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A B S T R A C T

Heavy metal contamination from mining slag poses severe environmental and health risks, especially evident 
with the challenges of Mn and As pollution in mining areas in China. To address this, we introduced a novel and 
efficient method integrating selective leaching, solvent extraction, and adsorption for Mn recovery and As 
decontamination. Utilizing their differential leaching behaviors, As and Mn were effectively and sequentially 
extracted. Under the optimal leaching conditions in our experiment, over 98% of As and 95% of Mn were leached 
from manganese waste slag. Mn-selective extraction was further augmented using di(2-ethylhexyl) phosphoric 
acid (D2EHPA), achieving a total yield of 93.1% from the HNO3 leachate solution. Concurrently, a novel nano- 
hydroxyapatite@cobalt ferrite, HAP@CoFe2O4, was rationally designed for As removal, achieving an As removal 
rate of 99.8%. HAP@CoFe2O4 exhibited a relatively large saturation magnetization value, enabling its rapid 
separation from the reaction system by applying an external magnetic field. The implications of this study extend 
beyond mere technological advancements, highlighting the need for a broad spectrum of potential users to 
engage with this novel methodology for Mn waste slag treatment. Overall, this approach not only facilitated Mn 
recovery and As decontamination but also presented a promising solution for manganese waste slag in a broader 
spatial context.

1. Introduction

With the acceleration of global industrialization, heavy metals have 
been extensively discharged into the environment due to their wide-
spread application in industries such as mining, metallurgy, chemical 
engineering, and electroplating [8]. This accumulation of heavy metals 
in soils has evolved into significant global concern [4], particularly in 
regions of high industrial activity. In China, mining areas, industrial 
zones, wastewater irrigation regions, and WEEE [32], dismantling sites 
are among the most severely contaminated, with arsenic (As) and 
manganese (Mn) being top pollutants of concern [15,31].

Heavy metal contamination not only compromises soil’s ecological 

functions but also poses a significant threat to human health [18]. Pol-
lutants in the soil can be absorbed by plants, subsequently migrating up 
the food chain and eventually affecting human health [1,29]. While 
manganese is an essential trace element, in excess it can be detrimental 
to human health [6], and excessive exposure can lead to neurotoxicity, 
affecting the nervous system [20]. In contrast, As is highly toxic and 
carcinogenic, presenting severe health risks even at low concentrations 
[7,25]. These health hazards underscore the urgency of addressing Mn 
and As contamination, particularly in heavily industrialized regions of 
China [2].

Previous studies on Mn and As contamination have focused on their 
migration mechanisms and impacts on soil ecosystems [22]. For 
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example, elevated As levels significantly increase plant uptake, leading 
to heavy metal accumulation in food chains [11]. Similarly, soil mi-
crobial diversity decreases with proximity to mining areas [23]. These 
findings emphasize the need for effective remediation technologies 
tailored to the unique behaviors of Mn and As in contaminated soils [3].

Various remediation techniques for the treatment of Mn and As 
pollution, such as selective adsorption using biochar composites [26], 
advanced leaching techniques employing organic acids [17], solidifi-
cation/stabilization with modified hydroxyapatite [14], and bioreme-
diation [21,33] have been explored. These approaches have 
demonstrated promising results in specific scenarios, However, the 
principles and applicability of these techniques vary across different 
domains [12,28], facing challenges such as high cost, incomplete 
removal, or secondary pollution [10]. For instance, soil washing often 
struggles with balancing efficiency and environmental safety [9,16]. 
These limitations highlight the need for novel approaches that integrate 
efficiency with sustainability [30].

In this study, an integrated approach combining selective leaching, 
solvent extraction, and adsorption is proposed for Mn recovery and As 
decontamination from manganese slag. The distinct behaviors of Mn and 
As during the leaching process were leveraged through a novel selective 
leaching experimental design, enabling stepwise and efficient extraction 
of both elements. Subsequently, Mn recovery and As removal from water 
were successfully achieved through solvent extraction and adsorption, 
with optimization of the corresponding experimental parameters. 
Furthermore, a comprehensive assessment of potential impacts on 
relevant stakeholders was also conducted. This approach not only pro-
vided us a clearer insight into the potential real-world outcomes of our 
technique but also offered invaluable guidance for subsequent decision- 
making in future implementations.

2. Materials and experimental

To comprehensively assess the contamination status of the manga-
nese slag site, systematic sampling of manganese slag and surrounding 
soil samples was conducted. The sampling method combined point se-
lection with regional point allocation, incorporating a grid system to 
finely divide the landfill site into multiple 40 m × 40 m grids, ensuring 
that each 1,600 m2 area contained at least one soil sampling point. This 
approach identified 79 unique sampling locations, resulting in the 
collection of 400 soil samples. Subsequently, interpolation analysis was 
performed using ArcGIS software, successfully generating a spatial dis-
tribution map of the contamination status at the landfill site, as shown in 
Fig. 1.

The concentrations of major and minor elements were measured in 
the soil samples (Table 1) and the target Mn waste slag samples 
(Table 2). The heavy metal concentrations were determined by induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES) (main 
elements) and inductively coupled plasma-mass spectroscopy (ICP-MS) 
(trace elements) after total dissolution by an external laboratory using 
standard accredited methods.

As can be seen in Table 1, the concentrations of As and Mn in the soil 
samples significantly exceeded the current national standard and pro-
vincial standard, respectively, with maximum values exceeding the 
limits by 9.8 and 2.7 times, respectively. Additionally, soil samples from 
specific points yielded slight exceedances for Pb and Co. The concen-
trations of other heavy metals tested were within the permissible limits 
at all sampling points. Consequently, As removal and Mn recovery were 
selected as the primary focus of this study.

