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Abstract 

Scandium is a critical raw material with a technological potential to reduce transportation costs 

and CO2 emissions. However, global supply and market adoption are crucially impaired by the 

lack of high-grade Sc ores and recovery strategies. A tandem nanofiltration solvent extraction 

route is demonstrated to enable effective Sc recovery from real-world acid waste from the chloride 

TiO2 production route. The process involving several filtration stages, solvent extraction and pre-

cipitation was optimized, ultimately producing >97 % pure (NH4)3ScF6. 
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Introduction 1 

The intensifying climate crisis demands the transition of society to alternative technologies that 2 

can reduce anthropogenic greenhouse emissions to an environmentally acceptable level. The 3 

rare earth element (REE) scandium (Sc) offers opportunities for "greening" the energy and trans-4 

portation industries. For example, solid oxide fuel cells containing Sc can economically produce 5 

electricity from hydrogen and Sc is the most efficient dopant for aluminum alloys, allowing the 6 

production of ultra-light car bodies.1,2 Minute amounts of Sc are sufficient for making aircraft Al 7 

alloys weldable and 3D printable, with up to 20% weight-saving for future aircraft construction.3 8 

However, Sc has not been widely adopted by the industry due to limited market availability and 9 

astronomical prices (Sc2O3: 2'200 USD kg-1 in 2021).4 Suppliers face a number of challenges with 10 

regard to Sc: reluctant customers, technologically demanding production processes and short-11 

ages of high-quality Sc ores. Due to its (potential) economic importance, which is impeded by a 12 

pronounced supply risk, Sc has been classified as a critical raw material (CRM) by the European 13 

Commission since 2017.5,6 The European CRM initiative seeks for measures to remove supply 14 

bottlenecks for important commodities. One important strategy is to untap so far unused sources, 15 

such as industrial wastes. Although Sc rarely occurs naturally in concentrated ores, it is rather 16 

abundant in the Earth's crust (Sc: 22 ppm; Pb: 14 ppm). Overall, Sc is present in hundreds of 17 

commercial minerals and can be found in waste streams of mineral industrial processes.7–9 White 18 

pigment (TiO2) has a global production volume of 8,000,000 t∙a-1 10,11 with about half of the TiO2 19 

being produced by chloride route12 in which TiO2-rich ore is digested at high temperatures with 20 

elemental chlorine and coke. Volatile TiCl4 is generated and can be condensed from the off-gases 21 

of the process. Afterwards, TiCl4 is converted to pure TiO2 and Cl2, the latter being recycled. 22 

Chlorides of accompanying metals enter the scrubbing water, which eventually turns into a semi-23 

concentrated HCl slurry containing unreacted ore, coal particles and numerous dissolved met-24 

als.13,14 Among these, Sc is in the hundred ppm range, making TiO2 acid waste a promising Sc 25 

resource.3 26 



Solvent extraction (SX) is the most commonly used technique to separate and concentrate Sc 27 

from aqueous solutions.7,15–20 The commonest extractants are organophosphorus compounds, 28 

such as di-(2-ethylhexyl)phosphoric acid (D2EHPA).7,15–19 Nevertheless, extraction of trace Sc 29 

from complex aqueous media remains technically challenging, requiring high aqueous to organic 30 

phase ratios, with the higher costs and emissions associated with large process volumes. In ad-31 

dition, co-extraction of impurities (e.g. Fe, Ti, Zr, Th, U, etc.) reduces the loading capacity and 32 

selectivity of the system and directly affects the final purity of the product.2,21–23 Therefore, strate-33 

gies for pre-concentration of Sc upstream to SX and reduction of impurities are urgently sought. 34 

One possibility could involve membrane-based technologies such as nanofiltration (NF), which 35 

rely on other separation principles than SX.3 NF membranes bear pores of 0.2-2 nm, correspond-36 

ing to a molecular weight cut-off (MWCO) of 200 - 1000 Da. Separation of solutes during NF is 37 

based on size as well as electrostatic interactions in the case of dissolved ions. Typically, multi-38 

valent ions show high retention in NF, while monovalent species easily permeate. Recently, Rem-39 

men et al. demonstrated the potential of NF for Sc recovery from TiO2 acid waste.3 However, only 40 

diluted acid waste was tested and downstream processing was not considered.  41 

Therefore, our study investigated the process engineering needed for Sc recovery from TiO2 42 

waste, using NF combined with SX, with a view to real-world future implementation. NF was ex-43 

amined using commercial membranes under relevant operating conditions, such as high pressure 44 

and with undiluted acid waste. A variety of commercially available acid-resistant NF membranes 45 

was tested to account for differences between fabrications and manufacturers. Eventually, NF 46 

was used to produce a Sc concentrate from the acid waste. 47 

Sc SX was examined for both the acid waste and the NF concentrate. In this context, the benefits 48 

and limits of upstream NF prior to SX were investigated. Effects such as changes in co-extraction, 49 

