching of other impurity elements. The composition of leachate is also connected 

with the next goal, which is to fabricate a solution adequate for subsequent 

purification steps. Most leaching processes were proposed with an acidic media like 

H2SO4, HNO3, HCl or their combinations in order to avoid formation of complex 

organic compounds [31]. As much as parameters were optimized, impurity elements 

were often present in leachate. Indium’s application fields (mostly electronics) 

require a high purity level and further separation steps were often called for. 

Therefore, acquired solution from leaching steps should be in line with following 

steps. 

Hydrometallurgical separation steps were proposed as cementation, precipitation or 

solvent extraction. Zinc powder was used in some studies to reduce indium ions in 

the solution to indium metal. This approach yielded relatively high efficiencies for 

indium recovery. Solvent extraction is by far the most popular method to separate 

indium from other elements [29]. Solvent extraction is a suitable method to extract 

low concentration metals from impurity-packed solutions. A variety of extractants 

like D2EHPA, TBP, Cyanex 272 and Cyanex 923 were used [1,5,8,15,32,89]. 

Diluted liquid media of inorganic acids were again used to strip indium away from 

loaded organic solutions. During solvent extraction, if different metals have the 

similar bonding characteristic to a certain organic extractant, this can cause serious 
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issues in process designs. In case of indium leachates, some studies reported that iron 

behaved similar to indium [15,95]. Iron behavior and concentration in indium 

purification steps should be handled with care when working on these recycling 

solutions. 

Hydrometallurgical routes have the advantage of being relatively less energy 

consuming. Unfortunately, they are also known to consume and contaminate more 

water which can also have a negative environmental impact [78]. 

2.4.2 Pyrometallurgical routes for indium 

The main goal of most pyrometallurgical approaches for EOL-LCD indium recycling 

is to take advantage of already existing components in LCD structure [2,16,96]. 

LCDs contain organic front and back layers. The composition of these layers, 

coupled with low temperature pyrolysis conditions, can help indium separation from 

ITO layer. Many studies have used vacuum conditions to stimulate metal evaporation 

as metals have lower saturation vapor pressure in them, compared to atmospheric 

conditions [78]. Additionally, there have been studies where other chlorination 

agents have been utilized [93]. 

Unfortunately, pyrometallurgical approaches have not gained as much attention as 

hydrometallurgical approaches. In some studies, pyrolysis gases have been controlled 

successfully, however, in terms of bigger scale recycling plants, this is not a feasible 

nor practical [16,19]. Pyrolysis processes, by nature, release environment damaging 

by-products and limit the application range for recycling. In addition, reaction 

environment control can be extremely difficult in large-scale processes as precise 

control is necessary to maintain chemical balance [19]. While definitive 

metallurgical processes benefit from this aspect, LCD wastes are volatile in 

composition, in terms of both organic layers and ITO layers [6,33]. On the contrary, 

hydrometallurgical routes are more controllable in terms of flexible waste resources. 

2.4.3 Ultrasonic spray pyrolysis (USP) 

Ultrasonic spray pyrolysis (USP) is a particle production method with a variety of 

controllable parameters that can fabricate complex, spherical, homogeneous particles 

or deposit thin films [97,98]. Relative low cost, possibility for continuous production, 

simplicity and by relation versatility has made USP technique a popular method to 
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produce high-tech particles, among many scientists. USP is not a method that is 

directly related to recycling technologies. However, the role of USP method in our 

study is major and we want to expand on this subject. 

As mentioned in previous sections, our study involved manufacturing of In2O3 

particles by USP method. USP method uses starting (or precursor) solutions as 

material resource [99]. An ultrasonic atomizer aerosolizes the starting solution. The 

aerosol, or spray, is transported into high temperature furnace zone by a carrier gas. 

In most of the metallic production routes, carrier gas also acts as a reduction agent. In 

the hot furnace zone, the aerosol separates from the water molecules and reaction 

stage starts. Figure 2.5 shows the general mechanism of particle formation in 

reaction zone of USP method. 

 

Figure 2.5 : Mechanism of particle formation in USP technique [98]. 

Whether a metal, oxide or composite is manufactured, controlling reaction stage is 

crucial. An advantage of USP is the abundance of controllable parameters. For 

example, carrier gas’ flow rate can be increased to supply more reduction agent but 

this can also decrease the time aerosol remains in the hot zone. In addition, 

temperature of the reaction zone can be increased in order to supply energy to 

reactions while too high temperatures can cause unwanted agglomerations. More 

parameters like precursor solution properties (concentration, solvent, metal salt type), 

atomizer frequency, carrier gas can be controlled to fabricate desired particles [98, 

100]. 

The reports on particle production with USP have been plentiful. Different 

compositions and morphologies like hollow NiCo2O4 nano-spheres [101], hollow 
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nanocomposites [102], ZnO/TiO2 spherical particles [103], lithium cobalt oxides 

[62], RuO2/TiO2 particles [104], Co-Fe alloy particles [97], spherical cobalt powders 

[105] have been reported in literature. The studies on ITO nano-sized particles by 

USP method are limited [62,63]. Although, the work on ITO thin film deposition by 

spray pyrolysis methods are more popular [61,106-109]. 

The popularity difference between ITO particle and ITO thin film production by USP 

method contradicts our studies’ approach. While ITO thin film deposition by USP 

method has been an attractive field for years, MS method is still (and will remain) 

the dominant deposition method for the industry. This shows that material supply for 

MS method is worth exploring. We wanted to design a process that not only can 

provide the volume of indium, but also present the necessary properties of indium. 

MS method requires sinterable powders of In2O3 and SnO2. We have already 

explained that sinterable powder properties of spherical shape, nano-scale size and 

homogeneous distribution are achievable by USP method. We also knew that 

aqueous solutions of our desired product could be obtained by our recycling 

methods, whom are the few of the best techniques presented in the literature. By this 

connection, we have arrived at the conclusion that, our solvent extraction products 

can be used as precursor solutions in USP method in the future. 
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 PREVIOUS LITERATURE WORK 

Recycling of indium is a topic researched by many research groups. In this section, 

some of the previous work done on the topic can be found. While the work presented 

in this section does not follow any particular order of arrangement, they were chosen 

for their proximity to the presented thesis. 

K. Zhang’s research group adopted a non-crushing route for LCD leaching. They 

employed the assist of ultrasonic waves in order to eliminate extra heating and 

decrease acid concentration. Organic acids were not preferred because of complexity 

issues during purification and separation steps. ITO glass was characterized with 

XRD, XRF, SEM then ICP samples were prepared for leachates. After wiping the 

liquid crystal with acetone, ITO glass was cut into appropriate sizes to accommodate 

solid/liquid ratio. Experimental design, in regards to both parameter selection and 

setup schematic, was explained in detail. ITO glass was treated with aqua regia to 

dissolve all indium and calculate the recovery efficiency. Acid concentration, 

leaching time and ultrasonic power were tested as parameters. As a result, optimized 

parameters were as follows; HCl as leaching agent with 0.8 M concentration, 300 W 

ultrasonic wave agitation and 60 minutes’ time. These conditions provided 96% 

recovery of indium [31]. 

S. Wang’s paper focused on a dry physical method for recovery of valuable 

components on LCDs. Their method did not involve water and rather focused on 

physico – chemical characteristics of waste LCD glass. Mechanical exfoliation and 

“vibrated gas-solid fluidized bed” was utilized to separate polarizing film from ITO 

glass; thus, produced an ITO concentrate rich in indium and tin content. Glass and 

polarizing film were successfully obtained separately without using water. 