Analytical-grade chemicals were employed for all parts of this study. 
Deionized water (>18 MΩ/cm) was used for preparing aqueous solu-
tions. In this work, the input mass concentrations were defined as the 
maximum available concentrations of selected metals in the effluent.

The target Mn slag samples primarily comprise three components: 
leaching neutralization slag, sulfide slag, and anode mud. The compo-
sition of the leaching neutralization slag is mainly based on the 

Fig. 1. Soil sampling areas and sampling points. The solid line represents the 
soil sampling area plotted by latitude and longitude, while the triangles indicate 
the sampling points.

Table 1 
Heavy metal concentrations in soil samples and limit values.

Element Meanmg/ 
kg

Min. 
mg/kg

Max.mg/ 
kg

Standard Limit 
mg/kg

Standard

Cr 219.0 64 2,500 2,910 DB43/T1165- 
2016Mn 4,680 336 37,500* 10,000

Zn 440 70 2,560 10,000
As 130 15.8 590* 60 GB36600- 

2018Cd 7.02 0.2 40 65
Cr(VI) 0.22 ND 0.45 5.7
Cu 198.0 23 2,410 18,000
Pb 391.0 23.5 810 800
Hg 0.38 0.03 1.44 38
Ni 145.0 30.9 499 900
Co 23.7 7.43 85 70

* Indicates a pollutant whose content exceeds the risk screening value for soil 
contamination of development land in the national soil environmental quality 
standard (GB36600-2018) or the Hunan provincial standard (DB43/T1165- 
2016) (for Cr, Mn, and Zn).

Table 2 
Element concentrations in the Mn waste slag samples. Major elements are pre-
sented as wt% and minor elements as mg/kg.

Major element wt% Minor element mg/kg

Al 4.31 As 640
Ca 5.67 Cd 60
Fe 13.65 Co 110
K 0.75 Cr 80
Mg 1.43 Cu 3,500
Na 0.11 Li 100
Si 7.24 Mn 83,000
Ti 0.15 Ni 840
  Pb 1,300
  Rb 110
  Sr 140
  Zn 4,080
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manganese carbonate ore and soft manganese ore provided by the 
project developer, which includes constituents such as Fe(OH)3, CaSO4, 
Mg(OH)2, and SiO2. Additionally, the sulfide slag mainly contains ele-
ments such as Mn, Pb, Zn, and S. On the other hand, the primary 
component of the anode mud is Mn.

Mn slag samples were collected, and then the samples were air-dried, 
homogenized, and sieved through a 100-mesh sieve to ensure uniform 
particle size. Approximately 500 g of the processed sample was stored in 
sealed polyethylene bags for subsequent experiments.

2.1. Selective leaching

The overall experimental procedure is presented in Fig. 2. In the 
leaching tests, a diverse set of leaching agents was employed, including 
sodium hydroxide (NaOH, Sigma Aldrich), hydrochloric acid (HCl, 
Sigma Aldrich), nitric acid (HNO3, Sigma Aldrich), and deionized water 
(>18 MΩ/cm).

Leaching experiments were conducted in a 250-mL glass reactor 
equipped with a magnetic stirrer. the leaching agents was prepared 
using analytical-grade reagents and deionized water. By systematically 
modulating the experimental parameters, such as the concentration of 
the leaching agent (0.5 – 3 M), the liquid-to-solid ratio (expressed in v/w 
terms) (5, 10, 50 v/w), the duration of leaching (0.5 – 20 h), and the 
leaching temperature (20, 30 and 40 ◦C)under constant stirring at 300 
rpm, the distinct leaching behaviors of Mn and As could be screened. 
After the reaction, the leachate was filtered and analyzed for metal 
concentrations using ICP-OES. This comprehensive analysis facilitated 
the identification of the most favorable conditions for achieving the 
sequential and selective leaching and separation of these two elements.

2.2. Mn extraction

For the solvent extraction of manganese, di(2-ethylhexyl) phos-
phoric acid (D2EHPA P204, 97 %, Sigma Aldrich, Germany) was 
employed as the extraction reagent. This reagent was utilized as 
received, without undergoing any further purification. Kerosene (Sol-
vent 70, Statoil) served as the diluent. Extraction and stripping tests 
were conducted in 3.5 mL glass vials using an IKA Vibrax shaking ma-
chine (Germany), which operated at a frequency of 1000 vibrations per 
minute (vpm) at ambient temperature (20 ± 1 ◦C), ensuring optimal 
contact between the phases. Key variables, including the contact time (1 
– 30 min), pH of the aqueous solution (in the range of 1.0 – 4.0), and the 

concentration of the extractant (0.1 – 1 mol/L), were systematically 
investigated. After settling, the two phases were separated using a 
separating funnel, and the aqueous phase was analyzed for Mn con-
centration using ICP-OES.

For stripping experiments, the Mn-loaded organic phase was con-
tacted with sulfuric acid (H2SO4, Sigma Aldrich) under the same con-
ditions. The stripping efficiency was calculated based on the amount of 
Mn transferred back to the aqueous phase.

