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Abstract 

The waste byproducts from the indium-consuming fabrication processes are considered as the 

viable resource for indium due to the unique preference to the element in designing optoelectronic 

devices. The present work introduces a new technique for the selective recovery of indium from the 

etching waste, which produced during the patterning of indium tin oxide (ITO) layer on the flat-

panel displays. The process includes the application of a solid phase extraction (SPE) assembly, 

known as molecular recognition technology (MRT) gel, consisting of a metal-selective ligand 

immobilized to silica gel or polymer substrates. The samples were the real solution of etching waste 

from the liquid-crystal display fabrication process, and the simulated waste solution prepared using 

the commercially available etching solution composition containing ethanedioic acid. The retention 

and the corresponding indium recovery rate (%) were the key characteristics for the appraisal of 

MRT-SPE types: AnaLig TE 02 (TE 02), AnaLig TE 03, AnaLig TE 07, AnaLig TE 13 and 

AnaLig PM 02. The other conclusive factors were the influence of ion intensity in solution and the 

interfering effects from tin, the co-content element in the ITO-formulation. The TE 02 MRT-SPE 

came across all the requisite aspects for the selective recovery of indium from the etching effluent. 

The indium retention or recovery with TE 02 MRT-SPE from the real etching waste solution was in 

the range of 97 to 99% with the relative standard deviation of < 4.4%. The separation of the ITO 

co-element tin from the waste mixture was successively selective, and thereby minimizes the 

possibility of interference. A three-step elution with 0.3 mol L–1 HNO3, 6 mol L–1 HCl and 1 mol 

L–1 HCl/10 mmol L–1 EDTA was required to accomplish the sequential selectivity in the process. 

The indium retention capacity of the TE 02 MRT-SPE was 0.147 mmol g–1. 
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1.0 Introduction 

Transparent conducting oxides (TCOs) are extensively used in flat-panel displays (FPDs) (e.g. 

liquid-crystal display, plasma display panel), solar panels, organic light-emitting diodes, or in other 

electro-optical devices as transparent electrodes [1-4]. TCOs of binary, ternary or quaternary 

compositions combining In, Zn, Cd, Sn and Ga have been reported [5-9], while the Sn-doped In2O3 

(ITO), F-doped SnO2, and Al-doped ZnO are acclaimed for the properties required for transparent 

electrodes [9]. ITO thin film is the most used among the TCOs, and industrially recognized in terms 

of the better characteristics of transparency to visible light, electric conduction and thermal 

reflection [4, 10]. The major component of ITO is metal indium, which is well thought-out as ‘rare’ 

due to its increasing demand and limiting supply resources [11]. The recent researches, hence, 

increasingly focus on the waste materials from the indium-consuming manufacturing processes as 

the useful secondary resource for indium, other than the refinery production. The prospective waste 

resources that are studied for the recovery of indium are ITO-scrap [12-15], end-of-life liquid 

crystal displays [13, 16, 17] and etching waste [18, 19].  

ITO thin film is usually applied on the FPDs using DC magnetron sputtering process, in which 

less than one-third of the ITO target are transported to the glass panel leaving a significant fraction 

as either ITO scrap or residue [12, 19]. The patterning of the resultant ITO layer on the FPDs is 

generally conducted through a photolithography process using the etching in acidic solutions [4]. 

The waste solution thus produced from the etching process contains the residual ITO fraction, and 

can be used as a secondary resource for the recovery of indium [18, 19].  

Recovery of soluble indium from the mixed matrix solution using solvent extraction [20], 

chemical precipitation [21, 22], ion-exchange resin [23-25], and liquid membrane [26] has been 

reported. However, these conventional approaches are disadvantageous when the concentration of 

indium is low in solution owing to the lower feed/recovery ratio, bulk consumption of reagent, 

high-energy  requirements, generation of toxic sludge or effluent, and so forth [27]. The effect of 

coexisting ions in the aqueous mixtures has also hardly ever been considered in the reagent-based 

separation processes [18].  
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The etching waste solution from the fabrication process of FPDs contains about 2% of indium 