Sc yield, need for post-treatment and plant dimensioning were considered, each being difficult to 50 

predict in advance. Ultimately, the overall process was evaluated in regard of implementation 51 

possibility for TiO2 manufacturing via the chloride route. 52 



Materials and Methods 53 

Chemicals and materials 54 

Acid waste was provided from a TiO2 producer located in the Netherlands. All aqueous solutions 55 

were prepared using ultrapure water (>18 MΩ; Barnstead Smart2Pure water purification system, 56 

ThermoFisher Scientific, Switzerland). For pH adjustment NaOH solution (30 wt%) was used to-57 

gether with a pH-meter (inoLab Multi 9310 IDS, WTW, Germany). Suspended solids were re-58 

moved by microfiltration using: 1) vacuum filtration in combination with glass fibre filters (0.4 µm, 59 

MN GF‑5, Macherey-Nagel, Germany) or 2) decantation and gravity filtration with filtration bags 60 

(1 µm, Eurowater, Germany). Residual suspended particles were removed by ultrafiltration 61 

(MWCO 150 kDa, UP150, Microdyn-Nadir, Germany) (see 2.4). 62 

Analytical methods 63 

QqQ-ICP-MS 64 

Samples were diluted with nitric acid (3%), using an autodilution system (Simprep, Teledyne Ce-65 

tac Technologies, USA). Samples were analysed using triple quadrupole inductively coupled 66 

plasma mass spectrometry (QqQ-ICP-MS) as previously described.3 The analysis was performed 67 

on an 8800 QqQ-ICP-MS system (Agilent, Basel, Switzerland) using general purpose operational 68 

settings. Quantification was performed via multi-element standards (0-50 ppb, seven points). To 69 

account for matrix effects 103Rh was used as the internal standard. To quantify 23Na+, 52Cr+, 55Mn+, 70 

56Fe+, 60Ni+, 66Zn+, 89Y+, 137Ba+, 139La+, 140Ce+, 141Pr+, 146Nd+, 147Sm+, 153Eu+, 157Gd+, 159Tb+, 163Dy+, 71 

165Ho+, 166Er+, 169Tm+, 172Yb+, 208Pb+, 232Th+ and 238U+ the ICP-MS was operated in single quad 72 

mode using helium as a collision gas, whereas 24Mg+, 27Al+, 39K+, 45Sc+, 47Ti+, 51V+, and 90Zr+ were 73 

measured in triple quad mass-shift mode using O2 as a reaction gas. 7Li+ concentration was de-74 

termined using no-gas single quad mode. 75 

 76 



Dead-end NF 77 

For dead-end NF a HP4750 stirred cell (Sterlitech, USA, scheme available in SI) was used. Flat 78 

sheet membranes (Table S1, SI) were cut into circular shapes and immersed for >20 h in ultrapure 79 

water. Afterwards, the membranes were inserted into the cell with the active side (14.6 cm2) ori-80 

ented toward the feed solution (100 mL per experiment). The cell was closed and the pressure 81 

was adjusted to 35 bar under continuous stirring (300 rpm). Unless otherwise described, filtration 82 

was carried out until 30 % permeate was recovered (determined by weight).  83 

 84 

Cross-flow filtration 85 

For cross-flow filtration (UF and NF) a modular filtration unit (MaxiMem, PS Prozesstechnik, Swit-86 

zerland) was used (P&I diagram available in SI). Experiments with flat sheet membranes (active 87 

area: 200 cm2) were conducted at a cross-flow flux of 5 L min-1 and a temperature of 25 °C. Spiral 88 

wound elements (1812 type: 1.8” diameter, 12” length, 31 mil spacer, 0.32 m2 active area) were 89 

used at a cross-flow flux of 10 L min-1 and a temperature of 25 °C. Ultrafiltration (UF) was con-90 

ducted isobarically at 10 bar under flat sheet conditions. Prior to use, NF membranes were com-91 

pacted at 10 bar over-night using ultrapure water. 92 

 93 

SX 94 

Solvent extraction tests were conducted in a glass beaker with a phase ratio of 1 (50 mL : 50 mL). 95 

Each organic phase was contacted with untreated acid waste and NF concentrate for 15 minutes 96 

to reach the equilibrium under mild stirring at room temperature. The selected organic phase was 97 

loaded with a phase ratio (volume of aqueous phase: volume of organic phase) of 7 for investi-98 

gations on scrubbing and stripping behaviour. For investigation of loading and scrubbing depend-99 

ency on Fe valency in the NF concentrate, iron metal (1.5 g L-1) was added to reduce any Fe3+ to 100 

