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1. Introduction and Scope

Effective, sustainable, and selective methods for recovering or removing metals from
various media, such as mining leachates, recycling waste, industrial effluents, and natural
water, are necessary due to the increasing demand for metals and stringent environmental
constraints [1,2]. Separation of metal ions is an essential stage in recovery and removal
procedures [34].

Adsorption is considered an effective separation technique that offers excellent worka-
bility in process operation and design, and the sorbent can be reused after proper regener-
ation [5,6]. Adsorption methods for separating metal ions based on traditional sorbents
(inorganic clays/zeolites, activated carbon, and polymeric resins) face limitations in terms
of selectivity, efficiency, and cost-effectiveness [7].

Recently, advanced sorbents made from new and modified materials, including mod-
ified natural minerals [8,9], modified carbons/biochar [10,11], agricultural waste and
biosorbent [12,13], metal-organic frameworks (MOFs) [14], synthetic polymers [15], mag-
netic sorbents [16,17], hydrogels [18], and nanosorbents [19], are promising alternatives
for overcoming these challenges. These sorbents have a high surface area, tunable pore
structures, and functionalized surfaces, which improve their metal-ion adsorption capacity,
selectivity, and kinetics [20]. Various methodologies, including surface modification, hy-
bridization, and template-assisted synthesis, have been employed to develop advanced
sorbents [21]. The sorbents with incorporated functional groups, chelating agents, or ion-
imprinted polymers may exhibit improved affinity and selectivity toward specific metal
ions [22].

Metal-ion adsorption using advanced sorbents is significant in various fields. These
sorbents are particularly valuable in water treatment processes, where they are used to
remove heavy metals from industrial wastewater [23]. In hydrometallurgy, advanced
sorbents are essential in the recovery and purification of valuable metals, such as noble
metals [24] and rare earth elements [25], from leachates and process streams in mining
and metallurgical operations. Furthermore, the separation of actinides from radioactive
waste streams [26] has benefited from radiation-resistant sorbents [27]. Environmental
remediation also relies on sorbents to remove metal ions from soil [28] and groundwater [29].
In analytical chemistry, dispersive solid-phase microextraction (DSPME) is a promising
technique for the preconcentration and clean-up of trace metal ions in complex matrices [30].
The choice of sorbent in these applications depends on several factors: the metal ions of
interest, the composition of the aqueous matrix, and the adsorption characteristics (capacity,
selectivity, and reusability) [20].

To optimize metal-ion separation performances, it is essential to understand how the
physicochemical properties of both the sorbent and the metal ions influence the adsorption
mechanisms. The surface complexation model involves the formation of complexes be-
tween the functional groups on the sorbent surface and the metal ions driven by electrostatic
interactions, ion exchange, and chelation [31]. Other key processes are precipitation and
co-precipitation, where metal hydroxides or other insoluble metal compounds form on the
sorbent surface or within its porous structure [32]. Reduction and redox reactions can also
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occur, with the sorbent surface catalyzing the reduction of metal ions to their zero-valent or
lower oxidation states [33]. Electrostatic interactions, which depend on the solution pH and
the point of zero charge of the sorbent, result in either attraction or repulsion between the
sorbent surface and metal ions [34]. Additionally, pore and intraparticle diffusion are criti-
cal for governing the transport of metal ions within the porous sorbent structure, thereby
affecting the adsorption kinetics and isotherms [35,36]. In general, understanding these
mechanisms is crucial for the design and optimization of sorbents and for the development
of predictive adsorption models.

This Special Issue on “Advanced Sorbents for Separation of Metal Ions” in Metals
brings together up-to-date research that addresses metal-ion separation challenges through
innovative sorbent materials and methodologies. A variety of advanced sorbents, in-
cluding polymeric materials, silica adsorbents, ion exchange resins, and biosorbents,
were investigated.

2. Contributions

The contributed articles in this issue explore novel or modified sorbents based on
wood ash, bone char, resins, silica, brown seaweed, eggshells, graphene, ionic liquids,
and methacrylate polymers, and discuss the adsorption processes in which these sorbents
were used.

Liu et al. presented novel silica-based adsorbents impregnated with crown ethers that
demonstrate high selectivity for strontium (Sr) ions in concentrated nitric acid solutions.
These adsorbents exhibit improved stability and reduced organic leakage, addressing the
significant limitation of crown ethers in acidic environments. This study introduced new
materials and provided insights into the adsorption mechanisms, paving the way for their
application in nuclear waste management.

Smiciklas et al. evaluated the use of wood ash and bone char for manganese (Mn)
removal from acid mine drainage (AMD). Their research revealed that wood ash is highly
effective due to its neutralization capacity, whereas bone char shows rapid and efficient Mn
separation with minimal interference from other ions. This study emphasizes the potential
of using waste materials in sustainable AMD treatment processes.

Hansen et al. investigated copper (Cu) biosorption using brown seaweed. Their
work identified optimal conditions for maximum copper uptake and efficient biosorbent
regeneration, highlighting the potential of seaweed as a cost-effective and environmentally
friendly sorbent for copper removal from wastewater.

Markovi¢ et al. explored the use of raw eggshells in copper ion biosorption. This study
analyzed the process parameters, equilibrium, kinetics, and thermodynamics, demonstrat-
ing that eggshells are effective, low-cost adsorbents for copper removal. The research also
optimizes the biosorption process using Response Surface Methodology (RSM).

Mikeli et al. focused on the recovery of scandium (Sc) from titanium industry waste
using ion-exchange resins. Their findings indicate that certain resins are highly efficient
in extracting scandium without significantly affecting the chloride solution, making this
process feasible for industrial applications.

Slavkovi¢-Beskoski et al. introduced a novel dispersive solid-phase microextraction
method using a poly(HDDA)/graphene sorbent for rare earth element (REE) analysis in
coal fly ash leachate. The proposed method provides a fast, sensitive, and efficient method
for REE determination, demonstrating significant potential for environmental monitoring
and resource recovery.

Castillo et al. investigated the ability of an ionic liquid, R4NCy, to extract multiple
metal ions from aqueous solutions. The results show high extraction efficiencies for copper,
iron, zinc, and manganese, suggesting the applicability of ionic liquids in pre-treatment
processes to remove metal impurities from industrial solutions.

Djoki¢ et al. examined the impact of impurities from e-waste electrorefining on
the copper extraction processes. Their optimization of the process parameters revealed
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strategies to enhance copper recovery while minimizing the co-extraction of other metals,
contributing to more efficient e-waste recycling methods.

Cerrillo-Gonzalez et al. summarized an overview of electrodialysis (ED) for metal
recovery from wastewater. This review discusses the fundamentals, operational features,
and key factors affecting ED performance, highlighting its potential in selective metal
recovery and the promotion of a circular economy.

Nastasovi¢ et al. reviewed the role of methacrylate-based polymeric sorbents in
metal recovery from aqueous solutions. This review emphasizes the versatility, efficiency,
and regeneration potential of these sorbents, highlighting their applicability in various
environmental and industrial processes.

3. Conclusions and Outlook

The articles in this Special Issue demonstrate significant advancements in the de-
velopment and application of advanced sorbents for metal-ion separation. From novel
silica-based adsorbents and ion-exchange resins to sustainable biosorbents and innovative
polymeric materials, the contributions highlight diverse approaches to metal separation.
These articles offer prospective options for resource recovery and environmental remedi-
ation by shedding light on the synthesis of sorbent materials, elucidating their structure,
adsorption mechanism, effectiveness, and process optimization.

Future studies should concentrate on scaling up these sorbent applications, improving
their selectivity and efficiency, and incorporating them into encompassing process systems
to meet increasing demands for metals and the requirements of environmentally friendly
waste management solutions.

Acknowledgments: The Guest Editor thanks all of the authors who submitted manuscripts to this
Special Issue and the reviewers who put in an immense amount of effort behind the scenes to ensure
the Special Issue was of high quality.

Conflicts of Interest: The author declares no conflicts of interest.

List of Contributions

1. Liu, C.; Zhang, S.; Wang, X.; Chen, L.; Yin, X.; Hamza, M.E,; Wei, Y.; Ning, S. Preparation of Two
Novel Stable Silica-Based Adsorbents for Selective Separation of Sr from Concentrated Nitric
Acid Solution. Metals 2024, 14, 627. https:/ /doi.org/10.3390/ met14060627.

2. Smiciklas, I.; Jankovi¢, B.; Jovi¢, M.; Maletaski¢, J.; Mani¢, N.; Dragovi¢, S. Performance
Assessment of Wood Ash and Bone Char for Manganese Treatment in Acid Mine Drainage.
Metals 2023, 13, 1665. https:/ /doi.org/10.3390/met13101665.

3. Hansen, H.K.; Gutiérrez, C.; Valencia, N.; Gotschlich, C.; Lazo, A.; Lazo, P; Ortiz-Soto, R.
Selection of Operation Conditions for a Batch Brown Seaweed Biosorption System for Removal
of Copper from Aqueous Solutions. Metals 2023, 13, 1008. https://doi.org/10.3390/met13061008.

4. Markovi¢, M.; Gorgievski, M.; Strbac, N.; Grekulovi¢, V.; Bozinovié¢, K.; Zdravkovi¢, M.;
Vukovi¢, M. Raw Eggshell as an Adsorbent for Copper Ions Biosorption—Equilibrium, Kinetic,
Thermodynamic and Process Optimization Studies. Metals 2023, 13, 206. https:/ /doi.org/10.3
390/met13020206.

5. Mikeli, E.; Marinos, D.; Toli, A.; Pilichou, A.; Balomenos, E.; Panias, D. Use of Ion-Exchange
Resins to Adsorb Scandium from Titanium Industry’s Chloride Acidic Solution at Ambient
Temperature. Metals 2022, 12, 864. https:/ /doi.org/10.3390/met12050864.

6. Slavkovi¢-Beskoski, L.; Ignjatovi¢, L.; Bolognesi, G.; Maksin, D.; Savi¢, A.; Vladisavljevi¢,
G.; Onjia, A. Dispersive Solid-Liquid Microextraction Based on the Poly(HDDA)/Graphene
Sorbent Followed by ICP-MS for the Determination of Rare Earth Elements in Coal Fly Ash
Leachate. Metals 2022, 12, 791. https:/ /doi.org/10.3390 /met12050791.

7. Castillo, J.; Toro, N.; Hernandez, P.; Navarro, P; Vargas, C.; Galvez, E.; Septilveda, R. Extraction
of Cu(Il), Fe(Ill), Zn(II), and Mn(II) from Aqueous Solutions with Ionic Liquid R4NCy. Metals
2021, 11, 1585. https:/ /doi.org/10.3390/met11101585.

8. Djoki¢, J.; Radovanovi¢, D.; Nikolovski, Z.; Andji¢, Z.; Kamberovi¢, 7. Influence of Electrolyte
Impurities from E-Waste Electrorefining on Copper Extraction Recovery. Metals 2021, 11, 1383.
https://doi.org/10.3390/met11091383.



Metals 2024, 14, 1026

9. Cerrillo-Gonzalez, M.D.M.; Villen-Guzman, M.; Rodriguez-Maroto, J.M.; Paz-Garcia, ].M.
Metal Recovery from Wastewater Using Electrodialysis Separation. Metals 2023, 14, 38. https:
//doi.org/10.3390 /met14010038.

10.  Nastasovi¢, A.; Markovi¢, B.; Suruti¢, L.; Onjia, A. Methacrylate-Based Polymeric Sorbents for
Recovery of Metals from Aqueous Solutions. Metals 2022, 12, 814. https:/ /doi.org/10.3390/

met12050814.

References

1. Hageliiken, C.; Goldmann, D. Recycling and Circular Economy—Towards a Closed Loop for Metals in Emerging Clean Technolo-
gies. Miner. Econ. 2022, 35, 539-562. [CrossRef]

2. Stankovi¢, S.; Kamberovi¢, Z.; Friedrich, B.; Stopi¢, S.R.; Soki¢, M.; Markovi¢, B.; Schippers, A. Options for Hydrometallurgical
Treatment of Ni-Co Lateritic Ores for Sustainable Supply of Nickel and Cobalt for European Battery Industry from South-Eastern
Europe and Turkey. Metals 2022, 12, 807. [CrossRef]

3. Gunarathne, V.; Rajapaksha, A.U.; Vithanage, M.; Alessi, D.S.; Selvasembian, R.; Naushad, M.; You, S.; Oleszczuk, P.; Ok, Y.S.
Hydrometallurgical Processes for Heavy Metals Recovery from Industrial Sludges. Crit. Rev. Environ. Sci. Technol. 2022, 52,
1022-1062. [CrossRef]

4. Castro, L.; Blazquez, M.L.; Mufioz, ].A. Leaching/Bioleaching and Recovery of Metals. Metals 2021, 11, 1732. [CrossRef]

5. Shrestha, R.; Ban, S.; Devkota, S.; Sharma, S.; Joshi, R.; Tiwari, A.P.; Kim, H.Y.; Joshi, M.K. Technological Trends in Heavy Metals
Removal from Industrial Wastewater: A Review. ]. Environ. Chem. Eng. 2021, 9, 105688. [CrossRef]

6.  Tadi¢, T.; Markovi¢, B.; Vukovi¢, Z.; Stefanov, P.; Maksin, D.; Nastasovi¢, A.; Onjia, A. Fast Gold Recovery from Aqueous Solutions
and Assessment of Antimicrobial Activities of Novel Gold Composite. Metals 2023, 13, 1864. [CrossRef]

7. Chai, W.S,; Cheun, ].Y.; Kumar, P.S.; Mubashir, M.; Majeed, Z.; Banat, E; Ho, S.-H.; Show, P.L. A Review on Conventional and
Novel Materials towards Heavy Metal Adsorption in Wastewater Treatment Application. J. Clean. Prod. 2021, 296, 126589.
[CrossRef]

8. Marjanovic, V.; Peric-Grujic, A.; Ristic, M.; Marinkovic, A.; Markovic, R.; Onjia, A_; Sljivic-Ivanovic, M. Selenate Adsorption from
Water Using the Hydrous Iron Oxide-Impregnated Hybrid Polymer. Metals 2020, 10, 1630. [CrossRef]

9.  Godage, N.H.; Gionfriddo, E. Use of Natural Sorbents as Alternative and Green Extractive Materials: A Critical Review. Anal.
Chim. Acta 2020, 1125, 187-200. [CrossRef]

10. Deshwal, N.; Singh, M.B.; Bahadur, I.; Kaushik, N.; Kaushik, N.K.; Singh, P.; Kumari, K. A Review on Recent Advancements on
Removal of Harmful Metal/Metal Ions Using Graphene Oxide: Experimental and Theoretical Approaches. Sci. Total Environ.
2023, 858, 159672. [CrossRef]

11.  Liu, Z; Xu, Z,; Xu, L.; Buyong, F; Chay, T.C.; Li, Z.; Cai, Y.; Hu, B.; Zhu, Y.; Wang, X. Modified Biochar: Synthesis and Mechanism
for Removal of Environmental Heavy Metals. Carbon Res. 2022, 1, 8. [CrossRef]

12.  Imran-Shaukat, M.; Wahi, R.; Ngaini, Z. The Application of Agricultural Wastes for Heavy Metals Adsorption: A Meta-Analysis
of Recent Studies. Bioresour. Technol. Rep. 2022, 17, 100902. [CrossRef]

13.  Syeda, H.L; Sultan, L; Razavi, K.S.; Yap, P-S. Biosorption of Heavy Metals from Aqueous Solution by Various Chemically
Modified Agricultural Wastes: A Review. ]. Water Process Eng. 2022, 46, 102446. [CrossRef]

14. Lin, G,; Zeng, B.; Li, J.; Wang, Z.; Wang, S.; Hu, T.; Zhang, L. A Systematic Review of Metal Organic Frameworks Materials for
Heavy Metal Removal: Synthesis, Applications and Mechanism. Chem. Eng. ]. 2023, 460, 141710. [CrossRef]

15.  Berber, M.R. Current Advances of Polymer Composites for Water Treatment and Desalination. J. Chem. 2020, 2020, 7608423.
[CrossRef]

16. Markovi¢, B.M.; Vukovi¢, Z.M.; Spasojevi¢, V.V.; Kusigerski, V.B.; Pavlovi¢, V.B.; Onjia, A.E.; Nastasovi¢, A.B. Selective Magnetic
GMA Based Potential Sorbents for Molybdenum and Rhenium Sorption. J. Alloys Compd. 2017, 705, 38-50. [CrossRef]

17.  Suruci¢, L.; Tadi¢, T,; Janji¢, G.; Markovi¢, B.; Nastasovi¢, A.; Onjia, A. Recovery of Vanadium (V) Oxyanions by a Magnetic
Macroporous Copolymer Nanocomposite Sorbent. Metals 2021, 11, 1777. [CrossRef]

18. Sun, R.; Gao, S.; Zhang, K.; Cheng, W.-T.; Hu, G. Recent Advances in Alginate-Based Composite Gel Spheres for Removal of
Heavy Metals. Int. ]. Biol. Macromol. 2024, 268, 131853. [CrossRef]

19. Naseer, A. Role of Nanocomposites and Nano Adsorbents for Heavy Metals Removal and Dyes. An Overview. Desalination Water
Treat. 2024, 320, 100662. [CrossRef]

20. Rajendran, S.; Priya, A.K.; Senthil Kumar, P.; Hoang, TK.A_; Sekar, K.; Chong, K.Y.; Khoo, K.S.; Ng, H.S.; Show, P.L. A Critical and
Recent Developments on Adsorption Technique for Removal of Heavy Metals from Wastewater-A Review. Chemosphere 2022, 303,
135146. [CrossRef]

21. Kaur, A; Bajaj, B.; Kaushik, A.; Saini, A.; Sud, D. A Review on Template Assisted Synthesis of Multi-Functional Metal Oxide
Nanostructures: Status and Prospects. Mater. Sci. Eng. B 2022, 286, 116005. [CrossRef]

22.  Zhang, X.; Zhang, K.; Shi, Y.; Xiang, H.; Yang, W.; Zhao, F. Surface Engineering of Multifunctional Nanostructured Adsorbents for
Enhanced Wastewater Treatment: A Review. Sci. Total Environ. 2024, 920, 170951. [CrossRef] [PubMed]

23. Krishnan, S.; Zulkapli, N.S.; Kamyab, H.; Taib, S.M.; Din, M.EB.M.; Majid, Z.A.; Chaiprapat, S.; Kenzo, I; Ichikawa, Y.; Nasrullah,

M.; et al. Current Technologies for Recovery of Metals from Industrial Wastes: An Overview. Environ. Technol. Innov. 2021, 22,
101525. [CrossRef]



Metals 2024, 14, 1026

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Zupanc, A; Install, J.; Jereb, M.; Repo, T. Sustainable and Selective Modern Methods of Noble Metal Recycling. Angew. Chem. Int.
Ed. 2023, 62, €202214453. [CrossRef] [PubMed]

Bishop, B.A.; Alam, M.S.; Flynn, S.L.; Chen, N.; Hao, W.; Ramachandran Shivakumar, K.; Swaren, L.; Gutierrez Rueda, D.;
Konhauser, K.O.; Alessi, D.S.; et al. Rare Earth Element Adsorption to Clay Minerals: Mechanistic Insights and Implications for
Recovery from Secondary Sources. Environ. Sci. Technol. 2024, 58, 7217-7227. [CrossRef]

Bao, L.; Cai, Y.; Liu, Z; Li, B.; Bian, Q.; Hu, B.; Wang, X. High Sorption and Selective Extraction of Actinides from Aqueous
Solutions. Molecules 2021, 26, 7101. [CrossRef]

Hashim, K.S.; Shaw, A.; AlKhaddar, R.; Kot, P.; Al-Shamma’a, A. Water Purification from Metal Ions in the Presence of Organic
Matter Using Electromagnetic Radiation-Assisted Treatment. J. Clean. Prod. 2021, 280, 124427. [CrossRef]

Campillo-Cora, C.; Conde-Cid, M.; Arias-Estévez, M.; Fernandez-Calvifio, D.; Alonso-Vega, F. Specific Adsorption of Heavy
Metals in Soils: Individual and Competitive Experiments. Agronomy 2020, 10, 1113. [CrossRef]

Al-Hashimi, O.; Hashim, K_; Loffill, E.; Marolt Cebasek, T.; Nakouti, I; Faisal, A.A.H.; Al-Ansari, N. A Comprehensive Review
for Groundwater Contamination and Remediation: Occurrence, Migration and Adsorption Modelling. Molecules 2021, 26, 5913.
[CrossRef]

Uzcan, F; Soylak, M. Magnetic Dispersive Solid Phase Microextraction of Cadmium on Fe304@MIL-53-(Fe)@Ti3 AlC, from Edible
Offal and Water Samples. J. Food Compos. Anal. 2024, 135, 106636. [CrossRef]

Haoli, Q.; Yan, L.; Mei, L.; Yang, Y.; Ya, A. Adsorption Behavior of Cadmium in Argillaceous Limestone Yellow Soils Simulated by
The Surface Complexation Model. Water Air Soil Pollut. 2024, 235, 497. [CrossRef]

Da Conceigao, E.T.; Da Silva, M.S.G.; Menegario, A.A.; Antunes, M.L.P.; Navarro, G.R.B.; Fernandes, A.M.; Dorea, C.; Moruzzi,
R.B. Precipitation as the Main Mechanism for Cd(II), Pb(II) and Zn(II) Removal from Aqueous Solutions Using Natural and
Activated Forms of Red Mud. Environ. Adv. 2021, 4, 100056. [CrossRef]

Sepehri, S.; Kanani, E.; Abdoli, S.; Rajput, V.D.; Minkina, T.; Asgari Lajayer, B. Pb(Il) Removal from Aqueous Solutions by
Adsorption on Stabilized Zero-Valent Iron Nanoparticles—A Green Approach. Water 2023, 15, 222. [CrossRef]

Akpomie, K.G.; Conradie, ].; Adegoke, K.A.; Oyedotun, K.O.; Ighalo, ].O.; Amaku, J.E; Olisah, C.; Adeola, A.O.; Iwuozor, K.O.
Adsorption Mechanism and Modeling of Radionuclides and Heavy Metals onto ZnO Nanoparticles: A Review. Appl. Water Sci.
2023, 13, 20. [CrossRef]

Wang, J.; Guo, X. Adsorption Kinetics and Isotherm Models of Heavy Metals by Various Adsorbents: An Overview. Crit. Rev.
Environ. Sci. Technol. 2023, 53, 1837-1865. [CrossRef]

Markovi¢, D.D.; Leki¢, B.M.; Rajakovi¢-Ognjanovi¢, V.N.; Onjia, A.E.; Rajakovi¢, L.V. A New Approach in Regression Analysis for
Modeling Adsorption Isotherms. Sci. World |. 2014, 2014, 930879. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



~—
metals

Article

Preparation of Two Novel Stable Silica-Based Adsorbents for
Selective Separation of Sr from Concentrated Nitric

Acid Solution

Chang Liu !, Shichang Zhang 2, Xinpeng Wang *, Lifeng Chen 3, Xiangbiao Yin 3, Mohammed F. Hamza 3,
Yuezhou Wei 3* and Shunyan Ning 3*

Citation: Liu, C.; Zhang, S.; Wang, X.;
Chen, L.; Yin, X.; Hamza, ML.E,; Wei,
Y.; Ning, S. Preparation of Two Novel
Stable Silica-Based Adsorbents for
Selective Separation of Sr from
Concentrated Nitric Acid Solution.
Metals 2024, 14, 627. https://
doi.org/10.3390/met14060627

Academic Editor: Antonije Onjia

Received: 26 April 2024
Revised: 19 May 2024

Accepted: 21 May 2024
Published: 25 May 2024

Copyright: © 2024 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 (https://
creativecommons.org/licenses /by /
1.0/).

1 State Key Laboratory of Featured Metal Materials and Life-Cycle Safety for Composite Structures, MOE Key
Laboratory of New Processing Technology for Nonferrous Metals and Materials, School of Resources,
Environment and Materials, Guangxi University, Nanning 530004, China; liuchangguangxiedu@st.gxu.edu.cn
School of Nuclear Science and Technology, University of Science and Technology of China,

Hefei 230026, China; zhangshichang@mail.ustc.edu.cn

School of Nuclear Science and Technology, University of South China, 28 Changsheng West Road,
Hengyang 421001, China; chenlf@usc.edu.cn (L.C.); yinxb@usc.edu.cn (X.Y.); m_fouda21@usc.edu.cn (M.EH.);
yzwei@usc.edu.cn (Y.W.)

School of Nuclear Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
Correspondence: wangxinpeng@gxu.edu.cn (X.W.); ningshunyan@usc.edu.cn (S.N.);

Tel.: +86-0771-3392507 (X.W.)

Abstract: Crown ethers are famous for the highly selectively grab Sr(Il) from concentrated nitric acid
solution due to the size match, but they suffer from the high leakage into the liquid phase caused by
the presence of a large number of hydrophilic groups. To reduce their leakage, two novel porous silica-
based adsorbents, (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-
3-ABSA, were prepared by vacuum impregnation with organic contents of about 55.9 wt.% and
56.1 wt.%, respectively. The two adsorbents have good reusability and structural stability, and the
total organic carbon leakage rates in 2 M HNOj3 solution are lower than 0.56 wt.% and 0.29 wt.%,
respectively. Batch adsorption experiments revealed that the two adsorbents possessed good ad-
sorption selectivity towards Sr, with SFg;. /\; over 40, except that of SFg;/p, in 2 M HNOj3 solution.
The adsorption equilibrium of Sr in 2 M HNOj solution was reached within 1 h, with saturated
adsorption capacities of 36.9 mg/g and 37.5 mg/g, respectively. Furthermore, the XPS results indicate
that the adsorption mechanism is the coordination of the crown ether ring with Sr. This work not only
develops two novel adsorbents for the separation of Sr in nitric acid environments; it also provides a
method for effectively reducing the water solubility of crown ethers.

Keywords: strontium; adsorption; crown ethers; high-level liquid waste

1. Introduction

Nuclear energy plays an increasingly important role in the restructuring of energy
sources because of its cleanliness and high efficiency [1]. The development of nuclear
energy will inevitably produce large quantities of nuclear spent fuel. The PUREX process
(plutonium uranium recovery by extraction) effectively separates U and Pu from nuclear
spent fuel, while other fission products, including minor actinides (Np, Am, and Cm),
long-lived fission products (*Tc, 1?1, etc.), and high heat-generating elements (*°Sr and
137Cs), are retained in the high-level liquid waste (HLLW) [2,3]. The minor actinides and
long-lived fission products can be converted into short-lived or stabilized nuclides through
partitioning and transmutation strategies, which can effectively shorten the potential threat
time of HLLW [4]. However, the radiological and biochemical toxicity of other nuclides,
such as P, still exists in the HLLW, which will have a significant negative impact on the
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vitrification of HLLW. Therefore, it is necessary to remove 90Gr from HLLW prior to the
vitrification process.

HLLWs are characterized by high radioactivity, multiple components, and high acidity,
which makes the efficient separation of *Sr (T;/, = 28.8 a) from it extremely challeng-
ing [5-7]. Crown ethers and their derivatives carry cavities that can coordinate with Sr in
high-concentration nitric acid environments and have the potential to separate Sr from
HLLW [8-10]. However, the extraction of Sr by crown ethers and their derivatives usually
requires the consumption of large quantities of organic diluents, which will inevitably
generate a large amount of organic waste. In contrast, organic-inorganic hybrid adsorbent
materials prepared by impregnating organic ligands into stabilized carriers combine the
excellent properties of organic ligands with the stability of carriers and produce almost no
organic waste [11-13]. Chen et al. [14] prepared a novel silica-based adsorbent by impreg-
nating 4’ 4" (5")-di-tert-butyldicyclohexano-18-crown-6 (DtBuCH18C6) into the interior of
the porous carrier (SiO,-P), which had an adsorption capacity of 0.43 mmol/g of Srin 2 M
HNOj; solution. However, the presence of a large number of oxygen atoms in the structure
of the crown ether leads to its high hydrophilicity, which makes it prone to leakage when
adsorbing Sr (II) [14].

To address the above issues, researchers have modified crown ethers to reduce their
leakage in the aqueous phase. Several organic ligands, such as 1-dodecanol, tri-n-butyl
phosphate, and dodecyl benzenesulfonic acid, are prone to form hydrogen bonds with
crown ethers, and impregnating them into porous carriers can effectively reduce the leakage
of crown ethers and thus improve the adsorption efficiency of Sr [15-17]. The modification
of crown ethers’ adsorbents using silica-based hybrid carriers could be applied to separate
Sr in nitric acid environments.

But as with the existence of hydrophilic sulfonic acid group, the total organic carbon
(TOC) in the liquid phase was still high due to the leakage of organic content from the adsor-
bent during the adsorption process, which needs to be further improved [17]. In this work,
we investigated the static and dynamic adsorption properties of two novel stable silica-
based adsorbents, (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/
SiAaC-g-3-ABSA, by batch and column experiments on the two adsorbents on Sr. This
material is different from the material in previous studies that was only impregnated with
DtBuCH18C6 and dodecanol to the carrier SiO,-P [14]. In this work, aminobenzene sulfonic
acid (ABSA) and 3-aminobenzene sulfonic acid (3-ABSA) were grafted onto the previously
synthesized SiAaC and then impregnated with DtBuCH18C6 and dodecanol to further
improve the stability and adsorption properties of the materials [18]. The experimental data
were fitted and analyzed to obtain the main adsorption parameters. The reusability and
structural stability of the two adsorbents were studied. Finally, the XPS technique was used
to study the change in binding energy of functional groups before and after adsorption to
reveal the adsorption mechanism.

2. Experimental
2.1. Chemicals

4’ 4" (5"")-di-tert-butyldicyclohexano-18-crown-6 (DtBuCH18C6, 90%) was purchased from
Sigma-Aldrich (Shanghai, China). Dimethyl sulfoxide (DMSO, AR), 3-(diethoxyphosphoryloxy)-
1,2,3-benzotriazin-4(3H)-one (DEPBT, 98%), 1-dodecanol (Dodec, 98%), aminobenzene
sulfonic acid (ABSA, AR), and 3-aminobenzene sulfonic acid (3-ABSA, 98%) were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd., (Aladdin Industrial, Inc.,
Shanghai, China). Other chemicals, including Sr(NO3),-6H,O, used in this work were
analytical grade and purchased from Shanghai Macklin Biochemical Technology Co., Ltd.,
(Aladdin Industrial, Inc., Shanghai, China).

2.2. Synthesis

The porous silica-based carrier SiAaC containing -COOH group was functionalized
and modified to prepare two novel adsorbents, named (DtBuCH18C6 + Dodec)/SiAaC-
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g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA, respectively. The preparation
process of SiAaC was provided in our previous work [18]. Figure 1 shows the synthesis
processes of the two adsorbents. More details follow below.

DEPBT, stirring for 12h

201
SiAaC s SiAaC-g-ABSA SiAaC-g-3-ABSA |

o
Uh ﬂJCV +
[9) [¢] —
Lo/ L]
DtBuCH18C6
+ CH,Cl,
Vacuum impregnation
NN
(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA/
Dodec Mixture solution (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA

Figure 1. Schematic diagram of the preparation processes of the adsorbents.

SiAaC was amino-modified according to the following procedure. Firstly, 5 g of
SiAaC and 50 mL of DMSO were placed in a beaker and mixed at room temperature, after
which 5 g of ASAB or 3-ABSA was added. Then, 3 g catalyst of DEPBT was added to
improve the grafting efficiency. The above mixed solution was stirred at 200 rpm for 12 h
at room temperature. The collected products were named SiAaC-g-ABSA and SiAaC-g-3-
ABSA, respectively.

(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-
ABSA were prepared by the vacuum impregnation method, as detailed below. In total, 5 g
of SiAaC-g-ABSA or SiAaC-g-3-ABSA was weighted and placed into a glass flask. Then,
0.9 g DtBuCH;3C¢ and 0.3 g Dodec were dissolved into 200 mL of CH,Cl,, and the mixture
solution was added to the flask. The glass flask was fixed to a rotary evaporator (EYELA,
N-300 V-WB, Tokyo, Japan) and rotated at 200 rpm. Decompression was carried out at a
rate of 20 pha/10 min until the CH,Cl, was completely evaporated. The collected products
are named (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-
3-ABSA, respectively.

2.3. Characterization

The SEM technique (HITACHI SU8200, Tokyo, Japan) was used to obtain the surface
morphology of the adsorbents. TG-DSC analyses were conducted under an oxygen envi-
ronment, using a NETZSCH STA 449F3 analyzer at a heating rate of 10 °C/min to analyze
the thermal stability and component of the adsorbents (Selb, Germany). The changes in
functional groups and chemical state were studied by FTIR (SHIMADZU, IRTracer-100,
Tokyo, Japan) and XPS (Scalab250XI, C1s: 284.6 eV, Paris, France) analysis. The content of
total organic carbon in solution was measured by a TOC analyzer (SHIMADZU, VCPH).

2.4. Batch Experiments

The adsorption performances of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (Dt-
BuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr were evaluated by batch adsorption experi-
ments. In total, 0.1 g of the adsorbent and 5 mL HNOj solution containing Sr (NO3), were
mixed in a glass vial, respectively. The vial was secured to a water-bath shaker oscillating at
a rate of 160 rpm. The concentrations of Sr and other metal ions in the solution before and
after adsorption were determined by atomic absorption spectrometry (AAS, SHIMADZU
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AA-7000, Japan) and inductively coupled plasma optical emission spectroscopy (ICP-OES,
Thermo ICAP 7000, Waltham, MA, USA), respectively. The adsorption capacity Q (mg/g),
adsorption efficiency E (%), distribution coefficient K4 (mL/g) and separation factor (SF)
are calculated by Equations (1)-(4) [19-21]:

Q= T xV )

E={S=9  100% (3]
Co

Ky =128V ®

SFa/p— 272 4)

where C, and C (mg/L) are the initial and equilibrium concentrations of the metal ions
in the solutions, respectively; and V (mL) and m (g) are the aqueous phase volume and
adsorbent mass, respectively.

2.5. Column Experiments

The dynamic adsorption behavior of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr was investigated using column experi-
ments, respectively. A total of 1.9981 g of the adsorbent was weighed and packed into a
glass column (¢ x h =10 mm x 100 mm). A peristaltic pump (EYELA MP 2000, Japan)
was used to pump the feed solution (C, = 461 mg Sr/L) into the packed column at a rate of
0.5 mL/min, and the effluent was collected using a fraction collector (EYELA DC1500C,
Japan). The concentration of Sr in the solution was determined by atomic absorption
spectrometry (AAS, SHIMADZU AA-7000, Japan). The experimental data were fitted by
the Thomas model (Equation (5)) [22,23].

