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Abstract

Aiming at the bottleneck of the difficult scrubbing and separation of scandium and ti-
tanium in the solvent extraction process for scandium recovery, a novel strategy for
scandium-—titanium separation via citrate complex scrubbing is proposed based on the
difference in complexation properties between scandium/titanium and hydroxycarboxylic
acids. The mixed NazCit + HyO, system was screened as the optimal scrubbing agent. The
effects of key parameters including dosages of Na3Cit and H,O, and phase ratio (O/A) on
scrubbing performance were systematically investigated. The optimal process conditions
were determined as follows: temperature of 25 °C, molar ratio n(NazCit)/n(Ti) = 30:1,
molar ratio n(H,O;)/n(Ti) = 3:1, phase ratio (O/A) of 1:1, shaking speed of 200 r/min, and
scrubbing time of 30 min. Under the optimal conditions, the titanium scrubbing efficiency
reaches 97.37% with zero co-scrubbing efficiency of scandium. The separation efficiency is
14.47 times higher than that of the conventional H,SO, + HyO, scrubbing system, which
significantly enhances the scandium-titanium separation performance. This work provides
a feasible technical route for the deep separation and purification of scandium and titanium
from titanium white waste acid.

Keywords: titanium white waste acid; citrate; scandium; titanium; complexation scrubbing

1. Introduction

Although scandium lacks 4f electrons and its chemical properties differ markedly from
typical rare earth elements, it is conventionally grouped with yttrium and the lanthanides
as a rare earth element due to its metallogenic association and partial physicochemical
similarities [1]. Scandium has scattered global reserves and extremely difficult mining
and refining processes. Its annual global production totals only several to tens of tons,
and resource scarcity forms the core bottleneck restricting its large-scale development and
extensive industrial application. Although the high market price of scandium limits its
large-scale application to some extent [2], its core properties—excellent high-temperature
resistance, high radiation resistance, and high-temperature insulation [3,4] —have enabled
its widespread use in fields such as aerospace and high-end electronics [5-7]. Owing
to its excellent physicochemical properties, it has irreplaceable applications in high-tech
fields such as Al-Sc alloys, solid oxide fuel cells, high-intensity lighting materials, and

Separations 2026, 13, 203

https://doi.org/10.3390/separations13070203


https://crossmark.crossref.org/dialog?doi=10.3390/separations13070203&domain=pdf&date_stamp=2026-07-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations13070203

Separations 2026, 13, 203

20f17

laser materials [8-11]. Given the strategic value of scandium, several countries, includ-
ing China, have classified it as a critical strategic metal affecting national security and
economic development [12].

The sources of industrial scandium in China are mainly divided into two categories:
primary mineral resources, such as bauxite and vanadium-titanium magnetite; and sec-
ondary resources, including red mud, tungsten residue, chlorination dust from titanium
slag, and acidic hydrolysis waste liquid generated from the sulfate process titanium dioxide
production (i.e., titanium white waste acid). Among these, titanium white waste acid is
currently the most critical secondary resource for scandium extraction in China. Titanium
white waste acid is a strong acidic, multi-component, highly impure system containing
scandium, with distinct solution chemistry characteristics: the sulfuric acid concentration is
as high as 200-300 g-L. !, the scandium content is only 10-20 mg-L~!, and it also contains
large amounts of iron and titanium ions as well as small amounts of vanadium, manganese,
and other impurities [13-15].

Scandium recovery from titanium white waste acid represents the most widely applied
and technically mature route for scandium production in China, among which solvent
extraction serves as one of the dominant industrial technologies. Taking advantage of
the large reserves and high acidity of titanium white waste acid, innovative synergistic
scandium enrichment strategies leaching red mud with titanium white waste acid have
been developed in previous studies [16-18]. At present, the mainstream techniques for
scandium recovery from titanium white waste acid mainly include solvent extraction, solid-
phase adsorption, liquid membrane separation, and chemical precipitation. Benefiting
from the prominent advantages of large processing capacity, simple operation, low cost,
and excellent separation efficiency, solvent extraction has been widely utilized for the
purification and separation of rare earth and rare metals on an industrial scale [19-21].
Although the overall solvent extraction process has been well-established, the similar
physicochemical properties of scandium and titanium easily lead to co-extraction behavior
during the extraction procedure. A large amount of titanium impurities is co-extracted
into the organic phase together with scandium, which severely restricts the purification of
scandium products. Therefore, achieving efficient separation of scandium and titanium
from the loaded organic phase is the core bottleneck limiting the high-purity recovery of
scandium. Focusing on this technical challenge, this study conducts in-depth research on
the efficient scrubbing and separation of scandium and titanium after solvent extraction.

To address the problem of competing adsorption of scandium and titanium, re-
searchers have conducted a large number of targeted studies. However, the existing
technical solutions all have certain drawbacks to varying degrees. Traditional processes
often employ multiple or excessive acid-leaching methods (e.g., using sulfuric acid and/or
hydrochloric acid [22]), which suffer from limited scrubbing efficiency, high cost, and
significant scandium loss. Although researchers have conducted substantial and effec-
tive work [23-29] focusing on improving solvent extraction techniques, the fundamental
issue—high similarity in the solution chemistry of scandium and titanium, leading to poor
separation selectivity—remains unresolved. Consequently, substantial breakthroughs in
efficient Sc/Ti separation are still elusive.