Fe2+.  101 



For scrubbing tests, HCl (37%, laboratory grade) was diluted with ultrapure water to the desired 102 

concentrations. Stripping solutions were prepared using reagent grade NH4F. Extractants 103 

(D2EHPA, Cyanex 923, N1923 and tri-n-butyl phosphate (TBP)) were diluted with dearomatized 104 

kerosene (Exxsol D80, ExxonMobile, Germany). Aqueous and re-extraction solutions of the or-105 

ganic phases were sampled for the efficiency calculations. 106 

The distribution ratio and the selectivity of the organic extractants are calculated according to the 107 

following equation: 108 

𝐷𝐷x = 𝐶𝐶x
Org

𝐶𝐶x
Aq  and 𝛼𝛼x/y = 𝐷𝐷x

𝐷𝐷y
 (1) 109 

where; Dx is the distribution coefficient of element X, Cx is the concentration of element X in aque-110 

ous/organic phase, α is the extraction selectivity.  111 

 112 

Results & Discussion 113 

pH-adjustment / preparation of NF feed 114 

 115 

Figure 1: Dissolved elements in the acid waste during neutralisation with NaOH. 116 

 117 

The acidic waste from the European TiO2 production site contained suspended solids (mainly 118 

overblown coke and unprocessed ore) and numerous elements in widely varying concentrations. 119 

Some of the elements present were known to be problematic for Sc recovery via SX (e.g. Ti, Zr) 120 



or potentially hazardous to health and safety (naturally occurring radioactive material, NORM).7 121 

Ti can be retained in the solution or scrubbed out of the extractant during SX of the waste from 122 

the alternative sulfuric acid TiO2 production process by adding H2O2 to facilitate formation of Ti 123 

peroxo sulfate complexes16 although, this is not possible in the chlorine process in which Ti must 124 

be removed before SX.  125 

Excellent separation of Sc from Ti, Zr and Th was achieved at pH 1 to 1.5 (Figure 1). Most of the 126 

Sc (82 ± 1% at pH 1; 68 ± 1% at pH 1.5) remained in solution, whilst the other metals precipitated 127 

quantitatively (>99%). Adjusting the pH to 1.5 was considered as the best option, as the majority 128 

(69 ± 1%) of U also precipitated (Figure 1).  129 

In general, Sc precipitation started at pH >1 and was completed at pH 2.5. For Ti, Zr and Th a 130 

steep drop in solubility was observed between pH 0.5 and 1 (Figure 1). Further, U precipitated 131 

slightly faster than Sc, starting at pH <1 and being >95% precipitated by pH 2 (Figure 1). In con-132 

trast, Fe remained completely dissolved within the range of pH 0 to 3 (Figure 1). The high solubility 133 

of Fe indicated the predominant presence of ferrous iron instead of ferric iron24, as the latter pre-134 

cipitates at pH ≥3. 135 

After pH adjustment, element concentrations in the supernatant were monitored over two weeks. 136 

Concentrations were mostly stable over time at different pH values, except near the inflection 137 

point of precipitation, where no plateau was reached even after two weeks. There, concentrations 138 

increased over time, presumably as a correction of over-precipitation due to local supersatura-139 

tion.25 At a pH of 1.5, an equilibration time of 48 hours after NaOH addition was found sufficient.  140 

During S/L separation of the slurry (pH = 1.5), the precipitated hydroxides and oxides were only 141 

filtered with difficulty. With filter bags (1 µm sieve size), the filtrate was still turbid, whilst 0.4 µm 142 

filters rapidly clogged. The best procedure involved sedimentation of the precipitate (≈48 h) fol-143 

lowed by decantation and bag filtration to give a clear solution. The solid fraction (approx. 32% 144 

v/v) was a moist gel. 145 

Following microfiltration, residual particles were removed by UF to prevent scaling in subsequent 146 

processing. The microfiltrate was easily filterable, with losses determined by the dead volume of 147 



the filtration unit (≈200 mL). The UF permeate, obtained after the pre-treatment, is subsequently 148 

referred to as NF feed. 149 

Only few studies of the precipitation behaviour of Sc and other elements contained in the acid 150 

waste of the TiO2 chloride route have been reported. Most recently, Remmen et al. described 151 

precipitation trends at pH of 1.5 for different elements in the waste.3 The precipitation trends at 152 

pH 1.5 presented here conform with those previously reported.3 However, in our system more 153 

precipitation was observed (Sc: ~30%, Th: >99% and U: ~70% (here) vs. Sc: ~20%, Th: 80%, U: 154 

