kﬂ separations

Article

Deep Purification of Manganese Sulfate Electrolyte by Sodium
Dimethyldithiocarbamate Chelation Precipitation: Process and
Selective Coordination Mechanism

Tong Liu 123, Fei Zhu 1'2-3*, Xijun Tian 1'%3, Zhenping Cai 1?3, Kai Huang # and Song Chen 123*

W) Check for updates

Academic Editor: Sascha Nowak

Received: 19 March 2026

Revised: 6 April 2026

Accepted: 10 April 2026

Published: 18 April 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

National Engineering Research Center for Environment-Friendly Metallurgy in Producing Premium
Non-Ferrous Metals, GRINM Group Corporation Limited, Beijing 100088, China; liutong1830@163.com (T.L.);
tianxijun1997@163.com (X.T.); caizhenping@grinm.com (Z.C.)

2 GRINM Resources and Environment Tech. Co., Ltd., Beijing 100088, China

General Research Institute for Nonferrous Metals, Beijing 100088, China

School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing,

Beijing 100083, China; khuang@metall.ustb.edu.cn

Correspondence: zhufei@grinm.com (F.Z.); songch@grinm.com (S.C.)

Abstract

This study addresses the issue of insufficient product purity caused by the co-deposition of
three major impurity ions—zinc, nickel, and lead—during the electrodeposition process
of high-purity manganese. A targeted deep purification method for manganese sulfate
electrolyte was developed using dithiocarbamate chelating agents (sodium dimethyldithio-
carbamate, SDD). By optimizing key process parameters such as precipitant concentration,
reaction temperature, reaction time, and solution pH, combined with density functional
theory (DFT) calculations, to elucidate the selective impurity removal mechanism at the
molecular level, a novel process for the efficient synergistic removal of Zn?*, Ni?*, and Pb?*
was established. The results showed that under the conditions of precipitant concentration
of 1 g/L, solution pH of 6.5, reaction temperature of 55 °C, and reaction time of 2 h, the
residual concentrations of Zn, Ni, and Pb in the electrolyte were all below 0.2 mg/L. DFT
calculations revealed that SDD coordinates with metal ions through four sulfur atoms,
and the absolute values of binding energies follow the order Ni?* > Pb?* > Zn?* > Mn?*,
indicating thermodynamically preferential capture of impurity ions. After purification,
the manganese metal obtained by electrodeposition from the manganese sulfate solu-
tion achieved a purity exceeding 99.999%, with Zn, Ni, and Pb contents of 0.11 mg/kg,
0.038 mg/kg, and 0.05 mg/kg, respectively, meeting the raw material requirements for
semiconductor-grade copper—-manganese alloy targets.

Keywords: high purity manganese; electrolyte purification; sodium dimethyldithiocarbamate;
chemical precipitation; density functional theory

1. Introduction

Manganese holds an irreplaceable strategic position in fields such as steel metallurgy,
energy materials, and semiconductor manufacturing [1-5]. In integrated circuits, as pro-
cess nodes advance to 28 nm and below, copper interconnect technology faces challenges
such as electromigration and RC delay. Copper-manganese alloy thin films have be-
come key materials for deep nanometer node interconnect processes due to their excellent
anti-electromigration performance and interfacial stability [6]. The purity of high-purity
manganese, which serves as the core raw material for copper-manganese alloy targets,
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directly affects the reliability and yield of semiconductor devices; therefore, impurity con-
trol in high-purity manganese (>99.999%) used for copper-manganese targets is subject to
extremely stringent requirements.

Electrolysis is the primary method for producing high-purity metallic manganese, and
product purity depends on the purification degree of the electrolyte [7-10]. Industrial-grade
manganese sulfate electrolyte commonly contains impurity ions such as Zn, Ni, Fe, Cr, and
Pb, which readily co-deposit with Mn?* during electrodeposition, leading to decreased
product purity [11-14]. Developing efficient and highly selective deep purification technolo-
gies for electrolytes is the key to solving the technical bottleneck in preparing high-purity
manganese for copper-manganese targets.

Heavy metal chelation precipitation has attracted considerable attention in the field
of hydrometallurgical purification due to its advantages of high selectivity and simple
operation [15,16]. Dithiocarbamate (DTC) chelating agents coordinate with metal ions
through sulfur atoms, forming stable five-membered chelate rings, and exhibit excel-
lent capture capability for Cu?t, Zn%*, Pb%*, Cd?*, and other ions [17-20]. Sodium N,N-
dimethyldithiocarbamate (sodium dimethyldithiocarbamate, SDD), as a typical small-
molecule DTC chelating agent, can rapidly form insoluble complexes under wide pH
ranges and ambient temperature conditions, and has been applied in wastewater treat-
ment [21,22]. The two sulfur atoms in the SDD molecule serve as efficient coordination
centers due to their low electronegativity (x = 2.58) and high polarizability; through
bidentate coordination with metal ions, five-membered chelate rings are formed, and its
selectivity originates from the differences in binding energies of different ions and steric
hindrance effects [18]. According to the Hard and Soft Acids and Bases (HSAB) theory,
sulfur belongs to soft bases and has a strong affinity for borderline acids and soft acids such
as Cu?t, Zn%*, and Pb%* [23]. MnZ* belongs to borderline hard acids due to its larger ionic
radius and lower charge density, resulting in poor orbital matching with soft base sulfur
atoms; this difference in hard—soft acid-base matching leads to M-S bonds formed between
impurity ions and SDD having stronger covalent character and higher thermodynamic
stability. Based on this, the effective separation of Mn2* from impurity ions by SDD precipi-
tation is theoretically feasible [15,24-26]. However, systematic studies on the selective deep
separation behavior and microscopic coordination mechanisms of multiple impurity ions
in manganese sulfate solutions for high-purity electrolytic manganese remain scarce.