C 1

c _ 5
Co 1texp(K(gom —CoV)) ©

where C, and C are the Sr concentrations (mg/L) in the feed solution and effluent, re-
spectively; Ky, (mL-g~!min~!) and v (mL/min) are the Thomas constant and flow rate,
respectively; g, (mg/g) is the column adsorption capacity; and m (g) and V (mL) are the
amount of adsorbent and the effluent volume.

3. Results and Discussion
3.1. Characterization of the Materials

The SEM technique was used to study the surface morphology of (DtBuCH18C6 + Dodec)/
SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA, and the results are shown
in Figure 2a,b. The two adsorbents have regular spherical morphology with a particle
size of 40-100 um. Figure 2c,d show the TG-DSC results of the two adsorbents. As the
temperature increases from 25 °C to 800 °C, from the TG curves, the two adsorbents
undergo mass loss until about 450 °C and then remain stable. The organic contents of
(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA
are 55.9 wt.% and 56.1 wt.%, respectively. According to the DSC curves, several charac-
teristic peaks resulting from mass decomposition are clearly observed. The characteristic
peak near 100 °C originates from the evaporation of water in the adsorbents. The broad
characteristic peaks between 100 °C and 496 °C derive from the thermal decomposition of
organic matter in the adsorbents.
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Figure 2. (a,b) SEM and (c,d) TG-DSC results of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA.

The FTIR technique was employed to investigate the changes in functional groups
during the preparation of the adsorbents, and the results are shown in Figure 3. The
peaks at 469 cm~ !, 803 em ™!, and 1096 cm™! originate from the stretching vibration
of the Si-O-5i [24]. After sulfonation modification of SiAaC using 3-ABSA and ABSA,
the characteristic peak of S-O is observed at around 568 cm~! [17]. Due to the partial
overlap of the peak positions of S=O and Si-O, the S=O peak in the FTIR spectra of SiAaC-
g-3-ABSA and SiAaC-g-ABSA cannot be observed as an independent peak. After the
modification of SiAaC-g-3-ABSA and SiAaC-g-ABSA using DtBuCH18C6 and Dodec, the
C-O-C characteristic peaks (around 1260 cm ') are significantly enhanced. The peak at
2929-2961 cm ! derives from the C-H vibration [25]. The peak around 3461 em~ s from
the adsorbed water [26].

SiAaC |
SiAaC-g-3-ABSA

SiAaC-g-ABSA

1716 7
=0
[

T (%)

[(DIBUCH1§C6+Dodec)/SiAaC-g-3-ABSA

| D(BuCH [§C6-+Dodéc)/SiAaC-g-ABSA

' 2929-2961
13461 CH
10-H

: 1096,5803,4652
o !

I
T
'
i
'
'
'

Wavenumber (em™)

Figure 3. FTIR results of SiAaC, SiAaC-g-3-ABSA, SiAaC-g-ABSA, (DtBuCH18C6 + Dodec) /SiAaC-
g-3-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA.
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g

3.2. Batch Adsorption Experiments
3.2.1. Adsorption Selectivity

Figure 4 shows the adsorption selectivity of Sr by (DtBuCH18C6 + Dodec)/SiAaC-g-
ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA in simulated high-level liquid waste.
At a nitric acid concentration of 0.5 M, the sulfonic acid group promotes the coordination
of the crown ether ring with Sr, resulting in the two adsorbents exhibiting good adsorption
of Sr [17]. As the nitric acid concentration increases to 1 M, the coordination promotion of
the sulfonic acid groups to the crown ether ring is inhibited, leading to a weakening of the
adsorption of Sr by the two adsorbents. As the nitric acid concentration increases to 2 M,
the coordination of the crown ether ring to Sr is enhanced, leading to a rise in Sr adsorption.
With the further increase in nitric acid concentration, there is competition adsorption of
nitric acid with Sr, resulting in the weakening of the adsorption of Sr by the two adsorbents
(Equations (6)—(8)). In addition, the two adsorbents show weak adsorption on Ba and Pd in
the simulated high-level liquid waste in Figure 4, and almost no adsorption for other metal
ions, with SFg, /\ over 40, except that of SFg, /g, in the simulated high-level liquid waste of
2 M HNO:;. It indicates good adsorption selectivity of the two adsorbents on Sr.

Sr2* 4 2RSO; + DtBuCH18C6 -+ Sr(RSO;), DtBuCH18C6 6)
Sr2* 4 2NO; + DtBuCH18C6 < Sr(NOs),-DtBuCH18C6 @)
HNO; + DtBuCH18C6 «» HNO;-DtBuCH18C6 ®)

3 ;
4 g
;L) 5 Gd

Figure 4. Adsorption selectivity of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b) (DtBuCH18C6
+ Dodec)/SiAaC-g-3-ABSA on Sr in different HNO3 concentrations ((M] =1 mM, m/V =0.1 g/5mL,
t=6h, T =298 K).

3.2.2. Kinetics

The adsorption kinetics of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6
+ Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNOj solution were studied. According to Figure 5,
with the increase in adsorption time, the adsorption of Sr by the adsorbent first increased
rapidly and then remained stable. The adsorption equilibriums of Sr by the two adsorbents
obtained within 1 h with the adsorption capacities were about 36.9 mg/g and 37.5 mg/g.

Moreover, a pseudo-second-order kinetics model (Equation (9)) was adopted to an-
alyze the experimental data [27]. The results are shown in Figure 5 and Table 1. The
correlation coefficients (R?) were higher than 0.99, indicating the good applicability of the

11
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pseudo-second-order model to the adsorption processes. Therefore, it can be hypothesized
that the adsorption of Sr by the two adsorbents is chemisorption [28,29].

ko Q2t
Qt _ ZQL’
1+k2Qet

where Qe and Q; (mg/g) are equilibrium and adsorption capacities at time, ¢ (min), respec-
tively; ko (min~1) is the adsorption rate constants of pseudo-second order.

(b) 4o

©)
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Figure 5. Adsorption kinetics of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b) (DtBuCH18C6
+ Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNOj concentration (Co = 5 mM, m/V = 0.1 g/5 mL,
T =298 K).

Table 1. Kinetics parameters of Sr by the two adsorbents.

Pseudo-Second-Order Model

T (K) Adsorbents p
K> (g-h/mg) Q. (mg/g) R
(DtBuCH18C6 + Dodec)/
298 SiAaC-g-ABSA 013 366 099
(DtBuCH18C6 + Dodec)/ 0.14 374 0.99

SiAaC-g-3-ABSA

3.2.3. Isotherms

The adsorption isotherms of Sr by (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA in 2 M HNO3 solution were studied by vary-
ing the initial Sr concentration of the solution, with the results shown in Figure 6. The
adsorption of Sr by the two adsorbents increased significantly with the increase in the
equilibrium ion concentration, and the maximum adsorption capacity was about 39.1 mg/g
and 39.2 mg/g, respectively.

Moreover, Langmuir and Freundlich isotherm models were applied to analyze the
experimental data [30-32]. The results are shown in Figure 6 and Table 2. According to the
fitting results, the Langmuir model has a higher correlation coefficient (R? = 0.99) compared
to the Freundlich model, indicating that the Langmuir model has better applicability to
the adsorption process. Therefore, it can be concluded that the adsorption of Sr by the
two adsorbents is monomolecular layer chemisorption [24,33,34].

_ qm X Kp x Ce
Qe = 11K xCo (10)
Qe = Kp x Cer (11)
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where g, (mg/g) is the calculated saturation adsorption capacity; Ce (mM) is the equilib-
rium ions concentration; Kp. (L/mg) and Kg (mg! ~"-L"/g) are the Langmuir and Freundlich
model constants, respectively; and 7 is the adsorption intensity.

(b) s
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364 36 e -
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Figure 6. Adsorption isotherms of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b) (DtBuCH18C6
+ Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNOj; concentration (m/V = 0.1 g/5 mL, T = 298 K).
Table 2. Isotherms parameters of Sr by the two adsorbents.
Langmuir Model Freundlich Model
Adsorbents 2 2
Ky, (L/mg) qm (mg/g) R n Kg (mgl—n-L"/g) R
(DtBuCH18C6 + Dodec)/SiAaC-3-ABSA 0.50 474 0.99 0.50 16.6 0.94
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA 0.51 482 0.99 0.4 17.1 0.93

3.3. Reusability and Stability

To effectively assess the utility of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA, the reusability of the two adsorbents was stud-
ied. The desorption capacity, Q4 (mg/g), and desorption efficiency, Eq (%), are calculated
by Equation (12) and Equation (13), respectively [28]:

Qq=0Cq X % (12)

Eq = Qd/Q % 100%

where C; (mg/L) means the concentration of Sr in the desorption solution.

According to Figure 7, pure water is able to effectively desorb the adsorbed Sr by the
two adsorbents with the desorption efficiencies of about 77% and 82%, respectively. The
adsorption efficiency of the adsorbent for Sr decreases a little as the number of adsorption—
desorption cycles increases. After five adsorption—desorption cycles, the adsorption effi-
ciencies of the adsorbent for Sr are still kept at about 57% and 75%, and the desorption
efficiencies are 78% and 85%, respectively. The above results indicate that the two adsor-
bents have good reusability.

The structural stability of the two adsorbents was investigated by determining the total
organic carbon (TOC) content in the aqueous phase. The TOC leakage of the two adsorbents
in different concentrations of nitric acid solutions is shown in Figure 8. In 0.1-5 M nitric
acid solutions, the TOC leakages of the two adsorbents are less than 188 ppm and 95 ppm,
respectively. The calculated TOC leakage rates for (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA
and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA are less than 0.56 wt.% and 0.29 wt.%,
respectively, indicating the good structural stability of the two adsorbents. In this study, the

(13)
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leakage rate of organic compounds is significantly reduced compared to that in previous
work [17].
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Figure 7. Reusability of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b) (DtBuCH18C6 +
Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNOj concentration (Co = 5 mM, m/V = 0.1 g/5 mL,
t =180 min, T = 298 K).
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Figure 8. TOC leakage of the two adsorbents in different concentrations of HNOj3 solutions. (Contact
time: 24 h, m/V =0.1g/5mL, and T = 298 K).

Figure 9 explains to us that this reduction in leakage rate is attributed to the intermolec-
ular bonding between the -SO3H group introduced through grafting and DtBuCH18C6
through hydrogen bonding in our study. Modifiers that can form hydrogen bonds with
DtBuCHI18C6 can effectively reduce the leakage of the latter in the solution, which has
been confirmed in previous studies [16]. Furthermore, (DtBuCH18C6 + Dodec)/SiAaC-g-3-
ABSA exhibits a lower leakage rate compared to (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA.
This is attributed to the higher grafting efficiency of 3-ABSA in the former, which enhances
the protection of the modifier on DtBuCH18C6 and further improves the reusability of
the material.

3.4. Column Experiments

The dynamic adsorption behavior of Sr by two adsorbents was investigated, and the
breakthrough curves were fitted using the Thomas model [35]. According to Figure 9,
the Sr in the effluent is observed when the effluent volume exceeds 70 mL and 85 mL,
respectively. After that, the breakthrough curves climb rapidly, and the two adsorbents
reach saturation adsorption when the effluent volumes are higher than 139 mL and 154 mL,
respectively. Based on the fitting results of the Thomas model in Figure 10, the correlation
coefficients, R?, are close to 1, indicating that the model has good applicability to the
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dynamic adsorption process. The dynamic adsorption capacities of the two adsorbents
for Sr are about 30.2 mg/g and 35.5 mg/g, respectively, while the theoretical adsorption
capacities fitted by the Thomas model are 41.6 mg/g and 42.4 mg/g, respectively. The
discrepancy between the theoretical Q and actual Q is likely caused by the fluctuation of
the flow rate during the adsorption process [36].

(b)

Figure 9. The intermolecular binding of DtBuCH18C6 to (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA
and (b) (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA via hydrogen bonds, respectively.

(b) 1o
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Figure 10. Breakthrough curves of (a) (DtBuCH18C6 + Dodec)/SiAaC-3-ABSA and (b) (DtBuCH18C6
+ Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNOj concentration (C, = 461 mg/L, m = 1.9981 g,
¢ x h=10mm x 100 mm, flow speed = 0.5 mL/min, T = 298 K).

3.5. Mechanism Study

XPS analysis was used to study the adsorption mechanism. Figure 11 shows the XPS
results of the (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-
g-3-ABSA before and after adsorption of Sr from 2 M HNOj solution. After the adsorption
of Sr by the two adsorbents, the characteristic peak of Sr 3d was detected in the full XPS
spectra (Figure 11a,d). According to the fitting results in Figure 11b,e, Sr 3d can be divided
into Sr 3d 3/2 and Sr 3d 5/2, with the binding energies of about 135.6 eV and 133. 8 eV,
respectively [37-39]. According to previous reports [40,41], crown ethers are susceptible
to coordination interactions, with Sr leading to more pronounced changes in C 1s binding
energy. Therefore, in the present work, the changes in C 1s binding energy before and after
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the adsorption of Sr by the two adsorbents were investigated. According to the XPS results
in Figure 11¢,f, C 1s can be divided into three forms, i.e., C-C, C-O-C, and C=0, with the
binding energies of 284.79 eV, 285.17 eV, and 286.22 eV for (DtBuCH18C6 + Dodec)/SiAaC-
g-ABSA and 284.81 eV, 285.41 eV, and 286.41 eV for (DtBuCH18C6 + Dodec)/SiAaC-g-3-
ABSA, respectively [18,27]. After the adsorption of Sr by the two adsorbents, the binding
energy of C-O-C shifted to 284.88 eV and 285.41 eV, respectively. The change in C-O-C
binding energy after adsorption is presumed to be caused by the coordination between the
crown ether ring and Sr [27].
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Figure 11. XPS results of (a—c) (DtBuCH;3Cs + Dodec)/SiAaC-3-ABSA and (d—f) (DtBuCH;gC¢ +
Dodec)/SiAaC-g-3-ABSA before and after adsorption of Sr.

3.6. Comparison of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)
/SiAaC-g-3-ABSA with Other Materials

In practical applications, utility and cost-effectiveness are paramount. A comparison
of various solid adsorbent materials is presented in Table 3. The prepared (DtBuCH18C6 +
Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA exhibit high K4
values, complete desorption, excellent reusability, and high selectivity. In summary, both
(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA
are well-suited for the treatment of Sr.
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Table 3. Comparison of (DtBuCH18C6 + Dodec)/SiAaC-3-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-
g-3-ABSA with other materials.

Adsorbents Other Species C(HNO;) Kq(cm®/g) Reusability Ref.

(DtBuCH18C6 + [C2mim] Sr, Ba, Na, Ca, La, Nd, Sm, Gd, 3M 30 B [42]
[NT£2])/SiO,-P Ru, Pd, Zr, Mo

(DtBuCH18C6 + Oct)/SiO,-P Ru, Pd, Ba, Mo, La, Y, Cs, Na, K 2M <200 - [43]

Cs, Ru, Pd, La, Nd, Sm, Gd,

(DtBuCH18C6 + Dodec)/SiO,-P Zr, Mo 3M 182.0 - [11]
(DtBuCH18C6 + Dodec + DBS)/ _ _
Si0,-P 3M 260.3 [17]
M we
8 Gd, Eu, Sm,gd,ﬁr, (i;e, La, Ba, Pd, This study
u, Mo,
(DtBuCH18C6 + Dodec)/ oM 416.68 >5

SiAaC-g-3-ABSA

4. Conclusions

In this work, two novel silica-based adsorbents (DtBuCH18C6 + Dodec)/SiAaC-
g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA were prepared successively by
chemical grafting and vacuum impregnation for the selective separation of Sr in nitric acid
environment. Different from the previous research work (DtBuCH18C6 + dodecanol)/SiO,-
P materials, SiAaC-g-ABSA and SiAaC-g-3-ABSA were used as carriers in this work,
respectively. And the new supports can further improve the stability and adsorption
properties of the materials. The formation of hydrogen bonds between the -SO3H groups
introduced through grafting in our study and DtBuCH18C6 further reduces the leakage
of the latter in the solution. The two adsorbents exhibited good adsorption selectivity
for Sr in 0.5-5 M HNOj solutions with the separation factor, SFs,/\, over 40, except that
of SFs;/ga. The adsorption of Sr matched well with pseudo-second-order and Langmuir
model with the saturated adsorption capacities of 36.9 mg/g and 37.5 mg/g obtained within
1 h, respectively. The adsorbed Sr could be desorbed efficiently using pure water with
desorption efficiencies of 77% and 82%, respectively. They possess good reusability with Sr
adsorption efficiencies of about 57% and 75%, respectively, after five adsorption-desorption
cycles. The leakage rates for the two adsorbents in the liquid phase were less than 0.56 wt.%
and 0.29 wt.%, respectively, according to the TOC analysis, indicating the good structural
stability of the two adsorbents. In column experiments, the dynamic adsorption capacities
of the two adsorbents for Sr were about 30.2 mg/g and 35.5 mg/g, respectively. Finally,
the XPS results indicate that the adsorption mechanism is the coordination between the
adsorbents and Sr.
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Abstract: Electrodialysis is classified as a membrane separation process in which ions are transferred
through selective ion-exchange membranes from one solution to another using an electric field as
the driving force. Electrodialysis is a mature technology in the field of brackish water desalination,
but in recent decades the development of new membranes has made it possible to extend their
application in the food, drug, and chemical process industries, including wastewater treatment. This
work describes the state of the art in the use of electrodialysis (ED) for metal removal from water
and wastewater. The fundamentals of the technique are introduced based on the working principle,
operational features, and transport mechanisms of the membranes. An overview of the key factors
(i.e., the membrane properties, the cell configuration, and the operational conditions) in the ED
performance is presented. This review highlights the importance of studying the inter-relation of
parameters affecting the transport mechanism to design and optimize metal recovery through ED.
The conventional applications of ED for the desalination of brackish water and demineralization
of industrial process water and wastewater are discussed to better understand the key role of this
technology in the separation, concentration, and purification of aqueous effluents. The recovery and
concentration of metals from industrial effluents are evaluated based on a review of the literature
dealing with effluents from different sources. The most relevant results of these experimental studies
highlight the key role of ED in the challenge of selective recovery of metals from aqueous effluents.
This review addresses the potential application of ED not only for polluted water treatment but also
as a promising tool for the recovery of critical metals to avoid natural resource depletion, promoting
a circular economy.

Keywords: metal separation; membrane; selectivity; purification; industrial effluent

1. Introduction

During recent decades, the rising population and industrialization have increased
demand for the Earth’s natural resources and the occurrence of subsequent environmental
problems. One of these problems is the generation of large amounts of wastewater con-
taining metals that are a risk to the population and ecosystems due to their toxicity [1].
Some metals affect biological function and can accumulate in different organs, causing
hazardous effects [2]. The most prevalent metals found in wastewater are Al, As Cd, Cr,
Cu, Hg, Pb, Ni, Zn, Co, Fe, and Mn, and their composition in wastewater differs according
to the type of industry (see Table 1). The main sectors that contribute to this problem are
mining, smelting, foundries, and other chemistries such as textiles and refineries [2].

The negative effect of some metals in wastewater makes it necessary to treat these
industrial effluents before discharging to reduce the pollution. The conventional method
to remove metals from industrial effluents has been chemical precipitation, adjusting the
pH of the effluents, and removing the precipitated particles through sedimentation or
filtration [3]. Other chemical-based separation methods include coagulation/flocculation
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and flotation. These methods can be applied to treat industrial effluents with high metal
concentrations. Although these methods are simple and require inexpensive equipment,
they involve a large amount of chemicals to reduce metal concentrations and a large-volume
sludge formation which requires post-treatment [4]. As an alternative method, adsorption
is widely selected to remove metal from aqueous effluents. Several studies have focused on
developing cheaper and more efficient adsorbent materials in the last decade, for example,
natural materials, industrial by-products, or biological and agricultural waste [5]. However,
biosorption (i.e., adsorption with biological materials) has some shortcomings, such as a
lack of specificity in metal binding, large amounts of biomass required if the biosorption
capacity is low, and a limited reusability of biomass after desorption for real applications in
industrial effluents [6]. Another method applied to remove metals from aqueous effluents
is ion exchange due to its higher ion selectivity and the reusability of ion-exchange material.
The main drawbacks of this technology are high operational costs, which limit application at
industrial scale, and the formation of fouling by solids and organic compounds contained
in industrial effluents [6]. Electrochemical processes based on passing a direct current
through an aqueous solution containing metal between electrodes have also been widely
studied. Metal selectivity, no consumption of additional chemicals, high efficiency, and
lower amounts of sludge produced are the main advantages of these processes. However,
electrochemical technologies possess some drawbacks, such as a high dependence on the
pH values of aqueous effluents and high operational costs related to electrical energy
requirements and electrode replacement [3].

Table 1. Typical metals found in industrial wastewater, data from [3].

Industries Al As Cd Cr Cu Hg Pb Ni Zn Co Fe Mn
Paper mills X X X X X X X
Organic chemistry X X X X X X X

Fertilizer X X X X X X X X X

Petroleum refinery X X X X X X X X

Steel works X X X X X X X X X

Aircrafts X X X X X X X

Textile mills X

Power plants X

Pharmaceutical X X X X X X X

Engineering X X X X X X X

Metal smelters X

Electroplating X X X

Mining X

Ferromanganese production X X

Some alternative technologies to conventional methods are based on pressure-driven
membrane processes, such as ultrafiltration, nanofiltration, and reverse osmosis [7]. An-
other membrane technology is electrodialysis (ED), which involves the migration of cations
and anions through ion-exchange membranes under the effect of an electric field. This
technique has been employed industrially to treat saline waters and brines. However, its
selective separation of charged species offers excellent advantages, increasing its interest
for treating water containing metals. Some advantages related to the selective separation of
ions are the high separation efficiency, low operating pressure, small operating footprint,
no need for adding chemicals, and reduced sludge formation. Moreover, this technology
can treat effluents with low concentrations of metal ions. All these advantages make elec-
trodialysis one of the most effective and promising technologies for treating industrial
effluents [8].

The potential of electrodialysis is not only focused on treating wastewater effluent-
containing metals but also on the revalorization of waste and promoting the circular econ-
omy. This work presents an overview of the state of the art of this technique, summarizing
the current research and industrial applications of electrodialysis.
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2. Methodology and Review Structure

This review was guided by the Kitchenham framework for literature reviews [9],
including the three main stages: planning, conducting, and reporting results. Prior to
searching the available literature related to the main topic, the need and novelty of this
review must be defined. In this step, the research questions were defined, and the keywords
were selected to filter the information that could answer the research questions (Table 2).

Table 2. Research questions and keywords that guided the review.

Research Questions

Q1 What are the fundamentals of electrodialysis?
Q2 Can electrodialysis be used to treat wastewater?
Q3 Is electrodialysis used to separate metals from industrial wastewater?

Once the research questions and keywords were selected, the data extraction and
article selection were performed. For that, we considered mainly works from the last fifteen
years (2008-2023), which were published in three databases: Scopus, Web of Science, and
Sciencedirect. The search terms were the same for all databases, “electrodialysis” and
“metals”, with additional strings of “wastewater” and “recovery”, and they were searched
in the title, abstract and keywords. Table 3 presents the number of works that matched
with our research terms in each database.

Table 3. Research results in databases using the selected search terms.

Database Electrodialysis Electrodialysis and Electrodialysis and Metals
Metals and and Wastewater and
(2008-2023) and Metals
Wastewater Recovery
Scopus 676 239 111
Web of Science 648 185 111
Sciencedirect 227 80 44

Finally, the results obtained are presented and discussed. For that, the current work
has been organized into five sections in total. First, a general introduction presents the
environmental challenges posed by metal contamination in industrial wastewater, and the
potential of electrodialysis to the circular economy as a promising and efficient treatment
technology. The current section outlines the structure of this review, and the methodology
followed to filter and select the information. In the third section, the operational princi-
ples and the mass transport mechanism of the process are presented to understand the
fundamentals of the electrodialysis process. The fourth section presents the state of the
art of the application of electrodialysis for water treatment. The section is divided into
three subsections. In the first one, the general application of electrodialysis is presented,
particularly focused on desalination and industrial wastewater treatment. The second
and third subsections are focused on the use of electrodialysis not only to treat industrial
wastewater but also to recover metals. The difference between these two subsections is the
number of metals recovered from effluents (i.e., recovering only one or multiple metals
from the mixture). Finally, the fifth section contains the conclusions reached from the
discussion of the information presented in the current review work.

3. Fundamentals of Electrodialysis Processes
3.1. Operational Principle

The working principle of ED consists of the migration of cations and anions through
cation-exchange membranes (CEMs) and anion-exchange membranes (AEMs), respectively,
induced by an applied electric field set between a pair of electrodes. In a simple electrodialysis
cell (Figure 1), a pair of membranes is used. Anions migrate towards the anode, and cations
towards the cathode, resulting in an overall decrease in the feed stream salt concentration.
The membranes are separated by channels ending with the electrode compartments.
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Figure 1. Schematic of a simple (two-membrane) electrodialysis cell.

The two-membrane ED cell results in the production of an acid and a base from the
fed salt. The unit cell is formed by an AEM, a CEM, and a channel in-between where
the concentrated salt solution is fed. The application of an electrical current between the
electrodes promotes the dissociation of water at the electrodes [10].

Multichannel cells consist of a system of alternative membranes creating channels
which produce diluted and concentrated outflows (Figure 2). The flow containing ions is
fed in the channels between membranes. Anions migrate toward the anode crossing the
AEM but they are retained in the compartment due to the presence of an adjacent CEM.
In this channel, there are also cations coming from the opposite directions, migrating to
the cathode through the CEM, but they are blocked by the AEM. This means the migrated
anions and cations remain blocked in the same compartment, creating a concentrated
channel. On the other hand, the adjacent channels to the concentrate are denoted as dilute
channels due to the reduction in both anion and cation concentrations. The combination of
an AEM, a concentrated channel, a CEM, and a dilute spacer is known as a cell pair.

Dilute

Concentrate

@ Anions © Cations AEM: Anion-Exchange Membrane  CEM: Cation-Exchange Membrane

Figure 2. Depiction of a multichannel electrodialysis stack.

In aqueous solution, water electrolysis reactions are expected to take place: namely,
water oxidation at the anode, Equation (1), and water reduction at the cathode, Equation (2).

Anode : 2H,O — 4H" + O, 1 +4e™ (@)

Cathode : 2H,O +2e~ — Hp T +20H™ 2)

However, different electrochemical reactions may occur depending on the nature of the
involved ions. For example, in the presence of chloride ions, chlorine gas can be formed at
the anode. Similarly, certain metal ions may electrodeposit at the cathode surface. Different
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cell configurations can be used to prevent certain electrochemical reactions. Figure 2 shows
a CEM at the anode end to prevent the anion, assumed to be Cl~, from reaching the
electrode surface and forming Cl; gas.

The development of membrane technologies has allowed new cell configurations,
expanding the application of electrodialysis [11]. An interesting enhancement is the use of
bipolar membranes in the cell stack (Figure 3). A bipolar membrane (BM) is composed of an
anion-exchange layer (AEL) and a cation-exchange layer (CEL), and does not allow anions
and cations through it. This phenomenon promotes the dissociation of water available
within the thin layer between AEL and CEL into protons (H*) and hydroxyl (OH™). This
cell configuration generates an acidic and alkaline compartment on both sides of the bipolar
membrane due to H and OH™ crossing the CEL and AEL, respectively [12].

H,SO, NaOH H,SO, NaOH
T AEM  CEM T BPM T AEM CEM
Anode [ = = o = Cathode
’, N
+ 2H,0 |+ = +(- + - 2H,0 =
+ 74 +0, . - L .
i o=, 1 [F 20H- + H,)

+ + - +|= + - =
+ - - L &
SO, 421—i— 1= Na+ [t o) 421—1— —++» Na*
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+ - +[- + -

Na,SO, Na,5O,

Figure 3. Depiction of a three-compartment electrodialytic cell with a bipolar membrane.

The use of monovalent anion-exchange membranes (MVAs) and monovalent cation-
exchange membranes (MVCs) has been recently proposed to selectively separate ions in
different ED compartments [9]. In this case, an MVA is used in the cell, which allows only
the migration of monovalent anions, producing two compartments: one with multivalent
anions retained and the other with monovalent ions (Figure 4). This process is classified as
“selectrodialysis”. In addition to using MVAs and MVCs, selectrodialysis can be achieved
using different pH and chelating /complexation agents.
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Figure 4. Scheme of a unit cell with a monovalent cation-exchange membrane.

One of the main drawbacks in the membrane processes is the fouling of their surfaces,
caused by suspended particles or the precipitation of dissolved solids. Solid particles
cause the deterioration of the membranes, increasing their electrical resistance with a
subsequent lowering of the ED performance. In addition to performing pretreatments
and cleaning procedures to prevent surface fouling, electrodialysis reversal (EDR) has
been proposed to mitigate the fouling problem [13]. The technique consists of switching
periodically the polarity of electrodes to force the migration of charged components to the
opposite direction [14]. Several studies reported the success of EDR systems due to their
self-cleaning mechanism.
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3.2. Mass Transport Mechanism

Mass and charge transport in electrolyte solutions and ion-exchange membranes
is described with the same set of equations. Under an electric field, ions are mainly
transported by electromigration. Diffusion transport becomes significant at the boundary
layers, near the membranes and the electrodes, due to high concentration gradients. The
coupling of these transport mechanisms is known as electrodiffusion and can be described
by the Nernst-Plank transport equation, which considers the diffusive, electromigration,
and convective flux to calculate the total flux of ions, J; (mol/ m2/ s):

Ji=-DiVe,— HPleVo+eu ; i=1,2, ..., N 3)

where ¢; (mM) is the concentration, D (m?/s) is the effective diffusion coefficient, z; is the
ionic charge, F (~95,485 A /mol) is the Faraday constant, ¢ (V) is the electric potential, and u
(m/s) is the velocity of water. The term z;FD;/RT (m?/s/V) is known as the ionic migration
coefficient. The set of equations is completed with the following electroneutrality condition:

Ni
Z Cizj = 0 (4)
i=1

At the submicro scale, at the interface of the electrically charged membranes, the
electroneutrality condition does not hold, and electrical double layers form. This can be
described by means of the Poisson equation:

2 F
V‘l’:*gzcizi ’)
i=

where ¢ (F/m) is the medium permittivity (¢ = ee,; €9 ~ 8.85 x 10712 F/m and e, ~ 80.2
for water at 20 °C).

The performance of an electrodialysis treatment depends on numerous variables,
such as the membrane properties, the cell configuration, and the operational conditions.
Regarding the transport mechanisms, the most important parameters are the electric current
applied, the electrical conductivity of the electrolytes and the membranes, the concentration
and pH of the electrolyte solutions, and the stream flow rate. All these parameters are
inter-related between each other, and the study of their effects is essential to design and
optimize the process.

Ion-exchange membranes (IEMs) are crucial elements of any ED process, and their
characteristics play an important role in the performance of the process. Membrane proper-
ties can be divided into physicochemical (e.g., thickness) and electrochemical properties
(e.g., permeability, selectivity, charge density, and area resistance) [15]. IEMs are dense
polymeric membranes containing fixed charges in the polymer matrix, which can selectively
enable the passage of oppositely charged ions (counter ions) while obstructing similarly
charge ions (co-ions). The enhancement in the permselectivity between counter and co-ions
as well as between counter ions with different (monovalent and multivalent) or equal
valences (C1~ and NO3 ™) has allowed the expansion of IEMs to multiple applications [16].
However, improving the permselectivity involves an increase in cross-linking in the poly-
mer matrix, which also results in an increase in the area resistance, which is not desirable
from the point of view of energy efficiency. Thus, membrane designers must find a balance
between permselectiviy and area resistance. Lu et al. [16] elaborated a comprehensive
review of IEMs, focused on the progress of membrane manufacturing techniques, ion
transport mechanisms, and experimental approaches to determine ion selectivity. In the
same line, Tekinalp et al. [17] published a review on cation-exchange membranes and their
properties for selective metal separation by electrodialysis. They discussed the counter ion
selectivity based on the membrane properties and the operational conditions, emphasizing
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the implication of the boundary layer at the membrane surface in the transport ratio of
competing counter ions.

The Intensity of the applied electric current is also one of the key factors in an electrical
separation process. By default, operating with the highest possible current density is
desirable to increase the driving force and achieve the maximum ion flows. However, high
electric current values have drawbacks, such as increased energy requirements, possible
membrane damage, and increased concentration polarization at the membrane surfaces. [8].
Concentration polarization appears due to the difference in transport numbers of the
ions (i.e., the fraction of the current carried by each ionic species) in the solution and the
membranes. In the solution electrolyte, the ionic current derives from the transport of both
cations and anions. In the membrane, the ionic current is only transported by the counter
ions inside the membranes, resulting in a higher transport number through the membranes
than in the solution. This phenomenon leads to the formation of concentration gradients at
the solution-membrane interface, decreasing the concentration with respect to the bulk in
the dilute compartment and increasing it in the concentrate compartment.

Depending on the applied current density, the concentration of specific ions can
deplete near the surface membrane of the dilute region, which means there may not be any
available ions to transport the current in that region. The current density that generates the
depletion of the ion concentration to zero is known as the limiting current density. Working
over the limiting current density is not recommended due to the increased electrical
resistance and voltage drop, negatively affecting the process efficiency [18]. Furthermore,
when approaching the limiting current density, the lack of ions in the system promotes
the migration of protons and hydroxides, which are replenished through the water self-
ionization reaction. This phenomenon is referred to as water splitting [19].

The ion concentration in the feed solution plays an important role in the process’s
efficiency. A low concentration in the solutions involves low ionic conductivity, affecting
ions’ migration across the IEMs due to lower diffusion- and electromigration-driven forces.
On the other hand, high concentrations of ions can cause some problems. First, the recovery
rate of the target ions can be reduced because the residence time is insufficient to separate
the desirable number of ions. Second, although electrical resistance decreases, applying a
high value of electric current is necessary to mobilize the ions to the recovery compartment.
Finally, in the case of metallic ions, a high concentration can cause their precipitation if
the pH is not appropriate. Hence, one of the first parameters that should be decided
in designing an ED stack is the feed flow, and then, the concentration of the dilute and
concentrate output flows.