40% (Remmen et al.)).3 We assume this arises from the removal of microparticles by UF. Other-155 

wise, pH values of incipient precipitation reported were extremely low for various elements com-156 

pared to other literature.26–29 Precipitation of Th and U is reported to occur between pH 5-7 from 157 

chloride media (1-2 for Th from sulfate media).26 Sc reportedly precipitated at pH ≥3 in HCl.29 158 

Presumably, the high concentrations of Ti and Zr, whose hydroxides are known to be barely sol-159 

uble even at a pH of <2, result in co-precipitation.27  160 

Overall, the results show that the precipitation of elements in complex real solutions can deviate 161 

greatly from findings in model solutions. Although precipitation rates and solubility products are 162 

known for the pure compounds, effects such as sorption/coprecipitation and kinetic limitations in 163 

complex mixtures make ab initio predictions of behaviour very difficult, making extensive testing 164 

inevitable when developing processes based on secondary resources. 165 

NF-membrane screening 166 

 167 

Figure 2: Permeate flux (A), element retention (B) and quotient of Sc over Fe retention (C) (dead-end filtration at 35 bar and 30 % 168 
permeate recovery). 169 



 170 

Six potential NF-membrane candidates were compared in terms of: 1) permeate flux (Figure 2A), 171 

2) element retention (mainly RSc and RFe; Figure 2B) and 3) Sc selectivity (expressed through RSc 172 

divided by RFe; Figure 2C) during filtration of the NF feed. The membrane showing the best per-173 

formance of high permeate flux, and high RSc, while being permeable for competing elements, 174 

was A3014, with a permeate flux of 6.7 ±0.8 Lm-2h-1, an RSc of 0.81 ± 0.03 and a Sc over Fe 175 

selectivity of 1.9 ±0.4. 176 

The tested membranes had permeate fluxes ranging from 0.25 Lm-2h-1 to 35 Lm-2h-1, in the se-177 

quence A3012 < KH < DK < NP030 < A3014 < MPF36 (Figure 2A), largely consistent with the 178 

MWCO reported by the manufacturers (Table S1, SI), with tighter membranes (A3012, DK, KH) 179 

showing lower fluxes. 180 

Sc retentions were between 0.49 – 0.95, in the order NP030 < MPF36 < KH < A3014 < DK < 181 

A3012 (Figure 2B). For Fe, retentions in the range of 0.32 - 0.90 were observed, following the 182 

order MPF36 ≈ NP030 < AMS3014 < KH < DK < A3012 (Figure 2B). Lastly in terms of Sc over 183 

Fe selectivity, a range of 1 (no selectivity) to 2 was found, following the order A3012 < DK < KH 184 

< NP030 < A3014 < MPF36 (Figure 2C).  185 

While the MWCO were found to be helpful in explaining the trends, there were also exceptions, 186 

e.g. the loosest membrane (MPF36, MWCO: 1000 Da) showed the highest flux but not the lowest 187 

Sc retention. Instead, the NP030 (MWCO: 500 Da) retained the least Sc, while Fe retention ap-188 

peared similar to the MPF36. The NP030 showed also a lower flux than the A3014 (MWCO: 400 189 

Da), although being potentially looser.  190 

Low element retention has already been reported for the NP030. Kose Mutlu et al. tested NP030 191 

and the DK for REE recovery from fly ash leachate at low pH.30 REE retentions were some eight 192 

times lower for NP030 in comparison to DK30 and pH-dependent zeta-potential measurements 193 

revealed considerably higher positive surface charges for DK, than for the polyether sulfone mem-194 

brane NP030.30 Hence, a potential Donnan rejection mechanism was less pronounced and ele-195 

ment retention lower for NP030 than for other membranes.  196 



For NF-based Sc recovery, only MPF36 and A3014 were suitable, as both exhibited good Sc over 197 

Fe selectivity and sufficient permeate fluxes. Of the two potential candidates, A3014 was selected 198 

for further process development, as a high RSc, crucial for low Sc losses, was considered more 199 

important than high permeate flux. However, MPF36 may represent an interesting choice, when 200 

yields are less important than filtration time and operation costs.  201 

Remmen et al. developed layer-by-layer (LbL) assembled NF membranes, which showed a RSc 202 

of up to 0.60 compared to a RFe of >0.05 and high permeate flux (up to 28 Lm-2h-1) at just 5 bar.3 203 

Aside from NP030, all commercial membranes had higher RSc, but also higher RFe values. There-204 

fore, more Sc could be recovered with commercial membranes, but at lower selectivity reaching 205 

maximally two times higher RSc (0.66 and 0.81) than RFe (0.32 and 0.44) for MPF36 and A3014, 206 

respectively. Further, the permeate fluxes were considerably lower compared to LbL membranes: 207 

35 bar pressure were necessary for the MPF36 to reach 36 Lm-2h-1, while the second fastest 208 

membrane (A3014) reached only ~7 Lm-2h-1. However, the test conditions differed to those of 209 