This study employs SDD for targeted deep purification of manganese sulfate elec-
trolyte, focusing on solving the challenge of synergistic removal of three key impurity
ions: Zn?*, Ni**, and Pb?*. Combined with density functional theory (DFT) calculations,
through analyzing binding energy, electrostatic potential distribution, projected density
of states (PDOS), and frontier molecular orbitals, the ligand-metal interaction strength is
quantitatively evaluated, and reactive active sites are predicted [18,27], revealing the selec-
tive coordination mechanism of major ions in manganese sulfate solution, and elucidating
the interaction patterns between sulfur atom active sites and different metal ions at the
molecular level, thereby providing theoretical and technical support for achieving deep
impurity removal from manganese sulfate solution.

2. Materials and Methods

Industrial electrolytic manganese (Mn > 99.5%) was used in the experiments;
sulfuric acid (H;SO4, analytical grade) and sodium dimethyldithiocarbamate (SDD,
C3HgNNaS;-2H,O, analytical grade) were used. All water used in the experiments was
ultrapure water (resistivity > 18.2 MQ-cm).
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2.1. Instruments and Characterization

An inductively coupled plasma mass spectrometer (ICP-MS, Thermo Fisher iCAP RQ,
Waltham, MA, USA) was used to determine the concentrations of Mn and trace impurity
metal ions in solution, and a glow discharge mass spectrometer (GDMS, Nu Instruments
Astrum, Wrexham, UK) was employed to analyze the trace impurity contents in solid
metallic manganese samples.

2.2. Experimental Methods

Manganese sulfate solution was prepared using industrial electrolytic manganese. The
key parameters of the SDD precipitation process for purifying manganese sulfate solution
were investigated to achieve selective and efficient removal of impurity ions from the
solution. Finally, electrodeposition experiments were conducted using the purified elec-
trolyte to verify the practical application effect of the purification process. The experimental
method is shown in Figure 1.

Water bath
heating
Filter alter
stirring

—

Aceurately
put into
SDD

I
7 . 1
‘ 1| E !

- a9
Dissolve crude manganese to Study on key parameters and mechanism of Electrodeposition of
prepare manganese sulfate deep impurity removal metal manganese

Figure 1. Experimental Methods.

2.2.1. Preparation of Manganese Sulfate Solution

Industrial electrolytic manganese was dissolved in a 1.5 mol/L sulfuric acid solution
with a solid-to-liquid ratio of 1:10. After complete dissolution and filtration, the obtained
manganese sulfate solution was diluted to obtain a Mn?* concentration of 149.6 g/L. The
main components are shown in Table 1.

Table 1. Analysis of main components in the electrolyte before purification (ICP-MS).

Element

Mn Cr Cu Fe Ni Pb Sn Zn

Content/mg-L~!

149,600 <1.0 <1.0 <0.5 <10.0 <5.0 <2.0 11.8

2.2.2. SDD Precipitation Purification Process

First, 200 mL of the above electrolyte was placed in a 500 mL beaker and heated in a
water bath with temperature control. At a certain pH and temperature, a certain amount
of sodium dimethyldithiocarbamate was added, and the reaction was carried out with
continuous stirring. After the reaction was completed, the mixture was aged at room
temperature for 8 h and then filtered under vacuum. The filtrate was collected to determine
ion concentrations. The effects of precipitant concentration, reaction temperature, reaction
time, and solution pH on impurity removal rate and manganese loss rate were investigated.

2.2.3. DFT Calculation Analysis

The Dmol® module was employed to systematically analyze the electronic structure
properties of complexes formed by SDD binding with various metal ions, including elec-
trostatic potential distribution, differential charge density, and frontier molecular orbital
(HOMO-LUMO,) energy levels and distribution.

The generalized gradient approximation (GGA) functional was selected to treat elec-
tron exchange—correlation effects, and DFT-D dispersion correction was introduced to
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accurately describe van der Waals interactions; core electron effects were treated using DSS
semi-core pseudopotentials [28]. During geometry optimization, the self-consistent field
(SCF) iteration energy convergence threshold was set to 1.0 x 10~° Ha, the maximum force
convergence threshold between atoms was set to 0.002 Ha/A, and the maximum atomic
displacement convergence threshold was set to 0.005 A. PDOS calculations employed Gaus-
sian broadening of 0.05 eV; calculations of electrostatic potential distribution and frontier
molecular orbital energy levels adopted the same convergence criteria as the ground-state
geometry optimization, with calculation accuracy set to Fine level [29].