The pH is also an important parameter, especially when the feed flow contains metallic
ions, in which the ED treatment is typically carried out at low pH to avoid metal precipi-
tation. However, low pH affects ED variables such as concentration polarization, current
efficiency, and energy consumption [20]. Protons are ions with the highest molar con-
ductivity (350.1 Q=1 cm? mol~! at 25 °C [21]). So, when the pH is low, protons are the
predominant current transporter in the systems, affecting the recovery efficiency because
the current is used to mobilize the protons instead the other cations.

Controlling the pH and optimizing its value is crucial to the excellent performance
of ED treatment. According to Abou-Shady et al. [20], who studied the effect of pH on
the separation of Pb(II) and NO; ™~ from aqueous solution by electrodialysis, the optimal
pH range for metallic ion solutions is between 3 and 5. Operating at pH < 3 makes the
technique noneconomical due to high energy consumption, while operating at pH > 5 has
undesirable effects, such as metal precipitation.

Water electrolysis tends to generate an acidic medium and an alkaline medium in
the anode and cathode compartments, respectively. The alkalization of the catholyte may
produce the precipitation of salts and hydroxides, while the acidification of anolyte leads
to an increase in the energy consumption due to the high ionic conductivity of protons.
Furthermore, water electrolysis reactions involve the formation of O, and H; at the anode
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and cathode, respectively, which may produce polarization at the electrodes due to attached
bubbles and overpressure in the compartments.

4. Application of the Technique
4.1. General Application

Electrodialysis has been applied for the desalination of brackish water. The first
commercial ED equipment was sold by Ionics Inc. (Watertown, MA, USA) in 1954 to
Arabian-American Oil Co. and installed in Saudi Arabia to produce demineralized water.
Since then, the use of ED to remove salt from brackish water has extended to the United
States and Europe. However, in the last decade, with the development of new membrane
technologies, electrodialysis has become an alternative to reverse osmosis for seawater
desalination [22]. An example of this is the Maspalomas desalination plant (Spain), built in
1986. Initially, the plant featured electrodialysis reversal technologies, which were replaced
by reverse osmosis membranes in 2006 due to the need to increase its capacity (33,500 m?
per day) [23].

Even so, electrodialysis has an economic advantage in a certain feed water salt com-
position range [24]. Electrodialysis is normally used in small- and medium-size plants
(100-20,000 m3/day) with a water salinity of 1-5 g/L of total dissolved solid (as higher salt
contents entail higher energy requirements), while reverse osmosis (RO) is recommended
for the desalination of water with dissolved solid concentrations higher than 10 g/L [22].
Moreover, some of the advantages of ED compared to RO are high water recovery rates,
long lifetime of membranes, and less membrane fouling when using electrodialysis reversal.
On the other hand, one of the disadvantages is that neutral toxic components, such as
some viruses or bacteria, are not removed, and the produced water needs a post-treatment
to be potable [18]. Another disadvantage of electrodialysis is the relatively high energy
consumption, 2.6-5.5 kWh/m?3, compared to the energy requirement of reverse osmosis,
1.5-2.5 kWh/m? [25].

Although reverse osmosis leads in the water desalination market due to its advantages,
ED combined with RO has a great potential [26-30]. RO generates large volumes of
concentrate, typically 10-50% of the feed flow, that is usually discharged into the sea or
treated by evaporation. With the aim of reducing the environmental and economic impact
of the process, ED has been proposed to recover water and other valuable products from
the RO concentrate, thereby minimizing the volume of discharge and contributing to the
zero liquid discharge system [10]. In short, the role of ED is concentrating the RO waste
even more to obtain an enriched stream of ions that favors the recovery of these ions in
subsequent steps, and other streams of freshwater that can be mixed with the RO dilute, to
increase the recovery of water in the process [27]. Brackish water is first treated with RO,
and, subsequently, the concentrate stream is fed to an ED stack, increasing the concentration
of total dissolved solids (TDs) from 1% to 10% and enhancing the overall water recovery
from 82.5% (RO) to 92.1% (RO + ED).

In addition to brackish water desalination, other important applications of conven-
tional electrodialysis are the demineralization of industrial process water and industrial
wastewater treatment. In an industrial process, water is usually demineralized and neutral-
ized before being used as process water to avoid equipment corrosion. Moreover, industrial
wastewater is usually treated before being discharged to other water bodies due to its high
salt concentration or toxic constituents that pose a risk to the environment. Because of
the huge volume of water required in industrial processes, especially in cooling systems,
a typical practice is reusing a fraction of treated wastewater to, on one hand, save costs
related with the supply of fresh water, and, on the other hand, reduce wastewater discharge.
Electrodialysis is particularly appropriate for the treatment of cooling water blowdown
since high recovery rates and high brine concentrations can be achieved [31]. Furthermore,
the temperature operation range of ion-exchange membranes is suitable for most cooling
systems [22].
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Regarding the treatment of wastewater, several applications of ED have been investi-
gated to enhance the properties of municipal wastewater effluents. The reuse of tertiary
treated effluents from wastewater treatment plants (WWTPs) is considered one of the
solutions to the scarcity of water resources. However, conventional tertiary effluents are
not always suitable for use, as some quality standards are not achieved. For example, the
high salinity of effluents from WWTPs hinders the reuse of water for irrigation. Hence, ED
can be used to reduce the salinity content of the effluent from WWTPs [32].

The economic and technical feasibility of applying ED to tertiary effluent has been
reported in several studies [10]. Goodman et al. [33] investigated the capacity of a system
based on EDR to remove salts from treated municipal wastewater. The pilot plant was
constituted by a multimedia filtration unit and an EDR system with a capacity of 144 m?/day.
After prefiltration and coagulation—disinfection with Fe;(SO4)3 and NaClO, the effluent was
transferred to the multimedia filtration unit, then to the EDR system to remove the salt. The
pilot plant reduced the total dissolved solid from 1104 mg/L to 328 mg/L, thus below the limit
of 375 mg/L indicated by the Australian government and World Health Organization [34].
Moreover, the conductivity of the recycled water was reduced by 72%, demonstrating that
the EDR-treated water is a viable alternative resource to provide quality water for agriculture.
Gally et al. [32] evaluated the application of ED to turn sewage effluent into water with a
proper quality to be reused as industrial water. The results confirmed the efficiency of ED
in the reduction in electrical conductivity and the extraction of a high percentage of ions,
especially, the removal of corrosive (C1~) and encrusting (Ca?*, Mg?*) ions.

In addition to reducing the salinity of wastewater for reclamation, electrodialysis has
the potential to produce value-added streams. Llanos et al. [35] investigated the combined
used of electrodialysis to, on one hand, reduce the conductivity of wastewater effluent, and,
on the other hand, electrochemically (ECh) synthesize hypochlorite in the anolyte, which
can be used as disinfectant. The integrated ED-ECh process achieved a final dilute and
disinfect stream with a total electrical consumption of 1.03 Wh dm~3 and using a reduced
volume of the anolyte (volumetric ratio anolyte/dilute 4:96).

In terms of revalorization, municipal wastewater (MWW) also has the potential to be
a source for the recovery of nutrients, such as nitrates, phosphate, and potassium, which
can be used as fertilizers. In this context, electrodialysis has been studied to be used
as a pre-treatment step to concentrate the stream and enhance the subsequent precipita-
tion/crystallization steps of nutrients [36]. Mohammadi et al. [37] studied the recovery
of nitrate from MWW using single- and a two-stage electrodialysis processes. Under
the optimized operational conditions (flow rate of 60 L h™!; a four cell pairs; dilute-to-
concentrated volume ratio of 2/0.5), the nitrate concentration in the dilute channel reached
zero with a concentration ratio of 4.6 and energy consumption of 1.44 kWh/kg NO3;~. The
nitrate concentration ratio was enhanced by the two-stage process, and reached a ratio
of 19.2 with an energy consumption of 4.34 kWh/kg NO3 ™. Cai et al. [38] developed an
electrodialysis process with a magnesium anode to recover phosphate and ammonia as
struvite from synthetic wastewater. The pilot-scale ED system removed 65% of phosphate
from the wastewater stream, which had a phosphate concentration of 10 mg L~!, while
the phosphate concentration in the anode chamber was kept at 30 mg L~ to promote
the precipitation of phosphate with magnesium as struvite. In another study, carried out
by Rota et al. [39], electrodialysis was proposed to treat solutions with a low phospho-
rus concentration with the aim of recovering it. The experiments were carried out in a
five-compartment electrodialysis cell with two AEMs and two CEMs. Working under limit-
ing current density conditions (0.6 mA cm~2), a concentration factor of 9.7 was reached,
obtaining a product stream with phosphate concentration of 0.120 g L™".

4.2. Applications to Wastewater Containing Metals

In recent years, electrodialysis has been expanded to the concentration and recovery
of metals from industrial effluent. The development of new membrane materials has
enhanced the techniques to treat acidic industrial effluents. The following section presents
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different approaches to concentrate and recover different metals typically contained in
industrial wastewater.

4.2.1. Single Metal Recovery from Aqueous Effluents

The most relevant results of several studies dealing with the use of electrodialysis
applied to remove metals from aqueous effluents are summarized in Table 4.

Liu et al. [40] proposed using a bipolar membrane electrodialysis system (BMED) to
remove arsenic from copper slag obtained as waste during the hydrometallurgical process.
They studied the effect of experimental parameters such as current density and particle size
on the recovery and removal of metals. The procedure followed consisted of three steps:
(a) use of a BMED system to leach metals from the copper slag and separate some metallic
cations, (b) separation of solid and liquid phases, and (c) use of a BMED system to recover
arsenic and remove metallic cations from the liquid phase. This method was found to be
effective in the recovery of arsenic (more than 79% in the form of H3AsO,) and the removal
of metal cations. The potential use of electrodialysis for arsenic removal from geothermal
water has also been evaluated [41]. The operational parameters optimized were the pH, As
concentration, and the discharged voltage. Results showed a reduction of more than 90%
in arsenic within 60 min.

The combination of leaching and electrodialysis processes as a method to reduce the
concentration of cadmium in phosphate ore was found to be an effective method. The
influence of operational parameters such as reaction time, the chemical properties and
concentration of the extracting agent, liquid-to-solid ratio, pH, temperature, and current
density was evaluated. From the results, it was concluded that a relevant reduction in
cadmium content in phosphate ore was not achieved by using simple batch leaching.
However, results showed that the percentage of cadmium removed was up to 84% at
optimum conditions (current density of 10 mA /cm?) [42].

As a carcinogenic, mutagenic, and toxic metal, a lot of efforts have been made to
reduce the amount of chromium. Liu et al. [43] evaluated the development of an electroki-
netic system improved by a BM to recover Cr(VI) in the form of H,CrO4 from chromite
ore processing residue. The electrolyte concentration in anode and cathode chambers
was observed to have a direct effect on the cell voltage, resulting in optimal electrolyte
concentrations: 0.6 mol/L HNOj in the anode chamber and 1.0 mol/L NaNOj in the
cathode chamber. Regarding current density, the optimal value was 3.0 mA /cm?. This
study was carried out in cells equipped with different numbers of chromite ore processing
residue chambers. Results showed that two- and three-chamber-equipped systems had
higher current efficiency and lower specific energy consumption values. Under optimal
experimental conditions, the Cr(VI) recovery efficiencies were higher than 80%. Similarly,
the recovery of Cr(III) and Cr(VI) as NayCrOy (a relevant raw material in several areas
of manufacturing) using a modified bipolar membrane electrodialysis system was also
proposed as a promising method to treat industry waste containing heavy metals [44,45].

Liu et al. [46] studied bipolar electrodialysis (BMED) and electrodeposition processes
to recover copper contained in hazardous sludge produced by electroplating processes.
The authors evaluated the influence of the number of sludge compartments equipped in
the system, concluding that the specific energy consumption decreased with the number
of compartments. The removal of copper from sludge was up to 96%, and the recovery in
the form of copper foil via electrodeposition was 57% under optimized conditions (current
density of 50 mA /cm?, pH solution less than or equal 0.5, and initial copper concentration
less than or equal 4 g/L). Hernandez et al. [47] proposed the recovery of copper from
pregnant leaching solutions using a reactive electrodialysis cell equipped with two anion-
exchange membranes and a bipolar electrode. Under optimized conditions (temperature of
55 °C, current density of 80 A/ m?2, and flow rate of 100 mL/ s), the copper recovery was
up to 99%. Both works confirmed that further work should be carried out to optimize the
copper recovery rate and reduce the specific energy consumption.
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The recovery of Ni from spent electroless nickel-plating baths with high concentra-
tions of nickel and phosphorus was evaluated. The authors designed a two-chamber cell
equipped with an AEM to couple electrodialysis and electrodeposition processes. The
results confirmed that the experimental system allows the efficient recovery of Ni and the
removal of P without using additional chemical reagents, which is associated with less
pollution [48]. Alternatively, Liu et al. [49] designed a bipolar membrane electrodialysis
system to recover nickel from electroplating sludge. They concluded that the H" produced
during the electrodialysis process has a relevant influence on the solubilization of Ni from
the solid matrix. The Ni(OH), obtained during the treatment was found to have the same
purity and physiochemical properties as commercial products, which is a promising result
from the point of view of the circular economy.

Voutetaki et al. [50] proved the use of electrodialysis to treat aqueous effluents pro-
duced in the lead-acid industry. They implemented an ED pilot plant to separate the sulfate
and lead ions, typically contained in battery industrial wastewater with a concentration
of 500-2000 mg/L and 5 mg/L, respectively. The pilot-scale ED setup was formed by
66 cell pairs of CEMs and AEMs of 5 m? effective membrane area, operated in batch mode.
It was found that the high concentration ratio of sulfate-to-lead ions (400:1) had a negative
effect on the removal of lead. To improve this, different experiments were carried out to
optimize the operational conditions, resulting in 75% of Pb with an energy consumption of
7 kWh/m? water treated, after 4 h at 40 V, 300 L/h, and a 90% dilute-to-concentrate tank
volume ratio.

Babilas et al. [51] evaluated the formation of complex as a method to improve the elec-
trodialysis technology applied to the selective recovery of zinc from industrial wastewater.
They studied the effect of several chelating agents (i.e., citric, malic, and lactic acids) and
the ion-exchange membrane type on zinc removal from wastes contaminated with ferric
ions. The combination of electrodialysis with the addition of citric acid was found to be a
promising strategy to selectively recover metals from aqueous effluents. The possibility of
using a suitable chelating agent for electrodialysis has also been applied to the recovery of
lithium from aqueous effluents. It should be noted that the recovery of lithium from solid
matrices is gaining interest due to the increasing consumption of batteries. Xing et al. [52]
proposed the addition of several chelating agents to improve the performance of the elec-
trodialysis approach applied to synthetic lithium-ion battery solutions. The role of the
chelating agent was dependent on the transitional metal content of the aqueous effluent.
The application of bipolar-membrane-assisted electrodialysis under optimum conditions
resulted in the recovery of 64% of lithium with a purity of 99%. The use of a chelating agent,
such as chloride ions, has also been proven to treat Hg(Il) ions to avoid its easy reduction to
elemental mercury inside the cell and to increase the ED removal rate of Hg [53]. However,
it has been tested in solid matrices instead of wastewater. In this context, experimental
research is still needed to further improve the removal of Hg from water using electro-
dialysis. Sun et al. [54] proposed a model to optimize the electrodialysis process for the
recovery of Hg from seaweed extracts. The optimal conditions were achieved at 7.17 V and
72.54 L/h with a Hg removal rate of 76.45% from an initial solution with a concentration
of 5.04 mg/L. From simulation results, it was concluded that electrodialysis could be a
promising technique to recover Hg from aqueous solutions.

This section summarizes how effluents containing different amounts of metal can be
concentrated by applying ED. As can be concluded from the results, the experimental setup
and conditions should be selected according to the properties of the aqueous effluent to
recover the target metal effectively.

4.2.2. Multiple Metal Recovery from Aqueous Effluents

Industrial wastewater frequently contains metals that are used in different concentra-
tions in many industry sectors; so, they are contaminants that cause serious environmental
problems when discharged and their removal and recovery constitute an environmental
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and economic challenge. Several studies focusing on the use of electrodialysis to recover
multiple metals from aqueous effluents are summarized in Table 5.

Table 5. Summary of main results of studies focused on ED applied to treat aqueous effluents with
multiple-metal recovery.

Recovery

Current Density

Metal Sources (%) Time Max V (mA cm-2) Energy Feed Stage Membrane Ref
Cr(VI) Industrial 97.9 . 50 mg/L Tonac MC 3470
Ni effluent 971 SOmin 25 - 38.57 Wh/L 20 ma/L 1 Tonac MA 3475 1531
Fe Printed circuit PC Acid 60 (PCCell
Ni boarde - 50 min 30 50 - - 1 GmbH)CMH [56]
Cu g RALEX® (MEGA
Co Sulfuric acid 93 5h 5 ~ 0.01M 1 MK-40 CEM 571
Zn solution 100 0.01M MK-40 AEM
As(III) 58
Se(IV) Brackish water 80 25 - - 50-1000 pg/L 1 - 58]
Se(VI) 80
Cu Electroplatin, 90.7 . 223 mg/L AMX Astom
Ni wasterrater 9.2 25 min 12 25 - 244 me/L ! CMX Astom 15
Ni Lithium-ion 99.8 9.65 kWh/mol 0.01M Neosepta
Cg battelry 87.3 180 min 18 ~ 15.3 kWh/mol 0.003 M 3 AMXNeosepta [60]
Li leaching 99 - 0.003 M CMXPCA PC 400D
Mn solution 99 0.003 M
L Lithium-ion o 175 g LiCoO,
c oy, bt 144h - 1 - 350 mL 0.1 M 1 Neosepta CMX [61]
o eac! mg HCI

solution

(CEM, CMX: types of cation-exchange membranes; AEM, AMX: types of anion-exchange membranes).

Kirmizi et al. [55] used a self-designed electrodialysis cell to separately remove
chromium(VI) and nickel(Il) ions from aqueous effluents. The electrodialytic cell was
divided into a compartment containing the diluted solution and two electrolyte compart-
ments separated by a pair of AEMs (Ionac MA 3475) and CEMs (MC 3470). The cathode
and anode were made of carbon fiber and stainless steel, respectively. Distilled water
with pH adjusted to 3 with H,SO4 was used as the electrolyte solution, and Na;SO4 was
added at 7 mM. This study observed that the removal efficiency decreased with increasing
metal concentration, although high concentrations of metals can reduce the concentration
polarization phenomenon and increase efficiency. This has been attributed to the fact that a
reduced membrane retention time can negatively affect the process. For both Cr(VI) and
Ni(Il), increasing the voltage and Nap;SOy4 concentration had an increasing effect on energy
consumption, while increasing the pH had a decreasing effect. An optimal removal of
92.3 + 1% was achieved in 90 min for a 40 mL/min feed rate and 50 mg/L of Ni(Il) ions
at pH = 3, voltage value of 20 V, and energy consumption of approximately 30 Wh/L. In
the case of Cr(VI), a removal of 97.9 £ 1% was achieved in 90 min for optimal values of
25V and a feeding rate of 40 mL/min and 50 mg/L of Cr(VI) ions at pH = 3, with an
approximate energy consumption of 40 Wh/L. Finally, it was concluded that it is necessary
to operate with a high concentration of metal, a low voltage, and a low addition of salt to
the electrolytes to obtain a high current efficiency.

In another study, Shestakov et al. [56] proposed electrodialysis to recover iron, nickel,
and copper from wastewater generated in the manufacture of printed circuit boards, for
which they used an electrodialytic system with PC Acid 60 (PCCell GmbH) and CM (H)
RALEX® (MEGA) ion-exchange membranes. To each metal solution, sodium ethylenedi-
aminetetraacetate with a molar ratio of Na,EDTA /metal = 1:1.2 and 2-3 drops of a 40%
aqueous solution of HNO3 was added. When separating solutions containing one and
all three salts of the target metals, the retention coefficients of the Ni?* and Cu?* cations
differedsignificantly. In contrast, those of Fe?* cations did not vary by more than 2-3%.
When separating a multicomponent solution of three salts, the retention coefficients of Niz*
and Cu?* cations decreased compared to the corresponding values for mono salt solutions.
In any case, electrodialysis separation of multicomponent solutions is an efficient method
for exhaustive metal recovery, as applied to Fe3* and Cu?* cations.

Sadyrbaeva et al. [57] proposed a new method to extract cobalt and zinc ions from
sulfuric acid solutions, silver and lead ions from nitric acid solutions, and copper ions from
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hydrochloric acid solutions via electrodialysis with 1,2-dichloroethane liquid membranes
with di-acid(2-ethylhexyl)phosphoric (D,EHPA) and tri-n-octylamine (TOA) as a carrier. In
this case, by using a current density of approximately 5 mA/ cm? and times between 0.5 and
5.0 h, an almost complete extraction (93-100%) of the metals was achieved from aqueous
solutions with an initial concentration of metallic salts of 0.01 M. The metal extraction rate
decreased with the decrease in the pH of the starting solution and with the increase in the
TOA concentration in the liquid membrane, establishing an optimum at 0.1 M, while the
increase in the carrier concentration (D2EHPA) did not present significant effects, showing
an optimum between 0.2 and 0.4 M.

The removal of arsenite As(Ill), selenite Se(IV), and selenate Se(VI) from brackish water
using an electrodialysis system was studied by Aliaskari et al. [58]. Contaminant removal
was investigated at different pH values (3-11). The results showed that the removal of
As and Se was pH-dependent since the loading of Se(IV), Se(VI), and As(III) species is
pH-dependent. The removal of As(Ill) increased at pH > 9, while the removal of As(V),
Se(IV), and Se(VI) decreased. Two sources of groundwater contaminated with As and
Se were also investigated. The effect of chloride ion competition was studied by testing
different values of salinity (ranging from 1 to 10 g/L of total dissolved solids). The results
showed that increasing salinity resulted in delayed removal of As and Se. Additionally,
various feed concentrations of Se(IV), Se(VI), and As(IIl) were investigated, ranging from
50 to 1000 pug/L. It was observed that higher feed concentrations of As and Se led to a higher
molar flux, but the removal rates were not affected by the ion concentration. Furthermore,
increasing the electrical potential from 5 to 25 V led to a significant increase in contaminant
removal. The removal rates for As(V), Se(IV), and Se(VI) increased from less than 5% at 5V
to over 80% at 25 V. The maximum removal observed for As(IIl) was 58% at 25 V.

Min et al. [59] studied electroplating wastewater treatment using electrodialysis. The
electrodialysis cell was equipped with five pairs of ion-exchange membranes and one pair
of platinum-plated titanium electrodes. The CEM was CMX-SB (NEOSEPTA) and the AEM
was AMX-SB (NEOSEPTA). The wastewater contained mainly copper and nickel with
concentrations of 22.4 and 24.4 mg/L, respectively; its conductivity was 6300 uS/cm, and
the pH was 2.18. The electrolyte solution contained 4% (w/w) NaySOy. The voltage used
(6 to 18 V) in the process was a very important factor in the separation efficiency. As it
increased from 6 to 12 'V, the separation efficiency of Cu?* and Ni?* improved, but if a higher
voltage was applied (>12 to 18 V), concentration polarization occured, and the efficiency
decreased. The optimal applied voltage, with a water conductivity of 6300 uS/cm, was
12 V with Cu?* and Ni?* removal efficiencies >99% after 25 min, with final concentrations
of Cu* and Ni?* in the concentrate of 1000 and 1200 mg/L and recovery rates of 90.7% and
90.2%, respectively. From the results, it is concluded that electrodialysis could effectively
treat metallic industrial wastewater and recover significant amounts of metals.

Another field of interest in metal recovery is spent lithium-ion batteries. For this pur-
pose, electrodialysis must be considered an emerging green process capable of recovering
valuable metals from solid matrices. The main challenge of electrodialysis is the difficulty of
separating various similarly charged metal ions due to the low selectivity of ion-exchange
membranes. In order to improve the process selectivity, several complexing agents, such as
ethylenediaminetetraacetic acid, citric acid, malic acid, and lactic acid, are used to form
negatively charged complex anions so that ions with different charges can be separated.
However, there are very few studies on applying electrodialysis for metal separation from
spent LIBs.

In a study conducted by Chan et al. [60], they investigated the separation and recovery
of lithium, nickel, manganese, and cobalt from mixtures obtained from spent lithium-
ion batteries. The process involved three stages of electrodialysis coupled with EDTA
using an AEM (PCA PC 400D) and a CEM (Neosepta CMX). In the first stage, at a pH of
approximately 2, 99.3% of nickel was successfully recovered. In the second stage, at a pH
of around 3, 87.3% of cobalt was separated. Finally, in the third stage, electrodialysis with a
monovalent CEM (Neosepta CMS) was used to separate 99% of lithium from manganese.
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The later breakdown of the EDTA-metal complexes, Ni (from stage 1) and Co (from stage 2),
was carried out by adding a 2.0 M H,SO; solution until the pH reached a value less than
0.5. The solid acid (EDTA) was recovered after filtration and washing with water and could
be reused. Likewise, the H,SO4 solution recovered in the anode compartment could be
reused. All metals recovered were more than 99% pure.

A new technique that combines hydrometallurgical extraction with electrodialysis to
selectively recover lithium (Li) and cobalt (Co) from lithium-ion battery waste has been
presented by Cerrillo et al. in a recent article [61]. The combined method helps reduce the
consumption of leaching solution by regenerating the acid through electrolysis. Several
extractions were conducted on LiCoO, powder to investigate the dissolution process
of this common cathode material in lithium-ion batteries. A 0.1 M HCI solution was
used as the extraction agent with a liquid-to-solid ratio of 200. The purpose of using
hydrochloric acid was to test the effectiveness of chloride ions in reducing Co®* to Co?*. To
ensure consistency, two cells were used in series for the hydrometallurgical-electrodialytic
experiments. The electrodialytic cells consisted of three compartments separated by two
Neopsepta CMX-fd CEMs. The anodic, central, and cathodic compartments were kept
apart using these membranes. A CEM was used to separate the anode from the central
compartment to prevent chloride ions from reaching the anode, which could otherwise
oxidize and produce chlorine gas. The anode was made of titanium coated with metal
oxides, while the cathode was made of stainless steel. The electrical current was kept
constant at 50 mA, which corresponds to a current density of 1 mA cm 2. The incoming
LiCO,-HCl suspension was continuously pumped from an external container to the central
compartment of the electrodialysis cell, passing through a separatory funnel and a glass
fiber filter that prevented particles from reaching the interior of the electrodialysis cell. The
experiments led to the recovery of 62% lithium and 33% cobalt in the catholyte; 80% of the
cobalt was electrodeposited on the cathode.

Siekierka et al. [62] proposed a method for selectively recovering metal transition
cations from leaching battery waste using a reverse electrodialytic process. This approach
generates energy while recovering the desired metals. Typically, the reverse electrodialytic
process is used for energy production by leveraging the salinity gradient between seawater
and river water. In this study, highly concentrated spent battery acid leachate is applied
to generate a potential difference in the reverse electrodialytic cell due to the transport of
ionic species across the membrane to a dilute solution. The system utilizes two commercial
AEMs (ASE S-5158) and one central selective CEM (PAN-5C8Q) developed by the authors.
Both electrodes use a 0.2 M sodium carbonate solution. Based on the analysis, it has been
estimated that the maximum amount of energy that can be extracted per square meter is
0.44 watts. Furthermore, the potential power generation for all alkali and transition metal
cations increased with the salinity of the high-concentration solution. The energy efficiency
of the presented method was 45.5%. This technique holds great potential for managing
waste batteries by converting them into valuable products like cobalt salts and producing
additional electrical energy.

The combined recovery of metal ions contained in a mixture is a challenge from the
point of view of the selectivity and purity of the recovered component. In this context,
electrodialysis is a promising technology for the recovery of multiple metals from aqueous
effluents, as was concluded from previously described works. These studies demonstrate
the effectiveness of electrodialysis in diverse applications for metal recovery from a diverse
variety of industrial wastewaters. However, most of the studies reviewed were carried out
at the lab scale. So, experimental research is still needed to further improve the process and
optimize the work conditions, with the aim of scaling the process to an industrial level.

5. Conclusions

Electrodialytic separation is a promising technique that offers new possibilities for
the selective separation of metals from wastewater effluents, particularly from industrial
sources. The specific design of the cell, in terms of the number of compartments, the dispo-
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sition of the ionic-exchange membranes, the pH control, and the use of special membranes
such as monovalent membranes or bipolar membranes, allow not only desalination but
also the selective separation of target contaminants, which facilitates circular economy
strategies within the field of wastewater treatment and management. The results obtained
from experimental studies dealing with the optimization of ED applied to aqueous effluents
containing metals highlight the importance of evaluating factors such as membrane proper-
ties, cell configuration, and operational conditions. Advances in membrane technologies
have been focused on expanding the applications of ED, optimizing the performance of
the technology, and overcoming some limitations, such as fouling or high costs due to the
energy consumption required. A new opportunity for ED was opened with the use of
renewable energy sources. Moreover, the production of gaseous streams, such as Hy from
water electrolysis, can be used to generate electricity. Nevertheless, further investigations
are required to implement this technology at an industrial scale, since most studies have
been carried out at the lab scale. Furthermore, it would be necessary to carry out an
economic evaluation of ED scaling and a comparison with other separation techniques to
demonstrate the applicability of ED in the field of metal separation from aqueous solutions.
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Abstract: Developing efficient methods for Mn separation is the most challenging in exploring
innovative and sustainable acid mine drainage (AMD) treatments. The availability and capacity of
certain waste materials for Mn removal warrant further exploration of their performance regarding
the effect of process factors. This study addressed the influence of AMD chemistry (initial pH and
concentrations of Mn, sulfate, and Fe), the solid /solution ratio, and the contact time on Mn separation
by wood ash (WA) and bone char (BC). At an equivalent dose, WA displayed higher neutralization
and Mn removal capacity over the initial pH range of 2.5-6.0 due to lime, dicalcium silicate, and
fairchildite dissolution. On the other hand, at optimal doses, Mn separation by BC was faster, it was
less affected by coexisting sulfate and Fe(II) species, and the carbonated hydroxyapatite structure
of BC remained preserved. Efficient removal of Mn was feasible only at final pH values > 9.0 in all
systems with WA and at pH 6.0-6.4 using BC. These conclusions were confirmed by treating actual
AMD with variable doses of both materials. The water-leaching potential of toxic elements from
the AMD/BC treatment residue complied with the limits for inert waste. In contrast, the residue
of AMD/WA treatment leached non-toxic quantities of Cr and substantial amounts of Al due to
high residual alkalinity. To minimize the amount of secondary waste generated by BC application,
its use emerges particularly beneficial after AMD neutralization in the finishing step intended for
Mn removal.

Keywords: acid mine drainage; Mn separation; waste valorization; wood ash; bone char

1. Introduction

Acid drainage resulting from mining activities poses a substantial worldwide problem
for protecting and managing water resources, sediments, and soil [1-3]. The adjustment
of pH and elimination of metal ions, such as manganese (Mn), iron (Fe), copper (Cu),
zinc (Zn), arsenic (As), cadmium (Cd), and lead (Pb), are fundamental objectives of acid
mine drainage (AMD) remediation processes (physical, chemical, and biological), which
implementation depends on reckoning environmental, technical, and economic factors [4].
The neutralization of AMD by conventional chemicals (lime, pebble quicklime, caustic soda,
soda ash briquettes, ammonia, magnesium hydroxide, and magna lime) is by far the most
utilized [5]. Nevertheless, the neutralization is often combined with other technologies
(aeration, flocculation, coagulation, filtration, etc.) to meet effluent quality requirements [6].

The actual cost of the AMD treatment approach includes the price of the chemical
reagent and the cost of energy needed to transport the materials [7], thus, the efficiency of
alternative low-cost and locally available materials has been progressively studied in recent
years to ensure the sustainability of AMD treatment. A special impetus to the research of
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waste materials applicability in AMD remediation is given through the European Union’s
ambition to reduce its consumption footprint and double its circular material use rate in
the coming decade [8]. Alkaline industrial wastes and byproducts, for instance, the bauxite
residue, coal fly ash, byproducts of industrial smelting of metals (slags), and quicklime
manufacturing, are being proposed for AMD remediation [9,10]. Likewise, abundant
organic waste materials, such as rice husks and dairy manure compost, exhibit high metal
removal efficiency, while chitin and chitosan additionally act as neutralizing and sulfate
removal agents [11].

Compared to other toxic metals in AMD, manganese (Mn) treatment is the most
difficult due to its complex chemistry and high pH values necessary for precipitation.
Given various Mn oxidation states, the precipitation occurs at a pH of 9.0-9.5, but in some
cases, even a pH of 10.5 is necessary for complete removal [5]. Concentrations of Mn in
surface waters are frequently less than 200 g /L and rarely exceed 1 mg/L [12], whereas, in
mining water, they can be orders of magnitude higher, reaching several hundred mg per liter
in highly contaminated mine drainage [13]. These effluents’ impacts on natural freshwaters
encompass the temporal changes in dissolved Mn concentrations, Mn behavior in the
suspended load and bottom sediments, and the geochemical fate of other trace elements
with a high affinity for Mn-oxyhydroxides [13,14]. The two fundamental mechanisms
in control for Mn removal from AMD are precipitation and sorption, both of which are
dependent upon Eh-pH conditions, the concentration of Mn, and competing ions. The
weaknesses of Mn chemical treatment include the high costs of pH increase and the high
pH of the sludge, thus, effective removal of Mn continues to be a challenge.

Various affordable and waste-derived materials have been investigated so far for Mn
separation [15,16]; however, their applicability in actual AMD is more challenging due
to the strong acidity and competitive species [15]. The usability of materials generated
by wood combustion (wood ash) and thermal treatment of animal bones (bone char) for
treating Mn in AMD was seldom explored, yet with encouraging results. The intensive
use of wood as an energy-supply source in some regions urged a search for methods
of wood ash utilization to minimize the environmental risks caused by disposal. Its
chemical composition fluctuates among species of timber, combustion temperature, type,
and hydrodynamics of the furnace [17]. Nevertheless, the major components, i.e., lime
(Ca0), portlandite (Ca(OH),), and calcite (CaCO3), make it broadly applicable in pH
control of AMD. A comparison of Ca(OH), and wood ash in AMD treatment (initial Mn
concentration 6.2 mg/L), revealed that dosing of both materials increased the solution
pH from 3.5 to 8.3, causing a more effective drop in Mn concentration by wood ash
(2.68 mg/L) than by Ca(OH); (4.35 mg/L) [18]. Wood ash was found to act by precipitation,
co-precipitation, and adsorption of trace metals from AMD, including Fe, As, Co, Cu, Ni,
Zn, Mg, Al, and Mo. Moreover, the sludge from wood ash application had better settling
capacities than the Ca(OH), generated sludge.