Remmen et al., where the acid waste was diluted (1:5).3 With the higher initial concentration of 210 

the feed, a correspondingly higher osmotic pressure had to be overcome and a higher operational 211 

pressure was inevitable. 212 

NF process for acid waste concentration 213 

 214 

Figure 3: Element retention and permeate flux against the feed pressure at 0% permeate recovery (A) and element retention and 215 
permeate flux against the permeate recovery rate at 35 bar (B). 216 

 217 



In cross-flow filtration mode with A3014, 35 bar (maximum feed pressure) was optimal in regard 218 

to permeate flux (4.2 ±0.1 Lm-2h-1) and RSc (0.84 ±0.01). For Sc selectivity, 1.2 times higher RSc 219 

than RFe was observed. 220 

Increasing the feed pressure led to almost linear increase of the permeate flux from 0.25 221 

±0.02 Lm-2h-1 (10 bar) to 4.2 ±0.1 Lm-2h-1 (35 bar; Figure 3A). At the same time, RSc improved from 222 

0.53 ±0.02 (10 bar) to 0.84 ±0.01 (35 bar; Figure 3A). In comparison, RFe started at 0.28 ±0.02 223 

(10 bar) and rose to 0.72 ±0.01 (35 bar). Since RFe increased faster than RSc, the selectivity of Sc 224 

over Fe decreased from 1.9 (10 bar) to 1.2 (35 bar). In comparison to Sc and Fe, monovalent 225 

cations, such as Na+, were well permeable, indicated by negative retentions throughout the ex-226 

periments (Figure 3A). Element retentions rose with higher feed pressure due to the subordinate 227 

role of diffusive salt transport with simultaneous increase in water permeation.31 228 

With regard to RFe, a discrepancy between crossflow (0.72) and dead end (0.44) filtration was 229 

observed, while RSc was similar (~0.8) in both cases. Therefore, Sc over Fe selectivity was lower 230 

during crossflow tests. This is probably due to better compaction when using the cross-flow setup, 231 

explaining the higher retentions but also lower permeate flow in these tests.32 On the other hand, 232 

higher concentration polarisation during dead-end filtration conjunct to stronger electrostatic re-233 

pulsion for Sc3+ than for Fe2+ might have led to the deterioration of RFe while being less important 234 

for RSc.3 235 

In terms of energy consumption, maintaining the same crossflow rate of 10 Lmin-1 at 35 bar re-236 

quired about 2.5 times more energy than at 10 bar.33 However, the permeate flow at 35 bar in-237 

creased in comparison 17 times, shortening the operation time and compensating the higher en-238 

ergy consumption at elevated pump load. Therefore, in this case concentrating can be considered 239 

more energy efficient at higher pressure.  240 

Ultimately, from 2.0 L NF feed, 0.8 L NF concentrate was produced. Overall, 84 ±3 % of the Sc 241 

and 58 ±2 % of the Fe remained in solution (Table 1). The permeate recovery was stopped at 242 

around 60 % due to a low permeate flux (0.5 Lm-2h-1) decreased RSc (0.12) and a low residual 243 

concentrate volume, being insufficient to maintain a crossflow rate of 10 L min-1. 244 



The permeate flux decreased gradually from 2.5 ±0.1 Lm-2h-1 to 0.5 ±0.1 Lm-2h-1 (Figure 3B). In 245 

terms of element retentions, higher values were found than in the previous experiments. RSc de-246 

creased from 0.95 ±0.01 to 0.82 ±0.01 and Fe became notably more permeable with increasing 247 

concentration, with RFe starting at 0.87 ±0.01 and decreasing to 0.30 ±0.01 at 60 % permeate 248 

recovery. Therefore, the Sc over Fe selectivity improved from 1.1 to 2.7. Representative of mon-249 

ovalent ions, Na+ showed very high permeability throughout the experiment, permeating against 250 

its concentration gradient (RNa < -0.3). 251 

During concentration, permeate fluxes and element retentions decreased due to the osmotic pres-252 

sure increase, as reported before.3 Interestingly, the Sc retention was less affected than e.g. the 253 

Fe retention. It is assumed that this was caused by concentration polarisation, being proportional 254 

to element feed concentration, and becoming even more prevalent as filtration progressed and 255 

concentrations increased.34 Permeability, however is expected to be lower for Sc3+ than for Fe2+, 256 

due to stronger Donnan exclusion. Hence, NF became more selective for Sc with ongoing pro-257 

gress of the operation.  258 

Table 1: Volumes and elemental concentrations for different streams during the production NF concentrate and elemental NF yields 259 
and concentration ratios for comparison of NF concentrate with NF feed and initial waste. 260 