Upon completion of structural optimization, the binding energy calculation results
were utilized to evaluate the thermodynamic stability of each complex and establish
the selectivity sequence; geometric parameter statistics were employed to obtain metal—
sulfur (M-S) coordination bond length distributions, thereby determining the coordination
number and spatial configuration; color-coded three-dimensional electrostatic potential
isosurface distribution maps were used for visualization to identify sulfur atom nucleophilic
active centers and electron transfer directions; frontier molecular orbital analysis was
performed to calculate HOMO-LUMO orbital distributions and energy gaps for correlating
the kinetic stability and chemical reactivity of the complexes; deformation density maps
were adopted for qualitative analysis of chemical bond composition; and projected density
of states (PDOS) calculations were conducted to analyze the energy alignment between
metal ion and sulfur electron orbitals and the density of states overlap, quantitatively
characterizing orbital hybridization strength.

2.2.4. Electrodeposition Experiment

The purified electrolyte was used as the base catholyte and make-up solution. After
adjusting the concentration and pH and incorporating additives, electrodeposition was
performed using a stainless steel plate as the cathode and titanium coated with iridium-
tantalum as the anode, at a cathodic current density of 400 A/m? and a temperature of
40 °C for 24 h. The deposited product was washed, vacuum-dried, and analyzed for purity
by GDMS.

3. Results
3.1. Purification Process Conditions of Sodium Dimethyldithiocarbamate (SDD)

In the prepared electrolyte, the contents of zinc, nickel, and lead were 11.8 mg-L. 7!,
<10.0 mg-L~!, and <5.0 mg-L~!, respectively. Due to the reduction potentials of these three
impurities being close to that of Mn?*, they readily co-deposit with manganese during
electrodeposition, affecting the purity and compactness of the deposited layer; therefore,
they must be strictly removed [12,30,31]. The effects of various process parameters were
investigated through experiments.

3.1.1. Effect of SDD Precipitant Concentration

To investigate the effect of precipitant concentration on impurity removal, precipitation
experiments were conducted using SDD at concentrations of 0.25, 0.5, 1, 5, and 10 g/L,
with solution pH controlled at 6.5, reaction temperature at 55 °C, reaction time of 2 h, and
aging at room temperature for approximately 8 h after reaction. The results are shown
in Figure 2.

As SDD concentration increased from 0.25 g/L to 1 g/L, the removal efficiency of
the three characteristic impurity ions improved significantly with increasing SDD dosage,
wherein the concentration of Zn%* in the solution decreased from 8.21 mg/L to 0.065 mg/L,
Ni?* from 1.62 mg/L to 0.13 mg/L, and Pb?* from 0.92 mg/L to 0.07 mg/L. Meanwhile, the
Mn?* concentration decreased from 145.3 g/L to 132.4 g/L. When SDD concentration con-
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tinued to increase to 10 g/L, no further reduction in impurity concentrations was observed
(Zn?* 0.12 mg/L, Ni** 0.18 mg/L, and Pb** 0.05 mg/L), while the Mn?* concentration
decreased to 130.7 g/L. An appropriate precipitant concentration can improve impurity
removal efficiency; however, excessive SDD concentration did not further improve im-
purity removal but increased co-precipitation loss with Mn?*. Considering both removal
efficiency and manganese co-precipitation loss, the optimal SDD dosage concentration was
determined to be 1 g/L, ensuring complete complexation of impurities while minimizing
manganese loss to the greatest extent.
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Figure 2. Effect of precipitant concentration on (a) impurity content and (b) manganese content.
3.1.2. Effect of Reaction Temperature
To investigate the effect of reaction temperature on impurity removal, precipitation
experiments were conducted at different temperatures (25 °C, 45 °C, 55 °C, 65 °C, and
75 °C) with a precipitant concentration of 1 g/L, solution pH of 6.5, and reaction time of
2 h, followed by aging at room temperature for approximately 8 h. The experimental results
are shown in Figure 3.
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Figure 3. Effect of reaction temperature on (a) impurity content and (b) manganese content.

Within the temperature range of 25-55 °C, the removal efficiency of the three impurity
ions improved with increasing temperature, wherein the Zn?* concentration decreased from
7.02mg/L to 0.065 mg/L, Ni** from 1.78 mg/L to 0.13 mg/L, and Pb>* from 1.02 mg/L to
0.07 mg/L; the Mn?* concentration decreased from 147.4 g /L to 132.4 g/L. Appropriate
heating can promote effective contact between SDD molecules and metal ions and enhance
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the kinetics of chelation reactions, while reducing solution viscosity, which favors the
aggregation and settling of precipitates.

When the temperature exceeded 55 °C, the 7Zn%* concentration rebounded to
2.10mg/L (at 65 °C) and 5.52 mg/L (at 75 °C), and the concentrations of Ni?* and Pb?* also
increased significantly, while the Mn?* concentration was 139.3 g/L at 75 °C, higher than
that at 55 °C. Dialkyldithiocarbamates possess certain thermal stability in alkaline solutions,
but elevated temperatures may accelerate the oxidation of SDD to thiuram disulfide, lead-
ing to a decrease in effective ligand concentration [32]; meanwhile, higher temperatures
may alter the solubility equilibrium of metal-DTC complexes, causing partial dissociation
or redissolution of the formed chelates [33]. Therefore, the optimal reaction temperature
was determined to be 55 °C.