To overcome the technical bottleneck of inefficient deep separation of scandium and
titanium in the scandium recovery process from titanium white waste acid, this work
proposes a novel strategy of hydroxycarboxylic acid complex scrubbing. This approach
amplifies the differences in solution chemical characteristics between scandium and ti-
tanium, thereby achieving effective separation of the two metal ions. Among various
hydroxycarboxylic acid reagents, citric acid and citrate anions exhibit superior complexing
ability toward titanium ions, which have been widely employed for the wet synthesis
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of diverse titanium-based functional materials and fine titanium compounds [30-33]. As
Ti** possesses a high charge density and a small ionic radius of 0.68 A, it presents strong
polarization capability. No simple hydrated coordination ions of Ti exist in aqueous solu-
tion, and its hydrolysis products are dominated by octahedral mononuclear and polymeric
hydroxylated species. As a polyhydroxy polycarboxylic acid, citric acid can coordinate with
Ti** to form a double-bridged structure with Ti-O-C linkages (Figure 1). Given the strong
complexation interaction between citrate and titanium ions, citric acid is introduced into
the scrubbing process of scandium- and titanium-loaded organic phases in this study. The
separation performance of the complex scrubbing technique for scandium and titanium is
systematically investigated. In addition to the effective enrichment and purification of scan-
dium, the by-product titanium citrate can be further utilized to fabricate high-value-added
titanium-based materials via wet chemical processes.

+ (R),Ti(OH),, = R+

@7 @° @®c O=x
=0 co (=@ on /*0 THO.C

Figure 1. Formation process of titanium—citric complex.

The overall research process mainly includes preliminary screening experiments to
investigate the scrubbing efficiencies of titanium and co-scrubbing efficiencies of scandium
using two types of scrubbing agents: scrubbing agents prepared with various masking
agents alone, and composite scrubbing agents composed of masking agents and hydrogen
peroxide. Single-factor scrubbing experiments for titanium were then conducted to system-
atically explore the effects of sodium citrate dosage, H,O, dosage, organic/aqueous phase
ratio (O/A), shaking speed, scrubbing duration, reaction temperature and initial pH of
scrubbing solution on the scrubbing rates of Sc(III) and Ti(IV) in the loaded organic phase.
Furthermore, a novel scrubbing agent was used to replace the conventional H,SO4-HyO,
mixture for titanium scrubbing, and a comparative study between the new and traditional
scrubbing methods was carried out.

2. Experimental Section
2.1. Raw Materials and Reagents

The titanium white waste acid used in this experiment was prepared by mixing various
metal sulfate solutions in specific proportions, based on the composition of titanium white
waste acid from a certain enterprise. Its main components are shown in Table 1. This
simulated solution was prepared based on the typical ion concentration range of industrial
titanium white waste acid, which can reproduce the actual matrix environment of industrial
raw materials and eliminate experimental errors arising from compositional fluctuations of
real waste acid. Meanwhile, it further illustrates the necessity of developing the masking
agent-H,O, composite stripping system in this study to achieve selective separation of
titanium and scandium. Moreover, the initial metal concentrations listed in Table 1 provide
baseline data for calculating scandium recovery efficiency and evaluating the resource
utilization potential of the entire process. The raw material employed in the present
experiment is the loaded organic phase prepared in our previous laboratory research. This
organic phase was obtained by extracting titanium dioxide waste acid with the mixed
extractant consisting of P204, P507 and TBP at 25 °C. The detailed extraction conditions are
specified as follows: the mole fraction of P204 is 0.7, the volume fraction of TBP is 5%, the
total concentration of mixed extractants is 1.25 mol/L, the organic-to-aqueous phase ratio
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(O/A) equals 1:10, the shaking speed is 150 r-min~!, and the extraction time lasts for 30
min. The elemental composition of the loaded organic phase is summarized in Table 2.

Table 1. Chemical composition analysis of titanium white waste acid.

Element

Ti Mn Mg Al Fe H,S04

Concentration/g-L.~!

0.98 1.86 5.86 1.21 28.76 208.55

Table 2. Composition of loaded organic phase.

Element Sc Ti Cr A"
Concentration/mg-L~! 19.35 227.34 0.65 10.7

The core objective of the scrubbing experiment is to remove impurity components
present in the loaded organic phase, thereby achieving the purpose of improving extraction
and separation efficiency. The scrubbing solution is prepared, single-factor scrubbing
experiments are carried out, and the scrubbing efficiency is calculated to determine the
optimal composition and process conditions of the scrubbing solution.

2.2. Experimental Procedures and Measurement Methods

The loaded organic phase recovered from extraction was adopted for subsequent
washing tests to remove coexisting impurities and improve the overall separation perfor-
mance. All washing procedures were implemented in a thermostatted water-bath shaker,
and the detailed experimental steps are described as follows:

(1) A large amount of loaded organic phase was prepared under the optimal conditions
obtained from preliminary extraction experiments, and the concentrations of Ti(IV) and
Sc(III) in the organic phase were quantified;

(2) Washing solutions were prepared at predetermined molar ratios of n(NazCit) /n(Ti)
and n(H,O;)/n(Ti);

(3) A total of 10 mL of loaded organic phase was transferred into a centrifuge tube,
followed by the addition of washing solution at a fixed organic/aqueous (O/A) phase ratio.
The centrifuge tube was then placed in a thermostatted water-bath oscillator;

(4) After sufficient shaking at preset rotating speed for a given time, the mixture was
kept stationary to realize phase separation.