2.3. As decontamination

Hydroxyapatite (HAP)(Ca10(PO4)6(OH)2) exhibits superior metal 
adsorption properties [26,35]. Thus, nano-scaled HAP@CoFe2O4 was 
selected as the adsorbent and synthesized as reported in [24]. To thor-
oughly understand the adsorption capability of an adsorbent, it is crucial 
to examine its physical and chemical characteristics. Notably, factors 
such as the availability of functional groups, surface area, and porosity 
play significant roles in determining the efficiency of an adsorbent. To 
elucidate these properties for the HAP@CoFe2O4 granules, a series of 
analyses were conducted. Firstly, the crystal structure and phases of 
HAP@CoFe2O4 were characterized using X-ray diffraction (XRD) on a 
PANalytical PW3040/60 instrument (Netherlands). For a deeper insight 
into its porous nature, a sample of HAP@CoFe2O4 (approximately 0.1 g) 
was placed in a quartz tube and subjected to an intensive degassing 
process overnight at 50 μm Hg and 120 ◦C. Upon reweighing the 
degassed sample, nitrogen adsorption/desorption measurements were 
taken by utilizing a state-of-the-art specific surface analyzer, ASAP 2020 
(Micromeritics, USA). The Brunauer–Emmett–Teller (BET) method was 
employed to determine the specific surface area. Furthermore, the sur-
face morphology of HAP@CoFe2O4 was visualized by transmission 
electron microscopy (TEM) using a JEOL JSM-2100F instrument.

For the efficient removal of As from real wastewater, we developed 
and utilized hydroxyapatite nanoparticles coated with cobalt ferrite, 
denoted as HAP@CoFe2O4. Considering the complexity of real waste-
water, with the presence of multiple metal ions, the main focus was on 
the ability of HAP@CoFe2O4 to selectively adsorb As, while being aware 
of potential competitive adsorption phenomena. The key parameters, 
including the contact time, pH of the solution, and adsorbent dosage, 
were thoroughly studied to determine their impact on As removal and to 
understand the selective adsorption behavior in the presence of other co- 
existing ions. Solutions ranging from 1.0–3.0 g/L of HAP@CoFe2O4 
were evaluated to determine the effect of adsorbent dosage, solution pH, 

Fig. 2. Schematic diagram of the overall experimental procedure, integrating the 1st selective leaching test, 2nd leaching test, Mn extraction, and final effluent 
decontamination (As adsorption).
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and contact time. The influence of the initial solution pH was examined 
in the pH range of 2.0–8.0, and pH was adjusted using HNO3 or NaOH 
solutions.

3. Results and discussion

3.1. Bath leaching

3.1.1. Effect of leaching agents
As presented in Fig. 3a, it is evident that among all the leaching 

agents tested, both sodium hydroxide solution and ammonium hy-
droxide solution failed to leach Mn from the slag. This observation can 
probably be attributed to the predominant presence of Mn in its stable 
oxidation states within the slag, which exhibit reduced solubility in 
alkaline environments. Consequently, Mn leaching proved ineffective 
under the alkaline conditions presented by sodium hydroxide and 
ammonium hydroxide. In contrast, deionized water, although initially 
demonstrating a relatively low leaching efficiency, exhibited a pro-
gressive increase over time, achieving an efficiency of 17.6 % by 20 h. 
Notably, both hydrochloric acid and nitric acid solutions displayed high 
leaching efficiencies in shorter durations, with both surpassing a 
leaching rate of 39.0 % after only 4 h. Thus, an acidic environment is 
recommended for the efficient leaching of Mn from the slag.

The leaching behavior of As using various leaching agents is illus-
trated in Fig. 3b. From the dataset, deionized water and ammonium 
hydroxide exhibited no As leaching across all tested time intervals. This 
observation implies that the specific chemical forms of As in the Mn slag 
remain insoluble in neutral and weakly alkaline environments. 
Conversely, HCl solution initiated As leaching at an efficiency of 23.8 % 
at 0.5 h, reaching up to 46.8 % by 20 h. Similarly, HNO3 solution started 
with a 24.9 % leaching efficiency at 0.5 h, peaking at 48.8 % by 20 h. 
Both acids displayed a consistent enhancement in performance with 
extended leaching durations. Notably, sodium hydroxide solution out-
performed other agents, with a 33.3 % leaching efficiency at 0.5 h and 
culminating in 67.0 % leaching by 20 h. This pronounced efficiency can 
be ascribed to the increased solubility of specific As forms in Mn slag 
under alkaline conditions.

It is also evident that Mn and As demonstrate distinct leaching be-
haviors under acidic and alkaline conditions. It is feasible to sequentially 
leach Mn and As from Mn slag. Subsequently, these elements can be 
effectively separated, removed, and recovered. Based on the experi-
mental findings, HCl, HNO3 and NaOH solutions were selected for 
further investigation.

3.1.2. Effect of the leaching agent concentration
From Fig. 4, it can be observed that the leaching rate of As and Mn is 

significantly influenced by the concentration of the leaching agent. 

Specifically, as presented in Fig. 4a, with a leaching duration of 20 h, the 
leaching rate of As increased from 67 % to 85.5 % as the NaOH con-
centration increased from 0.5 M to 1.0 M. When the NaOH concentration 
was further increased to 3.0 M, the leaching rate reached a maximum of 
93.3 %.

The systematic evaluation of Mn leaching behavior across different 
leaching agents and concentrations revealed a pronounced correlation 
between the concentration of the leaching agent and the leaching effi-
ciency of Mn. Both HCl and HNO3 displayed this trend.

For HCl solution in particular, as presented in Fig. 4d, as the con-
centration was increased, a marked rise in Mn leaching efficiency was 
observed. At the moderate concentration of 0.5 mol/L, the leaching ef-
ficiency reached 50.1 % after 20 h. However, when the concentration 
was doubled to 1 mol/L, the efficiency greatly increased, reaching 79.4 
% by the 20-hour interval. Most notably, at the highest tested concen-
tration of 3 mol/L, an impressive leaching efficiency was recorded, with 
over 95 % of Mn being successfully leached after 20 h. A similar trend 
was evident with HNO3 leaching (Fig. 4f). At a concentration of 3 mol/L, 
the leaching process culminated in the extraction of almost 98.2 % of Mn 
by the end of 20 h.