Characteristics of colour filter and thin film transistor was also defined as a part of 

pretreatment process [24]. 

S. Virolainen, D. Ibana and E. Paatero worked on recovery of indium from ITO by 

solvent extraction. Their experimental steps involved leaching 99.99% purity ITO 

nanopowders and followed with solvent extraction to recover indium. H2SO4, HNO3 
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and HCl was tested for leaching at 0.1M and 1M concentrations, with stirring, for 

different time lengths; while their batch experiments used same acids in 

concentrations ranging from 0.001M to 1M, with shaking for 30 hours. They used 

two different solvents diluted in kerosene with three different configurations; 1M 

D2EHPA, 1M TBP and 0.2M D2EHPA + 0.8M TBP. Their results show that H2SO4 

and HCl are almost equally efficient for leaching while HNO3 is less efficient than 

former two mineral acids and adjustment in acid concentration can be used to obtain 

selectivity of dissolution. It was found that best route for solvent extraction of indium 

was to extract indium and tin into D2EHPA from H2SO4 solutions and then 

selectively strip indium with HCl. This process allowed indium concentration to be 

increase from 0.74 g/L to 12.2 g/L [8]. 

M. Souada’s article focused on acid leaching ITO layer from end-of-life LCDs by the 

help of ultrasonic effect. They adopted a non-crushing method but instead their 

experimental setup provided contact only between ITO layers and sonicated acid 

media. Leaching parameters of different acid concentrations (9-18 mol/L), different 

times (1-30 minutes) and with/without ultrasonic assist were tested. They also 

reported that this approach could allow remaining LCD glass to be reused. ICP-AES 

was used for chemical analysis of acid solutions. SEM images were also used to 

investigate ITO layer situation after leaching experiment. Leaching at 60 oC, for 3-4 

minutes, with 18 mol/L H2SO4 and aid of ultrasonic effect allowed quantitative 

indium yield. Authors also reported that without ultrasonic effect, only 70% of 

indium could be recovered [11]. 

B. Flerus’ research group made a study on volatilization of indium in smartphone 

displays without adding external halogenation agents. Their theoretical approach was 

to use halides from the plastic fraction of displays. More specifically, they aimed to 

utilize “brominated flame retardants” enclosed in polymer of displays. Smartphones 

from various brands were mill cut, grinded cryogenically and compressed into 

pellets. Their pyrolysis experiments were made between 300 – 800 oC. Separate 

series of experiments at 300 – 500 – 700 oC were done to characterize pyrolysis 

gases by FTIR where HBr, HCl and CO was the focus. Their experimental results 

coupled with modelling studies showed that HBr was preferred in volatilization of 

indium from ITO layer. Volatilization reactions preferred the path of InBr/InCl rather 
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than InBr3/InCl3. Also CO had a synergetic effect on halogenation of indium oxide 

[2]. 

B. Swain’s paper focused on leaching parameters for ITO-bearing LCD waste. 

Different leaching parameters were experimented for HCl leaching. They used 

mechanically shredded EOL-TV LCDs as starting material. Their optimization 

calculations included parameters such as; acid concentration, pulp density, time and 

temperature while agitation speed was 400 rpm for all studies. They also tested 

H2O2’s effect as an oxidant in HCl leaching. Quantitative LCD waste leach 

concluded an indium concentration of 76.06x10-3 g/L and tin concentration of 

10.24x10-3 g/L. Optimized leaching parameters were; 5 M HCl, 500 g/L pulp 

density, 75 oC, 120 minutes and H2O2 of 10 v/v% [18]. 

F. Ferella’s research group made a study on recovering valuable fractions of LCDs 

like plastic, glass and indium. Their experimental studies were composed of 

mechanical pre-treatments of LCDs dismantled from TVs, laptops and desktops. 

They adopted two different processed with two different recovery outcomes. First 

process was “wet process” where plastic, glass, indium were recovered as 20%, 15%, 

40%, respectively, from initial panel as weight ratios. In the “dry process” glass and 

indium could not be separated; instead, plastic was recovered as 11% and 

glass/indium mixture was recovered as 85% [4]. 

J. Yang’s paper made a study on leaching kinetics of LCDs along with solvent 

extraction tests of a model leach solution. LCDs were provided in industrially 

shredded form, without removing polarizing film. Provided LCDs were characterized 

by two main methods; leaching in aqua regia for 2 days to determine total indium 

content and SEM images before/after leaching. For leaching, solid to liquid ratio was 

0.1 g/ml; H2SO4, HNO3 and HCl were chosen as acids for 0.1M, 1M and 6M 

concentrations. These leach experiments were done with 350 rpm mechanical stirring 

and were kept on for 4 days. Chemical analysis from acid solutions were done with 

ICP-OES, samples were prepared from 1 ml samples taken at multiple points 

between 20 minutes and 4 days. H2SO4 and HCl (0.1M, 1M, 6M) solutions 

containing indium and most abundant impurities were prepared for solvent extraction 

screening tests. Different extractants (TBP, Cyanex 272, Cyanex 923, DEHPA) and 

diluents (kerosene, toluene, n-octanol, cyclohexanone) at various concentrations 

were used. It was found that; for concentrations higher than 1M, HCl was faster at 
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leaching indium, however, for concentrations lower than 1M, H2SO4 worked better. 

Iron was hardest to separate from indium, as their content in solution was similar to 

each other. Extracting from 0.1M or 1M H2SO4 with DEHPA, followed by stripping 

with 1M HCl was the best route for indium extraction [32]. 

J. Yang’s next paper made an optimization study on one of their previous article 

[32], where they worked on recovery of indium from LCD waste; they found that 

solvent extraction of indium worked best with H2SO4 as media, DEHPA diluted in 

kerosene as extractant and stripping with HCl. In this study, they optimized said 

chemicals’ parameters for solvent extraction process. Their main goal was same; to 

extract and separate indium from LCD waste. Their aqueous phases were H2SO4 and 

HCl. Sulfate and chloride salts of In(III), Sn(IV), Al(III), Cu(II), Fe(III) and Zn(II) 

where dissolved in H2SO4 and HCl for appropriate concentrations. Tested parameters 

were pH, temperature, extractant concentration (DEHPA concentration in kerosene), 

and mixing (contact) time. They concluded that extraction with 0.25M DEHPA from 

1M H2SO4 media is suitable while keeping mixing time at 5-10 minutes to decrease 

extraction of impurity metals. For stripping, 1M HCl solution was found to be 

enough for 30 minutes mixing time which resulted quantitative back extraction of 

indium. Experiments between 283 K and 333 K showed that indium recovery is best 

when performed below 293 K while stripping stage can benefit from higher 

temperature values [1]. 