Mass concentrations of Ti(IV) and Sc(IIl) in separated aqueous phases were measured
via inductively coupled plasma optical emission spectrometry (ICP-OES) (HKYT-899,
Beijing Huake Yitong Analytical Instrument Co., Ltd., Beijing, China). Washing ratios of all
experimental groups were calculated and washing systems with high impurity removal
efficiency and low co-elution loss of target metals were selected for further research.

Qualitative and quantitative detection of metallic elements is conducted by inductively
coupled plasma optical emission spectrometry (ICP-OES). However, the concentration of
Sc in the scrubbing solution is extremely low in this work. If its concentration falls below
the instrumental limit of detection ppb, the Sc scrubbing efficiency cannot be accurately
quantified under such conditions. Plasma acts as the excitation source in this technique,
and multi-element quantification is realized by identifying characteristic radiation emitted
by excited elemental atoms and ions and measuring corresponding spectral line inten-
sities. An HKYT-899 instrument from Beijing Huake Yitong Analytical Instrument Co.,
Ltd. (Beijing, China) is applied to test metal ion concentrations of diluted aqueous sam-
ples. Fourier-transform infrared spectroscopy (FI-IR) is adopted to characterize chemical
bonds and functional groups in organic phases. Structural variations are analyzed by
comparing spectra of organic phases before extraction and after washing, with a Nicolet
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iN10 spectrometer manufactured by Thermo Fisher Scientific, Waltham, MA, USA utilized
for measurement.

2.3. Corresponding Calculation Formula

The scrubbing efficiency (denoted as S, where Z represents the extracted species) is
used to quantify the proportion of the target extracted species Z that is transferred from
the loaded organic phase to the scrubbing aqueous phase during the impurity removal
step of the extraction experiment. It is defined as the percentage of this transferred amount
relative to the total amount of the extracted species originally contained in the loaded

organic phase.
S* Ca Va

= ——— X 100% 1
PTG v

where S;,—scrubbing efficiency of the extracted species Z, %; C;—mass concentration of
the extracted species Z in the loaded scrubbing solution phase, g~L’l ; Va—volume of the
loaded scrubbing solution, L; C;—mass concentration of the valuable metal element in
the feed solution, mg-L’1 ; Cj—mass concentration of the valuable metal element in the
raffinate, mg-L’l ; Vi—volume of the feed solution, L; and Vj—volume of the raffinate, L.

2.4. Thermodynamic Calculation and Graphical Construction
2.4.1. Potential-pH Diagram

Detailed procedures for constructing the potential-pH diagram of the Sc-H,O sys-
tem are described below. First, analyze the dissolved species present in the Sc-H,O
system—specifically including Sc3*, Sc(OH),*, ScCOH?**, ScOH>**, Sc(OH), ~, Sca(OH),**,
Sc3(OH)4°*, Sc3(OH)5**—as well as the solid components, including Sc, Sc;O3, and
Sc(OH)s. Next, retrieve the thermodynamic data corresponding to each species in the
Sc-H,O system potential-pH diagram, and accordingly derive the relevant equilibrium
relationships. Finally, plot and analyze the diagram based on the relationship between E
and pH to determine the dominant regions of each component.

Table 3 lists the chemical reactions in the Sc-H,O system at 25 °C for the Sc-H,O
system potential-pH diagram. The expressions for the potential or pH values of each
reaction can be calculated.

Table 3. Standard Gibbs energy changes in equilibrium reactions for the Sc-H,O system at 25 °C [34].

No. Reaction Equation AG1/K]-mol 1
1 Sc3* +3e =Sc 586.2
2 Scp O3 + 6H* + 6e = 2S¢ + 3H,0 1107.63
3 Scy O3 + 6H* = 2S¢3* + 3H,0 —64.77
4 Scp,O3 + 4H* = 25cOHZ* + H,O —15.99
5 Scp, O3 + 4H* = Scy (OH) 4 + H,O —67.74
6 Sc;03 + HyO + 2H™ = 2Sc(OH),* —34.352
7 ScOH%* + H* =S¢t + H,O —24.39
8 ScOH?* + H* + 3e = Sc + H,O 561.81
9 Scp(OH)** + 2H* = 25c3* + 2H,0 2.97
10 Sc(OH),* + 2H™ + 3e = Sc + 2H,0 531.02
11 25c(OH),* + 2H* = Scp(OH)»** + 2H,0 —113.33
12 Sc(OH),~ + 2H* = Sc(OH),* + 2H,0 —99.08
13 2Sc(OH),~ + 2H* =S¢, 03 + 5H,0 —243.75
14 Sc(OH),~ + 4H* + 3e = Sc + 4H,0 431.94
15 Scp(OH)** + 2H* + 6e = 2S¢ + 2H,0 1175.37

The process of constructing the potential-pH diagram for the Ti-H,O system is rela-
tively complex. After reviewing the relevant literature, twelve chemical species have been
considered. Analysis shows that the dissolved species include TiZ*, Ti+, TIO?*, TiO,2*, and
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HTiO3~, while the solid species include Ti, TiO, Ti; O3, Ti(OH)3, TizOs, TiOy, and TiO,-HO.
Table 4 lists the equilibrium reactions and their Gibbs free energies for the Ti-H,O system
at 25 °C.