[18]. The techniques by far attempted for the recovery of indium from the etching waste were 

solvent extraction combined with electrolytic refining [18] and supercritical carbon dioxide 

extraction [19]. However, due to the ability to attain high concentration factor, solid phase 

extraction (SPE) technique is preferentially recommended for the separation of metal ions from 

aqueous solutions as compared to the other separation techniques when the target ion content is low 

in the feed solution [28, 29]. Although SPE offers fast separation of an analyte of interest from the 

solution, the main difficulty in using SPE scheme for the recovery of indium from the etching 

wastewater is the comparative selectivity of the SPE material toward the content-species in the 

solution [30-33]. ITO is formulated by doping In2O3 with approximately 10% of SnO2, and tin 

appears as the major impurity in the recovery process of indium from the ITO-waste [12]. The 

separation process becomes further challenging due to the chemical similarity between indium and 

tin [34, 35]. Hence, SPE-type with sufficiently high and selective affinity toward trace levels of 

indium is required to treat ITO-waste solutions.  

In this work, an SPE-type known as molecular recognition technology (MRT) gel is used that 

claimed to possess selectivity in binding the analyte of interest even in highly concentrated matrix 

solutions [36]. The comparative selectivity behavior of the MRT-SPE variants (AnaLig TE 02, 

AnaLig TE 03, AnaLig TE 07, AnaLig TE 13 and AnaLig PM 02) toward indium or tin and the 

corresponding rate of recovery via elution were evaluated along with other key factors for 

separation. The observations are used to design a process for the recovery of indium from the 

mixed matrix etching waste solution. Besides the application of SPE, the distinctive point of the 

proposed technique is the non-destructive and rapid recovery of the indium from the liquid ITO-

waste mixture through the concurrent confinement of the interfering tin species.   

2.0  Experimental  

2.1 Instrumentation 

An inductively coupled plasma optical emission spectrometer (ICP-OES) of the iCAP 6300 

model from Thermo Fisher Scientific (Waltham, MA) was used for the metal analysis. The ICP-

OES was operated using the 1.15 kW RF power at the torch. Argon was used as the flow gas 
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passing at the rate of 12 L min–1 in the plasma, 1 L min–1 in the auxiliary, and 0.5 L min–1 in the 

nebulizer. The integration time was 30 s. Each measurement was performed at three replicates.  

A GL-SPE vacuum manifold kit from GL Sciences (Tokyo, Japan) in combination with an 

CAS-1 air pump from AS ONE (Osaka, Japan) was used to perform the SPE. The Aqua Loader III 

from GL Sciences (Tokyo, Japan) was used as the SPE flow-rate regulator. A Navi F-52 pH meter 

from Horiba Instruments (Kyoto, Japan) fitted out with a combination electrode was used for pH 

measurements. An Arium Pro water purification system from Sartorius Stedim Biotech GmbH 

(Göttingen, Germany) was used to prepare the ultrapure water of resistivity > 18.2 MΩ·cm.  

2.2 Materials 

2.2.1 Etching waste solution 

The real etching waste solution was collected from a Japanese manufacturer producing liquid-

crystal display panels via Kanto Chemical (Tokyo, Japan). The manufacturer has been introduced 

as ‘anonymous’ as per request from the supplier to avoid the violation of proprietary rights. The 

ICP-OES analysis of the real etching effluent revealed the following contents: In, 386.3 mg L–1; Sn, 

38.75 mg L–1; Sr, 0.043 mg L–1; and Ti, 0.755 mg L–1. The solution pH was 1.5. 

The simulated solution of etching waste was prepared by adding 300 mg L–1 indium and 30 mg 

L–1 tin in ITO-06N etching solution composition containing 5% ethanedioic acid in water available 

commercially from Kanto Chemical (Tokyo, Japan) following the procedure as described 

elsewhere [37]. The pH of the simulated solution was maintained within the range of 1 to 1.5. 