3.1.3. Effect of Reaction Time

To investigate the effect of reaction time on impurity removal, precipitation experi-
ments were conducted with an SDD precipitant concentration of 1 g/L, a reaction tempera-
ture of 55 °C, and a solution pH of 6.5, setting reaction times of 0.5h, 1 h,1.5h,2 h, and 3 h,
followed by aging at room temperature for approximately 8 h. The experimental results
are shown in Figure 4.
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Figure 4. Effect of reaction time on (a) impurity content and (b) manganese content.

Within the reaction time of 0.5-2 h, the Zn?* concentration in solution decreased from
6.73 mg/L to 0.065 mg/L, Ni*>* from 2.34 mg/L to 0.13 mg/L, and Pb?** from 1.27 mg/L
to 0.07 mg/L; the Mn?* concentration decreased from 140.3 g/L to 132.4 g/L. Sufficient
mass transfer time ensured effective contact between SDD molecules and metal ions and
complete chelation reaction. After a reaction time of 2 h, the impurity concentrations
reached minimum values (Zn?* 0.065 mg/L, Ni** 0.13 mg/L, and Pb** 0.07 mg/L).

When the reaction time was extended to 3 h, the impurity ion concentrations showed
significant rebound (Zn** increased to 1.65 mg/L, NiZ* to 2.29 mg/L, and Pb%* to
0.91 mg/L), while the Mn?* concentration increased to 138.4 g/L. DTC-metal complexes
exist in coordination—dissociation equilibrium in the solution; prolonged stirring may
destroy floc structure or promote transformation of complexes to more stable forms; and
extending reaction time also increases the opportunity for SDD oxidation, which may cause
partial oxidation of DTC to thiuram disulfide and subsequent deactivation [32]. Therefore,
the optimal reaction time was determined to be 2 h.
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3.1.4. Effect of Solution pH

To investigate the effect of pH on impurity removal, precipitation experiments were
conducted under the conditions of a precipitant concentration of 1 g/L, a reaction tempera-
ture of 55 °C, and a reaction time of 1 h, controlling the solution pH at 3.5, 5.5, 6.5, 7.5, and
7.75, followed by aging at room temperature for approximately 8 h after the reaction. The
experimental results are shown in Figure 5.

(2?:':' D '::) (b)145 1
T.J = ——12Zn
R 140 4
T7-33135 ]
=
— B )
65 -
60 S

35 5.5 6.5 75  1.75
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Figure 5. Effect of solution pH on (a) impurity content and (b) manganese content.

The pH value has a significant effect on the removal of impurity metal ions. When pH
increased gradually from 3.5 to 6.5, the Zn?* concentration decreased from 3.05 mg/L to
0.065 mg/L, Ni** from 0.93 mg/L to 0.13 mg/L, and Pb** from 0.86 mg/L to 0.07 mg/L;
the Mn2* concentration decreased from 138.2 g/L to 132.4 g/L. In acidic media, the anionic
form of DTC (-CSS™) is rapidly protonated to form unstable dithiocarbamic acid (-CSSH),
decomposing to produce amine and carbon disulfide [32]; this protonation significantly
reduces the electron-donating ability of the coordinating sulfur atoms, leading to decreased
chelating ability. At pH 6.5, the purification effect was optimal, and the concentrations of
the three key impurity ions all decreased to the minimum.

When pH further increased to 7.5, the concentrations of Zn?* and Pb?* rebounded
(increasing to 0.56 mg/L and 0.94 mg /L, respectively). When pH increased to 7.75, the Mn?*
concentration dropped sharply to 68.4 g/L, while the impurity removal effect was also
poor (Zn?* 0.73 mg/L, Ni** 0.09 mg/L, and Pb?** 0.44 mg/L). Under high pH conditions,
OH™ competes with DTC for coordination, possibly forming soluble hydroxo complexes
or destroying the stability of DTC-metal chelates [34]; meanwhile, high pH promotes the
direct hydrolysis of Mn?* to form Mn(OH), precipitate. Therefore, the optimal pH was
determined to be 6.5.

In summary, under the optimized conditions of a precipitant concentration of 1 g/L, a
solution pH of 6.5, a reaction temperature of 55 °C, and a reaction time of 2 h, purification
treatment was conducted. The composition of the purified electrolyte is shown in Table 2.
After purification, the concentrations of the three key impurity ions in the solution were Zn
0.07mg/L, Ni0.13 mg/L, and Pb 0.07 mg/L, demonstrating a significant deep impurity
removal effect. The Mn?* concentration was 142.6 g/L, which was slightly decreased.

Table 2. Composition of the electrolyte after purification under optimized conditions.