As illustrated in Fig. 4d and 4f, the leaching efficiency generally 
increased with a prolonged leaching time, but the release of Mn and As 
from slag then gradually slowed down. At 20 h, the leaching process 
approached equilibrium. This was primarily due to the decreasing 
availability of easily soluble manganese compounds as the leaching 
progressed, leaving behind manganese minerals that are less soluble Mn 
compounds. Additionally, changes in reaction conditions, complex 
chemical reaction steps, and the diminishing effects of mass transfer and 
diffusion collectively contributed to the slowing rate of increase in 
leaching efficiency.

The experimental results demonstrated that a concentration of 3 
mol/L achieved more than 95 % extraction of the target metals, indi-
cating a very high leaching efficiency. Within the tested concentration 
range of the chosen leaching agents, 3 mol/L was confirmed to be the 
most effective choice for As and Mn leaching.

3.1.3. Effect of the L/S ratio
The relationship between the liquid-to-solid (L/S) ratio and the 

leaching behavior of Mn is illustrated in Fig. 5. While the variation in 
leaching efficiency for Mn across different L/S ratios was relatively 
subtle, the effect on As was more pronounced when using NaOH as the 
leaching agent. Specifically, at an L/S ratio of 50 with NaOH solution, 
the leaching efficiency of As reached 98.9 % after 20 h, indicating that 
over 95 % of As was extracted. This highlights the crucial role of the L/S 
ratio, especially under alkaline conditions, in facilitating effective As 
removal from manganese slag.

Although modifying the L/S ratio influenced the leaching efficiency 

Fig. 3. Leaching behavior of (a) Mn and (b) As from Mn slag at ambient temperature with various leaching agents. L/S ratio = 10. Standard deviation based on 
triplicate tests.
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of Mn, the overall impact on the leaching rate across different L/S ratios 
was not significantly pronounced. In the tests with HCl as the leaching 
solution, the Mn leaching rate at L/S ratios of 5, 10, and 50 was 
approximately 93.5 %, 95.5 %, and 95.4 %, respectively, at 20 h. With 
HNO3 solution, the respective rates were approximately 95.7 %, 98.2 %, 
and 98.7 % for the same L/S ratios and duration. While the end leaching 
efficiencies were relatively similar between the different L/S ratios, it is 
notable that a higher L/S ratio tended to accelerate the kinetics of the 
leaching process, leading to a faster attainment of high leaching rates in 
the initial stages. This suggests that optimizing the L/S ratio can provide 
kinetic advantages in the leaching of Mn, even if the ultimate leaching 

efficiencies across different L/S ratios converge to similar values.
Additionally, a high L/S ratio can lead to an increased consumption 

of the leaching agent and higher subsequent treatment costs. Therefore, 
in practical applications, it is necessary to balance the leaching effi-
ciency with the economic cost. Based on these considerations, the 
optimal L/S ratio in this study was determined to be 10.

3.1.4. Effect of the leaching temperature
The effect of temperature on the leaching behavior of As using 

NaOH, and of Mn using HCl and HNO3 solutions is illustrated in Fig. 6. 
After a constant leaching time of 20 h, the leaching rate of As was found 

Fig. 4. Leaching behavior of As and Mn released from Mn slag using a concentration of 0.5, 1, and 3 mol/L (L/S = 10) of NaOH solution (a–b), HCl solution (c–d), 
and HNO3 solution (e–f). Standard deviation based on triplicate tests.
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to be 98.9 % at 20 ◦C, with slight increases to 99.2 % and 100 % at 30 ◦C 
and 40 ◦C, respectively. This indicates that while increasing the tem-
perature has some promoting effect on the leaching rate, its impact is 
relatively limited during the leaching process, especially with a longer 
leaching duration.

Furthermore, the influence of temperature on the leaching kinetics is 
more pronounced. At higher temperatures, the leaching rate of As 
significantly accelerated. For instance, at 40 ◦C, the leaching rate of As 
rapidly increased to roughly 86 % within 5 h, whereas achieving the 
same leaching rate at 20 ◦C required 10 h. This suggests that elevating 
the temperature effectively speeds up the chemical reaction, enabling 

the leaching rate to approach high levels more rapidly in the initial 
stages of the experiment, thereby shortening the time to reach the 
leaching equilibrium.

The leaching behavior of Mn using HCl and HNO3 solutions is 
illustrated in Fig. 6b and 6c. As depicted in Fig. 6c, with a leaching 
duration of 20 h at 20 ◦C, Mn approached complete leaching with a high 
leaching rate of 98.2 %. Upon increasing the temperature to 30 ◦C and 
40 ◦C, the leaching rates of Mn slightly rose to 98.8 % and 99.6 %, 
respectively.

Similar results were observed for HCl leaching (Fig. 6b). At 20 ◦C, the 
leaching rate of Mn reached 95.4 % after 20 h. When the temperature 

Fig. 5. Effect of the liquid–solid ratio on the As and Mn leaching rate using a 3 mol/L solution of NaOH (a–b), HCl (c–d), and HNO3 (e–f) with different L/S ratios of 
5, 10, and 50 v/w. Standard deviation based on triplicate tests.
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was increased to 30 ◦C and 40 ◦C, the leaching rates after the same 20- 
hour period increased to 98.5 % and 99.3 %, respectively. Although 
raising the temperature can marginally enhance the final leaching rate 
of Mn, the improvement across different temperatures is not significant, 
especially with longer leaching durations. Therefore, the findings of this 
study underscore the feasibility and efficiency of Mn leaching at ambient 
temperature.

Based on the observations above, as presented in Fig. 7, optimal 
leaching conditions for a two-stage selective leaching system were 
established.