2.2.2 SPE materials 

SPE-types, including MRT gel, chelating resin, and ion-exchange resin were used. The AnaLig 

TE 02 (TE 02), AnaLig TE 03 (TE 03), AnaLig TE 07 (TE 07), AnaLig TE 13 (TE 13) and AnaLig 

PM 02 (PM 02) were the MRT gel types from GL Sciences (Tokyo, Japan), which have a silica gel 

base containing crown ether functional groups. The Chelex-100 (C 100) (styrene divinylbenzene 

base containing iminodiacetic acid functional groups) from Bio-Rad Laboratories (Hercules, CA), 

NOBIAS Chelate PA-1 (PA 1) (hydrophilic methacrylate base containing polyamino-

polycarboxylic acid functional groups) and NOBIAS Chelate PB-1 (PB 1) (divinylbenzene/ 

methacrylate polymer base containing polyamino-polycarboxylic acid functional groups) from 
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Hitachi High-Technologies (Tokyo, Japan) were the chelating resin types. The NOBIAS Ion SA-1 

(SA 1) (hydrophilic methacrylate base containing quaternized amine functional groups) and 

NOBIAS Ion SC-1 (SC 1) (hydrophilic methacrylate base containing sulfonic acid functional 

groups) from Hitachi High-Technologies (Tokyo, Japan) were the ion-exchange resin types.  

2.2.3 Chemicals and laboratory wares 

All the chemicals were of reagent grade, and used without further purification. Indium or tin 

standard solutions, NaNO3 salt, HNO3 and HCl were purchased from Kanto Chemical (Tokyo, 

Japan). The HNO3 was used for rinsing of the SPE assembly, for adjusting the solution pH of the 

simulated etching waste or for elution. The HCl is used for the elution and for the cleaning of 

laboratory wares. The ITO-06N etching solution composition is fortified with NaNO3 to obtain a 

mix of the 0.1 mol L–1 concentration, and used for the conditioning of the SPE-types. A 

PlasmaCAL multi-element solution in 5% HNO3 containing twenty-one different metal species 

from SCP Science (Québec, Canada) was used to assess the effect of matrix ions. All working 

solutions were prepared from the stock solutions by dilution with ultrapure water. 

The laboratory wares include low-density polyethylene bottles from Nalge Nunc (Rochester, 

NY), perfluoroalkoxy tubes and micropipette tips from Nichiryo (Tokyo, Japan). The accessories 

have been cleaned before and after each use by overnight soaking in Scat 20X-PF alkaline 

detergent from Nacalai Tesque (Kyoto, Japan) and then in 4 mol L–1 HCl, and rinsing with 

ultrapure water after each of those steps. 

2.3 Methods 

SPE-assembly packed in 5 mL mini-columns was used. The process consisted of rinsing with 1 

mol L–1 HNO3 (2 to 3 mL) and ultrapure water (5 mL); conditioning with 0.1 mol L–1 NaNO3 in 

ITO-06N solution (∼ 15 mL); sample loading (2 + 2 mL); washing with ultrapure water (2 + 2 mL); 

and elution with HNO3, HCl, EDTA or their mixtures in combination with ultrapure water 

depending either on the SPE-type or the target element (4 to 12 mL). The gravity flow was 

adequate for separation, which maintained the flow-rate between 0.2 and 0.5 mL min–1.  

The rinsing step was for the elimination of any foreign species that might remain within the 

SPE-columns. The conditioning step was used to attain the equilibrium chemical state within the 
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SPE-assembly and to suppress any possible side-effect from the rinsing step. The sample loading, 

washing and elution steps were the principal steps of the separation process. The processed solution 

obtained at each of those steps has been labeled, respectively, as the column outflow, wash outflow 

and elution outflow and was measured for the metal concentrations in ICP-OES, including that of 

the sample. The element mole total in the elution outflow was compared with the cumulative 

number of the element moles present in all the outflows (i.e., column outflow, wash outflow and 

elution outflow), and the percentage rate of element retention in the SPE is attained. The aggregate 

of element mole total in all the outflows was compared with the element moles in the sample 

solution to compute the recovery rate in percentage. The reported values are averaged from at least 

three replicate tryouts. 