Element Mn Cr Cu Fe Ni Pb Sn Zn
Con’cent/mg-L*1 142,680 0.06 0.01 0.07 0.13 0.08 0.02 0.07
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3.2. Theoretical Analysis of Selective Impurity Removal by Sodium Dimethyldithiocarbamate
3.2.1. Binding Energy Calculation

To validate the simplified DFT model under experimental conditions, aqueous spe-
ciation calculations were performed using the Medusa chemical equilibrium software
(https:/ /www.kth.se/che/medusa, accessed on 9 April 2026) with the inherent thermody-
namic database. Figure S1 confirms that at the optimized pH of 6.5, Zn?*, Ni?*, and Mn?*
exist almost exclusively as free aqua ions (>98%), while Pb?* is present predominantly as
Pb%* (~95%) with minor PbOH* (~5%). This validates the DFT model employing bare M2+
ions as the reactive species. Density functional theory (DFT) calculations were performed
using the DMol3 module, and the binding energies (AE) between SDD and the target ion
Mn?*, as well as impurity ions (Zn?*, Ni?*, and Pb?*), were systematically calculated. The
binding energy calculation formula is as follows:

AE = Epmspp; — (Em + Espp) 1)

where Eyjsppj is the total energy of the metal-SDD complex, Ey; is the energy of the
metal ion, and Egpp is the energy of the SDD molecule. The calculation results are shown
in Table 3.

Table 3. Binding energy calculation of metal-SDD complexes (kcal/mol).

Emispp) Espp Em AE
Mn —1.94 x 10° —1.22 x 10° —7.22 x 10° —221.70
7n —2.33 x 10° —1.22 x 10° —1.12 x 10° —271.81
Ni —2.16 x 10° —1.22 x 10° —9.46 x 10° —372.40
Pb —1.35 x 107 —1.22 x 10° —1.23 x 107 —297.94

The order of absolute values is: Ni?* (—372.40 kcal/mol) > Zn?* (—271.81 kcal /mol)
> Pb?* (—297.94 kcal/mol) > Mn?* (—221.70 kcal/mol). This ordering indicates that sig-
nificant differences exist in the affinity of SDD for the four ions; the complex formed by
Ni?* with SDD exhibits the highest thermodynamic stability, whereas the binding ability of
Mn?* with SDD is the weakest.

The binding energy difference among the four ions exceeds 50 kcal/mol. This en-
ergy gradient ensures that in a competitive coordination system, SDD will preferentially
bind with Zn?*, Ni?*, and Pb?*, providing a thermodynamic foundation for the selective
purification of the Mn?* solution.

3.2.2. Coordination Geometry and Electrostatic Potential Distribution Characteristics

Geometric structure optimization was performed using density functional theory
(DFT) calculations, and the geometric configurations are shown in Figure 6. The results
indicate that all metal ions form four-coordinate structures with four sulfur atoms from two
SDD molecules. However, specific differences exist in the spatial arrangement of ligands
induced by different metal ions: in Mn?*, Zn?*, and Ni?* complexes, the two SDD ligand
molecules exhibit an approximately perpendicular spatial arrangement (dihedral angle
~90°), forming a distorted tetrahedral coordination configuration, whereas in the Pb?*
complex, the two SDD molecules are essentially coplanar (dihedral angle ~0°), forming a
planar quadrilateral configuration.

As shown in Table 4, the metal-sulfur coordination bond lengths (M-S) exhibit a
regular sequence: the average coordination distance of Ni2* is the shortest (2.306 A), that
of Zn2* is 2.383 A, that of Mn2* is 2.431 A, and due to its largest ionic radius, Pb2* has an
average coordination distance of 2.791 A.
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(a)
Mn

(d)
Figure 6. Complex structures of SDD molecules with (a) Mn, (b) Zn, (c) Ni, and (d) Pb after structural
optimization.

s

Table 4. Distribution of M-S coordination bond lengths after structural optimization.

Element Distance 1 (A)  Distance 2 (A) Distance 3 (A)  Distance 4 (A) Average Distance (A)
Mn 2.431 2.430 2.430 2.431 2.431
Zn 2.379 2.384 2.382 2.385 2.383
Ni 2.306 2.305 2.306 2.305 2.306
Pb 2.790 2.791 2.792 2.790 2.791

In metal-ligand complexes, the degree of electron delocalization directly reflects the
covalent character of the metal-ligand bond: highly delocalized electron distributions
(electron cloud distributions extending to regions between multiple nuclei) correspond
to strong covalent interactions, whereas localized electron distributions (electron clouds
primarily distributed in spatial regions around specific nuclei) correspond to ionic or
weak interactions [25]. Electrostatic potential (ESP) distribution maps display the spatial
distribution characteristics of electron density on molecular surfaces through color coding
(red regions indicate electron enrichment with negative electrostatic potential; blue regions
indicate electron deficiency with positive electrostatic potential). As shown in Figure 7, the
electrostatic potential distributions of complexes formed by different metal ions with SDD
exhibit systematic differences.

In the Ni** complex (Figure 7c), the metal center region exhibits an obvious blue
positive electrostatic potential, indicating relatively low electron density in this region. This
phenomenon arises from the overlap of Ni?* d-orbital electrons with lone pair electrons
of the ligand sulfur atoms during strong covalent bond formation; the electron cloud
transfers from the region surrounding the metal nucleus to the Ni-S bond region, resulting
in reduced local electron density at the metal center, reflecting the electron rearrangement
characteristics of covalent bonds.