  Initial 
waste Microfiltrate NF feed NF con-

centrate NF Yield 
concentrate 

/ 
initial waste 

concentrate 
/ 

NF feed 

Volume [L] 3.2 2.2 2.0 0.8  0.24 0.37 

Sc [mg L-1] 41.1 ± 0.1 33.3 ± 0.5 28.9 ± 0.5 61 ± 2 0.84 
±0.03 1.5 2.1 

Ti [mg L-1] 4540 ± 10 28.5 ± 0.6 5.1 ± 0.2 8.1 ± 0.4 0.64 
±0.04 0.002 1.6 

Zr [mg L-1] 1170 ± 20 8.0 ± 0.3 0.12 ± 0.03 0.19 ± 0.02 0.63 
±0.17 0.0002 1.6 

Al [mg L-1] 1730 ± 10 1611 ± 30 1430 ± 11 2950 ± 70 0.83 
±0.02 1.7 2.1 

Fe [mg L-1] 17600 ± 200 17100 ± 100 15800 ± 
200 23100 ± 600 0.58 

±0.02 1.3 1.5 

Th [mg L-1] 79 ± 1 5.8 ± 0.2 2.9 ± 0.1 5.4 ± 0.01 0.74 
±0.03 0.07 1.9 

U [mg L-1] 13.9 ± 0.2 0.29 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.44 
±0.07 0.006 0.9 

V [mg L-1] 1070 ± 20 930 ± 30 840 ± 20 1340 ± 40 0.64 
±0.02 1.3 1.6 

Na [mg L-1] 150 ± 30 29000 ± 
1000 

26000 ± 
300 15000 ± 400 0.28 

±0.01 100 0.6 

Mn [mg L-1] 4600 ± 200 4600 ± 100 4400 ± 100 5500 ± 200 0.5 ±0.02 1.2 1.3 

 261 

 262 



Solvent Extraction Behaviour 263 

 264 

Figure 4: Organic screening for the optimization of the loading behaviour both from untreated acid waste and NF concentrate (impu-265 
rities with < 10ppm concentration are not included). 266 

 267 

Although various studies of the sulfate TiO2 production route have been reported16,17,35, limited 268 

information is available for SX processes on the chlorine TiO2 production waste. D2EHPA, Cya-269 

nex 923 and synergistic mixtures of these organics worked best to recover Sc selectively from 270 

complex solutions from the sulfate process. Therefore, these extractants were tested with various 271 

concentrations in D80 kerosene to observe the selectivity, phase separation behaviour and the 272 

co-extraction levels of the impurities from untreated acid waste and NF concentrates (Figure 4). 273 

All extractants performed similarly in Sc extraction, lowering the Sc concentration to < 1 ppm after 274 

extraction in all tests with untreated acid waste (Figure 4). Increasing the D2EHPA concentration 275 

did not significantly increase the co-extraction of impurities. While Ti, Zr, V and Fe co-extraction 276 

remained stable (Figure 4), extraction of radionuclides increased from 55% to 67% and 15% to 277 

22% for Th and U, respectively. Unlike D2EHPA, increasing Cyanex 923 concentration (to 0.4 278 

mol·L-1) resulted in high co-extraction of Th (> 99%), Ti (~50%), Zr (~50%), V (30%) and Fe (10%). 279 

No synergistic effect of TBP with these extractants was observed. Co-extraction generally in-280 

creased with synergistic addition of N1923 to D2EHPA, reaching 85% for Th and 31% for U. 281 

Increased NORM extraction was expected, as amines are widely used in commercial solvent 282 

extraction of radioactive elements.36 Even though promising extraction efficiencies were found, 283 



the phase separation was problematic in all cases due to high transition metal loading.37–39 For-284 

mation of an inseparable phase occurred in all extraction trials with slow separation behaviour, 285 

predicting high loss of the organic phase and processing problems in a larger scale continuous 286 

operation.  287 

Extraction tests with the NF concentrate were carried out using the most promising extractants, 288 

D2EHPA and synergistic D2EHPA-N1923 couple. Similar to the untreated acid waste, Sc was 289 

completely extracted when using NF concentrate. However, high co-extraction was found with 290 

D2EHPA as the extractant. This was especially pronounced for higher D2EHPA concentration, 291 

reaching 65% for V and 14% for Fe at 0.4 mol·L-1 D2EHPA (Figure 4). It was previously reported 292 

that addition of N1923 can substantially improve Sc selectivity.17,40,41 Here, addition of 0.05 mol·L-293 

1 efficiently supressed V co-extraction and slightly decreased Fe loading (Figure 4). Sc selectivity 294 

over other elements increased during extraction with the synergistic D2EHPA-N1923 mixture (Ta-295 

ble S2, SI). Phases separated rapidly during extraction of the NF concentrate, making the process 296 

viable for larger scale operation. 297 

Considering the loading capacity, selectivity towards Sc and the phase separation, the best ex-298 

tractant option was identified as 0.2 mol·L-1 D2EHPA with 0.05 mol·L-1 N1923 in D80 kerosene. 299 