3.0 Results and discussion 

3.1 Comparative evaluation of the SPE-types 

3.1.1  Retention of indium and tin 

The primary objective of the selective SPE from the mixed matrix is the maximum retention of 

the target element in the solid-phase. A comparative scenario of indium or tin retention rate (%) in 

different MRT-SPE types and other SPE types is shown in Fig. 1a and 1b, respectively. The indium 

retention rate (%) was at least 97.1 in the MRT-SPE types, except that in the TE 07 (44.0 ± 0.8), 

while the tin was retained quantitatively. The three candidates of the other SPE-types showed 

notable indium retention (%) efficiency (C 100: 86.3 ± 0.4, PA 1: 87.4 ± 0.2, PB 1: 96.1 ± 4.4). 

However, the performance (%) is inferior to that of the MRT-SPE options (TE 02: 99.9 ± 0.9, TE 

03: 97.1 ± 0.4, TE 13: 100 ± 1.1, PM 02: 99.9 ± 0.8). The other SPE-types were better competent in 

retaining tin, except for the SC 1, then the indium.  

Macrocyclic chelants, such as crown ethers, immobilized on the solid-phase are used to design 

the MRT-SPE types [38, 39]. The excellent structural diversity and the superior guest selectivity of 

the crown ethers, among the parent macrocycles, are particularly effective for binding hard metal 

ions [40]. The macrocyclic chemistry coupled with the molecular recognition acts better than the 

typical ion-exchange or metal-chelant complex formation chemistry of the traditional SPE options 
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[39, 41], which possibly result in the condescending retention performance with the MRT-SPE 

types.  

3.1.2 Recovery of indium and tin 

An SPE process can be accepted as effective not only with the thoroughgoing retention of the 

target element, but also with the selective recovery of the retained species from the solid-phase via 

elution. A high enrichment factor from the SPE process is obvious if the eluent possesses the 

capacity to elute the species with a minimum volume without affecting its precise analysis [42]. 

The eluent is usually a single liquid or a mixture of multiple liquids, which are applied either in a 

single dose or in a series. The recovery of the indium or tin that retained within the MRT-SPE (Fig. 

2a) or other-SPE types (Fig. 2b) was attempted primarily with a mixture of HNO3 (1 mol L–1, 2 mL 

and 6 mol L–1, 1 mL) and ultrapure water (1 mL). The aforementioned composition was used for 

the selective separation of toxic metal-species from the metal-affluent matrix with the other MRT-

SPE variants [17] and the other SPE-types [43]. The C 100, PA 1 or PB 1 SPE-types were able to 

retain > 86% of total indium or tin, and the recovery of the ‘captured’ content was non-selective 

(Fig. 2b). The retained total indium contents in the MRT-SPE types recovered selectively with the 

stated eluent composition, while the tin-content remained as is in the solid-phase (except that for 

TE 02, 31.7 ± 6.8, and TE 03, 22.8 ± 4.7). The selectivity in recovery attained with the MRT-SPE 

types might be due to the difference in the patterns of inclusion of the target metal species in the 

macrocyclic cavity [44], which were determined by the combination of size, configuration, 

electronic interaction, charge, wetting, and other factors of the target species [45].  

The recovery of tin from the MRT-SPE with different eluents was attempted for the 

regeneration and reuse. Besides the composition of HNO3 (1 and 6 mol L–1) and ultrapure water, 6 

mol L–1 HCl (4 mL) and 1 mol L–1 HCl/10 mmol L–1 EDTA (4 mL) were the other two eluent 

options (Fig. 2c). The eluents were independently unable to back-extract tin from the MRT-SPE 

structure, which indicates comparatively stronger attachment of tin within the MRT-SPE structure 

than that of the indium. The incorporation of tin appeared much stronger in the TE 13 or PM 02 

with a cumulative recovery rate (%) of 1.5 ± 0.1 and 48.8 ± 1.9, respectively, with the series 

application of the eluents. The aggregate tin recovery (%) from the TE 07 was favorable (95.2 ± 
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1.8), while its practical application prospect is limited because of the below 45% indium retention. 