J. Yang’s study aimed to recycle indium and yttrium from Flat Panel Displays 

(FPDs). Their process route included leaching and solvent extraction. In leaching 

experiments; HCl and HNO3 was tested, solid waste was FPD powder (<1 mm), time 

was between 1 hour – 4 days with 700 rpm mixing speed and aqua regia was used to 

determine total metal composition. It was found that HCl worked better than HNO3 

and solvent extraction tests started from chlorine media. Batch experiments and 

mixer settler experiments were conducted. Aqueous feed for mixer settler 

experiments was leachate from FPD leaching. Process steps were a combination of 

extraction with DEHPA and Cyanex 923 individually diluted in kerosene. Their 

batch experiments showed a crud formation when phase modifiers were added, to 

which they proposed cleaning solutions. Indium in 1M HNO3 and yttrium in 1M HCl 

were obtained with %95 purity [89]. 
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L. Rocchetti’s paper was focused on a cross-current leaching setup and cementation 

to recover indium in metallic form from waste LCDs. Their experimental studies 

consisted of three main steps; washing, extraction and recovery (cementation). Waste 

LCDs were characterized by XRF and crushed to a size of 10mm to wash with 

deionized water. In their leaching studies, they utilized the same H2SO4 solution 

twice in order to overcome the problem of low indium content in LCD waste. After 

first step at 80 oC for 10 minutes, solution was filtered and pH was adjusted with few 

drops of H2SO4 addition. Same leaching procedure was used for second step; as a 

result, 90% indium recovery efficiency was achieved. Zinc cementation was used to 

precipitate In3+ as metallic indium at pH range of 2-3, in 1 hour. 90% indium 

recovery rate was achieved in cementation process [3]. 

B. Swain and C. Lee’s paper was aimed to give a perspective about the possible 

integration of indium – carrying liquids to already existing production routes to 

design an adaptable and flexible indium recycling process. Their idea was to unify 

LCD leaching and ITO etching wastewater treatments. The article contained an 

extensive summary for indium recovery studies and where they were classified in 

three parts; pyro-metallurgical, bio-metallurgical and hydrometallurgical (leaching 

and solvent extraction) processes. In addition, they defined the main resources of 

recyclable ITO as; ITO-sputtering waste, ITO etching waste, EOL LCDs, ITO target 

scrap, FPD waste. Chemistry of LCD leaching with HCl and solvent extraction (with 

Cyanex 272 and D2EHPA) was investigated [6]. 

D. Fontana’s study aimed to remove polarizing film and extract indium from waste 

LCDs followed by solvent extraction with polyethylene glycol (PEG)-based 

aquesous biphasic system (ABS). Polarizing films and glass substrates were 

seperated by thermal (liquid nitrogen) and chemical (limonene, acetone, ethyl 

acetate, with/without ultrasonic assist) methods. Leaching studies were conducted at 

room temperature (25 oC), with synthetic ITO powder to optimize parameters 

(leaching agent, time, liquid/solid ratio). A single acid concentration of 6N was 

chosen from literature work. Optimum parameters of HCl, 6N, 25 oC, 6 hours and 

L/S = 3 ml/g were applied to waste LCD glass substrate. PEG-(NH4)2SO4-H2O was 

tested to investigate extraction of indium from synthetic indium-nitrate solution 

where PEG and ammonium sulfate concentrations were tested. Synthetic and glass 
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substrate leaching studies showed ≈ 90% efficiency while PEG-based-ABS system 

increased indium concentration by 30% [14]. 

E. Ma and Z. Xu’s paper utilized vacuum effects to remove organic layer and extract 

indium more efficiently. Their experimental setup was custom designed by 

themselves where organic layer on LCD panel was removed by vacuum pyrolysis 

process in a graphite crucible at different temperature and pressure values. After 

pyrolysis, organic layer was stripped away. Strong acid (mixture of 1:1 (v/v) of 37 

wt% HCl and 68 wt% HNO3) leaching and ICP-AES characterization was used to 

measure indium and tin values throughout experimental stages. In2O3 and SnO2 

could not be vaporized under pyrolysis conditions, which after organic removal 

increased their concentrations marginally. LCD panel was crushed to glass powders 

after organic layer stripping. In order to extract indium, glass powder was subjected 

to vacuum chlorination separation with NH4Cl. NH4Cl splitted into HCl and NH3, 

which served different roles during chlorination process. Even though vacuum 

atmosphere was presented, oxygen content was still slightly high and NH3 served as 

a shielding gas to prevent indium chloride – oxygen interaction. This shielding effect 

increased indium chloride recovery rate. Indium recovery rate was as high as 99.97% 

with particle sizes <0.16mm, 50 wt% NH4Cl to glass powder and 450 oC. Their 

results claimed that whole LCD panel could be recovered with short process times of 

30 minutes for pyrolysis and 10 minutes for chlorination [16]. 
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 EXPERIMENTAL STUDIES AND DESIGN 

Our experimental design was split into three main steps. However, we recognize the 

importance of pretreatment steps and wanted to give detailed information about our 

materials and pretreatment steps too. As mentioned before, our basic goal was to 

chart a process route, starting from waste LCDs and ending in In2O3 particles. In 

order to achieve this, we first needed to extract indium out of waste LCDs, followed 

by cleaning the acquired solution to obtain an indium-rich solutions and synthesizing 

In2O3 particle by Ultrasonic Spray Pyrolysis (USP) method. 

 Materials and Equipment 

Waste LCDs were the starting point of our experimental studies. There were two 

different LCDs used. The first one was retrieved from a discarded Samsung TV, 

which was used on 4.3.1 The second set of LCDs were again retrieved from TVs but 

the brands were unknown. These we were kindly granted to us by Exitcom Recycling 

(Kocaeli/Istanbul), a company that specializes in WEEE. LCDs were already 

dismantled from their plastic housings and other parts, and they were taken from a 

pile of LCDs that we unmarked. They were used in 4.3.2  

H2SO4 (95-97%), HNO3 (69%) and HCl (fuming 37%) were in analytic grade and 

they were diluted in deionized water when needed. D2EHPA (97%, Sigma Aldrich, 

also known as “bis(2-ethylhexyl) phosphate”) was diluted in Kerosene (reagent 

grade, Sigma-Aldrich) for desired concentrations. Some metal salts were used in 

experiments. In(NO3)3.xH2O, In2(SO4)3, SnSO4, Al2(SO4).xH2O, ZnSO4.7H2O, 

FeSO4.7H2O and CuSO4.5H2O were in >99% purity and were used without further 

purification steps. All chemicals were provided from Sigma-Aldrich, with the 

exception of deionized water, which was prepared on our laboratory. 

For X—ray diffractometry analysis, Rigaku Miniflex (Cu, Kα) was used. In2O3 

particle morphology and size analysis, along with LCD characterization was done 

with scanning electron microscopy (FESEM; JSM 7000F, JEOL Ltd.). Energy 

dispersive X-ray spectroscopy (EDS; Oxford INCA) was used to detect In2O3 
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particles’ composition. For chemical composition of all liquid media, ICP-MS 

(Inductively Coupled Plasma – Mass Spectrometry) was used. 

 Preparing LCDs for Leaching 

LCDs preparation’s impact on leaching studies is massive. We received our LCDs 

intact; outside their plastic housing, separated from their printed circuits and LED 

lighting sets. Retrieved waste LCDs were pretreated manually. 

While some studies has chosen grinding as a pretreatment, we argue that non-

crushing approach can be a better choice [18,31,32,44]. When front and back panels 

of LCDs are removed, ITO layer and liquid crystals are exposed. Grinding the glass 

would only create new, non-ITO coated surfaces to interact with the acidic media. 

Instead of this, we skipped the grinding step and adopted a non-stirring method. Our 

48-hour leaching is longer than most studies in the literature but a larger scale, 

continuous, industrial process would be less affected by this. Furthermore, this 

approach would decrease impurity concentration in leachates. 