 300 

Scrubbing 301 

After SX with the selected organic and a phase ratio of 7, Sc was enriched considerably (0.49 g·L-302 

1). Of the major impurities present in the NF concentrate, Fe (6.3 g·L-1) and Al (16 mg·L-1) were 303 

found in the organic phase. The trace impurities in NF concentrate, Ti, Zr and Th, were enriched 304 

in the organic phase after SX to 32 mg·L-1, 25 mg·L-1 and 20 mg·L-1, respectively.  305 

HCl was preferred as the scrubbing solution due to strong interaction between Fe and Cl, and 306 

avoiding unwanted complex formations from other anions. 307 

No Sc was scrubbed out from the organic phase (Table S3, SI). With increasing HCl concentration 308 

Ti, Zr, Th, Al removal was only slightly improved, while highest Fe removal (89%) was obtained 309 



with 4 mol·L-1 HCl. Therefore, 4 mol·L-1 HCl was selected for scrubbing after SX, removing aside 310 

from Fe also 72%, 76%, 20% and 56% of Ti, Zr, Th and Al, respectively.  311 

Although the majority of Fe in the NF concentrate was ferrous24, a fraction oxidized to ferric spon-312 

taneously. Presumably, the ferric portion caused high Fe co-extraction, as the affinity of D2EHPA 313 

for Fe3+ is considerably higher than for Fe2+. In order to suppress Fe co-extraction, iron metal was 314 

added to the NF concentrate, reducing Fe3+ to Fe2+ (equation 2). 315 

 316 

2 Fe3++ Fe(s)
0 → 3 Fe2+ (2) 

 317 

Extraction from three post-treatments for the NF concentrate (original, reduced, reduced & acidi-318 

fied), were compared in terms of Fe co-extraction suppression capability. 319 

Reduction of ferric iron resulted in a sharp drop of the co-extraction values: while 3.3 g·L-1 Fe was 320 

co-extracted with the original NF concentrate, only 0.36 g·L-1 Fe after reduction and 0.17 g·L-1 Fe 321 

after reduction and acidification were extracted. Thus, reduction & optionally acidification enables 322 

complete Fe scrubbing during SX, requiring only few mixer-settler units. 323 

Stripping 324 

Although D2EHPA is a very effective extractant for Sc extraction, its strong bonding characteris-325 

tics make Sc stripping from the organic phase challenging. Concentrated acids as well as strong 326 

alkali solutions have been used for stripping.42 However, even highly concentrated acids, were 327 

relatively unsuccessfully, and concentrated NaOH solutions used instead.43 Nevertheless, other 328 

problems arise from stripping of D2EHPA with NaOH: 1) loss of organic due to solubility of Na-329 

D2EHPA in aqueous solutions, 2) separation issues with 3rd phase formation owing to solubility 330 

variations of the extractant in kerosene, 3) immediate precipitation of Sc(OH)3 and clogging of the 331 

liquid flow in continuous operation.38,44,45  332 

Therefore, NH4F was selected as the stripping agent due to stable and strong complexation form-333 

ing (NH4)3ScF6. Here, quantitative (>99 %) Sc stripping was achieved (Table 2). The final product 334 

contained only traces of impurities, wherefore Sc accounted for ~97 wt-% of the metals in the strip 335 



liquor (Table 2). Residual impurities could be removed via anti-solvent crystallisation, yielding 336 

pure (NH4)3ScF6.46 Calcination of this product gives easy access to ScF3, which can be directly 337 

utilized in Al-Sc alloy production.46 Therefore, high temperature processing to convert Sc(OH)3 338 

into Sc2O3 or treatment with gas phase HF to produce ScF3 can be avoided. 339 

 340 

Table 2: Compositions and flows of critical elements through the complete solvent extraction process from NF concentrate to strip 341 
liquor. 342 

  Raffinate Loaded Org. Scrubbed 
Org. 

Scrubbed 
Org.  