Table 4. Standard Gibbs energy changes in equilibrium reactions for the Ti-H,O system at 25 °C [35].

No. Reaction Equation AGT/kJ-mol -1
1 Ti%* +2e =Ti 314
2 Ti3* + e = Ti%* 35.78
3 TiO + 2H* = Ti** + H,O —61.99
4 TiO + 2H* + 2e = Ti + H,O 252.01
5 TiO** + 2H* + e=Ti®* + H,O —9.58
6 TiO** + 2H* + e = Ti%* + H,O 26.2
7 TiO, + 4H* + 2e = Ti%* + 2H,0 100.02
8 TiO, + 4H* + e = Ti** + 2H,0 64.24
9 2TiO, + 2H* + e = Ti,O3 + H,O 107.41
10 Ti;O3 + 2H* + 2e = 2TiO + H,O 216.61
11 Ti,O3 + 6H* + 2e = 2Ti%* + 3H,0 92.63
12 HTiO5;~ + H* = TiO, + H,O —169.69
13 HTiO;~ + 3H* = TiO?** + 2H,0 —95.87
14 HTiO;~ + 5H* + 2e = Ti?* + 3H,0 —69.67
a O, + 4H" + 4e = 2H,0 —474.38
b 2H* + 2e = H, 0

2.4.2. Mole Fraction—pH Diagram

Based on the differences in the thermodynamic data of the Sc-H,O and Ti-H,O systems
for the two metal elements (scandium and titanium) within the selected pH range, a
solution thermodynamics study was conducted. The equilibrium constants and calculation
formulas for each reaction ultimately determined are shown in Table 5. In addition, ion
concentrations are used instead of activities in the calculations.

Table 5. Equilibrium constants and calculated equations for reactions involved (T = 25 °C).

Reaction Equation LogK Equation
Sc* + 30H™ = Sc(OH)3 Kep =22 x 10731 [Sc(OH)3] = [Sc3+][OH~ P
Sc3* + OH™ = ScOH?* 8.9 [ScOH2*] = 1089[Sc3*+][OH ]
Ti** + 30H~ = Ti(OH)3* 51.34 [Ti(OH)3*] = 10°134[Ti**][OH |?

In solution, square brackets ‘[ ]” are used to denote the concentration of free ionic
species (uncomplexed ions). Let [Sc]r and [Ti]r represent the total concentrations of free
scandium and free titanium species in the solution, respectively. Based on the principles of
equilibrium and mass conservation, the following equations can be derived:

In the Sc-H,O system

Scly = [8¢*] + [Sc(OH)] | + [ScOH* | +2 x [5c2(OH); "] + [Sc(OH); | + [Sc(OH)5)| 2

In the Ti-HpO system
[TiJy = [Ti(OH),] + [Ti(OH); | + [Ti(OH); | 3)
3. Results and Discussion

3.1. Speciation of Scandium and Titanium in Waste Acid from Titanium Dioxide Production

Because titanium white waste acid is a strongly acidic, multi-component, highly
impure solution containing both Sc** and Ti**, and due to their extremely similar chemical
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properties, titanium is typically co-extracted during the solvent extraction process for
scandium. Therefore, the separation of scandium and titanium is a difficult and critical step
in scandium extraction. Thermodynamic equilibrium studies to understand the relevant
solution chemistry provide a theoretical basis for the extraction and separation of scandium
and titanium from titanium white waste acid. However, comparable quantitative stability
constant data for Sc-citrate species under multi-metal coexistence conditions of titanium
white waste acid are still lacking. Most available Sc-citrate equilibrium parameters were
acquired in simple single-scandium solution without competing metal ions, which cannot
reproduce the actual competitive complexation environment in this work. Therefore, the
selective separation mechanism of Ti and Sc is mainly interpreted based on the evident
difference in stripping performance observed in batch experiments. Further potentiometric
titration experiments will be carried out in follow-up research to determine the matrix-
adapted stability constants of Sc-citrate complexes for quantitative mechanistic verification.

3.1.1. Potential-pH Diagram at 25 °C

As shown in Figure 2a, at 25 °C, ScpO3 is the only confirmed stable oxide in the Sc-H,O
system. It has a face-centered cubic lattice structure and is the main stable form of scandium in
the water stability region. At pH < 3, scandium exists as soluble Sc>*(aq); at pH > 3, scandium
undergoes hydrolytic precipitation to form insoluble species, mainly as Sc;O3.

2 L5 :
(@ 1 (b) T !
~~~~~ _ 10+ -l
14 I . e
~~~~~ | S-.o
TT-- 05k TiO [ \‘\\\OZ
Kk |
o~ =~=__ \\\\ | .
n ] S 2 O00F T -1y | HTiO;~
z - z e
s 1 | TTTe-all - S Ti** e~
g - 5 Fese-----= TRl
1 Sc¥* 05 Se. TTe~Ll . H
< -
Sc,0, o S ~_ TiO,
Ti?* =
24 Ti,O RS
s 15k ~ 2
C =
o \
3 ; \ \ : : : : 20 . : . p . ’ .
2 0 2 1 6 8 0 12 1 2 0 2 4 6 8 02
pH pH

Figure 2. (a) Electric potential-pH diagram of Sc-H;O system at 25 °C (c(Sc) = 4.45 x 10~4 M)
(b) Electric potential-pH diagram of Ti-H,O system at 25 °C (c(Ti) = 0.02 M).