The bone char obtained by treating ground animal bones at moderate temperatures
is composed of calcium phosphate (57-80%), calcium carbonate (6-10%), and carbon
(7-10%) [19]. The bone mineral component is commonly referred to as carbonated hydrox-
yapatite [20]. Manganese removal study from AMD by a commercial bone char suggested
the intraparticle diffusion as the main rate-limiting step with contribution from boundary
layer diffusion when smaller sizes of bone char particles are used [21]. The bone char
not only removed metal species from the effluent but also increased its pH value. At the
equal solid/liquid ratio, equilibrium sorbed amounts of Mn were higher at initial pH 6.5
(maximum sorption capacity, qm = 22 mg/g) than at initial pH 5.0 (qm = 14 mg/g). In
continuous fixed bed column runs, no significant change in the breakthrough volume was
detected with different flow rates, but the breakthrough volume increased by increasing
the initial pH from 2.9 to 5.5 [22]. The maximum loading capacity of bone char in contin-
uous tests with AMD effluents was 6.03 mg/g. The outcomes of studies using synthetic
hydroxyapatite [23], bioapatite obtained from fish bone (Apatite IT™) [24], and natural flu-
orapatite [25], also indicate the potential for efficient Mn removal at pH values considerably
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lower than those required for Mn-hydroxide precipitation. Moreover, apatite materials are
suitable for the separation of not only Mn but diverse pollutants that may occur in AMD,
controlling trace element mobility to surrounding soils and surface water [26-28].

While the integration of wood ash and thermally treated animal bones in Mn treatment
aligns with circular economy principles and holds promise, a significant gap in understand-
ing their efficacy still exists due to inadequate recognition of the impact of AMD chemistry
and other process variables on their performance. Notably, the levels of coexisting Fe ions
and the relevance of the Fe to Mn ratio are important issues requiring more extensive
investigation [13]. Thus, the main objective of this study was to address these knowledge
gaps and provide deeper insights into the performance of wood ash and bone char in
Mn separation.

The influence of process variables, specifically reagent dose, reaction time, initial
pH, Mn concentration, and the concentrations of sulfate and coexisting Fe ions, on the
efficiency of Mn removal by wood ash and bone char was addressed. Owing to distinct
physicochemical properties, neutralization capacities, and mechanisms for Mn removal,
these materials are anticipated to manifest divergent responses to variations in process
factors. The impacts of factors were ascertained through two approaches: (i) a classical
methodology involving the alteration of one independent factor across multiple levels
while keeping others constant, and (ii) an experimental design approach encompassing
the simultaneous variation of all factors to evaluate the intensity of their effects and glean
insights into potential interactions. Furthermore, the study assessed the practical viability
of wood ash and bone char in treating actual AMD sourced from the lead and zinc mine
“Sase” in Srebrenica, Bosnia and Herzegovina. Additionally, an examination was conducted
regarding the leaching potential of hazardous elements from the resultant residues and
prospects of Mn recovery.

2. Materials and Method
2.1. Wood Ash and Bone Char Preparation and Characterization

The wood ash used in the study (WA) represents the bottom ash from the combustion
process in the conventional 250 kW boiler fueled by wood chips. During the combustion of
the wood chips, mainly pine wood, the average temperature in the combustion chamber
was 800 °C. The WA sample containing bigger particles (0.1-10 mm) was collected from
the ash pane at the bottom of the boiler, crushed in a ball mill, and sieved through a 1 mm
screen to make representative material for further testing and analysis.

The bone char (BC) was prepared by treating crushed bovine bones in an electrical
furnace (ELEKTRON, Banja Koviljaca, Serbia) at 400 °C in ambient air for 4 h, according to
the procedure previously described [29]. The sample mass loss of approximately 33% is
associated with the loss of water and decomposition of the organic phase, which was found
advantageous for obtaining a high-capacity sorbent for trace metals [29,30]. The sample
was homogenized and ground to a particle size < 0.2 mm.

The pH values and electrical conductivity (EC) of WA and BC were determined in
deionized water at a solid/liquid ratio of 1:5, using the inoLab pH Level 1 and inoLab
Cond 7110 (WTW, Weilheim, Germany), respectively. The point of zero charge (pHpzc)
was determined in an inert electrolyte by adjusting its initial pH values and monitoring the
equilibrium pH values [31]. The investigated materials (0.1 g) were agitated in an overhead
shaker (10 rpm) with 20 mL of 0.1 mol/L and 0.01 mol/L KNOj solutions with the initial
pH in the range 1-12 (adjusted using 0.1 M HNO;3 and 0.1 M KOH). The suspensions were
centrifugated and filtrated, and the final pH values were measured in clear supernatants.
The pH shift upon reaction with the BC and WA (ApH = pH¢inal — pHinitial) Was calculated,
and the pHpzc was identified at ApH = 0.

Pseudo-total element concentrations were measured by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES) on the Avio 200 instrument (Perkin Elmer,
Shelton, CT, USA). The samples were prepared by precise mass measurement and digestion
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with heating in a mixture of HNOj3; and HCl (3:1) for 4 h under reflux. The results of two
replicated analyses are reported in % or mg/kg dry material.

Identification of crystalline phases was made at room temperature by X-ray powder
diffraction (XRPD) using Ultima IV (Rigaku, Tokyo, Japan) diffractometer equipped with
Cu K«l,2 radiation using a generator voltage (40.0 kV) and a generator current (40.0 mA).
The range of 5-70°26 was used for all powders in a continuous scan mode with a scanning
step size of 0.02° and at a scan rate of 5°/min. Phase analysis was performed by the
PDXL2 software (version 2.0.3.0, Rigaku, Tokyo, Japan) [32], with reference to the patterns
of the International Centre for Diffraction Data database (ICDD) version 2012 [33]. All the
structure information was taken from the American Mineralogist Crystal Data Structure
Base (AMCDSB) [34].

2.2. Effects of Independent Process Factors on Mn Removal by BC and WA

Manganese removal experiments were performed in the batch mode by mixing the
reagents and solutions in 50 mL polypropylene tubes on the Heidolph Reax overhead
shaker (10 rpm), centrifugation for 5 min at 9000 rpm, and filtering through syringe filters
with a 0.45 um pore size. Synthetic AMD solutions were prepared from p.a. purity salts
(MnCl, x 4 HyO, NaySOy, and FeCl, x 4 HyO, Merck KGaA, Darmstadt, Germany).

The initial pH effect on Mn removal was studied at a fixed dose of BC and WA (1 g/L),
Mn concentration (100 mg/L), and contact time (24 h) while adjusting the pH in the range
of 1.5-6.0 by adding dropwise 0.1 mol/L HCI or 0.01 mol/L NaOH.

The effect of BC and WA dose variation (0.3-10 g/L) was examined for three initial
concentrations of Mn (5 mg/L, 50 mg/L, and 100 mg/L) at the fixed initial pH of 2.5 and a
contact time of 24 h.

Based on the above-described experiments, the doses for treating 100 mg/L Mn
solution at initial pH 2.5 were fixed for investigated waste materials (1.2 g/L WA and
10 g/L BC), and the influence of contact time (5 min-24 h), sulfate concentration
(500-10,000 mg/L), and Fe concentrations (5-500 mg/L) were investigated.

The experiments were conducted in duplicate. Manganese and Fe concentrations were
measured using the ICP-OES technique, and the efficiency of each treatment was calculated.

2.3. Assessment of the Effects of Process Variables and Their Interactions—Experimental Design

Previous experiments showed that all investigated factors affect the efficiency of Mn
removal from synthetic AMD at the constant levels of other independent process variables.
To better understand the system response under the influence of several experimental
factors, the experimental design (DOE) approach was applied. Table 1 denotes selected
independent factors and their lower and higher values.

Table 1. Selected independent factors and their levels.

Factor
A B C D E F G
Level Reagent Mn Conc. Sulfate Conc. Fe Conc. Time Initial pH Reagent Dose
Type (mg/L) (mg/L) (mg/L) (h) P (g/L)
-1 BC 5 100 5 0.5 2.0 0.5
+1 WA 100 10,000 400 24 4.5 5.0

The fractional factorial design matrix in 16 runs was chosen as a screening technique.
In the two-level DOE, one treatment setup refers to a combination of levels of all selected
independent factors, and it is helpful to assess their contribution and identify essential
interactions between the variables. The fractional factorial design matrix was created, and
the results were analyzed using the statistical software (Minitab, demo version, Minitab
LLC,, State College, PA, USA). As the primary output variable, the efficiency of Mn removal
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was determined for each experimental run. Furthermore, final pH values and Fe removal
efficiency were monitored.

2.4. AMD Treatment

The actual AMD used in the study was a sample of pit water collected at the lead and
zinc mine “Sase” Srebrenica (Bosnia and Herzegovina). Treatments have been conducted
at constant contact time (24 h) and mixing speed (10 rpm) by varying the dose of WA
(1-3 g/L) and BC (1-30 g/L). The pH values of AMD were determined before and after the
treatments, and the ICP-OES was used to determine the concentrations of Mn and other
toxic metals.

2.5. Stability of the AMD Treatment Residues

The selected residues obtained after AMD treatments were further investigated regard-
ing the leaching potential and metal recovery. Two replicated experiments were conducted
for each residue. Solid phases following the AMD reaction with 2.5 g/L WA and 30 g/L
BC were separated by filtration (qualitative filter paper), dried at 100 °C for 24 h, and
exposed to leaching by deionized water at a 1:10 solid-to-solution ratio for 20 h, using
an overhead laboratory shaker at 20 rpm [35]. After filtering the leachates (0.45 um pore
size syringe filters), the concentration of elements was determined using the ICP-OES.
Furthermore, the possible reuse of the materials and recovery of AMD major cations from
WA /AMD and BC/AMD residues was investigated using HCI solutions with concentra-
tions of 0.01 mol/L, 0.1 mol/L, and 1 mol/L. The solid-to-solution ratio was maintained at
5 g/L. The suspensions were agitated for 24 h, and the metal concentrations and final pH
values were measured in the supernatants after centrifugation and filtration.

3. Results
3.1. Chemical and Mineralogical Characteristics of WA and BC

According to the results in Table 2, the primary metals in WA were Ca (31.0%), K
(15.5%), and Mg (5.3%), as reported for a variety of wood and woody biomass ashes [36,37],
followed by Al (2.36%), Mn (1.22%), Na (0.844%) and Fe (0.398%).

High Mn concentrations are characteristic for wood ash, i.e., a mean concentration of
13,160 mg/kg (min. 775 mg/kg, max. 35,740 mg/kg) was reported considering the ashes
of 28 types of wood and woody biomass [36]. Among the trace metals, copper (163 mg/kg)
and Cr (40.6 mg/kg) were dominant, whereas Pb, Cd, and As concentrations in WA were
below detection limits. The content of P was 2.06%.

The complex mineralogy of pristine WA is shown in Figure 1a. The shape of the XRD
baseline indicates the presence of amorphous solids, while the principal crystalline phases
were dicalcium silicate (Sy: CaSiO4) and fairchildite (F: K,Ca(COs3),). Although calcite is
a common component in the bottom biomass ashes [18,38], ash mineralogy is controlled
by the relative ratios of the dominant ash-forming cations and reaction temperature. The
formation of fairchildite instead of calcite relies on the wood’s initial K:Ca ratio [39] and can
be associated with a high K content in the WA sample (Table 2). The interaction between
Mg and Ca or K is insignificant during ash formation, usually leading to the periclase (P:
MgO) formation [39], as identified in the WA. The relatively high level of CaO (L) in WA
is typical for wood sources. Furthermore, the minor shares of potassium dithionate (Ks:
K25,0¢), anorthite (An: CaAl,SiOg), and potassium-iron-phosphate phase (Kp: KFePOy)
were present in the sample.
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Figure 1. XRD patterns of pristine samples (a) WA and (b) BC, and the solid residues of their
interaction with solutions having 100 mg/L Mn (red line); 100 mg/L Mn and 500 mg/L Fe (blue
line), 100 mg/L Mn + 10,000 mg/L SOy (green line). Initial pH 2.5, dose 1.2 g/L WA and 10 g/L BC,
contact time 24 h.

Table 2. pH, pHpyc, electrical conductivity, and pseudo-total concentrations of elements in WA

and BC.
Parameter WA BC
pH 12.6 +£0.1 77 +0.1
EC (mS/cm) 348 £05 0.887 £ 0.035
PHPZC 12.0 £0.1 6.9 +0.2
Element Concentration Units Concentration Units

P 2.06 £ 0.08 % 18.6 + 0.6 %
Ca 31.0+28 Y% 37.7+17 %
Mg 5.30 £0.15 Y% 0.796 + 0.032 %

K 155+ 0.4 Y% 104 +£5 mg/kg
Na 0.844 + 0.031 %o 0.475 £ 0.018 %
Al 2.36 £ 0.13 % <LOD -
Mn 1.22 £ 0.06 Y% 0.953 + 0.031 mg/kg
Fe 0.398 + 0.012 mg/kg 316 = 1.1 mg/kg
Cu 163 +6 mg/kg 0.897 £+ 0.033 mg/kg
Cr 40.6 = 0.7 mg/kg 3.51 +£0.17 mg/kg
Ni 14.8 £ 0.1 mg/kg <LOD -
Zn 6.59 +£1.17 mg/kg 147 £ 8 mg/kg
Co 545+ 0.22 mg/kg <LOD -

\% 427 +0.34 mg/kg <LOD -

Se 0.295 + 0.015 mg/kg <LOD -

Pb <LOD - 0.599 + 0.030 mg/kg
As <LOD - <LOD -
Cd <LOD - <LOD -

LOD (Limit of Detection, mg/L)—Pb: 0.007, As: 0.005, Cd: 0.001, Al: 0.005, Co: 0.003, V: 0.001, Se: 0.002, Ni: 0.002.

The structure of the bone mineral phase was maintained after the treatment, and the
XRD spectrum of pristine BC shows only peaks corresponding to carbonated hydroxyap-
atite (cHA: Ca19x(PO4)6x(CO3)x(OH)2.x2y(CO3)y) (Figure 1b). The chemical composition
of the BC (Table 1) supports high Ca and P content (37.7% and 18.6%). Magnesium (0.796%)
and Na (0.475%) are typical bone constituents as well [40]. The potassium and trace
elements content in BC was significantly lower than in WA, except for Zn (147 mg/kg).

While BC exhibited a mildly alkaline reaction (pH 7.7), WA acts as a strong base in
water, bringing pH to 12.6. Wood bottom ash samples generally exhibit higher pH and
better neutralization capacity than wood fly ash [41]. Consequently, the water solubility of
WA constituents provoked EC of 34.8 mS/cm, much higher compared to BC (0.887 mS/cm).
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The pHpyzc of BC was found to be at pH 6.9 (Table 2, Supplementary Material Figure S1), in
good agreement with near-neutral values determined for hydroxyapatite samples obtained
by different procedures and from different precursors [29,42—44]. In line with the literature
data [45], the pHpzc of WA was in the alkaline region (12 4 0.1).

3.2. The Influence of Initial pH on Mn Removal

Removal of Mn from 100 mg/L solutions varied significantly with the change in the
initial pH and the reagent type, maintaining the experiment’s other conditions constant
(Figure 2a,b).
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Figure 2. Relations between the initial pH, final pH, and Mn removal efficiency in the system with
WA (a) and BC (b). Dose 1 g/L, Mn concentration 100 mg/L, 24 h contact time.

Manganese concentration after the experiment conducted at an initial pH of 1.5 re-
mained virtually unchanged using BC, whereas the net increase was detected following
WA application. At the 1 g/L dose, the WA and BC neutralization capacity was exhausted,
marginally raising the pH to 2.1 and 1.9, respectively. Under such pH conditions, the
leaching of Mn from the WA composition (Table 2) occurred. The reaction of WA and BC
with the solution of initial pH 2.0 resulted in a 12.1% and 7.1% decrease in Mn concentration.
WA application triggered a drastic increase in process efficiency (to 87.2%) already at an
initial pH of 2.5, and with a further initial pH increase (3-6), Mn was removed completely
(99.9-100%). The efficiency of BC improved to 42.5% with increasing initial pH to 4.0 and
remained at a constant level up to the initial pH of 6.0.

Excellent WA performance was related to the abrupt increase in the final pH (by
3.6-6.1 pH units, depending on the initial pH), and the Mn was eliminated in all systems
with final pH > 9.0 (Figure 2a). Final pH values increased as well after BC addition,
reaching a maximum of 5.6 (Figure 2b). The most significant changes in final pH were
observed in the initial pH range 2.0-3.0 (by 2.5-2.3 pH units) while retarded with a further
increase in initial pH values. As demonstrated for mineral and biogenic samples, the apatite
dissolution rate decreases by increasing pH [24,25].

According to the mine drainage pollution classes suggested by Hill [1], Class I is
described as acidic with a typical pH range of 2.0-4.5, and Class I denotes partially oxidized
or neutralized drainage (pH 3.5-6.6). By applying an equivalent dose of materials, WA
showed a higher capacity to separate Mn over the initial pH range corresponding to these
categories. The amount of Mn removed per unit mass of reagent varied between 12.1 mg/g
and 100 mg/g for WA and between 7.1 mg/g and 42.5 mg/g for BC (Supplementary
Material Figure S2a).
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3.3. The Influence of Reagent Dose and Mn Concentration

The effect of the solid /solution ratio on the removal efficiency of Mn was examined at
a constant initial pH value of 2.5. As displayed in Figure 3a,c, an increase in the dose of
reagents affects the decrease in Mn concentration in the solution, but the absolute values of
these changes depend on the type of added material and the initial Mn concentration.
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Figure 3. Effect of reagent dose on Mn removal efficiency and final pH values in the systems with
WA (a,b) and BC (c,d). Initial pH 2.5, contact time 24 h.

Using WA, Mn was removed entirely from the 5 mg/L solution at a dose of 0.8 g/L.
For the complete removal of 50 mg/L Mn, the dose of 1 g/L was necessary, while adding
1.2 g/L WA was successful for the treatment of 100 mg/L Mn solution. The amount of
Mn removed per unit mass of WA commonly increased with the increase in its initial
concentration but varied broadly with the change in the reagent dose (Supplementary
Material Figure S2b).

Increasing Mn removal efficiency was also observed with increasing BC dose (Figure 3c),
but effective treatment of acidic wastewater required considerably higher BC amounts than
WA. Adding 3 g/L BC, Mn was separated from the 5 mg/L solution below the detection
limit. Process efficiency continuously increased in solutions with 50 and 100 mg/L Mn
with the increase in BC dose, reaching 99.0 and 96.2%, respectively, for 10 g/L BC. The
highest Mn removal from 5 mg/L solution per unit mass of BC was 1.6 mg/g at the dose of
3 g/L (Supplementary Material Figure S2c). Starting with more concentrated Mn solutions
(50 and 100 mg/L), maximally 20.0 mg/g and 25.5 mg/g BC were respectively removed
with the BC dose of 1 g/L. With a dose rise to 10 g/L, the amount of Mn removed per gram
of BC declined to 5.0 mg/g and 9.6 mg/g.

As the Mn concentration in the solution increased, raising the WA dose from 0.8 to
1.2 g/L was necessary to reach a final pH value of ~9 (Figure 3b). Given the pH critical for
Mn’s complete removal by wood ash, it was associated with hydroxide/oxyhydroxide pre-
cipitation [38]. An additional increase in the amount of WA can be considered unnecessary
and unfavorable from the treated water quality point of view, i.e., high alkalinity.
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Compared to pristine WA, in the representative solid residue of WA /synthetic AMD
interaction (initial pH 2.5, 1.2 g/L WA, 100 mg/L Mn), the MgO phase was preserved,
whereas diffraction maximums of CaO and Ca;SiO4 disappeared, signifying their role
in bringing the solution pH to an alkaline region (Figure 1la). In addition to lime, cal-
cium silicate is known for neutralizing the active acidity in AMD [3] by capturing free H*
ions and forming neutral H4SiOy4, which remains in the bulk solution. The fairchildite (F:
K,Ca(COs3),) was also dissolved, while calcite (C: CaCO3) precipitated. Additional precipi-
tates were identified as tetrasodium tetracalcium cyclo-hexasilicate (Ns: NayCasSisO1g),
potassium aluminum oxide (KI: KAIO;), and graftonite (Fp: (FeMn);POy).

Quite the opposite, Mn removal in the presence of BC occurred at final pH values of
5.0-6.5 (Figure 3d), far from the Mn precipitation threshold. The final pH increased with
the increase in BC dose at all tested Mn concentrations, similarly as in the work of Sicupira
et al. [21], displaying that the BC/AMD ratio is a vital operating variable in Mn removal by
bone char.

The mineral composition of BC remained unaffected after the interaction of 10 g/L
BC with 100 mg/L Mn solution at initial pH 2.5, but a decrease in the intensity of the
carbonated hydroxyapatite peaks is associated with the BC dissolution in contact with the
acidic medium (Figure 1b). Manganese sorption with apatite phase can be, thus, anticipated
either by the exchange with Ca through solid-state diffusion or a dissolution-precipitation
mechanism. It was indicated that the dissolution reaction of biogenic hydroxyapatite is con-
trolled by fast adsorption of protons on specific surface sites, followed by a slow removal of
Mn by forming phosphate precipitate [Mn3(PO4),-7H,O] on the Apatite 1™ substrate [24].
Higher solubility of calcium fluorapatite compared to a manganese phosphate phase fa-
vored the dissolution-precipitation mechanism, in line with the evidenced mole-per-mole
exchange between Mn and Ca in natural apatite [25]. Although the Mn-phosphate phase
could not be identified in the BC residue due to the small concentration of Mn in the solid
phase (9.62 mg/g) and the detection limits of the XRD technique, its formation cannot
be dismissed.

Moreover, at the same BC dose, the Mn sorption increase decreases the final pH
(Figure 3d). This phenomenon is characteristic of the specific cation sorption (chemisorp-
tion) that may also contribute to Mn removal by BC. The BC pHpyzc 6.9 (Table 2) signifies
a solution pH value where the number of positively and negatively charged functional
groups is balanced and a surface charge is neutral. The final pH values of interest for
Mn sorption were lower than the pHpzc, thus, BC exhibited an overall positive surface
charge. In this case, the electrostatic attraction forces between the BC surface and the Mn(II)
cannot contribute to the sorption [27]. Prevailing groups on hydroxyapatite surface in such
conditions are positively charged =CaOH," and neutral =POH? species [21], and they
may react with aqueous Mn through the surface complex formation:

=CaOH,* + Mn?* <=> =CaO-Mn" + 2H*

2 =CaOH," + Mn?* <=> (=Ca0),Mn + 4H*
=POH + Mn?* <=> =POMn"* + H*

2 =POH + Mn** <=> (=PO),Mn + 2H*

3.4. The Influence of Contact Time on Mn Removal

Based on the previous experiment, the manganese removal rate from the synthetic
AMD (initial pH 2.5, 100 mg/L Mn) was investigated at 1.2 g/L WA and 10 g/L BC
doses. Already after 5 min of contact, 70.3% of Mn was removed by BC and 20.7% by
WA (Figure 4a,b). The efficiency of the treatment changed markedly up to 6 h, which
was sufficient for the BC system to reach equilibrium (96%). The equilibrium time of Mn
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removal from 100 mg/L solution at the initial pH of 5.8 was found to vary from several
hours to a few days using a commercial bone char, depending on particle size and bone
char/solution ratio [21]. On the other hand, WA removed 95.6% of Mn in 6 h, and the
performance continued to increase up to 100% within 17 h of contact.
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Figure 4. The effect of contact time on Mn removal by WA (a) and BC (b). Initial Mn concentration
100 mg/L, dose 1.2 g/L WA and 10 g/L BC, initial pH 2.5.

The amount of Mn removed per unit mass of reagents increased with time, reaching
83 mg/g of WA and 9.7 mg/g of BC at equilibrium conditions (Supplementary Material
Figure S2d).

The final solution pH also increased with time (Figure 4a,b). WA required more
time to achieve equilibrium pH (~17 h). The curve of pH change with time was complex,
demonstrating the fast increase during the first 30 min, a quasi-plateau between 30 min and
3 h, and, subsequently, a slow increase until the equilibrium pH of 9.4. This trend results
from heterogenous WA composition (Figure 1a) and different dissolution rates of mineral
phases that contribute to the pH rise [46].

The Mn(Il) is the prevalent state in natural waters [13]. The stability fields of man-
ganese species in aqueous solution predicted by the Eh-pH diagrams depend on Mn activity,
and for 100 mg/L Mn in solution, oxidation to Mn(IlI) and Mn(IV) and Mn,0O3 and/or
Mn3Oy precipitation in the absence of other species occur at pH > 8 [47]. With WA, the final
pH increased to the neutral range in the first minutes of contact (Figure 4a), in which the
Mn(II) oxidation rate is very slow. Thus, initially, the uptake of Mn corresponds to Mn(II)
removal by chemisorption at an overall positively charged WA surface (final pH < pHpzc,
Table 2). At pH > 8, particularly at pH 9, Mn(II) oxidation becomes faster and can be
additionally accelerated if catalyzed by a solid surface or autocatalytic effect of the formed
solid Mn oxide minerals [47]. Therefore, precipitation of Mn oxides occurred, as indicated
by the complete disappearance of Mn from the solution.

The solution pH increased from 2.5 to 5.3 within 5 min reaction with BC. Fast carbon-
ated hydroxyapatite dissolution in an acidic medium [24] increases pH and phosphate
release significantly. In this period, as much as 70.3% of the Mn was removed, which
strongly supports the dissolution and precipitation mechanism. Additionally, 26% Mn was
removed with further pH increase from 5.3 to 6.2 up to 6 h of contact, and afterward, pH
remained stable, as did Mn sorption.

3.5. The Influence of Sulfate Concentration
The concentration of sulfate anions in mine drainage effluents takes a wide range of
values, typically from around five hundred to several thousand mg per liter [1]. Figure 5

shows variations in Mn removal efficiency with increased sulfate concentration for prese-
lected conditions (initial pH 2.5, 100 mg/L Mn, doses of 1.2 g/L WA, and 10 g/L BC).
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Figure 5. The effect of sulfate concentration on Mn removal by WA (a) and BC (b). Initial Mn
concentration 100 mg/L, dose 1.2 g/L WA and 10 g/L BC, initial pH 2.5, contact time 24 h.

Up to 1000 mg/L, sulfate anions did not interfere with Mn removal. With WA, the
final pH values of ~9.5 provided conditions for total Mn removal (Figure 5a). The presence
of sulfate in the solution slows down the Mn oxidation rates even at pH > 9, at least in part
due to the presence of the MnSOy (aq) complex [47]. However, the reaction time of 24 h
was sufficient to accomplish complete Mn removal by oxidation/precipitation at such a
pH. A decrease in WA efficiency to 84.7% occurred at 2000 mg/L sulfate and continued
with increasing sulfate concentration so that at 10,000 mg/L, only 33.4% Mn was separated.
In parallel, the solution pH gradually decreased, reaching a final pH of 8.0 at the highest
sulfate concentration.

The variations in process efficacy and final pH values were considerably less pro-
nounced when BC was added to synthetic AMD (Figure 5b). Over the entire range of
sulfate concentration, the final pH was virtually constant (6.1 & 0.1). Sulfate anions affected
the process efficiency only at concentrations > 2000 mg/L, causing the decrease to 91.5% at
a concentration of 10,000 mg/L.

The amount of Mn removed per unit mass of reagents declined with the increase in
sulfate content from 83.3 mg/g to 27.8 mg/g using WA and from 9.7 mg/g to 9.1 mg/g
using the BC (Supplementary Material Figure S2e).

The residue of WA interaction with synthetic AMD having 10,000 mg/L sulfate shows
high-intensity peaks of CaySiO, and preserved MgO phase (Figure 1a). Also, the intensity of
CaO peaks was reduced compared to pristine WA, the fairchildite (K,Ca(CO3);) dissolved
completely, and the peaks of calcite appeared. The diffraction maximums of other newly
formed phases are best matched with dipotassium silicate (Ks1: K;5i4Og9) and potassium
aluminum sulfate hydrate (KaS: KAI(SO4); x 12H,0). The presence of extra low-intensity
diffraction peaks in the XRD spectrum indicates the presence of other crystalline phases,
which could not be identified reliably due to their low content and sample complexity.
Precipitated sulfates may explain the limited solubility of primary pH regulating minerals,
in line with the recorded final solution pH of 8.0, and the consequent adverse effect on Mn
removal efficiency by WA.
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On the other hand, the corresponding BC residue’s crystal structure remained un-
changed in relation to the starting BC (Figure 1b). Similarly, Fourier Transform Infrared
(FTIR) spectra of the products from the natural fluorapatite reaction with Mn sulfate solu-
tion in the wide range of pH (2.0-7.0) did not differ from the FTIR spectrum of the starting
material [25].

3.6. The Influence of Fe Concentration

Figure 6 displays the impact of coexisting Fe(I) ions on Mn removal by WA and BC
and concurrent pH and Fe concentration changes. At a constant initial Mn concentration
(100 mg/L) and preselected doses of reagents, an increase in Fe concentration negatively
affected Mn ions removal efficiency. This effect was more pronounced with WA, causing
a substantial decrease in Mn separation to 47.0% at Fe concentration of 100 mg/L and
continuing steep fall, entirely blocking this process at 500 mg/L (Figure 6a). The removal
of Fe ions from the solution was complete up to the highest initial Fe concentration of
500 mg/L, where a drop in Fe removal efficiency to 41.1% was also recorded.
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Figure 6. The effect of Fe concentration on Mn removal by WA (a) and BC (b). Initial Mn concentration
100 mg/L, dose 1.2 g/L WA and 10 g/L BC, initial pH 2.5, contact time 24 h.

These changes coincide with the significant pH decrease from 8.3 at 5 mg/L Fe to 5.2
at 500 mg/L Fe) (Figure 6a). The XRD spectra of the residue obtained at the concurrent
Fe ions concentration of 500 mg/L demonstrate the exhaustion of the WA neutralization
capacity (Figure 1a), with crystalline phases identified as periclase (Mgpg9Fe( 010) and
dipotassium hexacalcium pentadecaoxotetrasilicate (Ke: KpCagSigOs5).

Over the range of oxidation-reduction potentials characteristic for normal water envi-
ronments, Fe (II) oxidizes to Fe (III), forming amorphous Fe(OH)3 precipitates at pH > 5 [48].
Not only are lower pH and Eh conditions essential for the oxidation of Fe(II) compared
to Mn(II), but the kinetics of the redox reactions of Fe(Il) is also significantly faster [48].
Seeing the final pH values (Figure 6a), the co-removal of Mn and Fe by WA that took place
in parallel up to their 1:2 ratio was governed by Fe oxidation and Fe(OH)3 precipitation,
whereas Mn was primarily removed by sorption. Sorption of Mn was likely enhanced by
oxidation/precipitation at final pH > 8 (with 5 mg/L and 50 mg/L Fe) and declined rapidly
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with the final pH decrease. When the Fe concentration reached 500 mg/L, even Fe removal
was incomplete as the final pH was ~5.

The negative influence of Fe on Mn oxidation and precipitation at Fe/Mn ratios >4
was previously reported [13]. In the work of Calugaru et al. [49], half-calcined dolomite
used at a dose of 7.5 g/L (0.3 g / 40 mL) was able to separate both metals efficiently at Mn
concentrations up to ~100 mg/L and the Fe/Mn ratio of 10:1 as long as the equilibrium
pH values were 9.7-9.8. However, keeping the same Fe/Mn ratio and increasing the initial
Mn and Fe concentrations, a decrease in Fe and particularly Mn removal occurred due
to a decrease in equilibrium pH to 6.8-6.9. The results of both our studies indicate the
importance of the final pH in the system.

By applying BC, Mn removal of 96.2-85.2% was achieved from 5 mg/L Fe up to
200 mg/L Fe, while it declined to 41.5% at 500 mg/L Fe (Figure 6b). In parallel, Fe ions
were entirely removed in all experimental runs, and the pH value of the solution decreased
from 6.3 to 5.1 (Figure 6b). At initial pH 2.5, partial dissolution of a preselected dose of
BC has provided a sufficient pH increase, phosphate anions release, and an abundance of
active centers for effective Mn(II) removal by phosphate precipitation and chemisorption
even at twice the concentration of Fe ions.

At initial Fe concentrations of 200 mg/L and 500 mg/L, the amount of Mn removed
per unit mass of BC (8.5 mg/g and 4.1 mg/g) was higher compared to WA (1.0 mg/g
and 0 mg/g) (Supplementary Material Figure S2f). Quantities of Fe removed by WA
increased sharply from 4.2 to 167 mg/g with the increase in its concentration from 5 mg/L
to 200 mg/L and reached a virtual plateau with further Fe concentration increase, whereas
Fe amounts removed per gram of BC expanded from 0.5 mg/g to 49.9 mg/g, and the
apparent linear trend indicates that the BC capacity was not exhausted (Supplementary
Material Figure S3).

Apart from the characteristic carbonated hydroxyapatite peaks being of lower inten-
sity, no other changes in the XRD spectrum of BC after interaction with 100 mg/L Mn
and 500 mg/L Fe solution were detected (Figure 1b). In some previous investigations,
Fe(II) sorption by apatite materials was anticipated. The study conducted with synthetic
hydroxyapatite showed its high capacity (55.2 mg/g) for Fe, and it was attributed to Fe(II)
ion exchange with Ca since the appearance of the Fe characteristic peaks in the EDS (Energy
Dispersive Spectroscopy) spectrum of the residue coincided with a reduction in the intensity
of the Ca peak [50]. Experiments with synthetic hydroxyapatite for the remediation of acidic
mine drainage (initial pH 2.9) demonstrated more rapid Fe removal than Mn [51]. It was
assigned to the sorption due to detected Ca release. However, the final pH values were not
reported. Our study’s final pH values of >5 imply possible Fe(Il) oxidation/precipitation.
On the other hand, at 500 mg/L Fe, BC removed Fe more efficiently than WA at the same
final pH value of ~5, emphasizing that these two materials have different mechanisms of
action. Additional experiments and analyses are necessary to address BC’s mechanism of
Fe removal.

3.7. Comparison of the Effects of Independent Process Variables

The selected responses (Mn and Fe removal efficiency, final pH) were monitored as a
result of the simultaneous change in the levels of all input variables according to the matrix
presented in Table 3. The combined influence of the process factors provoked Mn removal
efficiency variation from 0% to 100%, and the applied design allowed the comparison of
the effects of factors and identification of the most significant ones.
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Table 3. Fractional factorial design matrix with a combination of factors levels in each experimental
run and corresponding system responses.