The series-elution process offered a rather substantial tin-recovery from the TE 02 (91.2 ± 5.4) and 

TE 03 (100 ± 2.6), although it included the fraction released simultaneously (TE 02: 31.7 ± 6.8, TE 

03: 22.8 ± 4.7) during the recovery process of indium using the eluent composition of HNO3 (1 and 

6 mol L–1) and ultrapure water. Such instantaneous recovery behavior of indium and tin might be 

interrelated to the higher HNO3 concentration in the eluent mixture. The fact was further confirmed 

from the comparative recovery behavior of indium and tin from the TE 02 and TE 03 with the 0.1 

to 5 mol L–1 HNO3 (Fig. 2d) and, accordingly, the indium-only recovery was confirmed with the 

0.3 mol L–1 HNO3. 

3.1.3 Effect of matrix-component intensity and diversity 

The intensity and diversity of the matrix components might interfere in the process of 

separation or compromise the selectivity behavior of the MRT-SPE [17, 32]. Therefore, the effect 

of the intensity and diversity of the co-existing contents in simulated etching waste solution on the 

indium or tin retention pattern was evaluated. The matrix ion intensity was varied using the NaNO3 

concentration of 0.05 to 1.0 mol L–1, and 20 mg L–1 each of the 21-different elements (Al, Ba, Be, 

Bi, Ca, Cd, Co, Cu, Fe, Ga, In, Mg, Mn, Ni, Pb, Sc, Sr, Ti, V, Y, and Zn) was added to achieve the 

matrix-component diversity. A proportional decrease in the indium retention rate occurred with the 

increase in the matrix-component concentration, whereas the tin retention rates remain unchanged 

(Fig. 3a). The indium retention rate is also decreased, to some extent, with the presence of diverse 

elements in the matrix (Fig. 3b). The assessment narrowed to TE 02 and TE 03 MRT-SPE types 

owing to their considerable performance in the retention and selective recovery of indium and tin, 

and the TE 02 withstand better to the increased intensity or diversity of the matrix-components. 

3.2 Scheme for the selective recovery of indium 

The retention and recovery behavior of the different SPE-types to the indium or tin in solution 

enabled us to propose a scheme for the selective separation of the aforesaid elements from the 

etching effluents generated during the fabrication process of FPDs. The etching waste solution 

comprises the residual fraction of the sputtered ITO-target on the display panels, which typically 

contain a minute amount (less than 20 mg L–1) of different elements except the elements of indium, 
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tin and oxygen as remain in the ITO-scrap [12]. Therefore, the key feature of the proposed scheme 

with the AnaLig TE 02 MRT-SPE is the quantitative retention of the indium or tin followed by the 

selective recovery of the elements as illustrated in detail in the Fig. 4.  

3.3 Application of the proposed scheme to the ‘simulated’ and ‘real’ etching waste solution 

3.3.1 Selective recovery of indium 

The proposed scheme was applied for the selective recovery of indium from the simulated and 

real etching waste solution (Fig. 5). A sequential separation approach was required to accomplish 

the objective, which consists of the following steps: (a) simultaneous retention of the elements in 

the etching waste mixture, (b) recovery of the retained indium via elution with 0.3 mol L–1 HNO3, 

and (c) back-extraction of the tin from the SPE-phase using 6 mol L–1 HCl and 1 mol L–1 HCl/10 

mmol L–1 EDTA. The rate of indium retention or recovery from the simulated or real etching 

effluents was in the range of 97 to 99% and the relative standard deviation was below 4.4%. 

3.3.2 Sample source, retention rate and sample loading flow-rate  

The gravity-flow was maintained throughout the process for sample loading and elution. Such 

flow-rate was adequate for the quantitative separation of indium or tin as confirmed from the 

subsequent ICP-OES analysis. An additional comparative observation was yet recorded between 

the sample loading flow-rate and the retention rate of indium or tin in the TE 02 MRT-SPE with the 

change in etching waste sample-types, e.g. simulated and real (Fig. 6). The retention rate of indium 

or tin from the simulated etching waste solution had a somewhat uniform trend (≥ 94%) even at a 

very high flow-rate (60 mL min–1). However, the pattern observed with the real etching waste 

solution is completely different showing a maximum retention of indium or tin (≥ 99%) at the flow-

rate of 0.5 mL min–1 and a gradual decrease with increasing flow-rates. The real etching effluent 

contains the ITO-residue, the solid solution of indium(III) oxide (In2O3) doped with tin(IV) oxide 

(SnO2) of 10:1 ratio. The In2O3 exhibits a cubic bixbyite structure, and the coordination does not 

seem to be modified by the presence of tin, while a more highly distorted oxygen environment 

around indium is predicted due to the insertion of tin [46]. Although the simulated solution 

composed of the same ratio of indium and tin used in ITO formulation, the chemical nature was 
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obviously different from that of the actual process solution. Hence, the concurrent retention pattern 

observed for the real solution lacks for the simulated solution.   