Two or three cuts at the corners of LCDs allowed the easy separation of front/back 

panel and front panels remained as the focus of our study. If needed, organic layers 

were removed by hand. The LCD glass was cut into various sizes to adjust to “solid 

weight” conditions of different leaching processes (Figure 4.1). This step was 

difficult to achieve by hand, although it should be noted that, in a larger scale 

process, LCDs could simply be separated into front/back panel, and be subjected to 

leaching step. For example; cutting process was much simpler during preparation of 

“custom tank multi-step leaching” (4.3.2 ) as the solids had to be cut much larger 

than other leaching studies. 

 

Figure 4.1 : Cut LCD pieces a) organic layer intact, b) organic layer removed. 
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 Recovery of Indium from LCD: Leaching Procedure 

The main objective of leaching procedure was to extract indium out of ITO layer, 

into a liquid solution. Parameter optimization was chosen to dissolve a high 

percentage of indium from ITO layer while dissolving as little impurity as possible. 

A short summary of all leaching experiments can be seen on Table 4.1. Leaching 

experiments were divided into four different sections and each was conducted in 

room temperature. Our first set was done to observe solid weight increase versus 

indium dissolution per kg of LCD glass. Next three sets included increased step size. 

All three of them were done in 10 total steps, using same liquid media from 

respective previous steps. 

Table 4.1 : Summary of leaching experiments’ parameters. 

Leach Name Acid 
Concentration 

(Molar) 

Solid to 

Liquid Ratio 

(g:ml) 

Solid 

Amount (g) 

Step 

Size 
Time 

Organic 

Layer 

Solid 

Increase 

H2SO4 1 1:10 1/2.5/5/7.5/10 1 48 hours On/Off 

HNO3 1 1:10 1/2.5/5/7.5/10 1 48 hours On/Off 

Multi-Step 

(Small) 

H2SO4 1 1:10 10 10 48 hours On 

HNO3 1 1:10 10 10 48 hours On 

Multi-Step 

(Large) 
H2SO4 1 1:10 26.6 10 48 hours On 

4.3.1 Observing increase of solid amount 

Our main goal was to observe the solid weight increase while keeping same solid to 

liquid ratio of 1:10 (g:ml). A discarded Samsung TV LCD was used for this section. 

The LCD glass was cut to various shapes and sizes. Groups with organic layer on 

and off were prepared separately. Cut pieces were weighed to prepare solids for all 

experiments and five different weights were tested; 1g, 2.5g, 5g, 7.5g, 10g. Here an 

issue for non-crushing LCD leaching was revealed. As glass is difficult to cut 

properly and smoothly, weighed amounts were varying ±0.1g. In order to maintain 

established solid to liquid ratio, the liquid amount was calculated independently for 

all groups according to 1:10 (g:ml) ratio. For example, if a group of LCDs weighed 

2.67g (instead of 2.5g), 26.7ml of acid was used. H2SO4 and HNO3 at 1M 

concentrations were separately used for all experiments. The pieces were set in liquid 

carefully to not overlap each other and block each other’s interaction with liquid 

media, which can be seen in Figure 4.2. All leaches were covered to prevent 
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evaporation. LCD pieces were kept in liquid media for a total of 48 hours. After 48 

hours, LCD pieces were removed and analysis samples were prepared. 

 

Figure 4.2 : LCD pieces in liquid media during leaching. 

4.3.2 Multi – step leaching 

Indium percentage in a LCD glass can be as low as 200 mg per kg of LCD glass [78]. 

In indium recycling processes, this low percentage presents a big problem. After 

leaching, solution contains a relatively low amount of indium, which makes it 

difficult and economically non-feasible to continue following purification steps. 

Coupled with the higher impurity concentrations reported in the literature, indium’s 

recycling suffers a lot from low indium content in LCDs. 

In our study, we aimed to solve “low indium to impurity concentration ratio” 

problem by adopting a non-crushing method. Even though this method could 

theoretically lower the impurity concentration compared to reported studies, still 

indium concentration remains too low. In order to solve this problem, we adopted a 

multi-step leaching method. During our multi-step leaching studies, we reused the 

solution from each previous step to leach new waste LCDs. This approach increased 

indium content significantly while keeping chemical usage in check. LCD glasses 

provided by Exitcom Recycling were used here. Liquid crystals on LCD glass was 

cleaned with ethanol and accordingly cut LCD glasses were put in liquid media. 

After first step was complete (48 hours), leached LCD glasses were removed from 
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liquid. Immediately after, a new group of LCD glasses were placed in liquid. This 

process was done to complete ten total steps. This method was maintained for both 

multi-step leaching experiments. First multi-step leaching was smaller in scale; 

second multi-step leaching was larger in scale and was done in a custom-made 

leaching tank made for this study. Second multi-step leaching’s (custom tank) main 

goal was to produce leachate with larger volumes for subsequent solvent extraction 

studies. 

4.3.2.1 Small scale multi-step leaching in beakers 

Standart 150ml beakers were used for this section. 1M each of H2SO4 and HNO3 

were prepared separately. Two experiments were conducted simultaneously, side by 

side. 1:10 (g:ml) solid to liquid ratio was used and 10 grams of waste LCD glasses 

were leached in each step. We were not always able to cut LCD glass smoothly and 

matching the exact solid weight was difficult, almost impossible sometimes. An 

intented small cut could end up smashing most of the glass. As we wanted to avoid 

almost-grinded glasses, we averaged the solid weight across the steps. For example, 

if a group of LCD glasses weighed 9.9 grams, next step used 10.01 grams of LCD 

glasses. At the end, we averaged 10.005 grams per step for H2SO4 leach and 10.011 

grams per step for HNO3 leach. A total of ten steps were conducted and a sample was 

taken at each step for analysis. Beakers were always covered in order to prevent 

evaporation, except short periods of time when changing solids. LCD glasses were 

placed carefully to prevent overlap. In total, ~100 grams of LCD glass was dissolved 

in 100 ml liquid media. Figure 4.3 shows LCD glasses in liquid media during multi-

step leaching. 

 

Figure 4.3 : Small-scale multi-step leaching experiments, a) H2SO4, b) HNO3, c) 

close-up of HNO3 on another step. 
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4.3.2.2 Larger scale multi-step leaching in custom tank 

For this section of leaching experiments, a custom tank was built from plexiglass. 

Our main goal was to prepare a larger volume leachate for solvent extraction 

experiments. We planned to leach the remainder of our LCD TV’s front. Ten steps 

were conducted again on the rest of the LCD glasses. Preparations of solids were 

different from other sections. This time glasses were not cut into smaller pieces and 

solid weight was considerably larger. In comparison, in each step of previous section, 

four-five pieces of LCD glasses (~10 grams in total) were used. Each piece was 1-3 

cm on sides. In custom-made tank leach, average weight of all steps was 26.6 grams, 

each LCD glass was a single piece and sized ~11.8x11.8 cm. In order to compensate 

the bigger LCD glass, the inside of custom tank was built with a cross section of 

14x1.5 cm and a height of 17 cm, which can be seen in Figure 4.4. This design 

maximized the interaction between ITO layer and liquid, in addition guaranteeing all 

of the LCD glass was submerged in liquid media. 

 

Figure 4.4 : Front and side views of custom designed leach tank made from 

plexiglas, with one of the single piece LCD glass. 

Biggest difference here was the acidic media. Here only H2SO4 leach was conducted. 