Independent Process Variables Responses
Run 3 . Fe
Mn Sulfate Fe Time Initial Dose Mn .
Reagent (mg/L) (mg/L) (mg/L) ) pH L) Removal(s) Removal  FinalpH
1 BC 100 10,000 05 2.0 5.0 26.6 93.4 49
2 WA 100 10,000 400 24 45 5.0 99.9 99.9 10.4
3 WA 5 1000 24 2.0 5.0 100 100 113
4 BC 5 1000 5 0.5 2.0 0.5 0 0 26
5 BC 100 1000 400 24 20 5.0 10.8 67.2 40
6 WA 5 1000 400 24 45 05 0 482 47
7 BC 100 10,000 400 05 45 05 24 29 48
8 BC 5 10,000 400 24 20 05 15 0 23
BC 5 10,000 5 24 45 5.0 99.4 100 6.9
10 WA 100 1000 05 45 5.0 99.9 100 11.6
11 WA 100 1000 400 0.5 2.0 0.5 0 12 24
12 WA 5 10,000 0.5 45 0.5 100 100 10.7
13 BC 1000 400 0.5 45 5.0 357 4838 52
14 WA 100 10,000 24 20 05 0 0 24
15 WA 10,000 400 05 20 5.0 0 332 6.0
16 BC 100 1000 5 24 45 05 20.9 100 59
The main effects plot for Mn removal shows the calculated average response of each
factor level and their distance from the overall average response for all variables presented
by the horizontal line (Figure 7a). The critical impact on Mn removal can be ascribed to the
variation of reagent dose, initial pH, and concentration of coexisting Fe ions. The changes
in initial pH and solid /solution ratio from a lower to a higher level were beneficial for the
process in contrast to increasing Fe concentration. A change of the reagent type from BC
to WA displayed a slight positive effect on Mn removal, considering the average response
of the system at all levels of all other factors. Finally, the effects of initial Mn and sulfate
concentration and time were least pronounced.
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Figure 7. Main effect plots for Mn removal (a), Pareto chart of the effects of variables (b), and
interaction plot for the effects of Mn and Fe concentrations (c).

The Pareto chart confirmed the significance (at o« = 0.05) of three main factors in the
order: reagent dose > initial pH > Fe concentration (Figure 7b). None of the interaction
effects (Supplementary Material Figure S4) displayed a statistical significance (Figure 7b),
however, it is interesting to note that the effect of the Fe and Mn concentration (BD)
interaction was most pronounced and higher compared to the main effects of the reagent
type, Mn and sulfate concentration and contact time. As shown in Figure 7c, a higher Fe
level hinders Mn removal by both reagents more significantly at lower than at higher Mn
concentrations in the solution, confirming the importance of the Mn/Fe ratio.

Main effect plots for final pH and Fe removal efficiency as system responses
(Supplementary Material Figure S5a,b) revealed common positive impacts of increasing
reagent dose and initial pH and the negative impact of increasing initial Fe concentration.
A change in the reagent type from BC to WA positively influenced the final pH. Never-
theless, none of the factors or their interactions were statistically significant at « = 0.05
(Supplementary Material Figure S6a,b).
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3.8. Relationship between Process Responses: Final pH and Mn Removal Efficiency

The change in the levels of individual factors and all factors simultaneously displayed

the effect on Mn separation and final pH in WA and BC systems. To establish general
relationships between these two system responses, the results (Figures 2-6, Table 3) are
plotted as Mn removal efficiency against the final pH (Figure 8).
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Figure 8. Relationships between the final pH and Mn removal efficiency by WA and BC under the
influence of process factors.

Experimental data for different solid /solution ratios, initial pH, initial Mn, sulfate,
Fe concentrations, and reaction times indicate a sharp Mn removal increase in narrow
pH ranges, essentially separated according to the agents used. For BC, process efficiency
was negligible below the final pH 5.0, while >95% for the final pH > 6.0. While previous
studies outlined the importance of solution pH in Mn removal from AMD by apatite
materials [22,25], the results from the present work link the influence of all examined
factors on the process efficiency via the final pH values.

A pH of 8.4-9.0 was essential for Mn to precipitate as oxide and hydroxide during
AMD treatment by various biomass ashes [38]. This study supports these findings and
shows that Min removal by WA shifts from insignificant at pH < 6.5 to complete at pH > 9.0
and takes place via Mn(I) sorption and oxidation/precipitation, depending on the pH in
the system. The influence of high concentrations of coexisting species, insufficient time
to dissolve alkaline WA minerals or a small dose of WA is reflected in less than 100% Mn
removed because a critical final pH of 9 was not reached to make Mn(II) oxidation to higher
oxidation states and deposition of Mn oxides thermodynamically favored.

3.9. Actual AMD Treatment with WA and BC

The actual AMD (Table 4) sample was characterized by a pH value of 3.4 and 116 mg/L
of Mn. Additionally, AMD contained a high concentration of Zn (137 mg/L), significantly
lower concentrations of Pb (1.92 mg/L), Ni (0.174 mg/L), Fe (0.140 mg/L), Cu (0.163 mg/L),
Cd (0.264 mg/L), Co (0.072 mg/L), and Cr (0.008 mg/L).
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Table 4. AMD composition before and after the treatment with WA and BC.

WA Treatment BC Treatment WA Treatment BC Treatment
AMD 25g/L 30 g/L AMD 25g/L 30 g/L
pH 34401 9.0+£0.1 6.5+0.1
Element (mg/L)
As <0.005 <0.005 <0.005 Fe 0.140 + 0.005 0.029 =+ 0.001 0.015 =+ 0.001
Al 2.89 £0.13 <0.005 <0.005 Mn 116 £ 4 0.061 £ 0.003 0.402 £ 0.020
Ba <0.001 <0.001 <0.001 Ni 0.174 + 0.09 <0.002 <0.002
Cd 0.264 £ 0.015 <0.001 <0.001 Pb 1.92 +£0.10 <0.007 <0.007
Co 0.072 4 0.003 <0.003 <0.003 Se <0.002 <0.002 <0.002
Cr 0.008 = 0.001 <0.001 <0.001 Zn 137 4+9 0.013 = 0.001 0.147 -+ 0.008
Cu 0.163 = 0.008 0.006 = 0.001 0.024 v <0.001 <0.001 <0.001

The variations in Mn removal efficiency and final pH values of AMD treated with
WA and BC are presented in Figure 9. The increase in WA dose from 1.0 g/L to 3.0 g/L
provoked a substantial pH rise from 7.0 to 9.4 and a consequential increase in Mn removal
from 2.5% to 100%. At 2.5 g/L, 99.9% of Mn was removed at pH 9.0. Likewise, a rapid
progression in Mn removal (4.2-90.1%) was detected as the quantity of applied BC raised
from 1.0 g/L to 15 g/L. Process efficiency continued to increase with a further increase in
the BC dose up to 30 g/L, gradually reaching 99.9%. In the entire range of BC doses, the
final pH of AMD increased from 5.1 to 6.5.
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Figure 9. Mn removal efficiency and final pH values of actual AMD following the treatments by
different doses of WA (a) and BC (b). Initial Mn concentration 116 mg/L, initial pH 3.4, contact time
24 h.

At AMD treatment conditions that can be considered optimal for Mn removal (2.5 g/L
WA or 30 g/L BC), all coexisting metals were also effectively removed (Table 4). In agree-
ment with the results obtained using synthetic AMD samples (Figure 8), this experiment
confirms that successful removal of Mn from actual AMD is achievable by adjusting the
doses of tested waste materials such as to provide a pH value of >9 after reaction with the
WA, and a pH ~ 6.5, using the BC. However, the amount of BC to achieve this goal was
twelve times the amount of WA, resulting in higher amounts of treatment residue.

WA and BC appear to be more practical agents for the remediation of Mn in AMD
compared to limestone, which is a main precipitant due to its low cost and availability. By
treatment of mine water at its natural pH (3.3) with 20.8 g/L of limestone, only 13% of the
Mn initially present (16.5 mg/L) was removed, whereas the efficiency increased to 97%
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when the initial pH of AMD was adjusted to 8.0 [52]. The application of limestone could not
remove Mn effectively at high concentrations (140 mg/L), and even from synthetic solution
with pH 6.5 and at high limestone doses (25 g/L), the Mn concentration was reduced to
120 mg/L [53]. However, 12.5 g/L of limestone mixed with 0.67 g/L sodium carbonate
removed Mn completely from actual mine water with a pH of 6.5 as the final pH reached
9.6. For comparison, precipitation of 140 mg/L Mn with NaOH at pH 10 resulted in a
residual metal concentration of 6.5 mg/L [53]. The actual AMD (pH 3.04; 5.94 mg/L Mn,
83.24 mg/L Fe) was also treated with waste biomaterials (shrimp shell (SS) and mussel
byssus (MB)) [54]. The best removal efficiency of 96% for Fe and 78% for Mn was obtained
with a mixture of waste materials (18 g/L SS and 10 g/L MB) when the final pH was
8.42 through the combined action of the sorption mechanisms on the biomaterials and
precipitation as hydroxides. On the other hand, synthetic materials may show supremacy
in Mn removal from AMD at much lower doses. For example, 0.5 g/L of hydroxyapatite
(Hap) modified graphitic carbon nitride powders (Hap/gC3sNy) applied in AMD with
initial 3.5 and Mn concentration of 132.4 mg/L, removed 69% Mn [55].

3.10. The Stability of AMD Treatment Resides and Prospects for Metal Recovery

The stability of AMD treatment residues raises concerns about environmental and
social impacts related to storage and disposal. Therefore, it was assessed by a batch test
with deionized water. The concentrations of leachable elements measured in the liquid
phase are expressed in mg/kg dry waste materials and compared with the threshold values
set for the inert, nonhazardous, and hazardous wastes (Table 5).

Table 5. Water leachable concentrations of elements (mg/kg of dry waste material) in actual AMD
treatment residues (EN 12457-2 test), and leaching limit values set by Council Decision 2003/33/EC
for different waste categories.

Actual AMD .
Treatment Residues Waste Categories
Element WA BC Inert Non-Hazardous Hazardous

Al 173 +7 <LOD - - -
As <LOD <LOD 0.5 2 25
Ba 0.518 + 0.029 0.284 £+ 0.012 20 100 300
Cd <LOD <LOD 0.04 1 5
Co 0.012 + 0.005 0.023 £ 0.001 - - -
Cr 0.526 + 0.022 0.005 + 0.001 0.5 10 70
Cu 0.050 + 0.002 0.050 £ 0.002 2 50 100
Fe 0.143 + 0.006 0.129 + 0.007 - - -
Mn 0.013 + 0.002 5.940 + 0.321 - - -
Mo <LOD <LOD 0.5 10 30
Ni <LOD <LOD 04 10 40
Pb <LOD <LOD 0.5 10 50
Sb <LOD <LOD 0.06 0.7 5
Se <LOD 0.039 £ 0.002 0.1 0.5 7
v <LOD <LOD - - -
Zn 0.488 + 0.026 0.346 + 0.018 4 50 200
pH 11.3+0.1 71401 - - -

The concentrations of investigated elements were below the thresholds for inert waste,
except for Cr in WA-residue (0.526 mg/kg vs. 0.5 mg/kg limit). Although not subject to
classification, the leachable content of Al in WA-residue was substantial (173.3 mg/kg).
The pH value of 11.3 was measured after resuspending this residue in deionized water,
demonstrating high residual alkalinity. The enhanced leaching of Cr and Al over other
metals can be attributed to the alkaline environment due to their amphoteric leaching
behavior [56,57]. Given the neutral pH of the BC-residue (Table 5) and low concentrations
of toxic and potentially toxic elements in pristine BC (Table 2), the leachability of all
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tested elements was lower compared to WA, except for Mn (5.940 mg/kg), indicating
higher stability.

The prospects for recovery of AMD major metals from the treatment residues are
presented in Figure 10. With increasing HCI concentration, Mn and Zn release rates from
WA residue significantly increased, from 0.7% to 127% and from 0% to 96%, respectively,
as the final pH decreased from 8.5 to 0.34. In 1 mol/L HCI, WA residue was virtually
completely dissolved, thus releasing the Mn from the AMD treatment process and the
WA composition (Table 2). Considering the BC residue (Figure 10b), Mn recovery with
0.01 mol/L HCl at final pH 5.3 was 7.2%, while Zn detachment was marginal (0.13% and
0.68%). The Mn and Zn recovery reached maximally 93% and 95% in 1 mol/L HCI due to
almost complete BC residue dissolution at the final pH of 0.2.
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Figure 10. Recovery of AMD major cations (Mn and Zn) from WA (a) and BC (b) treatment residues
using 0.1 mol/L CaCly, 0.01 mol/L HCI, 0.1 mol/L HCI, and 1 mol/L HCI. Solid to solution ratio
5g/L, contact time 24 h.

Since the pH levels profoundly influence the removal of Mn, it is plausible to anticipate
that the release of Mn ions could be facilitated by controlling the pH in the system. Notably,
mineral acids, particularly HCI, exhibited remarkable efficacy in regenerating materials
such as adsorptive membranes [58] and nanocarbon hybrid [59], which had previously
sequestered Mn from solution via ion exchange or physical adsorption. The successful reuse
of the sorbent underscores the preservation of its physical and chemical properties over
several sorption-desorption cycles. However, results depicted in Figure 10 confirm that
precipitated and chemisorbed forms of Mn were released when the residues were subjected
to high acid concentrations, resulting in the dissolution of the materials employed. While
recyclability is paramount for costly synthetic and modified materials [60], the regeneration
of WA and BC, as waste and waste-derived materials, would present a modest economic
rationale. Consequently, utilizing these residues in alternative technologies and for metal
recovery emerges as a more pragmatic option.

4. Conclusions

Insight into the performance of unconventional reagents concerning AMD properties
and other process factors can accelerate their practical application. This study’s results
show that wood ash and bone char can be valuable materials for Mn treatment in AMD
and emphasize their use’s comparative advantages and disadvantages. The summary key
points and recommendations are following:

e  Complete separation of Mn in AMD occurs only at final pH > 9.0 using WA. The
WA is a cost-effective alternative to conventional alkaline reagents such as lime, and
its consumption is attractive from environmental protection and circular economy
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standpoints. However, the issue of the high alkalinity of the treated water and the
generated residue remains.

e  The BC application is advantageous compared to WA for its ability to separate Mn
at close to neutral conditions and faster establishment of equilibrium conditions.
Furthermore, BC is a more useful reagent for treating sulfate-rich AMD, showing a
5% decrease in Mn removal efficiency up to sulfate concentrations of 10,000 mg/L.
The influence of coexisting Fe ions up to a Fe/Mn ratio of 5:1 is significantly lower
using BC.

e  The impact of all investigated process factors and their interactions on Mn removal
efficiency can be seen indirectly through their ability to bring the pH to or further
from the optimal pH values for BC or WA action. Such insight helps optimize the
conditions of the Mn removal process by adjusting the pH value in the system, which
can be done successfully by optimizing the reagent dose.

e Depending on the AMD pH and composition, 3-12 times smaller quantities of WA
than BC are needed, generating less residue. Still, the alkalinity of the WA-treatment
residue impacts the enhanced leaching of elements with amphoteric leaching behavior,
posing a potential risk to the environment.

e  Further studies on potential hazards due to metal release from the residues should
consider the conditions of their disposal or reuse. The reuse options for the residues of
AMD treatment with WA and BC are particularly interesting, for instance, in metals
recovery, prevention and control of AMD, or stabilization of contaminated soil. Given
the high BC/AMD ratio needed to effectively treat high Mn concentrations at low pH,
previous pH adjustment to a near-neutral region using a low-cost alkalizer would
significantly reduce the required BC dose. In that sense, applying wood ash and BC in
two consecutive steps is worth exploring.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/met13101665/s1, Figure S1. Determination of the point of zero
charge (pHpzc) of the BC and WA samples; Figure S2. The amounts of Mn removed per unit mass of
reagent (mg/g) as affected by (a) initial pH (dose 1 g/L, initial Mn concentration 100 mg/L, contact
time 24 h), (b) WA dose and Mn concentration (initial pH 2.5, contact time 24 h), (c) BC dose and Mn
concentration (initial pH 2.5, contact time 24 h), (d) contact time (initial Mn concentration 100 mg/L,
dose 1.2 g/L WA and 10 g/L BC, initial pH 2.5), (e) sulfate concentration (initial Mn concentration
100 mg/L, dose 1.2 g/L WA and 10 g/L BC, initial pH 2.5, contact time 24 h), (f) Fe concentration
(initial Mn concentration 100 mg/L, dose 1.2 g/L WA and 10 g/L BC, initial pH 2.5, contact time
24 h); Figure S3: The amounts of Fe removed per unit mass of reagent (mg/g) as affected by the
concentration of Fe. Initial Mn concentration 100 mg/L, dose 1.2 g/L WA and 10 g/L BC, initial pH
2.5, contact time 24 h; Figure S4. Interaction plot for Mn removal; Figure S5. Main effect plots for (a)
Fe removal, and (b) final pH; Figure S6. Pareto chart of the effects of variables on (a) Fe removal, and
(b) final pH.
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Abstract: Heavy metal exposure from wastewater is an important environmental issue worldwide. In
the search for more efficient treatment technologies, biosorption has been presented as an alternative
for contaminant removal from wastewaters. The aim of this work is to determine the operation
parameters of copper adsorption followed by biosorbent regeneration. The algae Durvillaea antarctica
and Lessonia trabeculata were used as biosorbents in batch experiments. These biosorbents were
exposed to different conditions, such as pH, copper concentration, exposure time, mass-to-volume
ratios and regeneration reagents. Batch sorption tests revealed an adequate pH of 4.5-5.0. The selected
biosorbent was D. antarctica due to a considerably higher copper retention capacity. As a regenerating
reagent, sulfuric acid was more efficient. For diluted copper solutions (10 to 100 mg L), a biosorbent
particle size of between 1.70 and 3.36 mm showed better retention capacity than larger particles and a
biosorbent mass-to-volume ratio of 10 g L~! was desirable for these metal concentrations.

Keywords: copper retention; biomass particle size; sorption isotherms; sorption kinetics

1. Introduction

Water resources, which are vital for life, have been reduced partly due to contamination
mainly caused by industrial processes, agriculture and urbanization. In Chile, mining is
the most relevant productive industrial activity, so focus has to be turned onto the waste
generated by this kind of activity [1-4]. Mining, besides being the largest production
activity of the country, is also the principal cause of heavy metal contamination.

Within great mineral reservoirs in Chile, the production of copper, iron, molybdenum,
lead, zinc, gold and silver is considered, with copper and molybdenum (a byproduct of copper
production) being the most interesting ones. To obtain these metals, large water consumption
is required for use in different operations, such as extraction, grinding, concentration and
refinement. Once used, the wastewater contains a high amount of heavy metals.

The toxicity of heavy metals and their effect on the environment has created a need to
reduce their concentration in industrial effluents below the levels required by environmental
legislation. This has initiated a search for alternative methods for the elimination of these
elements from aqueous solutions.

Normally, heavy metals are removed by physicochemical treatment methods such
as chemical precipitation, reverse osmosis, adsorption in activated carbon, electrodialysis,
and ion exchange, but it has to be noted that these processes are expensive and could
be inefficient. Because of this, biosorption is being studied as a heavy metal removal
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technique, which is a promising technology for wastewater treatment with low concentra-
tions (1-100 mg L~1). Biosorbent material can be regenerated several times. It is found in
abundance in the environment and is an inexpensive resource that is easy to access; often
biomass waste is used [5-8].

A biosorption process refers to the ability of materials of biological origin to retain
heavy metals from diluted aqueous solutions in their structures [9]. It is considered a clean
environmental remediation process for metal recovery and decontamination of wastewater
by heavy metals and metalloids, such as copper, lead, cadmium, nickel and arsenic [10].
Biomass traditionally used in biosorption processes belongs to three groups: bacteria, fungi
or algae. In relation to its source, it can be obtained directly from nature or as a waste from
productive processes [11] (Franco et al., 2021).

Seaweeds (or marine algae) have previosly been reported to be efficient in inorganic
contaminant removal from wastewater [12,13]. In brown seaweeds, fibers are mainly cel-
lulose and insoluble alginates [14]. These alginates are Ca, Mg, or Na salts of alginic acid
(1,4-linked polymer of 3-D-mannuronic acid and «-L-guluronic acid). Alginates are known
for their high divalent metal cation uptake capacities [15] and are therefore a suitable adsor-
bent for copper removal. Two brown seaweed species that are abundant along the entire
coastline of Chile contain significant amounts of alginates. In D. antarctica, typically be-
tween 10-20% and sometimes even around 50% of the total dry weight are alginates [16,17],
whereas L. trabeculata was reported to contain similar amounts of alginates [18]. Therefore,
both seaweed species would be possible metal cation accumulaters when treating aqueuos
solutions with adsorption processes using these biosorbents. Furthermore, these seaweeds
are actually so abundant in Chile that they appear as solid waste when cleaning the beaches
and coast—meaning that they provide very low-cost sorbent material.

In Chile, both mineral processing wastewater and acidic mine drainage contain copper
in concentrations that would be favorable for biosorption [19]. Until now, no copper uptake
data have been published with regard to L. trabeculata, and only Cid et al. (2015) [20] have
investigated this the behavior of D. antarctica under some specific conditions with respect to
pH, biosorbent mass-to-solution volume, copper concentration and particle size, so it would
be interesting to compare these biosorbents with previously reported copper retentions for
other sorbents, in particular seaweeds, that would be more difficult to have access to in Chile.
Table 1 shows a summary of research studies on the copper retention of a variety of brown
seaweeds. Furthermore, to optimize the applicablity of the sorbents in a real treatment
process, it would be necessary to evaluate the possiblity to regenerate the biosorbents, so
that (1) biosorbent disposal would be minimized and (2) copper could be recovered.

Table 1. Comparison of maximum copper biosorption capacities (qmax) of different brown seaweeds.

Biomass/ Time to

Brown Seaweed (c]::gczljg') pH (I;::)C le Size ?;(;gmen Eg)l:li:il)arium (Toecn)lperature &“;ngl) Reference
Lessonia nigrescens 7.5-300 5 0.5-1 1 2 20 60.4 [21]
Cystoseira sp. 10-30 6 <0.5 0.1 2 28 180.4 [22]
Lessonia mgrescens 20041000 32 5-20 7}1 168 25 7;’2 7]
éff;zgi” nigrescens 200-1000 32 10-15 71 168 25 72?:7 7]
Sargassum tenerrimum 10-50 5 0.2-0.5 10 24 28 39.8 [23]
Iyengaria stellata 10-50 5 0.2-0.5 10 24 28 46.3 [23]
Lobophora variegata 10-50 5 0.2-0.5 10 24 28 38.0 [23]
Cystoseira indica 10-50 5 0.2-0.5 10 24 28 30.9 [23]
Sargassum cinereum 10-50 5 0.2-0.5 10 24 28 34.0 [23]
Durvillaea antarctica 7.5-300 5 0.5-1 1 2 20 91.5 [20]
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Table 1. Cont.

Biomass/ Time to

Brown Seaweed (Cnlllgczljg') pH i::nh)c le Size ?;(;Blmen F}\T:,i:i])’ﬁum (Toecn)lperature g;‘g‘gil) Reference
Sargassum filipendula 19-265 45 0.855 - - 20 84.1 [24]
Sargassum sinicola 2-256 - 0.2-0.5 10 24 - 116.6 [25]
Fucus serratus 0.6-25 5.5 0.355-0.5 0.09 8 20 101.8 [26]
Fucus vesiculosus 10-150 5 <0.5 0.5 2 23 105.5 [27]
Sargassum sp. 20-500 5.5 0.5 1 3 22 72.5 [28]
Sargassum sp. - 6 <0.325 2 4 22 84.0-86.9 [29]
Fucus spiralis 10-150 4 <0.5 0.5 2 - 70.9 [30]
Ascophyllum nodosum 10-150 4 <0.5 0.5 2 - 58.8 [30]
Sargassum sp. - 5 0.5-0.8 1 6 22 62.9 [31]
Padina sp. - 5 0.5-0.8 1 6 22 724 [31]
Sargassum vulgare 10250 4.5 14 2 6 22 59.1 [32]
Sargassum fluitans 10-150 45 1-4 2 6 22 50.8 [32]
Sargassum filipendula 10-250 45 1-4 2 6 22 56.6 [32]

In this part of the research work, a batch copper removal process is developed, using
the algae D. antarctica and L. trabeculata as biosorbents. These biosorbents are available
along the coast of Chile. The specific objectives of the study are (i) to choose an adequate
operating pH, (ii) to choose the appropriate biosorbent for a continuous process, (iii) to
choose particle size, (iv) to choose an adequate mass of biosorbent/volume of solution
ratio, (v) to study adsorption kinetics, (vi) to study adsorption isotherm and (vii) to choose
the regeneration reagent that recovers the most copper from the biosorbent.

2. Materials and Methods

Based on biosorption experiments, it is possible to quantitatively assess the retention
capacity of a biosorbent by using a solution with a specific contaminant. For the evaluation
of the retention capacity, a simple metal mass balance is used, which follows the logical
assumption that the metal ion loss in the solution is the metal retained by the biosorbent,
as shown in Equation (1).

_ V(G —Ceq)
=7~
where C; (mg L) is the initial concentration of the element in the solution, V (L) is the
initial solution volume, Ceq (mg L) is the equilibrium concentration of the element in
solution, M (g) is the biosorbent mass, and q (mg g~ !) is the retention capacity of the
element by the biosorbent.

The biosorption phenomena are time dependent, thus it is necessary to obtain the
adsorption rate for the design and evaluation of a potential biosorbent. Furthermore, the
fitting of both biosorption kinetic and equilibrium data with conventional mathematical
models would enlighten the efficiency of the metal uptake. Table 2 summarizes the models
used in this work.

@

2.1. Reagents

The copper solutions were prepared by dissolving CuSO,-5H,0 99.5% (analytical grade)
in distilled water. pH was adjusted by the addition of hydrochloric acid 37% GR for analysis
(Merck, Rahway, NJ, USA) or by the addition of sodium hydroxide NaOH (5 M) prepared by
dissolving 98% extra pure sodium hydroxide pellets (Loba Chemie, Mumbai, India).
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Table 2. Mathematical biosorption models for kinetic and isotherm data.

Model Type Equation Parameter Description

Kinetic model

Pseudo first order
Lagergren

qt (mg g~!) is the adsorbate retention in time t,

Geq (Mg ¢~ 1) is the adsorbate retention in equilibrium,
Kaq (min~1) is the adsorption first order constant and
t (min) is the time.

G = deg (1 — €749

t

Pseudo second order %=1 ¢ oy .
Ho & McKay o + qi k (gmg~" min~") is the second order adsorption constant.
eq eq
Isotherm model
. k is the Freundlich capacity parameter and 1/n is the
OV pacity p
Freundlich Qeq = k-Ceq Freundlich intensity parameter.
qm is the maximum concentration of the metal on the
biomass (mg metal g’l dry biosorbent), b is a coefficient
. qnbCe related to the affinity between the biosorbent and the
Langmuir _ eq . 1. . ..
9eq = T4 bC metal, high values of b indicate a high affinity for the
d biosorbent and show a steep initial slope in the isotherm
plot (L mg’l).
Sips qpn (Ks+Ceq) Vs Ks (L mg ™) is the equilibrium constant and ns (-) is the
Qeq = 7~ \Um .
a4 (KS‘Ceq)l/ s model exponent

Brunauer, Emmett
and Teller

qm is the maximum adsorbate retention in the monolayer
ki Ce {1 — (n+1)(koCe)" + n(kZCc)““} (mg g~ '), ki is the equilibrium constant of adsorption in

qE:

X " the first layer (L mg ~1), k; is the equilibrium constant of
(1 —koCe) {1 + (k—l - 1) kyCe — (ki) (sze)““] adsorption in upper layers (L mg~') and n is the number
2 2 of adsorption layers estimated.

2.2. Analytical

Each liquid sample was filtered through a N° 131 grade filter paper (Advantec, Dublin,
CA, USA) by a vacuum pump (Welch, Ilmenau, Germany—model 2522). The copper
concentration in the filtrate was determined by atomic absorption spectrophotometry in
flame (Varian, Palo Alto, CA, USA—model SpectrAA 55) according to Chilean standard
NCh 2313/10 Of. 96. pH was measured using an Orion (Thermo Scientific, Beverly, MA,
USA) PerpHect logR model 370 pH meter with a combined pH electrode.

2.3. Preparation of Adsorbent

D. antarctica and L. trabeculata samples were collected in the bay of Valparaiso, Chile.
After sampling, the algae were washed in tap water and then in distilled water to remove
any salt present. The algae were dried at 50 °C until they obtained a constant weight. The
dry biosorbents were first cut with a knife into regular-shaped pieces and then a jaw crusher
was used to obtain the smaller-sized particles. A RO-TAP Sieve Shaker with test sieves
from W.S. Tyler, model RX-29-10, was used to obtain different size fractions. The particle
size ranges separated by sieving and chosen for the experiments were: 0.43-1.70 mm,
1.70-3.36 mm, 3.36—4.00 mm and 4.00-5.66 mm.

2.4. Experimental Plan

The conditions of every experimental run are summarized in Table 3. The analyzed
parameters were: (a) operation pH, (b) algae used as biosorbent, (c) regenerating reagent,
(d) biosorbent particle size, (e) biosorbent mass-to-solution volume ratio (M/V), (f) time
sorption and (g) adsorption isotherm.
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Table 3. Summary of experimental details.

. C . M/V Rati Particle Si
Experimental Run l:gcgl,lf 8 Lj 10 a 1]::“ 1e Time min Biosorbent pH
30 D. Antarctica 3.0-3.5
pH determination 2 10 4.00-5.66 60 4.5-5.0
120 L. trabeculata
30 30 D. Antarctica
100 60
Biosorbent determination 10 4.00-5.66 120 L. trabeculata 45-5.0
300
1440
10
i 20
Regenerating reagent 100 10 4.00-5.66 D. antarctica 4550
determination 30
120
10 4.00-5.66
. . . 100 3.36-4.00
Biosorbent particle size 20 1.70-3.36 360 D. antarctica 45-5.0
0.43-1.70
10 10
M/V Ratio 100 20 1.70-3.36 1440 D. antarctica 4.5-5.0
40
10 5
100 10
20
Biosorption kinetics 10 1.70-3.36 28 D. antarctica 45-5.0
120
360
720
10
25
Adsorption isotherm 50 10 1.70-3.36 360 D. antarctica 4.5-5.0
75
100

The pH in the solution was kept constant by adding drops of either 0.5 M HCl or
0.5 M NaOH solutions, assuring that the total liquid volume was not affected severely. The
experiments were carried out in duplicate, without stirring and at an ambient temperature
(20-25 °C). Relative standard deviations were lower than 5% in every experiment. The
standard deviations and error margins are given in the tables and figures representing the
experimental results.

3. Results
3.1. Determination of Sorption pH

One of the most relevant factors in metal ion retention with seaweeds is pH [33-35];
therefore, experiments were carried out at two pH intervals, 3.0-3.5 and 4.5-5.0, in the
solutions. Lower pH values were not analyzed because it is generally known that the
sorption is worse [31,36,37], and higher pH values were not chosen to avoid the effect of
chemical precipitation.

For these experiments, 2 mg L~! copper solutions were used, from which 500 mL
was poured into every beaker and 5 g of dried L. trabeculata or D. antarctica was added in
each case. After the treatment time was reached, the solution was filtered and the copper
content in the liquid was measured. Experimental results for the copper retention capacity
of L. trabeculata and D. antarctica at different times for pH intervals of 3.0-3.5 and 4.5-5.0,
respectively, are displayed in Figure 1.
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Figure 1. Copper retention capacity in time of different algae and pH. (e): Lessonia trabeculata at pH
of 3.5-4.0. (e): Lessonia trabeculata at pH of 4.5-5.0. (x): Durvillaea antarctica at pH of 3.5-4.0. (x):
Durvillaea antarctica at pH of 4.5-5.0.

In Figure 1, the increase in retention capacity of L. trabeculata and D. antarctica by time
can be observed for both pH intervals. Furthermore, at the highest pH, a higher retention
capacity is obtained at every time. Thus, the operation pH for the following experiments is
4.5-5.0.

3.2. Biosorbent Determination

In order to maximize the biosorption process, the highest copper retention has to be
achieved in the minimum contact time, when focusing on continuous systems. For this
reason, experiments at different times were carried out with L. trabeculata and D. antarctica
as biosorbents, with the objective of choosing the most effective biosorbent.

For these experiments, 100 mg L~! and 30 mg L~! copper solutions were prepared,
from which 500 mL was poured into every beaker and 5 g of dried L. trabeculata or
D. antdrctica, as it corresponds, was added in each case. After the treatment time was
reached, the solution was filtered and the copper content in the liquid phase was measured.
Experimental results for the copper retention capacity of both biosorbents at different times
are shown in Figure 2.

In Figure 2, it can be noticed that from the beginning, D. antarctica has a considerably
higher copper retention than L. frabeculata for both initial metal concentrations. This can be
assumed because at 100 mg L1 of copper initial concentration, the metal mass retention
capacity of D. antarctica is, on average, 82% higher than that of L. trabeculata. For the initial
copper concentration of 30 mg L™!, the metal mass retention capacity of D. antarctica is, on
average, 46% higher than L. trabeculata.

This can be explained by the alginate content of the algae, which in D. antarctica could
be as high as in the range of between 30 and 55% d.wt., and in L. trabeculata, it is in the
range of 15-21% d.wt. [17,38,39]. Alginates are responsible for the strong affinity that the
algae show for heavy metals such as copper [40,41].
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Figure 2. Copper retention capacity of different algae and copper initial concentrations. (a): (e): Lesso-
nia trabeculata and copper initial concentration of 100 mg L~1. (x): Durvillaca antarctica and copper
initial concentration of 100 mg L1, (b): (x): Durvillaea antarctica and copper initial concentration of
30 mg L. (e): Lessonia trabeculata and copper initial concentration of 30 mg L~".

3.3. Biosorbent Particle Size Determination

Experiments for determining the effect of biosorbent particle size in copper removal
from the solution were carried out with the aim of obtaining the most copper removed,
using D. Antarctica as the biosorbent with copper solutions of 10 and 100 mg L~!, respec-
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tively, and a contact time of 360 min. Experimental results for copper retention capacity of
every particle size for different initial copper concentrations are shown in Table 4.