(Stage 3) 
Stripped  

Org. Strip Liquor 

Sc [mg L-1] n.d. 494 ± 7 492 ± 3 491 ± 4 n.d. 1468 ± 31 

Ti [mg L-1] 2.7 ± 0.3 31.6 ± 1.8 9.8 ± 0.4 3.4 ± 0.08 n.d. 8.4 ± 1.2 

Zr [mg L-1] n.d. 2.4 ± 0.03 0.4 ± 0.02 0.2 ± 0.01 0.05 ± 0.02 0.5 ± 0.01 

Al [mg L-1] 2912 ± 70 24.5 ± 0.8 7.4 ± 0.9 1.1 ± 0.06 0.3 ± 0.03 2.8 ± 0.05 

Fe [mg L-1] 22968 ± 600 676 ± 28 38.4 ± 2.2 3.2 ± 0.1 n.d. 9.9 ± 1.0 

Th [mg L-1] 1.4 ± 0.1 22 ± 1.1 15.4 ± 0.7 8.6 ± 0.7 1.5 ± 0.05 23.4 ± 2.9 

U [mg L-1] n.d. 0.09 ± 0.01 n.d. n.d n.d. n.d. 

 343 

 344 

Process flow scheme / integration into chloride route 345 
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 346 

Figure 5: Block flow diagram of the tandem NF-SX process for Sc recovery from TiO2 acid waste. 347 

The proposed Sc recovery process comprises seven stages (Figure 5). From pH adjustment to 348 

NF, only sodium hydroxide, electrical power and re-usable filters/membranes, were required. 349 

NaOH, although expensive compared to lime/limestone, was needed to avoid high multivalent 350 



cations concentrations (e.g. Ca2+) which would be enriched during NF due to high retentions, 351 

increasing the osmotic pressure of the feed, opposing the feasibility of the filtration. However, in 352 

view of the overall process (i.e. Sc recovery conjunct to chloride route TiO2 production), NaOH 353 

might be available from upstream chlorine production via NaCl electrolysis, saving on transporta-354 

tion costs.47  355 

In terms of Sc yields, the S/L separation (i.e. MF & UF) brought substantial losses (around 56%). 356 

Thus, despite the high yields (82%, four stages) following UF, the overall Sc yield was 36%. How-357 

ever, these could be mitigated by more efficient S/L of the hydroxide sludge, such as by the use 358 

of a filter press. Losses during lab-scale UF (stream 6) due to the dead volume of the filtration 359 

unit would become negligible on a larger scale. Alternatively, streams 4 and 6 could be redirected 360 

into the original acid waste. This would reduce the amount of Sc discharge. Neutralisation fol-361 

lowed by S/L separation, is currently used for acid waste treatment after chlorine TiO2 production. 362 

Hence, NF feed could be produced by minor adjustment of the current treatment conditions.  363 

During NF, most of the Sc (85 %) was preserved in the concentrate. The NF permeate (stream 364 

8) is relatively diluted compared to the upstream media and could be re-used as scrubbing water 365 

in the gas washer of the TiO2 production process. This would contribute to a zero liquid discharge 366 

approach and would keep NF related Sc losses in the system.  367 

SX downstream to NF allowed for quantitative (99 %) Sc recovery from the concentrate. Due to 368 

excellent phase separation, no organic should be in the raffinate (stream 10). This Sc depleted 369 

solution could either be returned to the existing TiO2 waste treatment process or could serve for 370 

further element recovery (e.g. V, Mn, other REE). The scrubbing effluent (stream 13) could be re-371 

used for acidification of the NF concentrate once Fe0 was added (Figure S3, SI). Compared to 372 

the NF concentrate the throughput of stream 13 was rather low. Hence, combination of 13 and 9 373 

would lead to negligible dilution but allow for waste mitigation and pH adjustment. 374 

After Sc recovery via NF and SX, the Sc depleted solutions could be returned into the existing 375 

waste treatment route. 376 

 377 



Conclusion 378 

A combination of NF and SX has been applied to recover Sc from acid waste, originating from 379 

chloride-route TiO2 production. The major findings were: 380 

 381 

• pH adjustment 1-1.5 preserved Sc dissolved, precipitated challenging impurities (Ti, Zr, 382 

Th, U) 383 

• AMS Nanopro A-3014 provided best trade-off between permeate flux, Sc retention & se-384 

lectivity 385 

• At most effective pressure of 35 bar, 60% of the volume and various bulk impurities (such 386 

as ~40% Fe, V, Mn) were removed, while 85% of Sc remained in the concentrate 387 

• A mixture of D2EHPA and N1923 was most selective in SX 388 

• Upstream removal of Ti, Zr, Th, U drastically increased Sc selectivity during SX 389 

• NF prior to SX improved phase separation and reduced process volume 390 

• Addition of Fe0 suppressed Fe3+ coextraction and improved Fe scrubbing 391 

• NH4F was found as highly efficient stripping agent for Sc (purity >97%) 392 

• Overall Sc recovery was 36% (six stages), which could be improved in the future by more 393 

efficient engineering of the MF & UF stages 394 

 395 

The proposed process could be integrated into the waste disposal unit of a TiO2 production plant 396 

without drastic plant changes and could be a step towards waste valorisation and effective re-397 

source use, enabling the production of a CRM with promising future potential. 398 

 399 
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