3.3.3 Retention capacity 

The term ‘retention capacity’ is usually used to describe the stability of an SPE-type 

throughout the separation process, which can be computed from the breakthrough volume of the 

SPE-type, and total retained amount of an element (mmol g–1) in the solid phase [47]. The real 

etching waste solution was treated following the proposed separation scheme; the indium or tin is 

eluted and analyzed via ICP-OES.  The indium retention capacity of the TE 02 MRT-SPE was 

0.147 mmol g–1 (Fig. 7). 

4.0 Conclusion 

A process for the selective recovery of indium from the etching effluent generated during the 

ITO-layer patterning on the FPDs is proposed. The study includes the evaluation of several 

commercial SPE-types (TE 02, TE 03, TE 07, TE 13, PM 02, C 100, PA 1, PB 1, SC 1, SA 1) for 

the selective separation of indium from the matrix elements. The objectives are the maximum 

indium transfer from solution to the solid-phase and limit the intrusive elution of the ITO co-

element tin. The MRT-SPE types, TE 02 and TE 03, could come across both the required points, 

while TE 02 performed better with the other additional factors such as, matrix-component diversity 

or intensity. The HNO3 solution (0.3 mol L–1) was used for the selective recovery of the retained 

indium, and the recovery rate (%) from the real etching waste solution was 99.8 ± 2.2. 
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Figure 1: Comparative retention rate of indium and tin in (a) different MRT-SPE types, and (b) 

other SPE-types. Simulated solution of etching waste was the sample (n = 3) 
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Figure 2: Comparative recovery rate (a) of indium and tin from different MRT-SPE types, (b) of 

indium and tin from the other SPE-types, (c) of tin from the MRT-SPE columns with different 

eluents, and (d) of indium and tin from the AnaLig TE 02 and TE 03 using 0.1 to 5 mol L–1 HNO3. 

Simulated solution of etching waste was the sample (n = 3) 
 

17 
 

http://dx.doi.org/10.1016/j.microc.2013.03.005


Microchemical Journal, 110: 133–139, 2013 
The original publication is available at: http://dx.doi.org/10.1016/j.microc.2013.03.005  

Control 0.05 0.1 0.5 1.0
0

20

40

60

80

100

120

R
et

en
tio

n 
(%

)

NaNO3 concentration (M)

AnaLig TE 02 AnaLig TE 03

In

Control 0.05 0.1 0.5 1.0

NaNO3 concentration (M)

Sn

AnaLig TE 02 AnaLig TE 03

Control Indium

(a) Matrix-component intensity (b) Matrix-component diversity

 

Figure 3: Comparative effect of matrix-component (a) intensity and (b) diversity on the retention 

rate of indium or tin in AnaLig TE 02 and AnaLig TE 03. The sample was the simulated solution of 

etching waste fortified with the NaNO3 or the PlasmaCAL multi-element solution (20 mg L–

1 element–1), while the same solution without the NaNO3 or any element was the control (n = 3) 
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Figure 4: Schematic workflow diagram for the selective recovery of indium from the etching waste 

solution 
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Figure 5: Selective recovery of indium using the AnaLig TE 02 MRT-SPE from the (a) simulated 

and (b) real etching waste solution (n = 3) 
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Figure 6: Effect of sample loading flow-rate on the comparative retention rate of indium and tin in 

the AnaLig TE 02 MRT-SPE from the (a) simulated and (b) real etching waste solution (n = 3) 
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Figure 7: Comparative retention capacity of indium and tin in the AnaLig TE 02 MRT-SPE from 

the real etching waste solution (n = 3) 
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