The metal center of the Pb?* complex exhibits a deep red negative electrostatic potential
under the same scale (Figure 7d), indicating significantly higher electron density around
it than that of the Ni?* center. This is consistent with the 6s? inert electron pair structure
of Pb?*: during bond formation, the 6s electrons are difficult to fully participate in orbital
overlap and partially remain localized near the metal atom, rendering the metal-ligand
interaction partially localized; meanwhile, the planar configuration of the complex results
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https://doi.org/10.3390/separations13040123

Separations 2026, 13, 123

10 of 17

in axial asymmetry of its electrostatic potential, with electron density distribution being
more diffuse along the direction perpendicular to the ligand plane.
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1.000x10" 1.000x10"

4.000x10"

Figure 7. Electrostatic potential distribution maps of metal-SDD complexes.

Mn?* and Zn?* exist in a transitional state between the above two modes (Figure 7a,b):
the relatively high electron density at the Mn center corresponds to long bond length
and low binding energy, indicating weak bonding interaction and limited electron cloud
rearrangement; the electron density at the Zn center is lower than that of Mn, displaying
a certain degree of electron transfer, with its covalency being higher than Mn but weaker
than Ni, which is consistent with the previously described characteristics of Zn having
medium bond length and binding energy.

3.2.3. Frontier Molecular Orbitals and Reactivity Characteristics of Metal-SDD Complexes

Frontier molecular orbital analysis reveals significant differences in HOMO-LUMO
energy gaps among different metal-SDD complexes, corresponding to different chemical
reactivities (Figure 8). The calculated energy gap values follow the order: Pb?* (—0.493 eV)
< Ni?* (—0.723 eV) < Mn?* (—1.751 eV) < Zn?* (—3.530 eV).

0.0

— HOMO|
— LUMO

1
N
w

L
J
A

1
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Figure 8. Frontier orbital energy levels and energy gaps of metal-SDD complexes.

According to frontier molecular orbital theory, the smaller the absolute value of the
energy gap, the easier the electron transition and the higher the chemical reactivity. Pb**
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and Ni?* complexes exhibit smaller absolute energy gap values (0.493 eV and 0.723 eV),
indicating lower energy barriers for electron transition from HOMO to LUMO, higher
chemical reactivity, and favorable conditions for rapid nucleation; the Zn?* complex pos-
sesses the largest absolute energy gap value (3.530 eV), exhibiting greater resistance to
electron transfer and the lowest reactivity; and Mn?* lies between the two (1.751 eV), with
moderate complex stability but insufficient kinetic activity.

3.2.4. Deformation Charge Density and Bonding Characteristics

Deformation charge density analysis (Ap) intuitively presents the electron redistribu-
tion during the bonding process by calculating the difference in electron density between
the complex and isolated atoms (Figure 9).

(b)

Figure 9. Deformation charge density maps of metal-SDD complexes (Ap).

In the Mn-SDD system (Figure 9a), the electron accumulation in the bond region
appears as rounded “water-drop-like” shapes, with diffuse electron cloud distribution and
low overlap degree along the bond axis, reflecting weak covalent interactions consistent
with its long bond length of 2.431 A and low binding energy characteristics.

The Zn-SDD system (Figure 9b) shows clearly bounded “triangular” electron accumu-
lation lobes, with directional aggregation of electron cloud in the bond region, indicating
enhanced orbital overlap and the formation of medium-strength o bonds.

The Ni-SDD system (Figure 9c) exhibits significantly extended distribution ranges of
electron accumulation lobes, extending from the bond region to the interior of the metal
center and displaying sheet-like delocalization characteristics. This indicates that Ni d-
electrons conjugate with sulfur atom p-orbitals, forming a highly delocalized electron
system, corresponding to its shortest bond length of 2.306 A and highest binding energy.

The Pb-SDD system (Figure 9d) presents light red electron accumulation in the S-Pb
bond region, while electron cloud bridging is observed between the two SDD ligands. This
cross-ligand electron delocalization is related to the coplanar configuration, indicating the
existence of lateral p—p orbital interactions that compensate for the energy loss caused by
long bonds.

3.2.5. Projected Density of States (PDOS) Calculation

The projected density of states (PDOS) of metal ions and sulfur atoms in the com-
plexes was calculated to further quantitatively elucidate the electronic structure differences
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observed in the deformation density, as shown in Figure 10. In the figure, the s, p, and d
curves represent the projected density of states for the s, p, and d valence electron orbitals
of each atom, respectively.
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Figure 10. Projected density of states (PDOS) of metal ions (a) Mn, (b) Zn, (c) Ni, and (d) Pb and
coordinating sulfur atoms.

The PDOS of Ni?* displays multiple strong resonance peaks in the occupied state
region. The strongest occupied state peak is located at —1.96 eV, almost perfectly aligned
with the main p-orbital peak of the ligand S at —1.83 eV (AE = 0.13 eV), forming the first
resonance pair; the secondary occupied state peak at —2.99 eV forms a second resonance
pair with the ligand S p-orbital at —2.86 eV (AE = 0.13 eV). Of particular importance, a
high-density state peak exists near the Fermi level (—0.19 eV, accounting for 98.2% of
the main peak), forming a third resonance pair with the ligand S p-orbital at —0.28 eV
(AE = 0.09 eV). This orbital overlap near the Fermi level endows the Ni-SDD complex with
high reactivity, while a significant peak exists in the unoccupied states at 0.75 eV, facilitating
electron acceptance. The d-band center of Ni is located at —2.79 eV, exhibiting high energy
matching with the p-band center of the ligand S, forming a multicenter resonance system
that quantitatively explains the highly delocalized electron phenomenon and the highest
binding energy observed in the deformation density.