In Figure 2b, reactions of soluble titanium oxides are indicated by solid lines, while
reactions of soluble titanium ions are indicated by dashed lines. At pH < 6, titanium exists
as TiO?*, Ti3*, Ti* ions and solid Ti; at pH > 6, insoluble species such as TiO, and HTiO3~
ions predominate.

3.1.2. Mole Fraction-pH Diagram of Elements at 25 °C

Figure 3a shows that in scandium solutions, the main species present are Sc>*,
Sc(OH),*, ScOH?*, Sc(OH)4~, Sc(OH)3(aq), and a small amount of Scy(OH),*". At
pH = —2~—1, scandium exists entirely as Sc>*. As the pH > —1, the mole fraction of
Sc3* decreases and gradually transforms into other hydroxo complexes. In the pH range
of 2~2.5, Sc3* is still dominant, with a small amount of SCOHZ*. At pH > 2.5, Sc(OH),*
and Scy(OH),** appear; at pH > 5, Sc(OH)z(aq) appears. At pH = 6.5, the mole fraction of
Sc(OH),* reaches 90.54%. As the pH increases above 8, Sc(OH), ~ gradually forms, and at
pH >9, Sc(OH)4~ becomes the dominant species.

Figure 3b shows that the Ti(IV) solution mainly contains Ti(OH),, Ti(OH);*, and
Ti(OH)5~, which transform sequentially as the pH increases. In the pH range of —2 to
4, Ti(OH)3" and Ti(OH)4 dominate, with their mole fractions equal at about pH 2. When
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pH > 4, Ti(OH)3™" gradually disappears, and the mole fraction of Ti(OH), remains stable up
to pH 10. When pH > 10, Ti(OH)4 converts to Ti(OH)5 ~; their mole fractions are equal at
about pH 12. When pH > 12, Ti(OH)5~ becomes dominant.

[CYIN (®) 199

%
=3

Sc¥

Sc(OH),* —— Ti(OH),
T ScOH?" oor Ti(OH),"

Sc,(OH)," Ti(OH)s"
40 SC(OH)4' 40 |-

Mole fraction of Sc/(%)

Se(OH),(aq) /

Mole fraction of Ti/(%)

IS}
S
T

Figure 3. (a) The relationship between ion mole fraction and pH in Sc-Hy,O system
(c(Sc) = 4.45 x 10~* M) (b) The relationship between ion mole fraction and pH in Ti-HyO system.
(c(Ti) = 0.02 M) (The potential-pH diagram is entirely constructed via theoretical thermodynamic
calculation rather than experimental measurement).

Therefore, the potential-pH diagrams of the Sc-H,O and Ti-H;O systems at 25 °C
indicate that scandium and titanium primarily exist in the forms of Sc(IIl) and Ti(IV) in
titanium white waste acid. According to the thermodynamic equilibrium diagrams of
Sc-H,O, Ti-H;0, and Sc-Ti-H,O systems, scandium and titanium stably present as Sc(III)
and Ti(IV) species within the studied system.

3.2. Preliminary Screening of Scrubbing Agents

A scrubbing solution refers to the solution added in the scrubbing stage during ex-
traction to remove impurities or split elements from the loaded organic phase [36]. Citric
acid (C¢HgOy), tartaric acid (C4H¢Og), sodium tartrate (C4H4NayOg), disodium ethylenedi-
aminetetraacetate (EDTA-2Na), lactic acid (C3HgO3), and trisodium citrate (Na3Cit) can
complex with titanium and are commonly used as masking agents for titanium in ana-
lytical chemistry [37]. Significant differences in the molecular structures and functional
groups of these carboxylic acids lead to distinct complexation abilities toward Ti**, which
directly affects the titanium scrubbing efficiency and Sc-Ti separation selectivity. Com-
pared with linear short-chain carboxylic acids such as tartaric acid and lactic acid, citrate
possesses abundant hydroxyl and carboxyl functional groups, which can construct stable
chelating structures with high-valent titanium ions and thus exhibits stronger and more
selective complexation toward Ti. The scrubbing capacity of different scrubbing agents
toward the loaded organic phase was studied, and the relevant results are presented in
Figure 4. All experiments were conducted under identical conditions: reaction temperature
of 25 °C, molar ratio of masking agent to Ti n(masking agent) /n(Ti) = 2:1, molar ratio of
Hy0O; to Ti n((H20;)/n(Ti) = 5:1, phase ratio (O/A) = 1:1, shaking speed of 150 r-min~!,
and scrubbing time of 30 min. The results indicate that the NazCit + HyOp composite
system achieves the optimal titanium scrubbing capacity of 6.68 mg-L~! among all tested
reagents, which further confirms that citrate exhibits superior Ti-selective complexation
and scrubbing performance relative to other carboxylic acids. In this paper, n(masking
agent)/n(Ti) and n((H,O;)/n(Ti) represent the molar ratio of masking agent or H,O, in the
aqueous phase to titanium in the organic phase. Accordingly, the NazCit + HyO, system is
selected as the optimal scrubbing medium for subsequent Sc-Ti separation investigations.
During the scrubbing process, citrate acts as a masking agent, and the citrate ions (Cit>")
achieve selective scrubbing by exploiting the significant difference in complexation stability
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between Ti(IV) and Sc(III) with citrate. HyO, plays an auxiliary role in enhancing the
scrubbing process. Studies have shown that in the presence of HyO,, Ti(IV) can form stable
peroxo-citrate—titanium complexes with citrate and peroxide, which promotes the transfer
of Ti from the organic phase to the aqueous phase. The synergistic effect of citrate and
H,0, is the key to achieving efficient and selective scrubbing of Ti.