Table 4. Biosorbent particle size determination experimental runs.

Experimental Run

Initial Cu Concentration mg L1

Particle Size Range mm 10 100

Retention Capacity mg g1

Ty 4.00-5.66 0.371 £ 0.014 2.372 £ 0.031
T3 3.36-4.00 0.325 4+ 0.013 2.531 £ 0.044
Ty 1.70-3.36 0.358 &= 0.013 2.681 £ 0.051
Ty 0.43-1.70 0.312 £ 0.015 2.657 £ 0.055

It can be noticed that for the initial copper concentration of 10 mg .71, the particle
size corresponding to T4 and T, experimental runs presented the best retention capacity.
For an initial copper concentration of 100 mg L1, the best results were in the T; and T
experimental runs. Thus, a biosorbent particle size of 1.70 to 3.36 mm was selected for
further experiments.

3.4. Mass/Volume Ratio Determination

In order to determine the biosorbent mass-to-solution volume ratio, 10 and 100 mg L.~
of initial copper concentrations and a contact time of 24 h were used so that the influence of
biosorbent mass/volume ratio in retention capacity and metal removal could be observed
by using 10, 20 and 40 g of biosorbent per liter of solution.

Experimental results for copper retention capacity and copper removal against differ-
ent mass/volume ratios for both initial copper concentrations are shown in Figure 3. The
decrease in copper retention capacity of the biosorbent as the mass/volume ratio increases
can be observed for both initial concentrations. This indicates that for those concentrations,
it is not beneficial to increase the biosorbent concentration. Thus, the mass/volume ratio of
10 g L~! achieves high retention capacity.

7.000 x
6.000
5.000

4.000

q. mg g

3.000
2.000
1.000 X

0.000
10 20 30 40

M/V Ratio, gL}

(a)

Figure 3. Cont.
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Figure 3. Copper retention capacity at different mass/volume ratio for (a): an initial copper concen-
tration of 100 mg L™, (b) an initial copper concentration of 10 mg L~1.

3.5. Biosorption Kinetics

In order to determine biosorption kinetics, a 500 mL copper solution with an initial
concentration of 10 and 100 mg L~! and a pH of 4.5-5.0 was used with 5 g of biosorbent
mass. Experiments were based on a change in contact time, which was between 5 and
720 min. After that time, the biosorbent was withdrawn from the solution and the copper
concentration in the solution was analyzed.

Experimental results for copper retention capacity against contact time and best fits
for the Lagergren and Ho & Mckay models are shown in Figure 4. According to the figure,
it can be noticed that the copper retention by the biosorbent increases considerably during
the first minutes of contact until equilibrium is achieved at 360 min for both cases. The
retention capacity does not increase significantly after that time due to process stabilization.

Experimental data was fitted to both the Lagergren and Ho & Mckay models and the
obtained parameters for each model are presented in Table 5. It can be concluded from
the determination coefficient R? that the Ho & Mckay model fits the experimental data
better than the Lagergren model when a mass/volume ratio of 10 g L~! and initial copper
concentration of 100 mg L1 is used.

Table 5. Lagergren and Ho & Mckay model parameter values.

Model Initial Cl:n giricfntratlon Model Initial Cl:n g(iricle:ntratlon
Ho & Mckay 10 100 Lagergren 10 100
Jeq MG g*] 0.585 + 0.009 6.513 + 0.077 Jeq MG g*] 0.589 + 0.005 6.202 £ 0.041
kg mg*1 min~! 0.076 £ 0.002 0.035 £ 0.001 kog min~? 0.024 + 0.001 0.145 £ 0.002
R? 90.6% 95.8% R? 81.6% 89.9%
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Figure 4. Biosorption kinetics (a): Initial copper concentration of 100 mg L~'. (b): Initial copper
concentration of 10 mg L™

3.6. Adsorption Isotherm Determination

To determine the adsorption isotherms, experiments with 10, 25, 50, 75 and 100 mg L!
copper concentration, a mass/volume ratio of 10 g L1 and the same other conditions of the
other experimental runs were carried out. Each mathematical model shown in Table 2 was
used for adsorption isotherm determination that relates to the amount of copper adsorbed
by the algae (retention capacity) and the equilibrium concentration in the solution.

To determine the parameters of the Freundlich, Sips and BET models, the Microsoft
Excel SOLVER tool was used for data optimization, which uses the minimum squares error
method. On the other hand, the Langmuir model parameters determination was made by
using the linearization of the model, but in this case the parameter values were negative,
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so it can be concluded that the Langmuir model does not represent the process for the
equilibrium concentrations used.

Experimental results for copper equilibrium retention capacity against copper equilib-
rium and the fitted Freundlich, Sips, BET and Langmuir adsorption isotherms are shown
in Figure 5. Parameters and representative statistical values of the four models are summa-
rized in Table 6.

5.000
4.500
4.000
3.500
3.000
T
°F 2.500
20
=
= 2.000
1.500
1.000
0.500
0.000
0 6 8 10 12 14 16 18 20 22 24 26 28 30
Ceg, mgL!
# Experimental Data BET Freundlich ——Sips Langmuir
Figure 5. Adsorption isotherms for Cu biosorption with D. Antarctica. Cu equilibrium biomass
uptake as a function of solution concentration at equilibrium.
Table 6. Isotherm model parameter values.
Model Parameters (Units in Table 2) Residuals Sum of Squares Determmatlﬁ;‘ Coefficient
k 0.021
Freundlich 1.247 x 1071 99.34%
n 0.613
. dm —47.29
Langmuir 2.115 88.75%
b —0.00254
qm 623.4
Sips Ks 3.303 x 10 1247 x 107! 99.33%
ng 1.638
qm 3.955
Kk 2,969 x 1072
BET 7.010 x 1073 99.96%
ko 2.821 x 1072
n 11.08
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From visual analysis of Figure 5, it can be noticed that the Langmuir model fits the
data poorly, even when using its obtained parameters. On the other hand, the Freundlich
model fits the data as well as the Sips model, and because their differences are not possible
to detect, it is deduced that the Sips model is an overparameterization in this case. It
can be noticed that the BET model has the best resemblance to the data, even better than
the Freundlich model, which supports the idea that for the experimental conditions, the
biosorbent is not saturated, so it can be used for more concentrated solutions under these
conditions. In terms of model selection, the BET model presents a better determination
coefficient than the Freundlich model (99.96% for BET and 99.34% for Freundlich), which
could be assumed as negligible, but after performing a Fisher statistical test for model
comparison [42], the p-value was below 3%. Therefore, there is statistical evidence that
supports the BET model as the best fit for the analyzed experiment, so these algae can form
multiple adsorption layers and have a monolayer adsorption capacity of 3.955 mg g~ .

The maximum retention capacity should only be taken as an indicator of whether
or not the biosorbent would be useful because the maximum retention capacity is never
reached in an actual sorption wastewater treatment plant. Therefore, the retention capacities
should be supplemented by the kinetic phenomena of the biosorption in order to estimate
a decent residence time in a treatment process [10].

3.7. Regenerating Reagent Selection

This series of experiments was carried out for the selection of the regenerating reagent
that removes the highest quantity of copper from the biosorbent. Among the regenerat-
ing reagent requirements, there should be (i) a high copper affinity, (ii) maintenance of
biosorbent properties after contact, (iii) easy access, and (iv) low cost. Thus, the analyzed
regenerating reagents were sulfuric acid and hydrochloric acid.

The results of this experiment aim to enhance the diffusion of copper from biosorbent
to regenerating reagent because of its affinity to copper; therefore, the biosorbent holds a
low copper concentration and is able to be reused for copper biosorption.

For assessing copper affinity with regenerating reagent, a copper sulfate solution was
prepared, with 100 mg L~ of copper as in the previous experiments, from which 500 mL
was poured into every beaker and was in contact with 5 g of dried D. antarctica for 24 h.
Then the biosorbent was rinsed twice with distilled water and 0.1 mol L1 (pH 1) sulfuric
acid or 0.1 mol L~ (pH 1) hydrochloric was added for a determined time. After that time,
the biosorbent was withdrawn from the solution and the amount of desorbed copper was
determined by the difference of adsorbed copper mass from the first solution and desorbed
mass from the second solution. Experimental results for copper desorption when applying
H,S0, and HCl with different contact times are shown in Figure 6.

It can be observed that for both regenerating reagents, copper is re-adsorbed in the
biosorbent as contact time increases. In case of hydrochloric acid, desorption decreases
drastically at 20 min, because copper is re-adsorbed rapidly, but in the case of sulfuric acid,
the copper re-adsorption is lower and slower than hydrochloric acid desorption.

Because sulfuric acid (a) shows a more stable performance with copper as sorbate
and D. antarctica as biosorbent than hydrochloric acid, (b) is widely available and (c) has a
higher purity than hydrochloric acid, it is recommended as a regenerating reagent.
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Figure 6. Regenerating reagents desorption capacity. (e): HySOy. (#): HCL.

4. Conclusions

From the results, it can be concluded that the brown seaweeds Lessonia trabeculata and
Durvillaea antarctica have an important copper retention capacity in acidic solutions, where
the capacity of D. antarctica is twice as high as that of L. trabeculata. Thus, D. antarctica is
more recommended for continuous systems. Heavy metal removal efficiency varies with
pH. From the analysis of two intervals, a pH between 4.5 and 5.0 gives better results in
copper removal with the studied biosorbents.

For process kinetic parameters determination applying the Lagergren and Ho &
McKay models, it is concluded that the Ho & McKay model fits the experimental data
better. Concerning adsorption isotherms, the BET model shows the best fit, indicating
that the biosorbent is not saturated. The chosen regenerating reagent is sulfuric acid as it
presents higher copper removal values and shows no sign of metal re-adsorption before
30 min, whereas hydrochloric acid shows copper re-adsorption after 10 min.
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Abstract: The study on the biosorption of copper ions using raw eggshells as an adsorbent is
presented in this paper. The influence of different process parameters, such as: initial pH value of
the solution, initial Cu?* ions concentration, initial mass of the adsorbent, and stirring rate, on the
biosorption capacity was evaluated. The SEM-EDS analysis was performed before and after the
biosorption process. SEM micrographs indicate a change in the morphology of the sample after
the biosorption process. The obtained EDS spectra indicated that K, Ca, and Mg were possibly
exchanged with Cu?* ions during the biosorption process. The equilibrium analysis showed that
the Langmuir isotherm model best describes the experimental data. Four kinetic models were used
to analyze the experimental data, and the results revealed that the pseudo-first order kinetic model
is the best fit for the analyzed data. Calculated thermodynamic data indicated that the biosorption
process is spontaneous, and that copper ions are possibly bound to the surface of the eggshells by
chemisorption. The biosorption process was optimized using Response Surface Methodology (RSM)
based on the Box-Behnken Design (BBD), with the selected factors: adsorbent mass, initial metal ion
concentration, and contact time.

Keywords: biosorption; response surface methodology; Box-Behnken design; eggshell; equilibrium;
kinetics; thermodynamics; copper ions

1. Introduction

Wastewater containing heavy metals, that originate from tanneries, batteries, mining
and metallurgical operations, chemical manufactories, pesticides, and other sources, has
been a major pollutant in the environment for many years. The non-biodegradability and
persistent nature of these metals means they tend to enter the food chain and accumulate
in the living organisms, causing numerous disorders and diseases [1,2].

Wastewater treatment methods can be classified into five groups, i.e., adsorption-,
chemical-, membrane-, electric-, and photocatalytic- based treatments [3].

The adsorption-based separation methods are defined by the properties of the ad-
sorbent, and the working conditions of the process, like temperature, pH value of the
solution, adsorption time, etc. The adsorbents can be classified as carbon-based adsorbents,
chitosan-based adsorbents, mineral adsorbents, magnetic adsorbents, and biosorbents [3].

Membrane-based filtration and separation is a wastewater treatment method that
usually includes ultrafiltration, nanofiltration, microfiltration, reverse osmosis, forward
osmosis, and electrodialysis [3].

Chemical-based separation methods for wastewater treatment polluted with heavy
metals include precipitation, coagulation and flocculation, and flotation. These methods
change the form of the dissolved metal into solid particles, to facilitate their sedimenta-
tion [3].
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Electric-based separation methods for wastewater treatment include electrochemical
reduction, electroflotation, electrooxidation and ion-exchange treatment [3].

Heavy metals are being removed from wastewater on the industrial scale by well-
known conventional technologies. However, these conventional technologies have many
disadvantages that include high operating costs, incomplete metal removal, continuous
input of chemicals, and others. These disadvantages raise the question of finding a new
method of wastewater treatment that could become an alternative to the existing conven-
tional technologies, and improve the overall process [1,4].

Adsorption methods are a more suitable processes for wastewater treatment, due to
the high metal recovery rate, no sludge production, low economic investments, the ability
to regenerate the adsorbent, and many others [1].

In recent years, the scientific community has recognized biosorption as a potential,
efficient and economically feasible alternative to conventional technologies for the removal
of heavy metal ions from aqueous solutions. The scientific research is focused on examining
the possibility of using many industrial and agricultural waste materials as biosorbents [5].

Since inactive biomass is usually used in biosorption processes, the mechanism of
metal ions removal is based on adsorption, chelation, ion exchange, complexation, coor-
dination, microprecipitation, electrostatic interaction, or the combination of the before-
mentioned mechanisms [6].

Many industries that produce and use eggs generate considerable amounts of waste
in the form of eggshells. These by-products constitute approximately 6 g/egg, an amount
which represents significant waste. Waste eggshells are considered useless and are disposed
in landfills without any pre-treatment [7].

The aim of this work is to study the possibility of using waste raw eggshells as an
adsorbent for copper ions removal from aqueous solutions, as well as to analyze the
specifics of the process and the influence of certain parameters on its efficiency. The use of
eggshells as an adsorbent for wastewater treatment could potentially solve two problems.
First, it would reduce the amount of waste in landfills, thus directly help industries based on
the use of eggs by reducing the costs of their disposal. And, secondly, it would contribute
to solving the problem of watercourses contamination with heavy metals (in this case,
copper).

The performed analysis in this work include:

- theinfluence of different process parameters (initial Cu?* ions concentration, pH value
of the solution, adsorbent mass and stirring rate) on the biosorption capacity;

—  SEM-EDS analysis of the eggshells sample before and after the biosorption process;

—  kinetic analysis of the biosorption process;

—  equilibrium analysis of the biosorption process;

- thermodynamic analysis of the biosorption process;

- process optimization study by the mean of Response Surface Methodology based on

Box-Behnken Design

2. Materials and Methods

Raw chicken eggshells (Figure 1), collected from local households (located in the city
of Bor, in eastern Serbia), were washed with distilled water several times, ground, sieved,
and the fraction (—1 + 0.4) mm was used for the biosorption experiments.

The eggshells samples were rinsed with 200 mL distilled water, prior to the biosorption
experiments, in order to remove the physical impurities.

Biosorption experiments were conducted in batch conditions, using synthetic Cu?*
solutions, prepared with CuSOy4-5H,0 (p.a.). The concentrations of the solutions varied,
based on the specifics of the performed experiment.

pH value of the solutions was adjusted using 0.1 M HNOj3 and 0.1 M KOH.
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Figure 1. Chicken eggshells sample.

Process parameters, including contact time, initial copper ions concentration, tem-
perature, stirring rate, initial mass of the adsorbent, and initial pH value were adjusted
depending on the performed experiment.

All experiments were performed in batch conditions. A spectrophotometer (Spec-
troquant Pharo 300—Merck, Rahway, NJ, USA) was used to analyze the solutions for the
remaining copper ions content. The SEM-EDS analysis was performed on a SEM scanning
electron microscope (VEGA 3 LMU, Tescan, Brno, Czech Republic) with an integrated
energy-dispersive X-ray detector (X act SDD 10 mm?, Oxford Instruments, Abingdon, UK).

The biosorption capacity and the adsorption degree were calculated using the follow-
ing equations:

Ci — Ct
m

gr = 14 1

AD% — (1 - 9) -100 2)

1

where: g; is the adsorbent capacity defined as mass of the adsorbed metal per unit mass of
the adsorbent (mg g~ 1) at time ; ¢; is the initial metal ion concentration in the solution; ¢
is the metal ion concentration in the solution at time f; m is the adsorbent mass; V is the
volume of the solution; AD% is the adsorption degree.

3. Results and Discussions

3.1. The Influence of Different Process Parameters on the Adsorption Efficiency
(Biosorption Capacity)

3.1.1. The Effect of ph Value on the Biosorption Capacity

In order to analyze the effect of the pH value on the biosorption capacity, a series of
experiments was performed, using Cu®* ion solutions, of different pH values, ranging
from 2 to 5. The pH value of the solutions was adjusted by adding 0.1 M HNO3 and
0.1 M KOH. The experiments were performed at room temperature, using solutions of
initial Cu?* concentration of 500 mg dm~3. The suspension was stirred for 60 min. The
obtained results are shown on Figure 2a.

As can be seen from Figure 2a, low pH values of the solution led to a low biosorption
capacity. A rise in the pH value of the solution led to a rise in the biosorption capacity.
At pH = 2 the biosorption capacity was determined to be around 10.82 mg g~!, while at
pH = 5 the biosorption capacity was almost twice as higher (g; = 21.62 mg g !). The rise
in the biosorption capacity of eggshells at higher pH values of the solution occurs due
to the fact that chicken eggshell constitutes of about 95% of calcium carbonate and 5% of
organic matter. The calcium carbonate favors precipitation of metal ions, as it dissociates
to carbonate and calcium ions. The solubility of calcium carbonate in the eggshells varies,
based on the pH level of the solution. Carbonate species appear in solutions as H,COj3,
HCO;~ and CO3?~. The latter two are presumably responsible for the formation of metal
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carbonates [5]. Considering the divalent nature of the Cu?* ions in the solution at pH =5
(Figure 3), it is assumed that the carbonate ions from the eggshell interact with the copper
ions to form copper carbonates.
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Figure 2. (a) pH value effect on the biosorption capacity, (b) initial Cu>* concentration influence on
the biosorption capacity, (¢) adsorbent mass effect on the biosorption capacity, and (d) stirring rate
influence on the biosorption capacity for copper ions biosorption onto chicken eggshells.

3.1.2. The Influence of the Initial Cu** Concentration on the Biosorption Capacity

The influence of the initial Cu>* concentration on the biosorption capacity was exam-
ined by bringing into contact 1 g of chicken eggshell with 0.5 dm—2 copper ion solutions of
different initial concentrations, ranging from 30 mg dm~3 to 1000 mg dm~3, on a magnetic
stirrer, for 60 min. The experiments were performed at room temperature. The obtained
results are shown on Figure 2b. Figure 2b shows an increase in the biosorption capacity,
with the rise in the initial Cu?* ions concentration, up to 800 mg dm~3, where it reaches
the maximum value (g; = 40.79 mg gfl). With a further increase in the initial copper
ions concentration, a decrease in the biosorption capacity is noted. It is assumed that this
decrease occurs due to the saturation of the adsorbent with Cu?*.

The fact that the adsorption process includes different simultaneous processes, among
which are the diffusion in the liquid phase and adsorption in the solid phase, it is assumed
that the increase in the initial metal ions concentration leads to an increase in the probability
of their contact with the active sites in the structure of the adsorbent. The saturation of the
active sites in the adsorbent structure leads to the decrease in the biosorption capacity, with
the further increase in the initial metal ions concentration [7].

3.1.3. The Effect of the Adsorbent Mass on the Biosorption Capacity

The effect of the adsorbent mass on the biosorption capacity was determined by
bringing into contact 0.5 dm3 copper ion solutions (initial concentration 500 mg dm—3)
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with different amounts of eggshells, ranging from 0.2 to 1 g. The suspension was stirred
on a magnetic stirrer, under room temperature, for 60 min. The results of the performed
analysis are shown on Figure 2c. As seen on Figure 2c, the adsorption degree increased
from 25% to 82% with the increase in the adsorbent mass from 0.2 to 1 g, due to the higher
number of available active sites on the adsorbent structure as a result of a larger amount of
adsorbent available [8].

3.1.4. The Influence of the Stirring Rate on the Biosorption Capacity

The influence of the stirring rate on the biosorption capacity was analyzed by perform-
ing the following experiment 0.5 g of eggshells was brought into contact with 0.5 dm—3
copper ions solutions, and stirred at room temperature using different stirring rates from
100 to 600 rpm, for 60 min. The obtained results are shown on Figure 2d. The results show
that the biosorption capacity increased with the increase in the stirring rate, up to 400 rpm,
where it reached its maximum value. Further increase in the stirring rate resulted in a
decrease of the biosorption capacity.

It is assumed that the increase in the stirring rate accelerates the diffusion of the metal
ions through the liquid phase to the surface of the adsorbent, resulting in the rise of the
biosorption capacity [9].
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Figure 3. Cu species distribution at different pH values of the solution [10].

3.2. SEM-EDS Analysis

The SEM-EDS analysis of the eggshells was performed before and after the biosorption
of copper ions in order to study the surface morphology and texture of the samples. The
obtained results are shown on Figure 4.

Figure 4a shows a porous and dense surface structure of the untreated raw eggshell.
Figure 4c shows a slight change to the surface morphology, with the surface becoming
uneven, rough and heterogeneous, as a result of the incorporation of copper ions inside the
structure of the eggshells sample. The interaction of eggshells with Cu?* ions lead to the
formation of flake-like deposits on the surface of the adsorbent [11,12].

The EDS analysis was performed by scanning multiple points on the surface of the
untreated eggshell as well as the eggshell sample after the adsorption process. The EDS
spectrum of the untreated eggshell (Figure 4b) showed peaks for O, Mg, K and Ca, with
high O and Ca contents. The obtained spectrum after the adsorption process (Figure 4d)
indicates the absence of the Mg peak, while the K and Ca peaks remained but were reduced.
A new peak, corresponding to the adsorbed Cu ions appeared. Obtained EDS results
indicate that Mg, K and Ca could potentially be exchanged with Cu during the adsorption
process.
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Element [¢] Mg K Ca
Content, wt% | 49.64 4.06 0.66 45.65 100.0
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Spectrum 1
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Element (9] K Ca Cu Total
Content, wt% 53.55 0.38 18.59 2748 100.0

Ca
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Figure 4. SEM micrographs of eggshells samples before Cu?* biosorption (a) and after the biosorption
process (c), with the corresponding EDS spectra before (b) and after the biosorption process (d).

3.3. Kinetic Study

Adsorption kinetic data provides insight into the mechanism of the adsorption process,
it’s rate, as well as information about the step that determines the overall rate of the process.
In this work, the experimental data were modeled using the non-linear forms of the pseudo-
first order kinetic model, pseudo-second order kinetic model, intraparticle diffusion kinetic
model (Weber-Morris model), and the Elovich kinetic model.

In order to obtain the biosorption kinetic data, 50 mL of copper ion solutions (initial
Cu?* concentration 500 mg dm~3) were brought into contact with 1 g of eggshells samples,
for different process time (ranging from 1 to 90 min). The kinetic analysis is presented in
Figure 4 along with the obtained kinetic data which are presented in Table 1.

3.3.1. Pseudo-First Order Kinetic Model

The pseudo-first order kinetic model is often used to describe the kinetics of a sorption
process. According to this model, a type of sorbent reacts with one active center in the
adsorbent structure, forming a sorption complex [13].

The non-linear form of the pseudo-first order kinetic model can be expressed as:

a =q.(1— ) 3)

where: g; is the adsorbent capacity defined as mass of the adsorbed metal per unit mass
of the adsorbent (mg g~') at time ¢; g, is the adsorbent capacity defined as mass of the
adsorbed metal per unit mass of the adsorbent (mg g 1) at equilibrium; k; is the adsorption
rate constant for the pseudo-first order kinetic model (min~1).

The experimental data were fitted using this model (Figure 5), and the kinetic parame-
ters were determined and presented in Table 1.
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Table 1. Kinetic model parameters for copper ions biosorption onto eggshells.

Model Parameters Values
ky (min~1) 0.018
-1 22.84
Pseudo-first order kinetic model deexp (M8 & ) 8
Qe,cal (M) 28.34
R? 0.999
ko (g mg~! min—1) 2.90-10~*
-1 22.84
Pseudo-second order kinetic model deexp (M3 g,l ) 8
Qe,cal (M) 43.26
R? 0.982
A —1 in—05
Intraparticle diffusion kinetic model Ki(mgg~ min) 2'311724
(Weber-Morris model) Ci 9-99-10
R? 0.955
o (mg g’l min~1) 0.603
Elovich kinetic model B (gmg ) 0.067
R? 0.983
25
20
|}
~ 154
o}
(o)
=
& 104 n
Pseudo-first order kinetic model
I—— Pseudo-second order kinetic model
- Intraparticle diffusion kinetic model
54 —— Elovich kinetic model
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0 T T T T 1
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Figure 5. Non-linear kinetic models for copper ions biosorption onto chicken eggshells.

3.3.2. Pseudo-Second Order Kinetic Model

This model assumes that the kinetics of a sorption process simultaneously depends on
the number of free active centers on the surface of the sorbent and the concentration of the
sorbate in the solution [14].

The non-linear form of this model is given as:
qekat

qe = T+ katge (4)
where: g; is the adsorbent capacity defined as mass of the adsorbed metal per unit mass
of the adsorbent (mg g~') at time ¢; g, is the adsorbent capacity defined as mass of the
adsorbed metal per unit mass of the adsorbent (mg g~1) at equilibrium; k; is the adsorption
rate constant for the pseudo-second order kinetic model (g mg~! min—1).

The biosorption data were modeled using this model, and the results are shown on
Figure 5 and in Table 1.
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3.3.3. Intraparticle Diffusion Kinetic Model (Weber-Morris Model)

The Weber-Morris model assumes that the adsorption process does not take place
only on the surface of the adsorbent, but that diffusion and adsorption inside the adsorbent
structure also occur [15].

The non-linear form of the intraparticle diffusion kinetic model is given as:

q = Kt* + G ®)

where: g; is the adsorbent capacity defined as mass of the adsorbed metal per unit mass
of the adsorbent (mg g~!) at time #; K; is the internal particle diffusion rate constant
(mg g~ ! min~%%); C; is the boundary layer thickness constant.

The experimental data were fitted using the Weber-Morris model (Figure 5), and the
kinetic parameters were determined and presented in Table 1.

3.3.4. Elovich Kinetic Model

The Elovich model is one of the most useful kinetic models for describing chemisorp-
tion [16].
The non-linear form of this model is given as:

qr = %ln(ixﬁt-l—l) (6)

where: g; is the adsorbent capacity defined as mass of the adsorbed metal per unit mass
of the adsorbent (mg gfl) at time #; « is the starting adsorption rate (mg gfl min~1); B
is the parameter that expresses the degree of surface coverage and activation energy for
chemisorption (g mgfl).

The obtained corresponding plot and kinetic data for this model are shown on Figure 5
and in Table 1.

The experimental data were fitted using four non-linear kinetic models, i.e., the pseudo-
first order kinetic mode, pseudo-second order kinetic model, intraparticle diffusion kinetic
model, and the Elovich kinetic model. Based on the obtained kinetic parameters (Table 1), it
can be concluded that all the analyzed models show good agreement with the experimental
data. However, the pseudo-first order kinetic model has proven to be the best fit for the
analyzed data (R? = 0.999). Such results suggest that, in theory, copper ions react with
active sites inside the structure of the eggshell, forming sorption complexes.

3.4. Equilibrium Study

Adsorption isotherm models are used to analyze experimental data in order to gain
information about the mechanism of the adsorption process, it's equilibrium, and the maxi-
mum biosorption capacity. In this work, the non-linear Langmuir, Freundlich and Temkin
isotherm models were used to analyze the equilibrium of the copper ions biosorption
process onto chicken eggshells.

Biosorption isotherm data was obtained by performing the following experiment:
0.5 g of eggshells samples was brought into contact with 50 mL of copper ions solutions, of
different initial Cu?* concentrations (in the range from 30 to 400 mg dm~3). The suspension
was stirred on a magnetic stirrer for 90 min, assuming that is enough time to reach the
equilibrium between phases [17]. The obtained experimental data was fitted using the
mentioned non-linear isotherm models, and the results are presented in Figure 6 along
with the isotherm parameters in Table 2.
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Figure 6. Biosorption isotherm data fitted using non-linear Langmuir, Freundlich and Temkin
models.

Table 2. Adsorption isotherm model parameters for copper ions biosorption onto eggshells.

Model Parameters Values
K (dm® mg™1) 3.49
-1
Langmuir adsorption isotherm model Geexp (Mg & 1 ) 283
qm (Mg g~ ) 94.59
R? 0.989
Kg 108.5
Freundlich adsorption isotherm model 1/n 0.671
R? 0.931
B (J mol 1) 9.698
Temkin adsorption isotherm model Kr (dm3 g~ 1) 104.49
R? 0.927

3.4.1. Langmuir Isotherm Model

The Langmuir isotherm model assumes that the adsorption process takes place in
a monolayer, and that there are a finite number adsorption sites (each site can hold one
adsorbate molecule). There is no interaction between the adsorbed molecules, and all
adsorption sites are equivalent [18,19].

This model can be expressed as:

‘ImKLCe

e = 1+K,.C, )

where: g, is the equilibrium biosorption capacity (mg gfl); gm is the maximum biosorp-
tion capacity (mg g~ !); Ce is the equilibrium concentration of metal ions in the solution
(mg dm~3); and K is the Langmuir equilibrium constant (dm3 gfl).

3.4.2. Freundlich Isotherm Model

The Freundlich model is a good representation of sorption processes at low and
intermediate concentrations. This model can be applied to non-ideal and multilayer
sorption on heterogeneous surfaces [20].

The Freundlich model can be represented as:

e = K;C}/" ®)
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where: g, is the equilibrium biosorption capacity (mg g~!); Ce is the equilibrium concen-
tration of metal ions in the solution (mg dm~3); K is the Freundlich equilibrium constant
((mgg™!) (dm® mg1)/m).

The Freundlich constant n provides insight into the favorability of the adsorption
process. When the value of n lays between 1 and 10 (i.e., 1/# is lower than 1), the adsorption
process is favorable [21].

3.4.3. Temkin Isotherm Model

This model assumes that the adsorption heat of all the molecules in the layer shows a
linear decrease with the coverage of molecules, and that adsorption is characterized by a
uniform distribution of binding energies, up to a maximum binding energy [18].

The Temkin model is given as:

ge = BIn(K7C,) )

where: g, is the equilibrium biosorption capacity (mg g~!); Ce is the equilibrium concen-
tration of metal ions in the solution (mg dm—3); B = RT/b is the Temkin constant, which
refers to the adsorption heat (J mol~'); b is the variation of adsorption energy (J mol~1);
R is the universal gas constant (J mol ! K~1); T is the temperature (K); Kt is the Temkin
equilibrium constant (dm3 g~ 1).

Based on the correlation coefficients (Table 2), it can be concluded that the biosorption
process follows the Langmuir isotherm model, as it showed a very good agreement with
the experimental data. This result indicates that there is a homogeneous distribution of
active sites on the eggshell surface, while the adsorption process takes place in a monolayer,
and that there are a finite number adsorption sites [18,19].

In addition, the Freundlich constant n suggests that the biosorption of copper ions
onto chicken eggshells is a favorable process (1 is between 1 and 10, i.e.,, 1/n is lower
than 1) [21].

The performance of the adsorbent is usually defined by the maximum biosorption
capacity. Based on the results in copper removal with various biosorbents reported by
other workers (Table 3), it can be concluded that eggshells may play an important role as a
cost-effective biosorbent for copper ions removal from aqueous environments.

Table 3. Cu?* ions biosorption on eggshell in comparison with other adsorbents.

Maximum Biosorbent

Biosorbent Capacity (qm, mg g’l) Work
Eggshell 94.59 This work
Succharomyc’es cerevisiae 26.95 [22]
(brewer’s yeast)
Carbonized sunflower stem 38.05 [23]
Sericin cross-linked with
polyethylene glycol-diglycidyl 36.17 [24]
ether
Sawdust of deciduous trees 9.9 [25]
Wheat straw 4.3 [17]
Chlorella pyrenoidosa
(freshwater green algae) 1188 [26]
Codium vermilara (codium 144 [27]
seaweed)
Olive stone 1.96 [28]
Pine bark 11.35 [28]
Chitosan 103 [29]
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3.5. Thermodynamic Study

The influence of temperature on the biosorption process was analyzed by bringing
into contact 0.5 g of eggshells samples with 50 mL of synthetic Cu?* solutions (initial
concentration 500 mg dm~3), at different temperatures (25 °C, 35 °C, and 45 °C). The
suspension was stirred for 90 min. The obtained results (Figure 6) are analyzed in order to
determine the thermodynamic parameters. The thermodynamic parameters are calculated
using the Equations (10)-(13).

_Ca
Ky = Ts (10)
AGY = —RTInK, (11)
AS? AHP
ik — (250 - (380 0
—Ea
InK; = (ﬁ) +InA (13)

where: K; is the thermodynamic equilibrium constant; C4 is the concentration of the
adsorbed adsorbate (mg dm3); Cg is the equilibrium concentration of the adsorbate in
the solution (mg dm~3); AG is the Gibbs free energy (k] mol~!); R is the universal gas
constant (J mol~! K~1); T is the temperature (K); ASO is the entropy change (J mol 1 K 1);
AH? is the enthalpy change (k] mol~1); Ea is the activation energy (k] mol™1).

The change of the Gibbs free energy was calculated using the Equation (11).

According to the Equation (12), the values of the enthalpy and entropy were calculated
from the slope and intercept of the plot In Kp vs. 1/T, which is shown on Figure 7 [20].

2.0

0.5

0.0 o

T T T T T
0.00315 0.00320 0.00325 0.00330 0.00335
1T

Figure 7. Thermodynamic plot In KD vs. 1/T for copper ions biosorption onto eggshells.

The activation energy was calculated from the slope of the plot In Kp vs. 1/T, using
the Equation (13).
The thermodynamic parameters are given in Table 4.

Table 4. Thermodynamic parameters for copper ions biosorption onto eggshells.

T (K) AG? (k] mol -1)  AHO (kJ mol —1) q molAff K1) Ea (k] mol —1)
298 0.07
308 451 —9.98 33.68 82.97
318 —5.45
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The Gibbs free energy (Table 3) for the copper ions biosorption onto eggshells indicates
that the process is spontaneous and favored at temperatures above 25 °C. Negative enthalpy
change indicates that the process is exothermic. Positive entropy value indicates that there is
an increased randomness at the solid /liquid interface during the adsorption process [30,31].