PDOS analysis of Pb?* reveals the existence of dual strong orbital resonances between
Pb?* and ligand S. Within the energy range of —7 to —1 eV, the 6p orbital of Pb?* presents
three significant peaks, two of which form strong energy alignments with ligand S: the first
resonance pair is located at Pb (—5.29 eV) and ligand S (—5.02 eV), with an energy difference
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of only 0.27 eV; the second resonance pair is located at Pb (—2.33 eV) and S (—1.97 eV), with
an energy difference of 0.36 eV. Both resonance pairs exhibit energy differences smaller
than 0.5 eV, falling within the range of strong orbital overlap. This indicates that the Pb-S
bond possesses significant covalent character. Pb?* exhibits a prominent peak at —3.73 eV
(DOS reaching 1.2289), corresponding to the localized characteristic of the 6s? inert electron
pair. The ligand S also presents a minor peak (DOS < 1) near this energy, forming a third
weak resonance pair with the Pb peak. However, since the intensity of the S peak is only
approximately 50-80% of that of the Pb peak, the degree of orbital overlap is limited, and
this peak primarily originates from 6s? electrons that are difficult to participate in bonding;
therefore, this interaction contributes weakly to the covalency of the Pb—S bond, mainly
reflecting the electron localization characteristic at the metal center. This reflects the 6s?
inert electron pair effect of Pb?*: partial 6s electrons are localized near the metal center and
are difficult to participate in bonding. This dual characteristic of being partially bonding
and partially localized enables the Pb-SDD complex to possess high thermodynamic
stability while retaining ionic character, and explains its longer coordination bond length
(2.791 A)—multiple orbital overlaps compensate for the disadvantage of distance, forming
a stable multicenter coordination structure.

The d-orbital of Zn?* exhibits a typical d'? full-shell distribution, with the main peak
located at —5.65 eV and the band center at —5.95 eV. A secondary peak of the ligand S
p-orbital exists at —6.15 eV, with an energy difference of only 0.50 eV from the main peak of
Zn?*, forming a weak orbital resonance. However, this resonance is limited by two factors:
first, the d-orbitals of Zn?* are fully occupied, and the density of states near the Fermi level
(in the region of —0.16 eV to 0.01 eV) approaches zero, lacking effective electron acceptor
orbitals; second, the spherical symmetry of the d'” configuration results in inefficient
orbital overlap. Although weak energy alignment exists near —6 eV, the orbital overlap
integral between Zn?* and ligand S near the Fermi level is only 15.2% of that in the Ni?*
system, confirming that the interaction remains electrostatically dominated with a limited
covalent component.

Mn?* exhibits typical characteristics of a d° high-spin configuration. The main peak of
the occupied states is located at —2.71 eV, exhibiting weak resonance with the secondary
peak of the ligand S p-orbital at —2.88 eV (AE = 0.17 eV); the secondary peak at —1.68 eV
forms a second weak resonance with the main peak of the ligand S p-orbital at —1.54 eV
(AE = 0.14 eV). However, compared with Ni?*, the density of states of Mn?* near the Fermi
level (—0.06 eV) is lower (only 28.1% of the main peak), and its unoccupied state main peak
is located at 2.11 eV, distant from the occupied orbitals of ligand S. The d-band center of Mn
is located at —4.11 eV, exhibiting poor energy matching with the p-orbitals of ligand S; this
orbital energy mismatch, together with the spherical symmetric distribution of d-electrons,
collectively leads to weak electrostatic interaction.

The above calculation results collectively elucidate the selective impurity removal mech-
anism of SDD from three dimensions: thermodynamics, kinetics, and electronic structure.

From the thermodynamic dimension, the binding energy sequence (Ni** > Pb?* >
Zn%* > Mn?*) with differences exceeding 50 kcal/mol indicates that SDD preferentially
forms stable complexes with impurity ions. From the kinetic dimension, the frontier orbital
energy gaps (smaller for Ni>* and Pb?*, larger for Mn?* and Zn?*) correspond to impurity
ion complexes possessing higher chemical reactivity and faster precipitation kinetics.

From the electronic structure dimension, PDOS, deformation density, and electro-
static potential analyses present consistent differences in bonding characteristics: Ni%*
forms strong covalent bonds through d—p resonance; Pb?* forms delocalized 7 interactions
through in-plane matching of 6p orbitals, with its coplanar configuration (different from
the perpendicular configurations of Mn/Zn/Ni) optimizing orbital overlap; Zn?* relies on
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electrostatic attraction of the d19 full shell; and Mn?%*, due to orbital dispersion and energy
mismatch of the d® high-spin configuration, forms the weakest electrostatic interaction.
These electronic structure differences are interrelated with geometric configuration char-
acteristics (bond length and ligand orientation), collectively constituting the theoretical
foundation for the selective separation of impurity ions from Mn?* in manganese sulfate
solution by SDD.