In the first stage, targeting As leaching, a 3 mol/L NaOH solution at 
ambient temperature with an L/S ratio of 50 and a leaching duration of 
20 h can effectively extract over 90 % of As from the manganese slag 
without disturbing the manganese content. The mass loss rate of the slag 
during As leaching using NaOH is illustrated in Fig. 8. At a concentration 

of 0.5 mol/L NaOH, the mass loss rate of the slag was approximately 15 
% after 20 h. When the NaOH concentration was increased to 1 mol/L, 
the mass loss rate rose to 23 %. Further increasing the NaOH concen-
tration to 3 mol/L resulted in a mass loss rate of 26 %. These data clearly 
indicate that higher concentrations of NaOH significantly enhance the 
leaching efficiency of As from Mn slag.

For the second stage, Mn leaching was performed using a 3 mol/L 
solution of HNO3/HCl. The conditions for this stage were set at ambient 
temperature with an L/S ratio of 10 and a leaching period of 20 h. 
Subsequently, through a secondary leaching process using a 3 mol/L 
solution of either HNO3 or HCl, more than 95 % of Mn was leached from 

Fig. 6. Leaching behavior of As and Mn from Mn slag using a 3 mol/L solution of NaOH (a–b), HCl (c–d), and HNO3 (e–f) at three temperatures (20 ± 1◦C, 30 ± 1 ◦C 
and 40 ± 3 ◦C) (L/S ratio = 10). Standard deviation based on triplicate tests.

Fig. 7. Schematic diagram of the two-step leaching process to sequentially 
release As and Mn from manganese slag.

Fig. 8. Weight loss of Mn slag during leaching using NaOH solution as a 
leaching agent, L/S = 50, ambient temperature. Standard deviation based on 
triplicate tests.
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the leaching residue. This stepwise leaching approach offers a clear 
pathway and favorable conditions for subsequent processing and re-
covery operations.

It can be observed that the optimization results in this study were 
based on single-factor experiments. In future studies, more advanced 
test design methods, such as response surface methodology (RSM) or 
factorial design, will be employed to systematically evaluate parameter 
interactions and optimize the process conditions. These approaches will 
enhance the statistical robustness of the results and further validate the 
scalability and applicability of the proposed method.

3.2. Solvent extraction of Mn

Bis(2-ethylhexyl) phosphoric acid (D2EHPA) P204 has previously 
been studied for Mn separation [5,27,34], and the general extraction 
mechanisms can be expressed as in Eq. (1). 

M2+ +2(HA)2⇄MA4H2 +2H+ (1) 

where M represents the metals, (HA)2 represents D2EHPA in the organic 
phase, and MA4H2 represents the organic complex.

The distribution ratio of the extraction and the efficiency of metal 
extraction was determined by Eq. (2) and Eq. (3): 

D =
Corg

Caq
(2) 

%E = 100 ×
D

D + (Vaq/Vorg)
(3) 

The equation could be also expressed as in Eq. (4), 

logD = logK+ 2log[HX] − 2log[H+] (4) 

3.2.1. Effect of the contact time and aqueous phase pH
The effect of the initial pH levels of the aqueous solution (1.0, 2.0, 

3.0, and 4.0) on Mn extraction was investigated. The aqueous phase was 
sampled after different contact times (1, 3, 5, 8, 10, 15, 20, and 30 min).

As illustrated in Fig. 9, it is evident that extraction time significantly 
impacts Mn extraction. Under all pH conditions, the efficiency and rate 
of manganese extraction were high within the initial 5 min. As the 
extraction time increased, the extraction rate gradually decreased due to 
the decreasing concentration difference and saturation of the extractant. 
Based on the data from both HCl and HNO3 leachates, pH significantly 
affects Mn extraction efficiency using D2EHPA. In the HCl leachate, 
extraction rates at 15 mins increased from 33.5 % at pH 1.0 to 98.8 % at 
pH 4.0. Similarly, for the HNO3 leachates, rates increased from 36.1 % at 

pH 1.0 to 99.1 % at pH 4.0. These findings highlight the enhanced af-
finity of Mn towards D2EHPA with an increasing initial pH. Addition-
ally, the extraction efficiency for Mn was slightly higher in the HNO3 
leachate compared to the HCl leachate at equivalent pH levels. Kinetic 
analysis indicated a rapid initial rise in the extraction rate, stabilizing 
after 5 min. For optimal Mn extraction, a pH of 4.0 with a contact time of 
5 min is recommended.

3.2.2. Effect of the extractant concentration
The effect of the extractant concentration (0.1–1.0 mol/L) on Mn 

extraction was investigated using an initial pH of 4.0 and a contact time 
of 5 min at ambient temperature. As presented in Fig. 10, higher 
extractant concentrations led to a greater manganese extraction effi-
ciency. Specifically, as illustrated in Fig. 10b, at a concentration of 0.1 
mol/L, the manganese extraction rate after 5 min was 68.4 %, with a Mn 
concentration of 5,500 ppm in the aqueous phase. When the concen-
tration increased to 0.5 mol/L, the extraction rate rose to 99.1 % within 
5 min, with the Mn concentration decreasing to roughly 280 ppm. At a 
concentration of 1.0 mol/L, the extraction rate further increased to 99.5 
%, with the Mn concentration decreasing to 70 ppm. The increased entry 
of Mn into the organic phase is attributed to the higher extractant 
concentration, which enhances the probability of collision between 
extractant molecules and metal ions, providing more coordination sites 
for Mn complexation.

By plotting the logarithm of the P204 concentration against the 
logarithm of the distribution ratio using Eq. (4), the number of extrac-
tant molecules involved in extracting a Mn2+ ion was determined. Ac-
cording to the results, the slope of the linear equation is close to 2, 
confirming that the extraction of each Mn2+ ion requires two extractant 
molecules. This finding is consistent with results of [13] regarding the 
selective extraction of Mn from waste lithium-ion batteries.