The activation energy (Ea) value of 82.97 k] mol ! indicates that the binding of copper
ions onto eggshells took place mainly by chemisorption [32].

3.6. Process Optimization Study

The biosorption of copper ions using eggshells was optimized using an experimental
design, in order to determine the effects of three selected (independent) variables on the
percentage of Cu?* removal (dependent variable). Response Surface Methodology (RSM)
represents a set of techniques, which is useful for evaluating the relationships between a
number of experimental factors and measured responses [33-35].

The RSM-BBD was applied to optimize the biosorption process using the Design
Expert software (version: 22.0.0) [36].

The Box-Behnken factorial design, consisting of 17 experiments, coupled with Re-
sponse Surface Methodology, was applied with the goal to optimize the biosorption process,
comparing three factors: Adsorbent mass (A), initial copper ions concentration (B) and
contact time (C). The experimental ranges and their levels in the design are given in Table 5.
The experimental design matrix, as well as the response R (adsorption degree) are given in
Table 6.

Table 5. Experimental ranges and levels in the experimental design.

Range Level
Factors
-1 0 1
A—Adsorbent mass (g) 0.5 1 1.5
B—Initial metal ion
concentration (g/L) 05 1 15
C—Contact time (min) 10 60 90

Table 6. Box-Behken Design matrix for three factors along with observed response for Cu?* biosorp-
tion onto eggshells.

B: Initial Cu?*

Run A: Adsorbent Ions C: Contact Time R: Adsorption
Mass (g) Concentration (min) Degree (%)
(g/L)
1 15 0.5 60 64.54
2 0.5 1 10 9.87
3 1 15 10 43.09
4 1 0.5 10 7.02
5 1.5 1 10 11.03
6 0.5 15 90 12.6
7 0.5 1 60 25.86
8 15 1 90 80.47
9 0.5 15 60 7.47
10 1 1 60 5427
11 0.5 0.5 60 96.16
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Table 6. Cont.

B: Initial Cu?*

Run A: Adsorbent Ions C: Contact Time R: Adsorption
Mass (g) Concentration (min) Degree (%)
(g/L)

12 1 1 60 51.14
13 1 1 60 52.16
14 1 1 60 49.67
15 15 15 60 38

16 1 0.5 90 97.06
17 0.5 1 90 89.74

The correlation between the following independent variables: linear (81, B2, B3),
quadratic (811, B22, B33), interaction terms (B12, P13, B23) and the response (R), was described
by fitting the following polynomial equation [33]:

R = Bo+ B1A+ B2B+ B3C + B11AA + B2BB + B33CC + B12AB + B13AC + B3 BC (14)

The obtained results are displayed in Table 6. The biosorption of copper ions onto
eggshells can be expressed using the following equation:

Y =46.62 — 1.15A — 20.45B +26.11C + 15.54A - B — 2.61A - C — 30.13B - C+ (15)
6.38A-A—146B-B—-522C-C

The statistical significance of the applied model was evaluated by the ANOVA analysis
and shown in Table 7. The significance of each coefficient is determined by the magnitude
of the F-values and p-values (Table 7). The larger the F-value, and the smaller p-value,
the corresponding coefficient is more significant. p-values less than 0.0500 indicate high
significant regression at 95% confidence level [35].

Table 7. ANOVA analysis for response surface model in relation to Cu®* biosorption onto eggshells.

Sum of Mean

Source Squares df Square F-Value p-Value
Model 13,714.86 9 1523.87 5.03 0.0224 Significant
A-A 10.58 1 10.58 0.0349 0.8571
B-B 3346.44 1 3346.44 11.04 0.0127
c-C 5452.81 1 5452.81 17.99 0.0038
AB 965.66 1 965.66 3.19 0.1174
AC 27.20 1 27.20 0.0897 0.7732
BC 3631.87 1 3631.87 11.98 0.0105
A? 171.32 1 171.32 0.5652 0.4767
B2 8.93 1 8.93 0.0295 0.8686
C? 114.79 1 114.79 0.3787 0.5578
Residual 2121.64 7 303.09
Lack of Fit 1571.72 3 523.91 3.81 0.1145 . Ngt
significant
Pure Error 549.92 4 137.48

Cor Total 15,836.50 16
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The model F-value and p-value of 5.03 and 0.0224, respectively, indicate that the model
is significant. p-values lower than 0.05 indicate that model terms are significant. In this
study, B (initial Cu?* ions concentration), C (contact time (min)), and BC (initial Cu?*
ions concentration combined with contact time (min)) are significant model terms. The
suitability of the model was confirmed by the regression coefficients of the predicted and
experimental values (R? = 0.866 and adj-R? = 0.694).

Figure 8 shows the relationship between the experimental responses and the responses
predicted by the model.

100 u
80 -

60

R, predicted %

20

0 T T T T
0 20 40 60 80 100

R, experimental %

Figure 8. Plot of experimental and predicted responses.

Based on the data shown on Figure 8, and the correlation coefficient (R? = 0.897), it
can be concluded that there is a good relationship between the experimental and predicted
responses.

Response surface plots showing the influence of the analyzed parameters on the
adsorption degree (R) are presented on Figures 9-11. Figure 9 indicates that lower initial
metal ion concentration combined with lower adsorbent mass leads to a higher percentage
of adsorbed metal (ANOVA analysis indicates that the combination of these two factors
(A and B) is not significant). Figure 10 indicates that higher adsorbent mass and higher
contact time leads to a higher response (metal removal%), while the ANOVA analysis
does not classify the combination of these factors as significant. Figure 11 shows the
interaction between factors B and C, i.e., the initial metal ion concentration and contact
time, respectively. The ANOVA analysis indicates that the combination of these two factors
is a significant model term. The corresponding Response surface plot indicates that high
contact time and low initial metal ions concentration leads to the highest obtained response
(adsorption degree).
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Figure 9. Response surface plot showing the interaction and influence of the adsorbent mass (A) and
initial copper ions concentration (B) on the adsorption rate (R).
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Figure 10. Response surface plot showing the interaction and influence on of the adsorbent mass (A)
and contact time (C) on the adsorption rate (R).
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Figure 11. Response surface plot showing the interaction and influence of the initial copper ions
concentration (B) and contact time (C) on the adsorption rate (R).

4. Conclusions

Biosorption of copper ions using chicken eggshells as an adsorbent was investigated
and presented in this paper.

The influence of different process parameters on the biosorption process was evaluated.
The biosorption capacity was found to increase with the increase in the pH value of the
solution, reaching its maximum value at pH = 5. The influence of the pH value on the
biosorption capacity could possibly be explained by the behavior of the carbonate species
that originate from the eggshells (the source of the calcium carbonate) in the solution at
different pH values, and their interaction with the divalent copper ions.

The analysis of the influence of initial copper ions concentration showed an increase
in the biosorption capacity, with the rise in the initial Cu®>* ions concentration, up to
800 mg dm 2, where it reaches the maximum value (g; = 40.79 mg g~ 1).

The initial mass of the adsorbent showed a significant influence on the biosorption
efficiency. The adsorption degree increased from 25% to 82% with the increase in the
adsorbent mass up to 1 g, due to the higher number of available active sites on the adsorbent
structure as a result of a larger amount of adsorbent available.

The results of the analysis also showed that the biosorption capacity increased with the
increase in the stirring rate, up to 400 rpm, where it reached its maximum value. Further
increase in the stirring rate resulted in a decrease of the biosorption capacity.

The SEM-EDS analysis was performed on eggshells samples before and after the
biosorption process. The SEM analysis showed a slight change to the surface morphology of
the eggshells sample after the biosorption process, to an uneven, rough and heterogeneous
nature. This change could be contributed to the incorporation of copper ions inside the
structure of the eggshells sample. The interaction of eggshells with Cu?* ions lead to the
formation of flake-like deposits on the surface of the adsorbent. The EDS analysis of the
eggshells samples before and after the biosorption process indicated that Mg, K and Ca
could potentially be exchanged with Cu ions during the adsorption process.

Biosorption kinetics were analyzed using four empirical kinetic non-linear models,
namely, the pseudo-first order kinetic model, pseudo-second order kinetic model, intraparti-
cle diffusion kinetic model, and the Elovich kinetic model. The obtained kinetic parameters
led to a conclusion that the pseudo-first order best fits the analyzed process, suggesting that
copper ions possibly react with active sites inside the eggshell structure, forming sorption
complexes in the process.
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Three empirical adsorption isotherm models, namely, the Langmuir, Freundlich and
Temkin model, in their non-linear form, were used to evaluate the equilibrium of the
biosorption process. The performed analysis indicated that the Langmuir model showed
the best fit with the experimental data. The Freundlich constant # also suggested that the
biosorption of copper ions onto chicken eggshells is a favorable process.

The thermodynamic parameters of the biosorption process were calculated. The Gibbs
free energy change indicated that the biosorption of copper ions onto chicken eggshell is a
spontaneous process, and favored at temperatures above room temperature. The obtained
enthalpy and entropy values indicated that the process is exothermic and that there is
increased randomness at the solid/liquid interface during the biosorption.

Copper ions biosorption onto eggshells was optimized using Response Surface Method-
ology, based on Box-Behnken Design. The influence of three parameters (adsorbent mass,
initial metal ions concentration and contact time) was investigated. The obtained data indi-
cates that the used model is statistically significant. The data shows that initial Cu®* ions
concentration, contact time, and initial Cu?* ions concentration combined with contact time
are significant model terms. This model indicated that the optimal biosorption conditions
are: adsorbent mass = 1 g; initial Cu?* ions concentration = 0.5 g dm~3; and contact time = 90
min.
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Abstract: Scandium metal has generated a lot of interest during the past years. This is due to the
various crucial applications it has found ground in and the lack of production in countries outside
China and Russia. Apart from rare earth ores, scandium is present in a variety of wastes and by-
products originating from metallurgical processes and is not currently being sufficiently valorised.
One of these processes is the production of titanium dioxide, which leaves an acidic iron chloride
solution with a considerably high concentration of scandium (10-140 ppm) and is currently sold as a
by-product. This research aims to recover scandium without affecting the solution greatly so that it
can still be resold as a by-product after the treatment. To achieve this, two commercial ion-exchange
resins, VP OC 1026 and TP 260, are used in the column setup. Their breakthrough curves are plotted
with mathematical modelling and compared. Results indicate that VP OC 1026 resin is the most
promising for Sc extraction with a column capacity of 1.46 mg/mL, but Zr, Ti, and V coextract have
high capacities, while Fe does not interfere with the adsorption.

Keywords: scandium; titanium dioxide industry; ion-exchange resins; VPOC1026; TP260; nonlinear
regression

1. Introduction

Scandium (Sc) is the most valuable element among the rare earth elements (REEs)
because of its application in many cutting-edge technologies such as metal halide lamps,
high strength Al-Sc alloys (aerospace industry, baseball bats, military and medical purposes,
and bicycle frames), scandia-stabilised zirconia as a high-efficiency electrolyte in solid oxide
fuel cells, and as a tracer in cruel-oil refinery [1-3]. In the most recent report by the EU,
Scandium is considered a Critical Raw Material (CRM) because of its high supply risk
and economic importance [4]. The production of Sc has been modest to date (~16.3 t/y
for 2018), while the demand for this metal is expected to gain a significant increase (up to
300 t/y) by 2028 [5]. At the same time, the Sc supply in Europe depends solely on imports,
mainly from China (66%), Russia (28%), and Ukraine (7%) [4]. The abundance of scandium
in the earth’s crust is comparatively high (20-30 ppm), but it is sparsely dispersed and
found in trace amounts in a variety of ores such as ilmenite, rutile, bauxite, nickel-laterite,
tungsten, tin, and uranium [1,6-9]. During the industrial processing of these ores, Sc is
usually accumulated in the waste streams (solid, liquid, or gas). Many researchers have
studied the potential use of these wastes to recover Sc [3,10].

A large amount of the Sc;O3 produced in China originates from the titanium oxide
(TiO,) pigments production industries [6,11]. Other countries, such as European ones,
which are currently solely dependent on imports of Sc, can benefit from the TiO, pigment
industries to produce Sc as a by-product. Both in the sulfuric and chloride process of
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TiO, production, most of the Sc ends up in the iron-rich residual solution (10-140 ppm of
Sc) [1,6,8,12,13] together with other CRMs such as vanadium (V) and niobium (Nb) [13].
The ferrous chloride solution is usually sold to chemical industries and used as a coagu-
lation/flocculation agent and for odour control, or its neutralised filter cake is landfilled
without valorising the present CRMs.

Purification of scandium-containing streams is a challenging task. Unwanted elements,
defined as impurities, are typically present in more than 10 times higher concentrations.
Precipitation, which is the traditional approach for metal liquor purification, is prohibited
as a stand-alone method for scandium extraction since metal impurities often coprecipitate,
resulting in poor Sc purity [14,15]. In general, solvent extraction (SX) is the most employed
separation/purification technique for recovering Sc, as it shows high extraction capacities
and is easily scalable. The Sc that is recovered from the titanium acidic side streams is
also separated with SX. The most common extraction systems that have been examined
by many researchers and are currently applied in China’s scandium extraction plants are
a mixture of D2EHPA and TBP [1,6,8,9,12,16] Despite the benefits, the SX also possesses
some drawbacks, the most important one being the losses of the organic extractants which
usually contaminate the solution as well [17,18].

Among the technologies for the separation and purification of aqueous solutions,
ion exchange (IX) has some benefits compared with SX techniques: less contamination
of the pregnant solution, lower operation costs [18], etc., and thus, it has attracted a lot
of attention for scandium extraction [7,15,17-27]. The stable oxidation state of scandium
in an aqueous solution is Sc(IIl) [28]. Scandium-hydrated ions are Pearson hard acids
because of their high oxidation state, and they choose to form complexes with hard ligands,
including hydroxide, fluoride, sulfate, and phosphate [28]. According to Wang et al. [14],
organophosphorus compounds such as phosphoric, phosphonic, and phosphinic acid,
as well as neutral phosphine oxides, have been effective in the quantitative extraction of
scandium from aqueous solution through solvating and the cation-exchange mechanisms.

Along with the wide variety of commercial and custom-made resins that have been
used, Lewatit VP OC 1026 and Lewatit TP 260 seem promising [18,21-23,29] for the selective
extraction of Sc. Mostajeran et al. [23] studied the use of VP OC 1026 in a sulfuric acid
pregnant leaching solution (PLS), which resulted from coal fly ash leaching and reported fast
adsorption kinetics for Sc and high selectivity for Sc towards Fe and Al. Reynier et al. [29]
conducted bioleaching of uranium tailings and utilised a variety of IX resins. Among them,
VP OC 1026 and TP 260 showed high extraction of Sc but with high coextraction of U and
Th and low coextraction of Fe. In another study [18], the TP 260 IX resin was used to extract
REEs from phosphoric acid solutions; the results showed very high recovery rates for Sc
(80%) and reported the ions of Al and Fe to be the most interfering in terms of coextraction.
Bao et al. [22] studied the recovery of Sc from sulfuric acid solutions using IX resins and
reported a slow adsorption rate for TP 260. In addition, they showed that the selectivity
order for TP 260 resin is Sc(IIl) > Fe(IIT) > AI(III) > Fe(II). Rychkov et al. [21] conducted
kinetic experiments with TP 260 in sulfuric acid solutions and showed that Th, Fe, and Al
are sorbed in the intradiffusion mode while Sc, Ti, and Zr are sorbed in the mixed diffusion
mode.

This paper examines the potential utilisation of a by-product of the TiO, industry
for Sc extraction through the ion-exchange purification technique. More particularly, a
real solution derived from a European TiO, industry was loaded directly into the column
setup, imitating an actual ion-exchange process. Two different commercial resins are
examined and compared using a fixed-bed column setup: Lewatit VP OC 1026, a bis(2-
ethylhexyl)phosphoric acid (D2EHPA) in a cross-linked polystyrene matrix and Lewatit
TP 260, a macroporous cross-linked polystyrene with an aminomethyl-phosphonic acid
functional group.

The evaluation of such experiments can be challenging, from data analysis to experi-
mental and analytical point of view, as the feed solution is a multicomponent industrial-
grade solution, but also the column setup is a dynamic procedure. For this reason, triplicate

94



Metals 2022, 12, 864

experiments were conducted, and mathematical modelling was applied for the data analy-
sis. Assessing the ion-exchange procedure was focused not only on the loading behaviour
of Sc but also on its selectivity towards Zr, Ti, V, and Fe because the literature showed that
these metals might impede Sc extraction. Even though the combined effect of these metals
has not been studied using these two resins, studies in similar extraction systems indicate
that Sc extraction is influenced when these metal impurities are present since they exhibit
similar chemical behaviour and extraction rates [21,26,30].

2. Materials and Methods
2.1. Materials and Experimental Procedure

Two different commercial resins were used in this study provided by Lenntech (Delf-
gauw, The Netherlands). In Table 1, the main characteristics of the resins are listed, and in
Figure 1, the functional groups of each resin are illustrated. Before the column experiments,
an adequate quantity of Lewatit TP 260 resin was conditioned in three cycles with 1.5 M
HCl solution, in a ratio of 1/10 for 2 h to be converted into the hydrogen form, according to
the available datasheets. Lewatit VP OC 1026 resin was received in hydrogen form; hence,
no conditioning step was required.

Table 1. Resins characteristics.

Resin Name Lewatit VP OC 1026 Lewatit TP 260
Functional group bis(2-ethylhexyl)phosphoric acid (D2EHPA) aminomethyl-phosphonic acid (AMPA)
Matrix Cross-linked polystyrene Cross-linked polystyrene
As received form H* Na*
Bead size range 0.3-1.6 mm 0.4-1.25 mm
CHs PS-DVB
HaCJC "
Q 0 CH
SoH [
o P
CH, HO o CH
@) (b)

Figure 1. Functional groups of the two commercial resins (a) Lewatit VP OC 1026 and (b) Lewatit
TP 260.

The feed solution used in this study is an acidic FeCl, solution that originated from the
titanium dioxide pigment industry of Europe. The chemical analysis of the main elements
of the solution is illustrated in Table 2.

Table 2. Chemical analysis of FeCl, feed solution.

Metals

Fe (II)

Fe (IIT) Mn Al Mg Na \% Zr Ca Cr Ti Sc

Concentration (g/1)

110.5

1.5 19.09 9.11 8.34 6.41 4.20 3.68 2.36 1.69 0.528  0.130

For the fixed-bed column experiments, laboratory borosilicate glass columns with
20 mL bed volume, 1.5 cm x 10 cm dimensions were used. The top and bottom of the
column had fixed caps with a luer lock inlet and outlet fittings for tubing attachment. A
known weight of the resin was packed into the column. The FeCl, solution continuously
passed through the column in an upward constant flow of 0.93 BVh~!, with the use
of a peristaltic pump LabDos, from Hitec Zang. Samples of the effluent solution were
fractionally collected from the top of the column to perform a chemical analysis of the
metals of interest (Fe, Ti, Sc, V, and Zr).
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Wet chemical analysis of the samples was carried out using the inductively coupled
plasma-optical emission spectrometry (ICP-OES), Optima 8000 by Perlin Elmer (Waltham,
MA, USA). Calibration standard solutions were prepared from commercially available ICP,
Ti, Sc, V, Zr, and Fe standards (1000 ppm) obtained from Merck (Darmstadt, Germany). The
standard solutions were prepared in a suitable concentration and diluted further with 1%
v/v analytical grade nitric acid (65% wt.) as required for working standards. High purity
deionized water (18.2 M()/cm) and argon of special purity (99.999%) were used. Re was
used as the Internal Standard (IS) for samples and standards in the case of V and Zr analysis
in order to correct the signal drift and reduce the interferences from Fe.

2.2. Mathematical Modelling
2.2.1. Mathematical Description of the Fixed-Bed Columns

The total capacity of the column can be calculated for every metal of interest, que
(mg M. per mL of resin), by integrating the plot of the adsorbed metal concentration C,q4
(mg/L) against the effluent volume, V¢ (mL) [31]. The area, A, under this integrated plot
is substituted in Equation (1):

_ A o ‘Zfomml Caddvi (1)
IMe = 000Vyeain  1000Vyeqi

where C,q is the difference between the initial concentration and the instant concentration
of the effluent solution (Coq = Cop — C;j), and Viesin is the volume of resin packed into the
column (mL).

The total removal efficiency (E%) of each metal can be calculated from Equation (2):

Miotal ads

E% = 100 @)

Miotal in
where My, ads 1S the cumulative amount of metal adsorbed in the resin, and myqyay in is the
cumulative amount of metal entering the resin.

2.2.2. Modelling of Experimental Results through Regression Method

The performance of fixed-bed column adsorption is typically evaluated through the
plot of the dimensionless concentration of the effluent solution versus the eluted volume
or time [32-35]. This plot is referred to as the breakthrough curve. In the literature, many
models have been developed to describe the breakthrough curve of a fixed-bed column,
either based on empirical relationships or based on different assumptions regarding the
kinetics and mechanism of extraction. In our study, the Thomas model was chosen as the
most extensively reported mathematical model for predicting breakthrough curves [36].
This model was developed from the equation of mass conservation in a flow system
assuming plug flow, equilibrium described by Langmuir isotherm, and second-order
reversible kinetics. Particularly, it neglects internal and external diffusion effects [32]. The
equation for the Thomas model is demonstrated in Equation (3):

G _ ! 3)
G 1texp [(%) (thVresin - %)]

where Q is the volumetric flow rate (mL/min), Viesin is the volume of resin packed into the
column (mL), and Cy and C; represent the initial concentration of the feed solution and the
effluent concentration (mg/L), respectively, V; is the effluent volume (mL), K7j, (mL/min g)
is the Thomas rate constant, and g7;, (mg/mL) represents the adsorption capacity of the
fixed beds.

Linear regression is the most typical method for fitting experimental results [31,37,38],
where the calculation of the model parameters becomes associated with the slope and
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intercept of a straight line. The linearised form of the Thomas model is illustrated in
Equation (4):

K ; K
ln<9 B 1> _ ThqTh Vresin Ko CoVi 4)

G 0 Q1000

It is evident that the error distortion created by linearisation may lead to misleading
results [39]. The linear transformation strongly modifies error distribution and alters
the weight associated with each point, either for the worse or for the better [40]. An
alternative to linear regression is nonlinear regression. In this method, model parameters
are first estimated and, through a trial and error procedure, evolve towards the values that
minimise a given error function, i.e., the sum of squares error (SSE) Equation (5), based on
a selected algorithm.

With the advancement of computing technology, nonlinear least-squares regression is
now easier to implement with common mathematical tools such as Microsoft Excel’s Solver.
Moreover, nonlinear regression has been shown to be more stable and less susceptible to

experimental error [32,34]:
n

SSE = Z(yc - yf)z‘z (@)
i=1
where 7 is the number of experimental data points, y. is the predicted (calculated) data
with the Thomas model, and y, is the experimental data.

3. Results and Discussion
3.1. Breakthrough Curve Data Fitting

Normally, fixed-bed column adsorption is a dynamic procedure where both the kinet-
ics of the reaction as well as the mass balance are constantly changing [41]. The analysis of
such experiments can be challenging as both these factors should be considered. A valid
method for evaluating such studies that have been utilised in the literature is through
mathematical modelling [31,34,41-43]. In this work, Thomas’s model was chosen for data
fitting through nonlinear regression analysis.

In Table 3, the results from data fitting of the fixed-bed column loading experiments
using the FeCl, solution for the two different resins are illustrated. The high R? values
obtained from all curved through nonlinear regression indicate a good fit of the Thomas
model to experimental data. Only in the case of V with the VP OC 1026 resin the correlation
coefficient is lower than 0.95, showing a slight deviation from the Thomas model’s theoreti-
cal assumptions. The plotted breakthrough curves, as well as the extraction curves for Sc,
Ti, Zr, and V, are depicted in Figures 2 and 3 for VP OC 1026 and TP 260 resins, accordingly.

Table 3. The results of nonlinear regression analysis with Thomas mathematical model for VP OC
1026 and TP 260 resin.

K
3 2 Th qTh
Resin Metal R (mL/min g) (mg/mL)
Sc 0.981 0.069 1.46
Ti 0.965 0.036 22
VP OC1026 Zr 0.959 0.005 159
v 0.887 0.009 406
Sc 0.991 0.310 0.46
P 260 Ti 0.978 0.043 1.98
Zr 0.988 0.013 8.7
v 0973 0.039 486
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For the VP OC 1026 resin, the time to reach exhaustion (C;/Cqy = 0.9) for Sc is estimated
at 10BV for Zr and Ti 4.3BV, and 1BV for V according to Thomas nonlinear model (Figure 2).
When the volume of effluent does not exceed 5.8 BV, the extraction of Sc from the FeCl,
solution using VPOC1026 resin is greater than 80%, while the coextraction of other metals
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(Figure 3). Sc extraction from FeCl, solution using this resin is higher than 80% when the
effluent volume is less than 2.6 BV, while the coextraction of other metals is 77% for Ti,

56.5% for Zr, and 27.5% for V.

98

z 100
] L] L
}. o L
- 80
F 60
Ti THOMAS-NL VPOC1026 [
®  TiRun Il VPOC1026 r 40
*  TiRun Il VPOC1026 [
" 4 TiRunlVPOC1026 r
L. ~ = E% Ti THOMAS-NLVPOC1026 | |- 20
1o
10 20 30 40 50
No of BV
(b)
Vanadium - Breakthrough curve VPOC1026
T | I | |
) 3 . [
’l‘ £ ‘- | E2 Py R 100
A
r 80
1
r 60
1 ——V THOMAS-NL VPOC1026
i ® VRun Il VPOC1026 40
| * VRun Il VPOC1026
i A4 VRun IVPOC1026
BRY == E%V THOMAS-NL VPOC1026 20
N,
___________________________________ 0
0 10 20 30 40 50
No of BV
(d)

E%

E%



Metals 2022, 12, 864

ci/Co

ci/co

0.8

0.4

0.2

Scandium - Breakthrough curve TP260

()

— - - 100
F 80
F 60
[ x®
[ ek
Sc THOMAS-NL TP260 [
A ®  ScRun Il TP260 r 40
b *  ScRun I TP260 [
L 4 5cRun | TP260 [
e == E% Sc THOMAS-NLTP260 | | 20
I I I I [ 0
10 20 30 40 50
No of BV
(a)
Zirconium - Breakthrough curve TP260
A
r‘:‘ 5 5 100
*
- 80
- 60
X
-
Zr THOMAS-NL TP260
-y = ZrRun Il TP260 r40
LY ¢ ZrRun Il TP260
LY A ZrRun|TP260 :
& =+ = £% ZrTHOMAS-NL TP260 20
. . T o
10 20 30 40 50
No of BV

Ci/Co

Titanium - Breakthrough curve TP260

1t . n T T 100
ll
08 [ 8o
50.6 T ".\ - 60
) \ ®
= \ Ti THOMAS-NL TP260 =
“oall & ® TiRun il TP260 -
LY + TiRun Il TP260
4 TiRunlTP260
0.2 - Sso |=r—E%TITHOMAS-NLTP260| [ 50
0 | I | 0
0 10 20 30 40 50
No of BV
(b)
Vanadium - Breakthrough curve TP260
1 ﬁ?b - — - 100
0.8 4 80
i L
0.6 H; -60
i =
1 N e
0.4 i - 40
| V THOMAS-NL TP260
\\ & VRunlll TP260 r
. + VRun I TP260
0.2 y \\.\ 4 VRunITP260 20
LN == E%V THOMAS-NL TP260 b
o b T =i 0
0 10 20 30 40 50
No of BV

(d)

Figure 3. Extraction and breakthrough curves for TP 260 resin for (a) Sc, (b) Ti, (c) Zr, and (d) V
were measured in three different experimental runs and their Thomas nonlinear (NL) prediction

mathematical model.

3.2. Resins Adsorption Behavior

3.2.1. Adsorption Behavior of Sc, Ti, Zr, and V from FeCl, Solution with VP OC 1026 Resin

In Figure 4, the breakthrough curves for VP OC 1026 are compared for all the metals
of interest. For V, the curve is steeper, and the breakpoint appears early, indicating a fast
uptake making it the weakest adsorbed component. The curve plot is almost identical
for Zr and Ti. Even though there are no references available on the adsorption of Zr and
Ti on VP OC 1026 resin, it is reported that these metals interfere with Sc extraction in
solvent extraction systems with D2EHPA, which is also the resin’s functional group [26]. Sc
breakpoint and saturation appear later than the other metals, showing that Sc is a strongly
adsorbed component, confirming the high affinity of Sc with D2EHPA reported in other

studies [44].
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3.2.2. Adsorption Behavior of Sc, Ti, Zr, and V from FeCl, Solution with TP 260 Resin
TP 260 resin adsorbs the metals at a similar rate without showing any selectivity
towards any metal (Figure 5). This observation is confirmed by the kinetic study of
Rychkov et al. in sulfuric acid solutions using TP 260 resin, where it was observed that Zr,

Ti, and Sc are adsorbed by the resin following the same kinetic model [21].

Breakthrough curves TP260
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—Ti THOMAS-NL TP260
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10

15
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Figure 5. The comparative breakthrough curve for the metals of interest for TP 260 resin according to

Thomas nonlinear (NL) prediction mathematical model.

3.2.3. Adsorption Behavior of Fe with VP OC 1026 and TP 260 Resins
In this section, the results regarding the adsorption behaviour of Fe are illustrated for
both VP OC 1026 and TP 260 resin. The experimental breakthrough curves of Fe for both

resins can be seen in Figure 6.
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Figure 6. Chemical analysis results of Fe for VP OC 1026 (a) and TP 260 (b) resin throughout
adsorption experiments.

Despite the high content of Fe in the feed solution, the results presented in Figure 6
show that no significant adsorption profile can be identified. This behaviour provides
a huge advantage for the potential utilization of the examined resins, as the resins can
operate by leaving the Fe content in the solution unchanged and separating it from Sc. The
above observation is not in line with the research of Heres et al. [18], where iron was always
coextracted with REEs from phosphate media, and it significantly reduced the loading
of REEs, including Sc. This is probably due to either the different matrix of the solution
examined (phosphoric media vs. chloride media) or the presence of trivalent Fe in these
solutions. According to the study by Bao et al. [22], Fe(III) coextracts with Sc in cation
solvent extraction and ion exchange, most likely because iron (III) competes more strongly
with Sc than Fe(II) because of its similar charge density and size (II).

3.2.4. Comparison of VP OC 1026 and TP 260 Resins’ Loading Capacity

The column capacity q (mg/mL), as a function of the effluent volume, can be integrated
through the combination of Equations (1) and (3). The diagrams in Figure 6 compare the
two resins for each metal to demonstrate the loading of the column as a function of the
volume of effluent solution, expressed in bed volume (BV).

Mostajeran et al. [23] studied the adsorption behaviour of VP OC 1026 resin from
synthetic sulfuric acid solution and defined 8 mg Sc/mL resin loading from a feed solution
with 100-150 ppm of Sc. According to Mostajeran et al., this value is the maximum
capacity of the resin in such a solution as a 1:1 molar ratio reaction between Sc and solvent
molecules was confirmed. In our study, the highest Sc column capacity achieved with VP
OC 1026 resin from a feed solution with 130 ppm Sc estimated 1.46 mg/mL resin (Figure 7.),
less than what was expected from the cited reference. This reduced loading can be mainly
justified by the high coextraction of the other metals that are present in the FeCl, solution.

In our study, TP 260 has a maximum Sc loading capacity of 0.31 mg/mL resin (Figure 7).
The performance of TP 260 resin is much lower than what was expected from other studies.
Bao et al. [22] determined that the loading of TP 260 resin is 30 mg Sc/mL resin at pH
2.5 and 16 mg Sc/mL at pH 1 from a pure synthetic sulfuric acid solution, confirming the
adsorption dependence on pH [33]. Antisel et al. [7] determined the loading capacity of
TP 260 6 mg Sc/mL resin from a polymetallic sulfuric pregnant leach solution containing
Al, Co, Fe, Mn, and Ni at a pH of 3.5. These findings suggest that the adsorption capacity
of the resin is decreased substantially when other metals coexist in the feed solution. The
comparatively low performance of TP 260 resin for Sc adsorption, reported in our work,
can be attributed to the high acidity of the feed solution but also to the presence of the other
metals Ti, Zr, and V that are coloaded in the resin.
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Table 4 shows the ratio of metal concentration in VP OC 1026 resin to concentration in

TP 260 resin.
Table 4. Ratios of metal’s capacity in VP OC 1026 resin to TP 260 resin.
Metal, Me Mevypocioz6/Merp260
Sc 3.16
Zr 1.83
Ti 1.11
\% 0.84

In VP OC 1026 resin, Sc loading (1.46 mg/mL resin) is more than three times higher,
and Zr loading (15.9 mg/mL resin) is almost two times higher compared with TP 260 resin
which is 0.46 mg/mL resin and 8.7 mg/mL resin, accordingly. The Ti loading is similar for
both resins, 2 mg/mL resin, while V loading is slightly higher in TP 260 4.86 mg/mL resin

compared with VP OC 1026 resin 4.06 mg/mL resin.
The mass ratios of Ti, Zr and V to Sc (Me/Sc) for the initial FeCl, solution and

the two loaded resins are shown in Table 5. The ratio’s lower values suggest a higher

concentration of scandium.
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Table 5. Ratios of metal impurities concentration to Sc concentration in the three examined phases:
FeCl, solution, VP OC 1026 resin and TP 260 resin.

Ratio, Me/Sc FeCl, VP OC 1026 TP 260
Zr/Sc 27.69 10.91 18.89
Ti/Sc 4.06 1.51 4.30
VI/Sc 32.31 2.79 10.59

As shown in Table 5, the Me/Sc ratio is greater than 1 in every case, indicating metal
impurities are always in excess. However, VP OC 1026 exhibits high selectivity for Sc
extraction towards Zr, Ti, and V. The ratio Zr/Sc decreases from 27.69 in the initial feed
solution to 10.91 in VP OC 1026 resin and for Ti is reduced from 4.06 to 1.51. Moreover, in
VP OC 1026, the ratio of V/Sc is significantly reduced from 32.31 to 2.79. This suggests that
the resin has a decreased affinity for V, despite its relatively high loading concentration in
the resin (4.06 mg V/mL resin), which might be due to the high concentration of this metal
in the feed solution.

The Ti/Sc ratio for TP 260 resin is raised to 4.3, compared to 4.06 in the original feed
solution, showing that TP 260 resin has a larger affinity for Ti extraction towards Sc. All
the metal ratios towards Sc are higher with TP 260 resin compared with the VP OC 1026,
meaning that the latter is overall more selective for Sc in the given feed solution.