There were two reasons for this decision. Firstly, previous leaches showed that there 

were not considerable differences between H2SO4 and HNO3 leaches. Secondly, this 

leachate was prepared for solvent extraction process and our literature search showed 
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that starting from H2SO4 media yielded better results for indium extraction systems. 

As a result, only H2SO4 was used for custom-made tank leaching studies. 

 Solvent Extraction 

The second part of our recycling process was solvent extraction. Our main goal was 

to separate indium from impurities and obtain a precursor solution for Ultrasonic 

Spray Pyrolysis. 

Solvent extraction is a widely used technique to extract and/or remove metal ions 

from liquid phases [5]. It is also a popular method for hydrometallurgical indium 

recycling processes [29]. Parameters from literature work were thoroughly inspected 

before applying here but there was no work found that resembled our indium to 

impurity ratio. D2EHPA (also known as “bis(2-ethylhexyl) phosphate”) dissolved in 

Kerosene was chosen as the extracting agent. D2EHPA is known to work well with 

indium extraction from sulfuric acid media [1]. D2EHPA was diluted for specific 

concentrations in Kerosene. After extraction, 1M HCl was used to strip indium from 

D2EHPA. HCl was chosen because of its ability to strip indium while leaving tin 

behind in loaded D2EHPA. 

For our study, we aimed to synthesize indium-rich solutions rather than indium and 

tin-rich solutions. Therefore, our solvent extraction approach was to extract indium 

alone, rather than extracting tin along with indium. In industry, there is a specific 

weight ratio of ITO mixtures. Concentration volatility of leachates (because of 

different LCD models) and parameter susceptibility of solvent extraction method 

turns preparation of ITO solution into an unfeasible task. On the other hand, 

preparation of indium solution and subsequently In2O3 particles is much more 

feasible. Because of these reasons, we have chosen to leave tin and extract indium 

from our leachates. 

All solvent extraction experiments were done in separatory funnels, which can be 

seen (before separation) in Figure 4.5. After adding solutions and extractant, a shaker 

was used to shake liquids for specified amounts of time at 250 shakes/per minute for 

all experiments. No external heating or cooling was applied. 
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Figure 4.5 : Separation funnels used in solvent extraction process. 

The final volumes of leachates were rather low. Their volumes were not enough to 

chart a sensible parameter optimization study. To solve this issue, we prepared a 

synthetic model solution similar to our expected final “larger-scale multi-step” 

leachate (4.3.2.2). After our initial parameter optimization study, optimal parameters 

were applied to treat our large volume leachate. 

4.4.1 Synthetic solvent extraction 

A synthetic solution modeled after our multi-step leaching in custom-made tank 

(4.3.2.2) was prepared by using sulfate salts of indium, tin, aluminum, zinc, iron and 

copper, dissolved in 1M H2SO4. This solution was used for all synthetic solvent 

extraction experiments. Metal concentrations of this solution can be seen on Table 

4.2. The concentrations were chosen by studying leaching results of literature reports 

and our own initial leaching studies. 

Table 4.2 : Concentrations in synthetic model solution. 

Metal Indium Tin Aluminum Zinc Iron Copper 

Concentrations 

(mg/L) 
517.52 59.34 5.94 11.7 32.3 13.04 
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For the extraction process, D2EHPA (0.1M, 0.25M, 0.5M) diluted in Kerosene was 

used. Shaking times of 5 and 10 minutes were tested. 0.1M D2EHPA concentration 

had low extraction percentages and it was not used on later sets. Some of the O/A 

ratios were also tested in extraction step, however, 0.25M D2EHPA in O/A=1/1 

experiments had already showed near excellent extraction percentages. 

For stripping step, 1M HCl was used as the stripping agent for all experiments. O/A 

ratio of 1/1 was tested for 3 steps of 5 minutes shaking. Also O/A ratio of 2/1 was 

tested for 5, 10 and 15 minutes after optimal extraction percentages. 

Lastly; 0.25M D2EHPA concentration, 10 minutes shaking time and O/A=1/1 

parameters were applied for extraction to follow up with 5 stripping steps of 15 

minutes shaking and O/A=1/1. 

4.4.2 Solvent extraction from leachate 

As this study’s main aim is to chart a process route starting from waste LCD to In2O3 

particles, solvent extraction from leachate becomes an important step. For this step, 

solution from multi-step custom tank leach was taken directly, without any 

intermediate procedures. The optimal parameters found in the previous section were 

used. 

0.25M D2EHPA (diluted in kerosene) was used for extraction. Solutions were 

shaken together for 10 minutes, with O/A=1/1. After separation, 1M HCl was used 

for stripping and shaking time was 15 minutes, for O/A=1/1. In order to completely 

strip indium from loaded D2EHPA phase, loaded organic phase was stripped 5 times, 

with same parameters. 

 In2O3 Particle Production: Ultrasonic Spray Pyrolysis 

In this section, Ultrasonic Spray Pyrolysis method was used to synthesize In2O3 

particles. Schematic for our USP setup can be seen in Figure 4.6. 

An ultrasonic atomizer (Ramine Baghai Instrumentation) was used to produce 

aerosols from precursor solutions. A refrigerated circulating water bath was used to 

keep precursor solution at 25 oC during aerosol generation. Aerosol generation 

reactor can be seen on Figure 4.7 with circulating bath and air inlets. Aerosols were 

transported into furnace with air (1 L/min) in both sections. Reaction zone was a 
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quartz tube with a length of 30 cm and diameter of 3 cm. After leaving reaction zone, 

In2O3 particles were collected in three collection chambers filled with deionized 

water. 

 

Figure 4.6 : Basic schematic of our USP setup. 

 

Figure 4.7 : Aerosol generation reactor filled with precursor solution, a) air inlet, b) 

circulating bath connectors. 

A precursor solution was prepared from synthetic substances. Here In(NO3)3 was 

used to prepare precursor solution. Calculated amount of In(NO3)3 was weighed to 
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obtain 0.1 M indium ion concentration in the solution. In(NO3)3 was dissolved in 

deionized water by mixing for 30 minutes at 250 rpm for homogeneous solution. 

This solution was used to generate aerosol with 1.3 MHz frequency. Reaction zone 

was set to four different temperatures, in four different experiments, 400-500-600-

700 oC. In all experiments, furnace was heated at 10 oC/min rate while keeping 

airflow. All production was kept on for 4 hours after starting aerosol generation. 
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 RESULTS AND DISCUSSION 

Here the results for experimental studies can be found. This section was also divided 

into three main steps, in parallel to experimental studies. 

 Leach of Indium by Mineral Acids 

5.1.1 Weight increase leach 

Leaching with and without organic layer were analyzed separately. The removed 

weight of the organic layer obviously increases leached ITO layer content per weight 

of LCD glass. Accordingly, indium content for leaching without organic layer was 

expected to be higher. As the highest concentration metals, indium and tin was 

shown separately. Figure 5.1 shows the results of leaching with the organic layers 

intact. Figure 5.1 indicates that indium amount is not affected meaningfully by solid 

weight increase and further increase is a viable strategy. In addition, neither sulfuric 

acid nor nitric acid had a valuable advantage over the other. 

 

Figure 5.1 : Indium and tin concentrations in leaching with the organic layers intact. 
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Figure 5.2 shows the results of leaching without the organic layers intact. As 

expected, Figure 5.2 presents an overall higher indium concentration than Figure 5.1. 