Based on the aforementioned observations, the optimal conditions 
for the Mn extraction system are as follows: 0.5 mol/L D2EHPA as the 
extractant, an aqueous solution with a pH of 4.0, a contact time of 5 min, 
and ambient temperature. These conditions apply to both HCl and HNO3 
leachates. Under these optimized extraction parameters, over 99 % of 
Mn ions in the leachates are extracted with high selectivity and effi-
ciency, priming them for subsequent treatment steps.

3.2.3. Mn stripping
The impact of different stripping agents on Mn stripping was pre-

liminarily explored using the method of controlled variables. The 
stripping agents used were as follows: distilled water, sodium chloride 
(NaCl, 1.0 mol/L), sodium nitrate (NaNO3, 1.0 mol/L), hydrochloric 
acid (HCl, 1.0 mol/L), nitric acid (HNO3, 1.0 mol/L), and sulfuric acid 

Fig. 9. Effect of the initial pH of the aqueous solution of (a) HCl and (b) HNO3 (1 M D2EHPA with O:A = 1:1 at ambient temperature). Standard deviation based on 
triplicate tests.
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(H2SO4, 0.5 mol/L). The experiments were conducted at ambient tem-
perature with an organic-to-aqueous phase ratio (O/A) of 1 and a 
stripping time of 5 min, with the experimental results presented in the 
form of distribution ratios in Table 3.

Taking data for treatment of the organic phase of HCl leachateas an 
example, the stripping efficiencies of 1.0 mol/L NaCl and 1.0 mol/L 
NaNO3 were 5.6 % and 3.7 %, respectively, suggesting that salt-based 
stripping agents exhibit low efficiency in Mn stripping. This is attrib-
uted to other substances in salt solutions competing with Mn ions for 
binding sites on the extractant, reducing the likelihood of Mn ions 
binding with the extractant, and thereby lowering the efficiency of Mn 

extraction. The stripping efficiency of Mn with distilled water was 75.8 
%. In contrast to the inefficiency of salt-based stripping agents, 1.0 mol/ 
L HCl and 1.0 mol/L HNO3 displayed higher stripping efficiencies of 
76.9 % and 81.3 %, respectively, indicating that acidic conditions favor 
effective Mn stripping. However, the stripping efficiency of 0.5 mol/L 
H2SO4 was as high as 89.3 %, further indicating the advantage of acidic 
environments, especially strong acidic environments, for Mn stripping.

The data for treatment of the organic phase of HNO3 leachatewere 
similar to those for the treatment of HCl leachate, with 0.5 mol/L H2SO4 
exhibiting the highest stripping efficiency of 90 %. Therefore, H2SO4 
solution was selected as the primary stripping agent for further research 
and optimization analysis.

The influence of the sulfuric acid (H2SO4) concentration (0.5 to 2.0 
mol/L) on Mn stripping was investigated at ambient temperature with 
an O/A ratio of 1. To accurately capture the dynamic changes, reaction 
solutions were collected at 1, 3, 5, and 10 min for analysis to monitor the 
Mn stripping efficiency.

The results are presented in Fig. 11, illustrating that the stripping 
time significantly impacts the Mn stripping efficiency. Under all exper-
imental concentrations, stripping from both HNO3 and HCl leachates 
displayed noticeable rate variations. The stripping rate increased 
significantly within the first 5 min, then slowed as the time extended to 
10 min. This slowdown was due to the reduction in extractable sub-
stances and the approach to equilibrium after the initial rapid stripping 

Fig. 10. Effect of the extractant concentration on Mn extraction from (a) HCl and (b) HNO3 solution leachate. Standard deviation based on triplicate tests.

Table 3 
Distribution ratios (D) of Mn stripping after extraction using various agent.

DMn）(Aq. phase from HCl 
solution)

DMn (Aq. phase from HNO3 

solution)

MQ Water 0.32 ± 0.01 0.34 ± 0.01
1.0 mol/L NaCl 17 ± 1.1 19 ± 1
1.0 mol/L 
NaNO3

26 ± 1 30 ± 1

1.0 mol/L HCl 0.30 ± 0.02 0.29 ± 0.02
1.0 mol/L 
HNO3

0.23 ± 0.01 0.22 ± 0.01

0.5 mol/L 
H2SO4

0.12 ± 0.01 0.11 ± 0.01

J. Tang et al.                                                                                                                                                                                                                                     Separation and Puriϧcation Technology 361 (2025) 131265 

9 



phase. Extending the time slightly improved the stripping efficiency, but 
the gain decreased significantly. Therefore, the optimal stripping time is 
5 min.

Fig. 11a illustrates that when stripping from nitric acid leachate, as 
the H2SO4 concentration increased from 0.5 mol/L to 2.0 mol/L, the 
stripping efficiency rose from 90.2 % to 96.8 %. Similarly, Fig. 11b 
shows that for the HCl leachate, the efficiency increased from 90.1 % to 
94.4 %.

In conclusion, with an increase in the concentration of the stripping 
agent, the stripping efficiency also increases. This is because increasing 
the concentration of the stripping agent can alter the equilibrium dis-
tribution of the solute between the two phases, allowing more solute to 
enter the phase containing the stripping agent. Although the stripping 
efficiency of 2.0 mol/L H2SO4 was slightly higher than that of 1.0 mol/L 
H2SO4, a stripping agent concentration of 1.0 mol/L is recommended.