=)

I Ti
°] [ sc

Unit Detergent Scrubbing Capacity (mg/L)

B B e
& PO

07 lj .:I
o o
ool ~2‘9 ST

& o 95 A,%“’x ‘8\9: V\og?
: AN W k1 ’
C}b (9& (V) OQ\ Y

Types of scrubbing agents
Figure 4. Scrubbing amount of loaded organic phase by different scrubbing agents.

3.3. Effects of Single Factors on Sc(III) and Ti(IV) Scrubbing Efficiency

Thermodynamic analysis verifies that scandium and titanium are the major metal
species enriched in the loaded organic phase, providing a reliable theoretical foundation
for the subsequent scrubbing and separation of Sc(Ill) and Ti(IV). Based on the above
thermodynamic results, single-factor experiments for titanium scrubbing optimization were
further conducted. The influences of key process parameters—including NazCit dosage,
H,0; dosage, phase ratio (O/A), shaking speed, scrubbing time, reaction temperature,
and initial pH of the scrubbing solution—on the scrubbing efficiencies of Sc(IIl) and Ti(IV)
were systematically investigated. Throughout this paper, the phase ratio is understood
as the volume-to-volume basis of the ratio of the organic phase volume to the aqueous
phase volume.

Limited by the existing testing equipment, scandium in the samples cannot be detected
owing to its concentration below the instrument detection limit. Hence, the separation
selectivity of the system is indirectly characterized using the scrubbing efficiencies of
titanium and scandium.

3.3.1. Effect of NazCit Dosage on Sc and Ti Scrubbing Efficiency

Under the conditions of 25 °C, n(H,O;)/n(Ti) = 3:1, O/A = 1:1, shaking speed of
200 r-min~! and scrubbing time of 30 min, the effect of Na3Cit dosage on the titanium
scrubbing efficiency and scandium co-scrubbing efficiency was investigated. As shown
in Figure 5, the titanium scrubbing efficiency increased with the rise in n(NasCit)/n(Ti),
while the scandium co-scrubbing efficiency remained at 0% all the time. When the molar
ratio increased from 10 to 20, the titanium scrubbing efficiency rose rapidly from 3.15% to
77.10%, this phenomenon is mainly attributed to the fact that the increased sodium citrate
concentration shifts the complexation equilibrium toward the formation of stable titanium-
citrate complexes, thereby enhancing the driving force for the transfer of Ti(IV) from the
organic phase to the aqueous phase. This is consistent with the proposed separation
mechanism, which relies on the selective complexation of Ti(IV) by citrate. A further
increase to 30 led to a slower growth of the scrubbing efficiency, and no obvious change
was observed when the ratio exceeded 30. Considering the scrubbing performance and
economic cost comprehensively, the optimal molar ratio of n(NazCit) /n(Ti) was determined
to be 30:1.
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Figure 5. Effect of NazCit dosage on scrubbing efficiency of Ti and co-scrubbing efficiency of Sc.

3.3.2. Effect of HyO, Dosage on Sc and Ti Scrubbing Efficiency

Under the conditions of 25 °C, n(Na3sCit) /n(Ti) = 30:1, phase ratio O/A = 1:1, shaking
speed of 200 r-min~! and shaking time of 30 min, the effect of H,O, dosage on the scrub-
bing efficiencies of titanium and scandium was investigated, and the results are shown
in Figure 6. The results indicate that the scandium co-scrubbing efficiency was almost
unaffected by H,O, dosage, whereas the titanium scrubbing efficiency varied significantly.
When n(H,0O,)/n(Ti) increased from 1 to 3, the titanium scrubbing efficiency rose remark-
ably and reached a maximum value of 87.23% at n(H,O,)/n(Ti) = 3:1. This phenomenon is
ascribed to the further reaction of TiO?** with excess H,O,, which leads to the generation of
the peroxo-titanium species [TIO(H,0,)]%*. As the molar ratio further increased to 7, the
titanium scrubbing efficiency decreased slightly to 81.96%, and then rebounded moderately
to 85.44% when the ratio exceeded 7. Meanwhile, the co-scrubbing efficiency of scandium
remained at 0% throughout the whole process. Considering the scrubbing performance and
economic cost comprehensively, n(H,O,)/n(Ti) = 3:1 was selected as the optimal condition.

100

Scrubbing Efficiency %

n(H,0,)/n(Ti)

Figure 6. Effect of HyO, dosage on scrubbing efficiency of Ti and the co-scrubbing efficiency of Sc.