Sulfuric and nitric acid again showed no meaningful advantage over each other and 

both are suitable candidates to extract indium from ITO layers. However, sulfuric 

acid can be better reagent because of its relations with known extractants [1]. 

 

Figure 5.2 : Indium and tin concentrations in leaching without the organic layers 

intact. 

Table 5.1 shows the concentrations of impurities in the leachates. Values written as 

zero meant that those were below detection limits. Fe, As and Ag were also analyzed 

but were all below comparable limits. Average impurity content was lower for 

leaching without organic layers. It can be seen that some of the impurities were 

dissolved from organic layers. Cu and Mo could not be detected in no-organic layer 

leachates while Al and Si concentrations decreased. 

Compared to indium and tin concentrations (Figure 5.1, Figure 5.2), impurity 

concentrations are considerably lower. These values showed that, our non-crushing 

leaching technique yielded high ratios of indium to impurity concentration. This 

technique can be applied to larger scale leaching studies and can still obtain high 

indium percentages. 
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Table 5.1 : Impurity concentrations of all solid increase leachates. 

Acid 
Organic 

Layer 
Solid Weight 

(grams) 
Aluminum 

(mg/L) 

Silicon 

(mg/L) 

Copper 

(mg/L) 

Zinc     

(mg/L) 

Molybdenum  

(mg/L) 

H2SO4 

with O.L. 

1 0.55 1.02 0.06 0.77 0.16 

2.5 0.49 0.77 0.05 0.76 0.13 

5 0.49 0.73 0.02 0.71 0.09 

7.5 0.57 0.65 0.02 0.70 0.10 

10 0.51 0.85 0.01 0.70 0.08 

without 

O.L. 

1 0.35 0.39 0 0.85 0 

2.5 0.36 0.38 0 0.86 0 

5 0.35 0.29 0 0.89 0 

7.5 0.29 0.44 0 0.83 0 

10 0.26 0.40 0 0.85 0 

HNO3 

with O.L. 

1 0.53 0.69 0 0 0.12 

2.5 0.52 0.85 0 0 0.07 

5 0.48 1.08 0 0 0.09 

7.5 0.47 1.04 0 0 0.04 

10 0.50 1.02 0 0 0.06 

without 

O.L. 

1 0.31 0.01 0 0 0 

2.5 0.26 0.11 0 0 0 

5 0.40 0.17 0 0 0 

7.5 0.28 0.11 0 0 0 

10 0.30 0.24 0 0 0 

5.1.2 Multi – step leaching 

5.1.2.1 Small scale multi – step leaching 

The results of H2SO4 and HNO3 multi-step was compared in terms of both indium 

and impurities. Figure 5.3 shows that indium concentration in both leachates 

increased steadily between first and tenth step. 

Figure 5.4 shows the ITO layer before and after multi-step leachings. Compared to 

original ITO layer images, it can be seen that H2SO4 has leached almost all of the 

ITO layer, whereas it may seem like HNO3 have not leached ITO layer completely. 

However, composition results on Figure 5.3 indicates that both acids had almost 

identical leaching behaviours. 
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Figure 5.3 : Concentration of elements for multi-step leaching in beakers (small 

scale), a) indium and tin, b) tin with other impurities. 

 

Figure 5.4 : SEM images of ITO layers a) before leaching, b) after 48 hours of 

H2SO4 leaching, c) after 48 hours of HNO3 leaching. 
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5.1.2.2 Multi – step leaching with custom tank 

Custom tank leaching was conducted to acquire a larger volume compared to small-

scale leaching. Solid to liquid ratio calculation was rounded up and 270ml, 1M 

H2SO4 was used. Here HNO3 was not used as acidic media. Analysis samples were 

taken from 1st step and 10th step. Similar to other multi-step leaching, after switching 

LCD glass, the tank was covered to prevent evaporation. Table 5.2 shows the results 

of multi – step leaching with custom tank. 

Table 5.2 : Concentrations of elements during multi – step custom tank leaching. 

Step 

Number 

Concentrations (mg/L) 

Indium Tin Aluminum Zinc Iron Copper 

1st 32.76 0 0.21 6.52 2.08 0 

10th 362.68 5.55 1.79 3.48 1.02 0 

It can be observed that indium concentrations increased almost 10 times between 

first and tenth step. This tank design and leaching approach has successfully 

increased indium concentration significantly. Tin concentration also increased 

naturally. This is important because acquired solution will be used as starting media 

for solvent extraction studies in later sections. Indium and tin will be separated in the 

stripping step of aforementioned solvent extraction process. Zinc and iron 

concentration decreased, even though the amount of LCD glass leached had 

increased. Both analyses were done by diluting samples by a factor of 20, as the 

indium concentration was expected to be too high for a correct detection. As zinc and 

iron’s concentration was extremely low for first step, the relatively higher 

concentrations of first step can be attributed to equipment detection errors. The final 

solution (10th step) was vacuum filtered to clean small organic and glass pieces. It 

was used as the starting solution for later solvent extraction studies. 

 Solvent Extraction of Indium 

5.2.1 SX for parameter optimization 

A solvent extraction process for parameter optimization was designed. The synthetic  

solution given in Table 4.2 was used. Indium extraction and separation of tin, iron 

were given priority during process design. 
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Figure 5.5 shows results of extraction by different D2EHPA concentrations (diluted 

in Kerosene). While 0.25M and 0.5M D2EHPA was enough to extract almost all of 

indium, 0.1M was not enough to extract all indium. Tin extraction percentage was 

also quite high, however stripping step would solve this issue. 

 

Figure 5.5 : Extraction from H2SO4 media, by different D2EHPA concentrations, 5 

minutes shaking time and O/A=1/1. 

Loaded D2EHPA solutions obtained after experiments on Figure 5.5 were stripped 

by 1M HCl, at O/A=1/1 and 5 minutes. Three stripping steps were applied, whose 

results can be seen in Table 5.3. Indium’s stripping percentage was low even after 

three steps. This indicated the need for further parameter tuning. Tin and copper 

stripping percentages were low and in intended ranges. Aluminum, zinc and iron’s 

stripping percentages were relatively higher (10-60%) but the actual concentrations 

were low and intended outcomes were achieved. Aluminum’s 0.1M D2EHPA 

stripping percentages were not given because of an analysis error that caused 

exaggerated percentages (>300%). However, aluminum concentrations were still in 

desired, lower ranges. 
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Table 5.3 : Stripping percentages and concentrations for three steps of 1M HCl, 5 

minutes shaking and O/A=1/1, after extraction with O/A=1/1 and 5 minutes of 

shaking. 

D2EHPA 

Concentration 

Step 

Number 
 Indium Tin Aluminum Zinc Iron Copper 

0.1M 

1st 
mg/L 44.66 0.47 0.11 0.25 0.53 0.21 

Strip % 17.97 1.64 - 19.89 12.60 9.05 

2nd 
mg/L 54.49 0 0 0.01 0.05 0 

Strip % 39.90 1.64 - 21.25 13.85 9.05 

3rd 
mg/L 19.51 0.09 0 0 0.07 0 

Strip % 47.75 1.95 - 21.25 15.6 9.05 

0.25M 

1st 
mg/L 101.88 0.11 0.05 0.15 0.37 0.11 

Strip % 19.96 0.25 30.61 10.75 7.52 3.96 

2nd 
mg/L 54.89 0.05 0.00 0.02 0.50 0.00 

Strip % 30.71 0.37 30.61 11.89 17.52 3.96 

3rd 
mg/L 29.74 0.06 0.00 0.00 0.05 0.00 

Strip % 36.53 0.51 30.61 11.89 18.57 3.96 

0.5M 

1st 
mg/L 97.20 0.11 0.04 0.21 0.23 0.13 

Strip % 18.83 0.21 60.00 17.37 5.09 5.61 

2nd 
mg/L 74.10 0.00 0.00 0.03 0.03 0.00 

Strip % 33.18 0.21 60.00 19.75 5.66 5.61 

3rd 
mg/L 48.06 0.03 0.00 0.00 0.02 0.00 

Strip % 42.49 0.26 60.00 19.75 6.10 5.61 

Extraction using 0.25M D2EHPA at different O/A ratios and times were done. The 

results for comparison of 0.25M D2EHPA extractions can be seen in Figure 5.6. 