After the extraction procedure, Mn-enriched mono solutions were 
obtained through stripping with a 1.0 mol/L H2SO4 solution. The per-
formance data for these extractions are detailed in Table 4. Regarding 
Mn recovery from HCl leachates, the extraction efficiency was 96.3 % 
and the stripping efficiency reached 93.1 %. In the case of HNO3 
leachates, both extraction and stripping efficiencies were slightly higher, 
being 97.6 % and 95.4 %, respectively. Overall, it can be deduced that 
approximately 90 % of the Mn from HCl leachates and 93 % from HNO3 
leachates was effectively recovered. A more detailed analysis of the 
extraction and recovery processes will be described in another article 
(unpublished).

3.3. As removal

In our prior investigation, the characterization outcomes of the 
HAP@CoFe2O4 composite were detailed [26](Fig. 12). Fig. 12a presents 
distinct X-ray diffraction peaks corresponding to the (201), (211), and 
(213) planes of hydroxyapatite, and the (220), (311), (400), (511), and 
(531) planes of cobalt ferrite, affirming the phase integrity of the com-
posite. The crystallite size for CoFe2O4 was determined to be 10.60 nm, 
indicative of the nanocomposite’s structural composition.

TEM analysis of HAP@CoFe2O4 revealed a bundle-like structure 

characteristic of hydroxyapatite, with nanoscale cobalt ferrite uniformly 
dispersed and tightly anchored on the surface. The Bru-
nauer–Emmett–Teller (BET) surface area was measured at 12.2 m2/g, 
indicating ample active sites for adsorption. The pore structure, char-
acterized by the Barrett–Joyner–Halenda (BJH) method using N2 
adsorption/desorption isotherms, showed an average pore diameter of 
15.3 nm, indicative of a slit-pore geometry within the composite 
material.

The synthesis of HAP@CoFe2O4 resulted in a material with a uniform 
compositional distribution and a narrow particle size range. These 
nanoparticles are well suited for use as an adsorbent in the decontami-
nation of As from leaching effluents.

Based on the experimental data (as presented in Fig. 13), the influ-
ence of leachate pH and contact time on the adsorption efficiency of 
arsenic using HAP@CoFe2O4 (dosage 1.0 g/L) was systematically 
investigated. The adsorption efficiency significantly increased with an 
increase in pH from 2.0 to 7.0. Rapid adsorption was observed between 
pH 4.0 and 6.0, indicating an optimal range for arsenic adsorption. 
However, a slight reduction in efficiency occurred at pH 8.0, probably 
due to adverse effects on adsorption sites or other chemical interactions 
[19].

Regarding the impact of contact time, an initial rapid uptake of As 
was evident within the first 5 min across all pH levels, followed by a 
gradual approach to equilibrium. For most pH conditions, equilibrium 
was attained with a contact time between 5 and 10 min, indicating that a 
relatively short time is required for the adsorption process to stabilize.

Considering these findings, pH values of 6.0 and 7.0 emerged as the 
most favorable conditions, achieving over 93 % adsorption within just 5 
mins. Thus, under the defined experimental parameters, an aqueous pH 
of 6.0 or 7.0 coupled with a contact time of 5 min is recommended for 
optimal As adsorption.

Upon examining the adsorption data for As removal from NaOH 
leachates using HAP@CoFe2O4, it is clear that the adsorbent dosage 
significantly affects the efficiency of the process. As the dosage increased 
from 1.0 g/L to 5.0 g/L, the adsorption efficiency rose substantially. At 
1.0 g/L, the efficiency peaked at 94.1 %, while at 5.0 g/L, it reached 
99.7 % and then slightly improved to 99.8 %. This improvement in-
dicates that higher dosages provide more active sites for adsorption. 
Additionally, a rapid increase in adsorption efficiency was observed 
within the first 5 min for all dosages, stabilizing thereafter as equilib-
rium was approached. Thus, the optimal conditions for As adsorption 
are achieved at pH 7.0, with a 5.0 g/L dosage of HAP@CoFe2O4 and a 
contact time of at least 5 min at ambient temperature.

It should be noted that all the adsorption results were obtained in a 
solution with various other competing elements, making it challenging 
to isolate parameters such as the theoretical highest adsorption capacity 

Fig. 11. The Mn stripping rate from the organic phase of (a) nitric acid leachate and (b) hydrochloric acid leachate using H2 SO4 solution.

Table 4 
The yield of recycled Mn from HCl and HNO3 leachates. All results are presented 
as a percentage of the concentration in the leachates.

HCl leachate HNO3 leachate

Extraction (%) 96.3 ± 1.2 97.6 ± 0.9
Stripping (%) 93.1 ± 0.3 95.4 ± 0.8
Total (%) 89.7 ± 1.4 93.1 ± 1.6
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(qm), isotherm constant, and kinetic constant. These parameters should 
be further evaluated in controlled experiments using mono-element 
artificial solutions.

3.4. Suggested flowsheet and potential effect

The proposed flowsheet for Mn recovery and As removal from 
manganese waste residue is depicted in Fig. 14. This streamlined process 
comprises two distinct leaching stages, Mn extraction and As adsorption. 
Initially, nearly all As is selectively leached using 3 mol/L NaOH at 
ambient temperature over 20 h with an L/S ratio of 10, yielding Reffi-
nate I. Subsequently, approximately 95 % of Mn is extracted using either 
3 mol/L HNO3 or HCl, producing Reffinate II.

For Mn recovery from Reffinate II, 1 mol/L D2EHPA (P204) facili-
tates extraction, followed by stripping with 1 mol/L H2SO4. Operating at 
an O:A ratio of 1:1 for 5 min, an enriched mono Mn solution with over 
95 % purity is obtained. The organic phase, or extractant, is recyclable 
post-purification. Regarding As in Reffinate I, it is effectively adsorbed 
using HAP@CoFe2O4. Optimal conditions include a pH of 7.0, an 
adsorbent dosage of 5.0 g/L, and a contact time of 5 min.