3.3.3. Effect of Phase Ratio (O/A) on Sc and Ti Scrubbing Efficiency

Under the conditions of 25 °C, n(Na3Cit)/n(Ti) = 30:1, n(H,0O,) /n(Ti) = 3:1, shaking
speed of 200 r-min~! and shaking time of 30 min, the influence of phase ratio (O/A) on
the scrubbing efficiencies of titanium and scandium was investigated (Figure 7). When
the phase ratio decreased from 5:4 to 1:1, the titanium scrubbing efficiency increased
rapidly from 63.58% to a maximum of 87.23%, which was probably attributed to the
relative insufficiency of the scrubbing agent at a higher phase ratio. As the phase ratio
further decreased to 2:5, the titanium scrubbing efficiency dropped to 77.66%, while the co-
scrubbing efficiency of scandium remained at 0% throughout the experiment. Considering
the scrubbing efficiency and reagent consumption comprehensively, the optimal phase
ratio was determined to be 1:1.
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Figure 7. Effect of phase ratio (O/A) on scrubbing efficiency of Ti and co-scrubbing efficiency of Sc.

3.3.4. Effect of Shaking Speed on Sc and Ti Scrubbing Efficiency

Under the conditions of 25 °C, n(NasCit)/n(Ti) = 30:1, n(H,O,)/n(Ti) = 3:1,
O/A = 1:1, and scrubbing time of 30 min, the effect of shaking speed on the scrubbing
rate was investigated (Figure 8). The results show that the co-scrubbing rate of scandium
remained at 0% all the time, while the titanium scrubbing rate varied with shaking speed.
This is because when the shaking speed is too low, the organic phase and the scrubbing
phase cannot be adequately mixed, resulting in a low Ti scrubbing rate. When the rotating
speed increased from 50 to 150 r-min~!, the titanium scrubbing rate rose significantly from
12.77% to 87.23%, and reached a peak of 93.37% at 200 r-min~!. This is due to the fact that
an appropriate increase in shaking speed promotes adequate mixing between the organic
phase and the scrubbing agent, speeds up mass transfer, and consequently enhances the
scrubbing rate. Further increasing the rotating speed to 280 r-min~! led to a slight decrease
in the titanium scrubbing rate to 90.09%, and the scandium co-scrubbing rate still remained
0%. At elevated shaking speeds, mechanical foaming and the accumulation of bubbles
resulting from high viscosity jointly weaken the mass transfer between the organic phase
and the scrubbing solution. Taking scrubbing efficiency, energy consumption and equip-
ment wear into comprehensive consideration, the optimal shaking speed was determined
to be 200 r-min 1.

100

IS N 3
S S S
T T T

Scrubbing Efficiency %

)
S
T

Shaking Speed r-min’!

Figure 8. Effect of shaking speed on scrubbing efficiency of Ti and co-scrubbing efficiency of Sc.

3.3.5. Effect of Reaction Temperature on Sc and Ti Scrubbing Efficiency

Under the conditions of n(Na3Cit)/n(Ti) = 30:1, n(H,O;)/n(Ti) = 3:1, O/ A = 1:1, shak-
ing speed of 200 r-min~! and scrubbing time of 30 min, the effect of reaction temperature
on the scrubbing efficiencies of titanium and scandium was investigated (Figure 9). The
results showed that the scandium co-scrubbing efficiency remained at 0% within the tem-
perature range of 25-55 °C, while the titanium scrubbing efficiency decreased significantly
from 97.37% to 77.55% with the increase in temperature. This may be attributed to the
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intensification of side reactions or the reduced stability of titanium-—citrate complexes at
high temperatures. When the temperature exceeded 55 °C, the variation in the titanium
scrubbing efficiency tended to be gentle. Comprehensive consideration indicates that the
optimal reaction temperature is determined to be 25 °C.

100 | 97.3

40 -

Scrubbing Efficiency %

%)
S
T

25 35 45 55 65
Reaction Temperature °C

Figure 9. Effect of reaction temperature on scrubbing efficiency of Ti and co-scrubbing efficiency of Sc.

3.3.6. Effect of Scrubbing Time on Ti Scrubbing Efficiency and Sc Co-Scrubbing Efficiency

Under the conditions of 25 °C, n(NasCit)/n(Ti) = 30:1, n(H,O,)/n(Ti) = 3:1,
O/A = 1:1, and shaking speed of 200 r-min~!, the effect of scrubbing time on the scrub-
bing efficiencies of titanium and scandium was investigated (Figure 10). The scandium
co-scrubbing efficiency remained at 0% and was independent of scrubbing time. The tita-
nium scrubbing process proceeded rapidly, with the titanium scrubbing efficiency reaching
84.72% at a scrubbing time of 10 min. As the scrubbing time prolonged to 30 min, the
titanium scrubbing efficiency continuously increased to 97.37%. Further extending the time
to 40 min caused a slight decrease to 93.06%, which was probably due to the achievement
of dynamic equilibrium. Accordingly, the appropriate scrubbing time was determined to
be 30 min.

Scrubbing Efficiency/%

10 20 30 35 40

Scrubbing Time/min

Figure 10. Effect of scrubbing time on scrubbing efficiency of Ti and co-scrubbing efficiency of Sc.