Lowering aqueous ratio can have a negative impact on indium extraction, as 

extraction was lower for O/A=2/1. On the other hand, using O/A=2/3 ratio can be 

more beneficial as it lowers tin and iron extraction while still maintaining almost 

perfect indium extraction. 

Figure 5.6 results showed that indium extraction was successful with good 

percentages while keeping impurity extraction (except tin) lower than 25%. Tin 

extraction would be solved in following stripping steps. 25% extraction can be 

interpreted as high for impurities but it should be noted that starting solution’s 

impurity concentrations were already low to start with. 
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Figure 5.6 : Comparison of extraction with 0.25M D2EHPA solution at different 

parameters (O/A and time). 

Stripping with 1M HCl was done to some of the loaded D2EHPA. Figure 5.7, Figure 

5.8, Figure 5.9 shows the results of stripping stages. All graphs can be seen along 

with their respective extraction stage parameters and results in percentage. It can be 

understood that indium stripping percentages were low for O/A=2/1 and lowering 

aqueous solution volume was not a viable path for indium stripping. Increasing 

shaking time also increases indium stripping percentage for stripping stages. 

Additional steps and increasing aqueous ratio can yield higher indium stripping 

percentages. On the other hand, tin extraction percentages were lower than 2% for all 

shaking times. It can be seen that HCl can not strip tin from D2EHPA regardless of 

time and D2EHPA concentration. D2EHPA-extraction and HCl-stripping 

combination is a strong candidate to completely to separate indium and tin. In the 

case of other impurities, aluminum percentages were again inflated (>100%) and 

were not given. Zinc, iron and copper stripping percentages were higher than tin 

percentages. While this may seem alarming in percentage comparison, the values are 

actually lower than 1 mg/L. This situation is caused by low starting concentrations 

and extraction percentages. From these graphs, it can be understood that higher step 

count and 15 minutes stripping steps is a viable route to strip indium from loaded 

D2EHPA solutions. 
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Figure 5.7 : Stripping with 1M HCl and O/A=2/1, after extraction with 0.25M 

D2EHPA, O/A=2/1 and 5 minutes (extraction values given in %). 

 

Figure 5.8 : Stripping with 1M HCl and O/A=2/1, after extraction with 0.5M 

D2EHPA, O/A=1/1 and 5 minutes (extraction values given in %). 

 

Figure 5.9 : Stripping with 1M HCl and O/A=2/1, after extraction with 0.25M 

D2EHPA, O/A=1/1 and 10 minutes (extraction values given in %). 
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In the last part of synthetic solvent extraction studies, higher step counts and longer 

shaking times during stripping stage was applied to same synthetic starting solution. 

Here optimized extraction parameters were used. For extraction, 0.25M D2EHPA 

was used during 10 minutes of shaking time for O/A=1/1. Table 5.4 shows the 

extraction percentages of indium, tin, aluminum, zinc, iron and copper. It can be seen 

that almost all of the indium was extracted from synthetic starting solution. Tin 

extraction was again higher and in parallel with previous extraction results. 

Table 5.4 : Extraction from H2SO4 media, by 0.25M D2EHPA concentration, 10 

minutes shaking time and O/A=1/1. 

Element Indium Tin Aluminum Zinc Iron Copper 

Extraction 

Percentage 

(%) 

98.92 69.09 44.41 27.57 36.46 47.63 

Loaded D2EHPA solution obtained after Table 5.4 was stripping using 1M HCl at 

O/A=1/1. Previous studies showed that stripping parameters required improvements. 

In accordance with previous results, stripping shaking time was increased to 15 

minutes. Also total step size was increased to five. Figure 5.10 shows the total 

stripping percentages after each step. 

 

Figure 5.10 : Stripping with 1M HCl, 15 minutes shaking time and O/A=1/1 in 5 

total steps; after extraction with 0.25M D2EHPA, O/A=1/1, 10 minutes (whose 

values were given in Table 5.4). 
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It can be seen that applying multiple steps and increasing shaking time to 15 minutes 

worked well for stripping stage. Tin stripping (which is a major impurity) remained 

lower throughout the process. Other impurities’ percentages also increased but no 

stripping liquids presented an impurity concentration higher than 1.5 mg/L. This 

result was similar to previous stripping experiments where “impurity-stripping 

percentage” increased over time and steps, but the actual concentrations were 

considerably lower than indium’s concentration. 

Figure 5.10 shows that indium stripping was more successful compared to previous 

experiments. However, an interesting aspect of indium stripping has become known. 

Total indium stripping amount has increased from 19.21% to 75.04%. When this 

increment is broken down to individual steps (instead of total stripping), the 

effectiveness of stripping steps decreased. The stripping performance of steps from 

1st to 5th were 19.21%, 17.12%, 16.33%, 12.8% and 9.58%, respectively. Stripping 

performance of an individual step was halved when 5th step was reached. While 

stripping parameters were same, loaded organic phase had changed with each step; 

indium loading in D2EHPA was decreasing with each step as well. It can be 

interpreted that the amount of indium remaining in D2EHPA has an important 

impact on stripping performance. Further steps should be optimized accordingly, as it 

can be seen that the stripping effectiveness is inversely proportional to step count. 

5.2.2 SX from leachate 

The acquired solution from custom tank leaching experiment (4.3.2.2) was used as 

starting sulfuric acid media for solvent extraction studies. The solution was used 

directly, whose elemental composition can be seen on 10th step in Table 5.2. The 

indium to impurity concentration ratio was similar to synthetic solution’s ratio. Tin 

was again the main impurity and copper was not present in leachate. 

Solvent extraction parameters were same as last part of previous section. To 

summarize; 0.25M D2EHPA, 10 minutes shaking time, O/A=1/1 for extraction; 1M 

HCl, 15 minutes shaking time, O/A=1/1, 5 steps for stripping. 

A good indium extraction was successfully achieved. 98.56% of indium was 

extracted from starting solution. Zinc extraction was high too, with 82.39% but the 

starting concentration (3.48 mg/L) was already 100 times lower than indium’s. Tin, 

aluminum and iron’s extraction percentages will not be given as an analysis error 
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caused their percentages to be lower than zero. This also affected their stripping 

percentages, which also will not be provided. 

Indium stripping behavior was similar to previous section as stripping effectiveness 

decreased with step counts. The stripping performance of steps from 1st to 5th were 

28.02%, 25.31%, 21.44%, 15.81% and 10.31%, respectively. In conclusion, total 

indium stripping percentage increased and reached 100.89%. The small over 

percentage was attributed to analysis error. Lower indium starting concentration 

(compared to synthetic starting solution) allowed a complete stripping of indium 

away from loaded D2EHPA, which was not possible in previous section. Table 5.5 

shows the total indium stripping percentage during steps. 