In laboratory-scale tests, this integrated approach achieves high ef-
ficiencies in both Mn recovery and As removal, suggesting its potential 
for upscale and broader applications. For As removal, such as chemical 
precipitation and adsorption using activated carbon, often face 

challenges including high chemical consumption, secondary pollution, 
and reduced selectivity in the presence of competing ions [19]. In 
contrast, the use of HAP@CoFe2O4 in our study achieved a remarkable 
As removal rate of 99.8 % within just 10 mins, coupled with the 
advantage of magnetic separation, which simplifies operations and 
lowers costs. Similarly for Mn recovery, such as direct leaching with 
strong acids result in significant waste generation and higher opera-
tional costs [17]. Our integrated approach, combining selective leach-
ing, solvent extraction with D2EHPA, and optimized stripping, not only 
achieved a Mn recovery rate of 93.1 % but also minimized secondary 
waste production. These results underscore the dual benefits of 
enhanced efficiency and alignment with sustainable development prin-
ciples and will have significant impacts on various stakeholders.

Implementing a novel technology for the harmless treatment of and 
resource recovery from Mn slag presents various benefits for key 
stakeholders (Table 5). For the local community and residents, the 
technology promises improved environmental quality by reducing soil 
and groundwater pollution, thereby enhancing their quality of life and 
health. However, short-term disruptions during construction and po-
tential environmental risks must be managed effectively. Government 
and regulatory agencies can benefit from improved compliance with 
environmental regulations and enhanced public health. However, they 
face the challenge of allocating resources for monitoring and managing 
potential public trust issues if the technology underperforms. Mining 

Fig. 12. (a) XRD analysis diagram of the crystal structure of HAP@CoFe2 O4. (b) TEM characterization of the microscopic morphology of HAP@CoFe2 O4.

Fig. 13. (a) Effect of the initial pH value of the effluent solution on As removal from the effluent (with a dosage of 1.0 g/L at ambient temperature). (b) Effect of the 
adsorbent dosage on As removal from the effluent (with a solution pH value of 7.0 at ambient temperature). Standard deviation based on triplicate tests.
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companies stand to gain from reduced slag treatment costs, improved 
resource utilization, and an enhanced corporate image, although they 
must navigate the high initial investment costs and implementation 
risks. Environmental organizations and the public will see a promotion 
of environmental protection efforts and increased public awareness but 
may harbor skepticism about the technology’s effectiveness, potentially 
increasing resistance to the project. Research institutions and univer-
sities can benefit from new research opportunities, strengthened 
collaboration between industry and academia, and funding for further 
research. However, they face challenges in applying research results and 
maintaining their reputation if the project fails. Lastly, downstream in-
dustrial supply chain enterprises could experience reduced raw material 
costs and improved production efficiency, along with a stable supply of 
manganese resources. However, they must contend with the potential 
impacts on production processes due to unstable raw material quality 
and increased supply chain risks associated with the new materials.

In summary, adopting this innovative technology for Mn slag treat-
ment and resource recovery holds substantial promise for environ-
mental, economic, and societal benefits. However, its successful 
implementation and sustainability require careful management of po-
tential risks and active stakeholder engagement. While the potential 
impacts on stakeholders discussed above provide valuable insights, they 

are based on qualitative analysis and represent possible effects of the 
proposed approach. A more comprehensive evaluation of environmental 
risks and economic feasibility necessitates the support of scientific 
methodologies and actual data. Future studies will address these gaps by 
scaling up the experiments, collecting relevant datasets, and employing 
robust tools such as Monte Carlo simulations and IPCC frameworks to 
deliver a detailed and reliable assessment of the technology’s practical 
applications.

4. Conclusion

In this study, the critical environmental challenge of manganese and 
arsenic pollution from Mn slag in a mining area in China was addressed. 
A novel approach was introduced, comprising selective leaching, solvent 
extraction, and adsorption, providing a comprehensive solution for Mn 
recovery and associated As decontamination.

The outcomes of the study highlight the distinct leaching behaviors 
of Mn and As, with over 98 % of As and 95 % of Mn successfully and 
sequentially extracted under optimal conditions. A notable Mn extrac-
tion rate of 93.1 % was achieved from the HNO3 leachate solution using 
di(2-ethylhexyl) phosphoric acid (D2EHPA) in the solvent extraction 
phase. The resulting enriched Mn mono solution offers significant 

Fig. 14. Schematic diagram of the proposed flowsheet for Mn recovery and As decontamination from Mn slag.
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potential for further recovery and reuse in various industrial 
applications.

Additionally, the magnetically separable nano- 
hydroxyapatite@cobalt ferrite (HAP@CoFe2O4) adsorbent was highly 
effective, eliminating 99.8 % of As from the leaching effluent in under 
10 min. This efficiency underscores the potential of HAP@CoFe2O4 as a 
reliable solution for As sequestration. Furthermore, HAP@CoFe2O4 was 
efficiently recycled via an external magnetic field, thereby reducing 
costs and simplifying subsequent treatment and disposal processes, ul-
timately decreasing environmental pollution.

Overall, this study not only introduces an efficient method for Mn 
and As extraction and removal but also emphasizes the potential 

avenues for resource recovery. Based on the experimental results, the 
proposed process, including leaching, extraction, and consequential 
decontamination, could be a promising strategy for Mn slag disposal and 
reclamation.

Future investigations should focus on the competitive and selective 
adsorption of other metal ions in leachates. Additionally, the subsequent 
processes for the final by-products, including used HAP, leaching res-
idue, and effluent, require a thorough examination. A strict evaluation of 
effluent emissions must be conducted to address other contaminants 
present. Furthermore, detailed assessments of both economic viability 
and environmental impacts are planned to ensure a comprehensive 
understanding and optimization of the process.
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