3.3. Electrodeposition of Purified Solution

The obtained purified solution was used as the electrolyte. The Mn concentration was
diluted to 19 g/L, ammonium sulfate was supplemented to 110 g/L, and 0.02 g/L NaySOs
was added as an additive, after which constant current electrodeposition experiments were
conducted. A titanium plate (100 mm x 100 mm) was used as the cathode, and a titanium
coated with iridium-tantalum material was used as the anode; the electrode spacing was
3 cm, the cathodic current density was 400 A/m?, the temperature was controlled at
40 & 1 °C, and electrolytic deposition was carried out for 24 h. After completion of
the electrolytic deposition, the cathode product was rinsed with ultrapure water and
dried in a vacuum drying oven at 60 °C for 4 h. The obtained metallic manganese was
subjected to full elemental analysis using glow discharge mass spectrometry (GDMS),
and the analysis results are shown in Table 5. The zinc content was 0.11 mg/kg, the
nickel content was 0.038 mg/kg, the iron content was 0.19 mg/kg, the chromium and
copper contents were 0.012 mg/kg and 0.099 mg/kg, respectively, and the lead content
was less than 0.05 mg/kg. The total sulfur content in the electrodeposited manganese was
determined to be 0.72 mg/kg (Table 5), confirming that SDD-derived sulfur was effectively
removed during the purification process and did not contaminate the final product.

Table 5. GDMS analysis results of the main impurity elements in the electrodeposited manganese product.

Element Measured Element Measured Element Measured
Result (mg/kg) Result (mg/kg) Result (mg/kg)
Li <0.005 Ga <0.05 Nd <0.005
Be <0.005 Ge <0.05 Sm <0.005
B 0.049 As <0.05 Eu <0.005
Cu 0.099 Se <0.5 Gd /
7n 0.11 Br <0.5 Tb <0.005
Ni 0.038 Rb <0.05 Dy <0.005
F 0.081 Sr / Ho /
Na 0.72 Y / Er <0.005
Mg 0.073 Zr <0.05 Tm <0.005
Al 0.072 Nb 0.60 Yb <0.005
Si 1.09 Mo <0.05 Lu <0.005
P 0.021 Ru <0.05 Hf <0.05
S 0.72 Rh <0.05 Ta 0.14
Cl / Pd <0.05 \%Y <0.5
K 1.40 Ag 0.067 Rc <0.5
Ca 0.23 Cd <0.05 Os <0.05
Sc <0.005 In <0.05 Ir <0.05
Ti 0.019 Sn 0.13 Pt <0.05
A% <0.005 Sb <0.05 Au <0.05
Cr 0.012 Te <0.05 Hg <0.05
Mn base I <0.05 Tl <0.05
Fe 0.19 Cs <0.05 Pb <0.05
Co 0.10 Ba <0.05 Bi <0.05
Pr <0.005 La <0.005 Th <0.005
Ce <0.005 U <0.005
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GDMS full elemental analysis indicates that after SDD purification treatment, the
manganese sulfate electrolyte can meet the requirements for preparing semiconductor-
grade high-purity manganese, and the prepared electrolytic metallic manganese product
achieves a purity above 99.999%, satisfying the raw material requirements for copper—
manganese alloy targets.

4. Conclusions

This study addresses the challenge of deep removal of three key impurity ions (zinc,
nickel, and lead) during the electrodeposition of high-purity manganese, successfully
preparing metallic manganese products with purity reaching 5N (99.999%) and above, and
investigates the purification process of manganese sulfate electrolyte based on sodium
dimethyldithiocarbamate chelation precipitation. The main conclusions are as follows:

(1) The optimal process parameters were determined: precipitant concentration of 1 g/L,
solution pH of 6.5, reaction temperature of 55 °C, and reaction time of 2 h. Under
these conditions, the concentrations of Zn, Ni, and Pb in the electrolyte were reduced
to 0.07 mg/L, 0.13 mg/L, and 0.08 mg/L, respectively, achieving efficient synergistic
removal of the three impurities.

(2) Density functional theory calculations elucidated the selectivity mechanism from the
perspectives of thermodynamics, kinetics, and electronic structure. Thermodynam-
ically, the absolute values of binding energies follow the order Ni > Pb > Zn > Mn,
indicating that SDD possesses higher coordination stability with impurity ions. Ki-
netically, frontier orbital energy gap analysis reveals that Pb and Ni exhibit higher
reactivity, whereas the complexes of Mn and Zn have larger energy gaps and rela-
tively lower kinetic activity. Electronic structure and geometric configuration analyses
corroborate these findings. These multidimensional factors collectively constitute the
theoretical foundation for the selective preferential coordination of SDD with impurity
ions (Ni, Pb, and Zn) rather than Mn?*.

(38) Electrodeposition experiments of the purified solution indicate that, in the elec-
trolytic metallic manganese obtained, the contents of Zn, Ni, and Pb are 0.11 mg/kg,
0.038 mg/kg, and <0.05 mg/kg, respectively, and the manganese purity reaches above
99.999%, satisfying the raw material requirements for copper-manganese alloy targets
used in semiconductors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations13040123/s1, Figure S1. Species distribution diagrams
of (a) Mn, (b) Zn, (c) Ni, and (d) Pb as a function of pH, calculated using Medusa software (25 °C).
The vertical dashed line indicates the experimental pH (6.5), where all metal ions exist predominantly
(>95%) as free MZ* aqua ions, validating the simplified DFT model.
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