Table 5.5 : Stripping with 1M HCl, 15 minutes shaking time and O/A=1/1 in 5 total 

steps. 

Step  1st 2nd 3rd 4th 5th 

Indium 

Stripping 

Percentage (%) 28.02 53.33 74.77 90.58 100.89 

Concentration 

(mg/L) 100.17 90.46 76.64 56.53 36.85 

Tin 
Concentration 

(mg/L) 0.39 0.04 0.02 0.02 0.02 

Aluminum 
Concentration 

(mg/L) 0.13 0.06 0.09 0.15 0.10 

Zinc 

Stripping 

Percentage (%) 
1.08 1.33 9.59 18.35 22.78 

Concentration 

(mg/L) 
0.03 0.01 0.24 0.25 0.13 

Iron 
Concentration 

(mg/L) 
0.30 0.30 0.09 0.08 0.07 

Even though zinc-stripping percentage was high, the actual concentration was very 

low. Final concentrations of HCl solutions are low on impurity amounts and 

comparatively higher in indium concentrations. 

 Ultrasonic Spray Pyrolysis 

5.3.1 SEM and EDS 

SEM images of In2O3 particles produced from synthetic solutions were taken for 

shape and size analysis. SEM images of synthetic In2O3 particles can be seen on 

Figure 5.11, Figure 5.12, Figure 5.13 and Figure 5.14. Figure 5.12 and Figure 5.13 
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shows some of the surface roughness that happened with production at 500 oC and 

600 oC. Particles produced at 700 oC had better surface smoothness, which can be a 

beneficial feature during sintering process. Table 5.6 shows the EDS results for In2O3 

particles produced by USP from synthetic solutions at different temperatures. 

 

Figure 5.11 : In2O3 particles produced from synthetic solution by USP at 400 oC, a) 

x10.000, b) x50.000. 

 

Figure 5.12 : In2O3 particles produced from synthetic solution by USP at 500 oC, a) 

x10.000, b) x50.000. 

 

Figure 5.13 : In2O3 particles produced from synthetic solution by USP at 600 oC, a) 

x10.000, b) x50.000. 
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Figure 5.14 : In2O3 particles produced from synthetic solution by USP at 700 oC, a) 

x10.000, b) x50.000. 

Table 5.6 : EDS results in weight percentage for In2O3 particles produced from 

synthetic solutions by USP at different temperatures. 

Temperature 
Weight Percentage (%) 

Oxygen Indium Total 

400 oC 32.16 67.84 100.00 

500 oC 25.77 74.23 100.00 

600 oC 41.34 58.66 100.00 

700 oC 34.46 65.54 100.00 

5.3.2 X – ray diffraction 

X-ray diffraction analysis was conducted to investigate In2O3 phase after USP 

production. Figure 5.15 shows the XRD pattern for In2O3 production by USP from 

synthetic solutions at different temperatures.  

 

Figure 5.15 : XRD pattern for In2O3 particles manufactured by USP method, from 

synthetic solutions. 
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All patterns are shown with values normalized to highest peak. The main peaks of 

cubic In2O3 phase (at 2θo) are 21.49o (13%), 30.58o (100%), 35.46o (28.7%), 51.02o 

(30.5%), 60.67o (20.4%) [61]. It can be seen that patterns of all temperatures are in 

accordance with the reference peaks for In2O3 particles. 
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 CONCLUSIONS AND RECOMMENDATIONS 

A process to recycle In2O3 from waste LCD panels was designed. First parts of the 

process design were focused on solving problems originating from low indium 

content of waste LCD panels. Later steps were focused on manufacturing 

commercially usable In2O3 particles. Three major steps and their optimization studies 

were conducted to chart a route from waste LCD to In2O3 particles. 

Leaching with acidic media was used to extract indium from waste LCDs. For all 

leaching, no crushing or grinding was used but instead LCD glass was cut. Initial 

leaching steps increased the solid amounts gradually while keeping a stable solid to 

liquid ratio for both leaching with and without organic layers intact. 1:10 solid to 

liquid ratio worked well for all weights (1g-10g) and both acids (1M H2SO4 and 

HNO3). Leachate concentrations were 20-25 mg/L and 27-32.5 mg/L for with and 

without organic layer, respectively. In terms of indium extraction, neither H2SO4 nor 

HNO3 showed a meaningful advantage over the other, while HNO3 was slightly 

advantageous in terms of impurities. 

In order to tackle low indium concentration problem, a multi – step leaching method 

was used. Same acidic solutions were used ten successive times to multiply indium 

concentration in the solutions. Other parameters were taken from previous leaching 

experiments. Indium amounts increased almost ten times compared to first steps and 

impurity concentrations, including tin, remained relatively low. Furthermore, SEM 

imagery showed that ITO layer was almost completely wiped from LCD surfaces. 

Even though multi – step leaching method yielded desired results, the previous 

experiment’s volume was too low. A custom tank was built to do a larger multi – 

step leaching. Only 1M H2SO4 was used. Here solid to liquid ratio was same but 

solid weight was more. This resulted in a 270 ml solution to conduct solvent 

extraction experiments. Indium concentration increased from 32.76 to 362.68 mg/L 

from 1st to 10th step. Tin and other impurity concentrations were lower compared to 

indium and final composition was suitable to be a starting solution for solvent 

extraction studies. 
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Solvent extraction was used to clear solution from impurities and obtain indium 

alone. Extraction system was D2EHPA diluted in Kerosene and stripping system was 

1M HCl. Both systems were run in separatory funnels and a shaker. Firstly, a 

synthetic solution was prepared to test the system. 0.25M D2EHPA and 0.5M 

D2EHPA was successful in extracting indium >99% with O/A=1/1 and 5 minutes 

shaking time. O/A=2/3 and 10 minutes shaking was also successful in extraction of 

indium >99% and decreased tin extraction percentage by almost 10%. Tin extraction 

was high for all extraction steps but this would be solved during stripping stages. 

Stripping steps showed gradual improvement for increasing shaking times from 5 to 

15 minutes. O/A=2/1 ratio did not perform as well as O/A=1/1 and decreased the 

stripping percentages. Stripping from 0.25M or 0.5M D2EHPA did not show a big 

difference. All stripping stages were successful in selectively extracting indium 

rather than tin. As tin is major impurity in LCD leaching, separating indium and tin 

becomes a bigger obstacle. 

Optimized parameters from previous solvent extraction studies were used on leachate 

obtained after custom – tank leaching experiments. For extraction, 0.25M D2EHPA 

was used with 10 minutes shaking time and O/A=1/1. Results were similar to 

synthetic experiments, 98.56% of indium was extracted. For stripping steps, a total of 

5 steps were used to strip all of the indium. 1M HCl was used again for 15 minutes of 

shaking and O/A=1/1. All impurity concentrations were lower than 1 mg/L. 

In2O3 particles were successfully produced with USP method by using synthetic 

indium-nitrate solutions. Four different temperatures were used and compared with 

XRD patterns, SEM images and EDS analysis. SEM images showed that all 

temperatures succeeded in producing In2O3 particles with spherical shapes and 

homogeneous distributions. However, production with 700 oC temperature showed 

better surface morphology, which is beneficial for sintering operations. 
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