This series of single-factor experiments carried out in this work provides theoretical
support and experimental data for scandium recovery from titanium white waste acid
and offers a novel strategy to promote the high-value utilization of scandium resources.
Furthermore, the obtained aqueous titanium citrate solution can be converted into high-
value-added titanium-based products via wet chemical routes. Meanwhile, scandium
enriched in the organic phase can be recovered through conventional scrubbing, which
effectively improves the overall resource utilization efficiency and practical application
potential of the whole process.
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3.4. FTIR Spectroscopy Analysis

The Fourier-transform infrared (FTIR) spectrometer used is Nicolet iN10, manufactured
by Thermo Fisher Scientific, USA. FT-IR characterization was performed on the organic phase
loaded with Sc (III) and Ti (IV), as well as the loaded organic phase after single-stage scrubbing
with the novel detergent. The results are presented in Figure 11. The scrubbing experimental
conditions were set as follows: temperature 25 °C, n(NasCit)/n(Ti) = 30:1, n(H>O,) /n(Ti) = 3:1,
phase ratio (O/A) = 1:1, shaking speed 200 r-min~!, and scrubbing time 30 min.
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Figure 11. (a) FTIR spectrum of the loaded organic phase; (b) FTIR spectrum of the washed loaded
organic phase.

For the spectrum before scrubbing (Figure 11a), the characteristic absorption peaks
of the P=O bond, P-O-C bond, and Ti—O bond appeared at 1228.22 ecm~11026.93 ecm™1,
and 494.67 cm ™!, respectively. The characteristic peak of the Ti-O bond disappeared in
the spectrum after scrubbing (Figure 11b), indicating that titanium was effectively re-
moved from the organic phase. In addition, new absorption peaks emerged at 997.54 cm ™!,
989.83 cm ™! and 984.04 cm~! after scrubbing, and the intensity of hydrogen bonds in-
creased obviously, which may be related to the increase in pH in the organic phase after
scrubbing [38]. The FT-IR results confirm that the novel detergent can selectively remove

titanium, and neither the detergent nor its reaction products enter the organic phase.

3.5. Comparison with Traditional Scrubbing Methods

Traditional scrubbing agents are mostly composed of HySO4 and HyO,. To compare
the scrubbing performance of the novel detergent with the traditional one, the effect of
H,SO4 concentration in the traditional detergent on the Ti scrubbing efficiency and Sc co-
scrubbing efficiency was investigated under the conditions of 25 °C, n(H,SO4) /n(Ti) = 30:1,
n(HyO,)/n(Ti) = 3:1, phase ratio (O/A) = 1:1, shaking speed of 200 r-min~! and scrubbing
time of 30 min (Figure 12). The Ti scrubbing efficiency of the traditional method was only
6.73%, while the Sc co-scrubbing efficiency remained at 0%. The Ti scrubbing efficiency of
the novel scrubbing method was 14.47 times that of the traditional one. The results clearly
demonstrate the remarkable superiority of the novel detergent in scrubbing efficiency, which
is favorable for the efficient separation of scandium and titanium from titanium dioxide
waste acid.

The novel masking agent-H,O, composite stripping agent exhibits superior separa-
tion performance compared with the conventional sulfuric acid stripping system. When
applied to industrial production, this technology features mild operating conditions, and
the resulting waste liquid can be neutralized with greater ease. Meanwhile, it effectively
enhances the recovery rate of rare earth elements and shortens the technological process.
Nevertheless, all experiments conducted in this work are batch shaking tests at the lab-
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oratory scale. Further continuous countercurrent stripping scale-up experiments can be
carried out to optimize the technological process.
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Figure 12. Effect of HySO4 concentration on scrubbing efficiency of Ti and co-scrubbing efficiency of Sc.

4. Conclusions

This study focused on the efficient extraction of scandium from titanium white waste
acid and the bottleneck of balancing extractability and selectivity, and was conducted by
means of thermodynamic analysis and scrubbing process optimization. Thermodynam-
ically, based on the potential-pH and equilibrium diagrams of the Sc-H,O and Ti-H,O
systems at 25 °C, the dominant species and transformation rules of Sc (mainly Sc3* and
5¢S0O,4*) and Ti (mainly Ti(OH)3*) under different pH conditions were clarified, laying a
theoretical basis for Sc-Ti extraction and separation.

The Na3Cit-HyO;, composite system was screened as the optimal detergent. The ef-
fects of NazCit dosage, HyO, dosage and phase ratio (O/A) on scrubbing performance
were systematically investigated. The optimal conditions were determined as 25 °C,
n(NazCit)/n(Ti) = 30:1, n(H,O,)/n(Ti) = 3:1, O/A phase ratio of 1:1, shaking speed of
200 r-min~! and scrubbing time of 30 min. Under these conditions, the Ti scrubbing effi-
ciency reached 97.37% while the Sc co-scrubbing efficiency was 0%, which was 14.47 times
higher than that of the traditional HySO4 + H,O, system and greatly improved the Sc-Ti
separation efficiency. The scrubbing mechanism was preliminarily clarified via product
composition analysis, offering a feasible technical route for efficient scandium recovery
from titanium white waste acid. This work provides a theoretical basis and experimental
data for scandium recovery from titanium white waste acid, and offers new insight to
promote the high-value utilization of scandium resources.

Apart from serving as the complexing scrubbing agent in this process, sodium citrate
can be utilized as desulfurizer to remove sulfide from industrial tail gas and applied for
environmental remediation, relying on its complexing capacity to realize comprehensive
utilization. The obtained aqueous titanium citrate can be transformed into high-value
titanium-based products via two wet chemical routes: nano-titanium dioxide is obtained
by pH adjustment with ammonia, evaporation drying and calcination for organic ligand
removal, and titanate functional powders are synthesized through hydrothermal reaction
after blending with corresponding metal salts. Scandium enriched in the organic phase can
be recovered by conventional scrubbing, which effectively improves the resource utilization
and practical application potential of the whole process.
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