4. Conclusions

In this study, the Sc extraction through ion exchange technique was examined. The
feed solution was an acidic FeCl, solution obtained from the TiO, industry. Two different
commercial resins, VP OC 1026 and TP 260, were examined and compared under a standard
loading experiment in a fixed-bed column setup. The capacity, the breakthrough, and the
exhaustion of the column for Sc, but also for the basic metal impurities Zr, Ti and V were
determined through mathematical modelling of the column. The Thomas model provided
a very good fit to the experimental data, with R? higher than 0.98 for Sc, higher than 0.95 for
Zr and Ti and higher than 0.88 for V.

For both resins, the Fe adsorption is insignificant, suggesting that the resins could be
utilised for separating Sc from the solution without affecting the initial Fe content of the
feed solution, which was an important objective of this study. The results indicate that VP
OC 1026 is the most promising resin for scandium extraction, showing a higher capacity
of Sc 1.46mg/mL in the given experimental conditions. The metals Zr, V, and T present
in the initial solution are also coextracted in both resins’ tests. It is important to note that
the performance of the resins for Sc extraction should not be assessed merely based on the
column’s capacity. Even though Zr, V, and Ti have higher capacity values in the loaded
resins, especially in VP OC 1026, the upgrade in Sc concentration is higher than the other
metals. This indicates a high affinity of VP OC 1026 for Sc, while TP 260 resin shows a
higher affinity for Ti.
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Abstract: The industrialization and urbanization expansion have increased the demand for precious
and rare earth elements (REEs). In addition, environmental concerns regarding the toxic effects of
heavy metals on living organisms imposed an urgent need for efficient methods for their removal
from wastewaters and aqueous solutions. The most efficient technique for metal ions removal from
wastewaters is adsorption due to its reversibility and high efficiency. Numerous adsorbents were
mentioned as possible metal ions adsorbents in the literature. Chelating polymer ligands (CPLs) with
adaptable surface chemistry, high affinity towards targeted metal ions, high capacity, fast kinetics,
chemically stable, and reusable are especially attractive. This review is focused on methacrylate-
based magnetic and non-magnetic porous sorbents. Special attention was devoted to amino-modified
glycidyl methacrylate (GMA) copolymers. Main adsorption parameters, kinetic models, adsorption
isotherms, thermodynamics of the adsorption process, as well as regeneration of the polymeric
sorbents were discussed.

Keywords: magnetic sorbents; EGDMA; heavy metal(loid)s; kinetics; isotherms; adsorption mecha-
nisms; desorption; reusability

1. Introduction

Due to the rapid technological development, large amounts of heavy, precious, and
rare metals cause contamination of water resources [1,2]. Major pollutants of marine and
ground waters are toxic heavy metals such as nickel, chromium, lead, zinc, arsenic, cad-
mium, selenium, and uranium, originating from mining, metal processing, pesticides,
pharmaceuticals, etc. [3]. Moreover, since they exist in a dissolved ion state in wastewa-
ters, heavy metals accumulate in living organisms, causing serious pollution and health
problems [3,4].

Precious metals (primarily gold, silver, platinum, palladium, and rhodium) find their
applications in specialized fields (catalysis, electronic devices, and jewelry) [5]. Rare earth
elements (REEs) signify a group of 17 chemically similar elements representing about 17%
of the total quantity of all naturally occurring elements [6]. They have wide applications
in electronics, optics, catalysis, green energy technologies, etc. The growing demand for
these metals, key ingredients of modern technologies, is a source of numerous and severe
ecological and economic issues. Thus, the efficient removal and recovery of these metals
prior to their discharge into the environment is nowadays the main focus of scientific
research [3,4,7-9].

Various conventional techniques for the removal and recovery of metal ions, as well
as environmental detoxification, are adsorption, chemical precipitation, electrochemical
extractions, membrane filtration, biosorption, ion exchange, evaporation, flotation, and
oxidation [3,8,10,11].
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The most popular among them is adsorption, which is proven to be economical and
effective. A great variety of articles published on the usage of different adsorbents can
be found in the literature, such as: agro-industrial waste [12-14]; polymers and polymer
membranes [15-18]; organic-inorganic hybrid polymers [19-21]; bioadsorbents [22]; chi-
tosan; modified chitosan and chitosan-based hybrid composites [23-26]; biogenic iron
compounds [27]; polymer hydrogels [28,29]; acrylamide-based microgels [30,31]; geopoly-
mers [32,33]; silica [34]; biochar [35]; carbon nanotubes and graphene [7]; green activated
magnetic graphitic carbon oxide [36]; magnetic nanoparticles [1]; nanomaterials [37], etc.

2. Methodology

In order to find the literature related to this topic, we used keywords such as “poly-
meric metal ions sorbents,” “methacrylate-based sorbents,” “post-functionalization,” “mag-
netic polymers and composites,” “non-linear and linear kinetic models,” “adsorption
isotherms,” etc., in online searching tools including Web of Science, Scopus, Google scholar,
MBDP], and ScienceDirect websites. We predominantly focused on studies published in the
last 15 years, citing the older papers as well, if they were relevant. In addition, we equally
consulted and cited scientific research papers as well as Reviews. Most of these articles
were cited in the Literature section, as a guide for researchers in this field and as a starting
point for their further research.

"o ”ou

3. Natural Polymers, Inorganic Materials, and Polymer/Inorganic Composite as Metal
Ions Sorbents

Natural materials, such as aluminosilicates and clays [38], have been used as metal
ions adsorbents due to their favorable characteristics, such as high ion exchange capacity,
chemical inertness, and low toxicity) [39]. Doli¢ et al. tested Cu?* and Zn%* sorption on
different natural materials (clays and clay minerals), natural-modified (activated carbon
and alumina), and synthetic (zeolite, titanium dioxide (TiO;), and ion exchange resin) [38].

Smiciklas et al. investigated sorption performances of zeolite and hydroxyapatite
(HAP) towards Cu(Il) ions [40]. The effect of zeolite particle size and sorption parameters
such as initial meal concentration, agitation speed, and adsorbent mass on Cu(Il) sorption
kinetics was examined. The volumetric mass transfer coefficient (k;) and effective diffusion
coefficient (Deﬁ:) using single resistance mass transfer models were calculated. Their results
showed that the controlling step in the case of sorption with HAP was only pore diffusion,
while sorption with zeolite sorption was governed by film diffusion within the first sorption
stage (up to 10 min), followed by diffusion inside the pores. As a continuation of their
research, Smiciklas et al. examined the possibility of enhancing of sorption performances
of biogenic HAP (BHAP) for lead, copper, nickel, cadmium, and zinc (Pb, Cu, Ni, Cd, and
Zn) by the corresponding functionalization, i.e., condensation reaction of surface hydroxyl
groups in BHAP and hydroxyl groups from caffeic acid (CA) and 3,4-dihydroxybenzoic
acid (3,4-DHBA) [41]. The sorption results showed selectivity towards Pb ions from
mixed equimolar solutions of investigated metal ions (Pb, Cu, Ni, Cd, and Zn ions) by all
investigated sorbents. It was observed that the sorption capacities of functionalized BHAP
were higher in comparison with unmodified ones.

Meseldzija et al. used agroindustrial waste, i.e., unmodified lemon peel, to test Cu(II)
removal efficiency from aqueous solutions and wastewater [13]. The effects of sorption
parameters (pH, adsorption time, initial ion concentration, and adsorbent dose) on sorption
efficiency were studied in batch experiments. The maximum Langmuir adsorption capacity
was 13.2 mg/g at an optimum contact time of 15 min. A high value for Cu(II) ions removal
efficiency (89%) from mining wastewater at natural pH (pH 3.0) was observed.

One of the most commonly known natural polymeric sorbents is chitosan, which
originates from crustacean shells (crabs and prawns) [42]. The presence of -NH; and
-OH groups on the polymeric chains provides chelating and reaction sites [43]. The main
advantages of chitosan are the high density of functional groups, easy functionalization,
non-toxicity, biocompatibility, biodegradability, etc. Chitosan can be used as raw material,
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as well as after physical (preparation in the shape of membranes, fibers, and spherical beads
of different sizes and porosities) or chemical modifications (impregnation, crosslinking,
graft polymerization, and composite preparation) [43,44].

Since chitosan is soluble in most diluted minerals and organic acids, it has to be chemically
stabilized by crosslinking. Laus et al. modified chitosan by incorporating epichlorohydrin
(via a covalent crosslinking reaction) and triphosphate (via an ionic crosslinking reaction),
and is used for Cu(II), Cd(II), and Pb(II) ions adsorption and desorption [45]. The optimum
adsorption pH values were 6.0 for Cu(Il), 7.0 for Cd(II), and 5.0 for Pb(II). The adsorption
process was best fitted with the pseudo-second-order and Langmuir isotherm models. Maxi-
mum Cu(II), Cd(II), and Pb(II) ions adsorption capacities were 130.72, 83.75, and 166.94 mg/g,
respectively. The best desorption was observed with nitric and hydrochloric acid.

Chitosan-poly(maleic acid) nanomaterial, obtained by grafting poly(maleic acid) onto
chitosan and crosslinked with glutaraldehyde, was used for mercury, lead, copper, cad-
mium, cobalt, and zinc (Hg(II), Pb(II), Cu(II), Cd(II), Co(II), and Zn(II)) ions adsorption [46].
The obtained material was selective for Hg(II) ions, with a maximum sorption capacity of
1044 mg/g at pH 6.0.

The increasing interest in mesoporous silica originates from its favorable porous
characteristics, i.e., large surface area in the range 600-1000 m?2/ g, narrow pore-size distri-
butions, and large and controlled pore size (5-30 nm), which results in fast kinetics of metal
ions adsorption [34]. The sorption performances could be improved by co-condensation
and post-synthesis grafting functionalization.

Lee et al. tested mesoporous silica materials functionalized with amino and mercapto
groups (fiber-like, rod-like, and platelets) as Cu(Il) and Pb(II) adsorbents [47]. It was
concluded that thiol-functionalized mesoporous silica adsorbents have a better affinity for
Pb(II) compared to amino-mesoporous silica. On the other hand, amino-mesoporous silica
has a stronger affinity for Cu(II) ions.

However, grafting could reduce the pore size of the modified mesoporous materials,
particularly when grafting is performed with bulky functional groups. This might cause a
decrease in diffusion to the adsorption sites and, consequently, reduce adsorption capacity.
Mureseanu et al. [48] observed a sharp decrease in silica pore volume and surface area
after grafting. For example, a surface area decrease of 53% was observed for aminopropyl
functionalized mesoporous silica compared to an initial mesoporous silica support.

Shiraishi et al. studied the adsorption of Cu(II) on various inorganic adsorbents (silica
gel, aluminum oxide, etc.), functionalized with ethylenediaminetetraacetic acid (EDTA)
and diethylenetriaminepentaacetic acid (DTPA) [49]. The Cu(II) removal capacity of DTPA-
modified silica was considerably lower compared to EDTA-modified silica, suggesting that
the adsorption was restricted due to the decrease in pore sizes and pore blockage when the
bulkier DTPA was attached to the material.

The composite of mesoporous silica functionalized with (3-chloropropyl) triethoxysi-
lane with incorporated tetrakis(4-hydroxyphenyl) porphyrin was used as Pb(II) ions ad-
sorbent [50]. The optimal pH values for Pb(II) and for Cu(Il) ions sorption were 2—6 and 5,
respectively. The maximum Pb(II) adsorption capacity of the composite was 134 mg/g. It
was observed that the presence of porphyrin in silica causes a significant increase in heavy
metal ion adsorption. The adsorption process is well fitted with Langmuir isotherm, while
the kinetics obeys the pseudo-second-order kinetics.

Wang et al. used magnetic multiwall magnetic carbon nanotubes (6O-MWCNTs@Fe30y)
as Cd(I), Ni(Il), Zn(II), Cu(II), and Pb(II) sorbent. The rapid sorption was observed, with
30 min needed to attain equilibrium [51]. It was shown that 60-MWCNTs@Fe;0, exhibits
good selective Pb(II) adsorption performances, with a high Pb(II) maximum adsorption capacity
of 215.05 mg/g, much higher than the existing adsorption capacity of this type of adsorbent.
The adsorption capacities for Cu(Il) and Cd(II) were 87.1 mg/g and 57.3 mg/§g, respectively.
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4. Polymeric Sorbents

A great variety of homopolymers, copolymers, and polymer nanocomposites synthesized
by free radical polymerization, radiation polymerization, graft polymerization, oxidation
polymerization, dispersion/suspension, etc., have been used as metal ions sorbents.

For example, membrane-supported crosslinked poly(acrylamide-2-methylpropane sul-
fonic acid) hydrogel [17], amidoxime chelating polymer [18], conjugated polymers [19],
aminated-glycidyl methacrylate polypropylene adsorbent [52], magnetic glycidyl methacrylate-
based polymer grafted with diethylenetriamine [53] were used as heavy metal ions sorbents.

Numerous research articles, reviews, and patents have been published regarding
the synthesis and usage of polymeric sorbents for the sorption of precious metals [54,55].
According to hard-soft acid-base (HSAB) theory, functional groups bearing S and N donor
atoms can strongly interact with precious metals [56]. Therefore, polymeric sorbents
selective for precious metals often possess groups such as thiourea [57,58], thiazole [59],
dithiocarbonate [60], amino [61], imino [62], etc.

Numerous new functional polymeric sorbents selective for rare earth elements (REEs)
have been designed in the last decade. For example, terpolymer of styrene-divinylbenzene
and glycidyl methacrylate (GMA) with diglycolamic acid ligands was used for adsorption
of neodymium (Nd(III)) and dysprosium (Dy(III)) ions [63]. Galhoum et al. used methylene
phosphonic groups grafted on poly(glycidyl methacrylate) with incorporated diethylenetri-
amine groups for adsorption of lanthanum (La(IIl) and yttrium (Y(IIII)) ions [64].

The properties of polymeric sorbents, such as functional groups and surface chem-
istry, particle size, porosity, hydrophobicity, polymer chain size, and molecular weight
distribution, can be controlled by the synthesis and/or functionalization conditions and
parameters [65]. In addition, polymeric sorbents can be regenerated and reused in a number
of sorption/desorption cycles, which justifies the production costs.

For example, hydrogels are very interesting polymeric materials, insoluble due to the
presence of chemical or physical crosslinks but swellable. They could incorporate various
functional groups and, thus, be used for heavy metal ions adsorption. Staj¢i¢ et al. prepared
polyethersulfone membranes with an integrated negatively-charged poly(acrylamido-2-
methylpropane sulfonic acid) hydrogel [17]. An intramembrane diffusion model was
used to describe Cu(Il) and Cd(II) sorption kinetics. The calculated apparent diffusion
coefficients were 6.26:1071% m? /s for Cd(II) and 7.15-10~10 m? /s for Cu(Il), i.e., 2-3 times
larger than in commercial ion-exchange resins.

Poly(2-hydroxyethyl acrylate-co-itaconic acid), P(HEA/IA), hydrogels synthesized us-
ing free radical crosslinking /copolymerization and used as Pb(II) sorbents from aqueous
solutions [66]. It was observed that the parameters such as metal ions’ initial concentration,
pH, adsorbent dose, ionic strength, and temperature, strongly influenced the metal sorption.
The best fit was obtained with the Redlich-Peterson isotherm and pseudo-second-order
kinetic model. The maximum sorption capacities for Pb(II) ions were 392.2 and 409.8 mg/g
for hydrogel samples with IA mole fractions of 2.0 and 10.0 P(HEA /2IA) and P(HEA /101A),
respectively. In multi-component system, selectivity decreased in the following order:
Pb(1I) > Cu(Il) > Zn(II) > Cd(II) > Ni(II) > Co(II). Sorption/desorption experiments showed
that the P(HEA /IA) hydrogels could be reused without significant loss after three adsorption-
desorption cycles. Maximum desorption of 95.2 was observed for Pb(II) at 0.1 M HNO3.

Chelating polymer ligands (CPLs) recently became attractive as promising efficient sor-
bents for metal ions. Up to this moment, various CPLs such as linear, branched, crosslinked,
grafted polymers, dendrimers, star-shaped, and hyperbranched polymers with almost
endless possibilities of CPLs design, rich coordination chemistry, their high affinity for
various metals depending on the type of the ligand, combined with chemical stability,
regenerability, and reusability have been used for metal sorption [15].

The synthesis of CPLs polymers includes three basic approaches: (co)polymerization of
monomers with chelating fragments; monomers that already have ligand in their structure,
polycondensation, and post-polymerization (PPM), in order to introduce ligand groups in
previously synthesized (co)polymer.
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(Co)polymerization of monomers with chelating fragments is considered to be the sim-
plest method that can be performed by free-radical (co)polymerization, living/controlled
radical polymerization, metathesis polymerization, grafted polymerization, etc. The major
polymerization techniques for the preparation of CPLs include bulk, precipitation, sus-
pension, emulsion, and dispersion polymerization. More details could be found in the
literature [15,67]. PPM, or polymer-analogous modification, is an approach that enables
the polymerization of monomers with functional groups inert towards the polymerization
conditions, which can be converted through an additional reaction step into a variety of
different functional groups [68]. Thus, the obtained functional polymers have identical
average chain lengths and chain-length distributions and diverse functional groups.

5. Adsorption of Metal Ions on Polymeric Sorbents—General Remarks

Metal sorption from aqueous solutions proceeds through the following mechanisms:
coordination, precipitation, ion exchange, Van der Waals, and electrostatic interactions,
depending on solution pH, type of the active sites on the sorbent surface, point of zero
charge of polymeric sorbent, etc. (Figure 1) [5,69].

ADSORPTION MECHANISM |

@ -ions such as CO3? and PO} Ion exchange
1 1

Van der Waals
interactions

Electrostatic
interactions

Intra-particle
diffusion

Surface diffusion (pore)

ADSORPTION PROCESS

Figure 1. Schematic representation of possible metal adsorption mechanisms by polymer sorbents.

Generally, adsorption experiments include determining maximum adsorption capacity
under static and dynamic conditions. In order to optimize adsorption conditions, exper-
iments should be performed under different conditions, such as adsorption time, pH,
adsorbent mass, initial metal ions concentrations, and temperature. Adsorption capacity
(g¢) is calculated according to the Equation (1):

(CG—C)*V

gi= )
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where C; is the initial concentration and C; is the concentration at time ¢ for metal ions in
aqueous solution, V is the volume of the aqueous solution, and m is the mass of the adsorbent.

The research on metal ions removal also requires the determination of adsorption
equilibrium and kinetics, i.e., analysis of experimental data with adsorption isotherms
and kinetic models. Calculation of thermodynamic parameters such as the standard
free energy, enthalpy, and entropy change enables the prediction of the nature of the
adsorption process, endothermal or exothermal. Last but not least, experiments in several
adsorption/desorption cycles provide insight into the possibility of regeneration and
repeated use of the adsorbent.

The most important criteria for the evaluation of sorbent applicability and efficiency
are the nature and location of functional groups in a sorbent, sorbent capacity, selectivity,
and the rate of complexation of metal ions [42]. In order to facilitate sorption kinetics, it
is preferable for functional groups to be located at the surface or nearby. For example,
amino-functionalized macroporous polymers have accessible functional groups on the
particle surface, which promote the metal sorption process. Therefore, several parameters
must be considered when sorbent usability and capabilities are assessed, such as adsorption
isotherms and kinetics, selectivity, adsorption thermodynamics, and capability of the metals’
desorption and recovery.

5.1. Adsorption Isotherms Models

By definition, adsorption isotherm is the relationship between the adsorbate in the liquid
phase and the adsorbate adsorbed on the adsorbent surface at equilibrium at a constant
temperature. Modeling experimental data from adsorption processes is a valuable method
for determining potential interactions between adsorbents and adsorbates and predicting the
mechanisms in diverse adsorption systems [70,71]. Adsorption isotherms are mathematical
models that illustrate the distribution of metals between adsorbate and adsorbent. Equilibrium
data obtained from initial concentration could be analyzed using numerous mathematical
isotherm models, reported in the literature in detail [71]. For a single-component system,
the most commonly used are two parameters, Langmuir, Freundlich, and Temkin isotherm
models, or three-parameters Redlich-Peterson, Sips, and Toth isotherms [70]. The most
frequently used adsorption isotherm models are listed in Table 1.

Table 1. Two and three parameters adsorption isotherm models (Nonlinear and linear form) [70,72-75].

Models Non-Linear Form Linear Form Parameters
Gmax—maximum monolayer
.  GemKiCe C_ 1 C coverage capacity,
Langmuir 9t = 1+K.C, 7e — Kifmax | max K;—Langmuir isotherm constant
(binding energy of adsorption)
Kp—Freundlich constant indicator
. - 1/n - 1 of adsorption capacity,
Freundlich 9o = KrCe logqe = log Kr + 5 log Ce n—Freundlich constant related to
adsorption intensity
bp—Temkin isotherm constant
. _RT _RT RT related to the heat of adsorption,
Temkin Te = by In(ArCe) 9o = Gy InAr + 5 InCe Ar—Temkin isotherm equilibrium
binding constant
, Kg—Elovich equilibrium constant,
Elovich de — KpCoetm In gf =InKggqy — & gm—Elovich maximum

I qm

adsorption capacity

Dubinin-Radushevich

gpr—Dubinin-Radushevich
maximum adsorption capacity,
Apr—constant representing mean
adsorption energy

e = qpre— ARz Inge = Ingpg — Apre?
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Table 1. Cont.

Models Non-Linear Form Linear Form Parameters
InKj-InCe logg. = Kpy—Halsey isotherm constant,
Halsey Je=e¢ " 1) InK 1) InC ng—Halsey isotherm exponent
g ) MRH — (7 e H y P
Apj—Harkins-Jura
L A 1/2 1 _ By 1 isotherm parameter,
Harkin-Jura Ge = (W,—ﬁig Cg) 7= Aw ~ A 108Ce Byj—Harkins-Jura

isotherm constant

Jovanovic

Kj—Jovanovic isotherm constant,
qj,max—Jovanovic maximum
adsorption capacity

Je = q],max(l - EK]Q) In Je = In q/,max - K]CB

Kp—Redlich-Peterson model

In ( K, Ce 1) _ constant, ap—Redlich-Peterson
Redlich-Peterson Ge = 1 f,ipcc < Py, model isotherm constant,
‘ g§nCe +Inap g—Redlich-Peterson
model exponent
Ks—Sips isotherm model constant,
.  GusKsC" e B _ m—Sips model exponent,
Sips e = T-KsCm In ( G5 —qe ) =mnC, —InKs qm,s—Sips maximum
adsorption capacity
Kr—Toth isotherm model constant,
Toth e = Lﬂw In ( q’”/:‘%) =tInKy +tInC, gm—Toth maximum adsorption
(1+(krC)') " capacity, t—Toth model exponent
lo ( 7 ) o Kp—Hill isotherm model constant,
Hill Ge = Ig:fitcfl:ﬁf S\an—a.) = gr—Hill maximum adsorption

nplog Ce —log Kp capacity, ny—Hill model exponent

Real wastewaters are multi-component systems that contain various pollutants, mak-
ing the adsorption system more complicated. Thus, interaction and competition between
the adsorbate molecules must be taken into account. In order to understand the adsorption
mechanism of such complex systems, single-component models were modified. Conse-
quently, non-modified, modified, and extended Langmuir and Freundlich model, Redlich—
Peterson model, Sheindorf-Rebuhn-Sheintuch equation, and extended Sips isotherm model
were developed [76].

5.2. Adsorption Kinetics

Adsorption kinetics controls the rate of adsorption and determines the time required
to attain equilibrium for the adsorption process, giving valuable information on probable
adsorption mechanisms [77]. The adsorption on the solid-liquid interface proceeds through
the following stages: bulk diffusion (adsorbate transport from the solution bulk to the
liquid film around the sorbent particle); external diffusion (adsorbate diffuses through the
liquid film on the particle surface); intraparticle diffusion of the adsorbate from the liquid
film to the particle surface, by pore diffusion and surface diffusion and interaction with the
surface sites (by physisorption or chemisorption). The overall adsorption rate is determined
by the slowest of the above stages. The first and the last steps are faster than the second and
third ones. Determination of the adsorption mechanism and the rate-controlling stages are
the critical factors for selecting the optimum operating conditions of the adsorption system.

Various surface-reaction and particle diffusion-based kinetic models are widely ap-
plied for the determination of the adsorption process dynamics. The most frequently
used kinetic models are listed in Table 2. The models and calculations of characteristic
parameters are comprehensively explained in the literature.
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Table 2. Kinetics and mechanism of adsorption (nonlinear and linear form with the description of

parameters) [78-82].

Models

Non-Linear Form

Linear Form

Parameters

ge—adsorption capacity
at equilibrium,

-first- _ —k1t 7
Pseudo-first-order gt = qe (1 —e ) log(q. — g¢) = log(qe) — t k;—pseudo-first-order
rate constant
ge—adsorption capacity
; )  Pht s at equilibrium,
Pseudo-second-order It = T3g.kt qt kzﬂz + ky—pseudo-second-order
rate constant
. 1 1 1 o—initial adsorption rate,
Elovich B In(apt+1) ~ B In(ap) + ln( ) p—desorption constant
In(In ( ) ) kay—Avrami fractional-order
Avrami gt = qe(1 — exp[—kayt"]) Je=qt constant rat, n—Avrami fractional

=nlnkgy +nint

kinetic order

Fractional power

qt = Kt?

log g; = log K +vlogt

K—fractional power constant,
v—fractional power rate constant

Intraparticle diffusion

g = kigt®

+ Cid

kig—intraparticle diffusion rate
constant, C;;—thickness of
the adsorbent

In(1—F) =k ppt+C,F
qt

F—fraction of solute

Liquid film diffusion Gt = ge(1 — e~Firot) _ adsorbed at any time ¢, k;pp
Bz —equilibrium fractional attainment
loglo g( ) kp—constant rate of Bangham
Bangham qr = kpt* Co—gem ‘7'”‘ model, a—constant (indicates the
= log 3ay +alogt adsorption intensity)
F<0.85 5 F<0.85
2
_ .3 (Bt)? F
=g 31— (1- 8L = _.J1—=E
Boyd = fen [ < v ) } (f =5 ) Bt—mathematical function of F
F>0.85 F>0.85
g =qe(1— %Aﬂ)) Bt = —0.4977 — In(1 — F)

The linear regression correlation coefficient (R?) values are frequently compared to
evaluate the best fit model. However, to assess the best kinetic fitting model, besides
regression coefficient (R?), statistical error validity models such as average relative error,
normalized standard deviation, hybrid fractional error function, a derivative of Marquardt’s
percent standard deviation, and standard deviation of relative error should also be used [71].
Another criterion that should be taken into account is the closeness, i.e., the agreement
between the experimental (Q,*?) and calculated Q. value of adsorption capacity.

5.3. Adsorption Thermodynamics

One of the important parameters of the adsorption process is temperature, i.e., the
endothermal and exothermic character of the process, determined by the increase or
decrease of the temperature all through the adsorption process.

In order to evaluate the feasibility of the adsorption process, thermodynamic parame-
ters such as the standard free energy (AG), enthalpy change (AH®), and entropy change
(AS%) were estimated. The Gibb’s free energy change of adsorption was calculated from the

following equation:
AG? = —RTInK, ()
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where R is the ideal gas constant (8.314 J/mol K), T (K) is the absolute temperature and K,
is the thermodynamic equilibrium constant that is expressed as:

_G

K. =
c C,

®)
where C; (mg/L) is the amount of metal ion adsorbed at equilibrium, and C, (mg/L) is the
concentration of metal ions in solution at equilibrium. Gibb’s free energy is also related
to the enthalpy change and entropy change at constant temperature by the Van’t Hoff
equation as follows [83,84]:

AGY  AS®  AHC

R @

nKe=—3F =R " RT

The AH? and AS° values can be calculated from the slope and intercept of the plot
of In K, versus 1/T. The negative values of AGO indicate that the adsorption process is
spontaneous. In the case of positive entropy change, the randomness at the moment of
adsorption rises, while in the case of negative free energy change, adsorption is spontaneous
or favorable. In the case of positive enthalpy change, the reaction is endothermic, meaning
adsorption efficiency rises with the temperature increase. When the AHY value is in the
range 2.1-20.9 kJ/mol, the adsorption process is physical. On the other hand, the AHY
value in the range of 80-200 kJ/mol suggests chemisorption [85].

5.4. Desorption of Metals and Reusability of Polymeric Sorbents

An effective adsorbent should have a high adsorption/desorption capacity. The ability
of the adsorbent to regenerate makes the adsorbent desirable and the adsorption process
economical. In order to ensure successful adsorbent regeneration and reusability, a suitable
stripping agent should be carefully chosen. It has to be cost-effective, highly efficient, and
non-damaging to the adsorbent.

Various stripping agents such as acids hydrochloric, sulphuric, nitric, formic, and
acetic acid; bases: sodium and potassium hydroxide, sodium carbonate and bicarbonate,
potassium carbonate; salts: sodium and potassium chloride, ammonium sulfate and nitrate,
calcium chloride, potassium nitrate, deionized water, chelating agents (ethylene diamine
tetraacetic acid, EDTA); and buffer solutions (bicarbonate, phosphate and tris) were used
in literature.

Desorption of heavy metal ions seems to be rapid and higher in acidic than in basic
and neutral media [86]. In order to reduce the consumption of acids and bases, the use of
other chemicals was investigated. A comprehensive review that summarizes the removal
efficiency of various adsorbents, desorption efficiency of various stripping agents, and
recovery of heavy metals can be found in the literature [87].

Nastasovi¢ et al. published a desorption study on Cu(Il), Ni(II), and Pb(II) loaded
poly(glycidyl methacrylate) and ethylene glycol dimethacrylate (PGME-en) [88]. Regenera-
tion experiments with 2 M H,SOj4 as desorption eluent showed that PGME-en could be
reused in several sorption/desorption cycles. For example, a capacity loss of 8% after four
cycles of Cu(Il) sorption was observed.

Markovi¢ et al. performed a desorption study on chromium(VI)-loaded copolymer
of glycidyl methacrylate and ethylene glycol dimethacrylate functionalized with hexam-
ethylene diamine (PGME-HD) [89]. It was concluded that Cr(VI) sorption was reversible.
PGME-HD can be easily regenerated with 0.1 M NaOH up to 90% recovery in the fourth
sorption/desorption cycle, while in the fifth cycle, a considerable sorption loss of 37%
was noted.

Galhoum et al. used nitric acid solutions for testing the desorption efficiency of La(III)
and Y(III) loaded polyaminophosphonic acid-functionalized polyglycidyl methacrylate
(PGMA) [64]. It was concluded that metal-loaded sorbent could be regenerated over six
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successive sorption/desorption cycles with 0.5 M HNOj; solutions. The sorption and
desorption efficiencies decreased by less than 7% after the sixth cycle.

Piléniak-Rabiega et al. tested the desorption ability of vinylbenzyl chloride/divinylbenzene
copolymer (VBC/DVB) with attached 2-mercapto-1-methylimidazole and guanylthiourea lig-
ands loaded with silver (Ag(I)) ions [58]. As desorption eluents, solutions of sodium thiosulphate,
thiourea, potassium cyanide, potassium cyanide in hydrogen peroxide, sodium hydroxide and
ammonium buffer were used. It was observed that Ag(I)-loaded sorbents can be effectively
regenerated with 1% potassium cyanide solution in 0.5% hydrogen peroxide solution at 50 °C.
In addition, polymer sorbents with mercapto-1-methylimidazole and guanylthiourea ligands
retained their Ag(I) capacity in five consecutive sorption/desorption cycles.

6. Methacrylate-Based Sorbents

The results regarding the usage of various polymers as metal ions sorbents were
published in numerous studies. However, since it is impossible to cover all of them, we
summarized methacrylate-based sorbents in Table 3.

Table 3. Adsorption capacity of metal ions using different methacrylate sorbents.

Adsorbents Metals * pH Concentration A(C:lSOl‘PFan Reference
apacity
Poly(methyl methacrylate)/poly(ethyleneimine)
core-shell nanoparticles Cu(mn 5 Smg/L 14mg/g %01
Amidoximated acrylonitrile/methyl acrylate copolymer Hg(II) 2 0.25-5 mmol/L 4.97 mmol/g [91]
Poly(N-2-methyl-4-nitrophenyl maleimide-maleic
anhydride-methyl methacrylate) terpolymers Cddmn 7 0.2-100 mg/L 7756 mg/g 1921
Boehmite/poly(methyl methacrylate)
nanocomposites Cu(Il) 4 10 mg/L 943 mg/g [93]
o Co(Il) 288 mg/g
methacey bty lene lycol dhmethaceyte) Pb(D 6 10S0mg/L Sldmgg (4]
Y yiene gly Y Cu(In) 31.2mg/g
Nano-magnetic poly(methyl methacrylate-glycidyl Cu(1l) 6 100-300 mg/L 87.72mg/g [95]
methacrylate-divinylbenzen)-ethylenediamine Cr(VI) 2 50-1000 mg/L 136.98 mg/g
Nano-magnetic poly(methyl methacrylate-glycidyl Cu(Il) 6 100-300 mg/L 9430mg/g [95]
methacrylate-divinylbenzen)-diethylenetriamine Cr(VI) 2 50-1000 mg/L 149.25mg/g
Nano-magnetic poly(methyl methacrylate-glycidyl Cu(II) 6 100-300 mg/L 92.60mg/g [95]
methacrylate-divinylbenzen)-triethylenetetramine Cr(VI) 2 50-1000 mg/L 204.08 mg/g
Nano-magnetic poly(methyl methacrylate-glycidyl Cu(II) 6 100-300 mg/L 116.80 mg/g [95]
methacrylate-divinylbenzen)-tetraethylenepentamine Cr(VI) 2 50-1000 mg/L 370.37mg/g
o Cu(Il) 8.20 mmol/L
Poly(methyl methacrylate-co-ethyl acrylate) membrane Fe(IIT) 6 0.1-1.0 mmol/L 251 mmol /L [96]
e Cu(Il) 1.35 mmol/g
Poly(methyl methacrylate-co-buthyl methacrylate) membrane Fe(IIT) 6 0.1-1.0 mmol/L 2.41 mmol/g [96]

Poly(methyl methacrylate-glycidyl
methacrylate-ethylene glycol Ag(l) - 10 mg/L 21.7mg/g [97]
dimethacrylate)-1,9-nonanedithiol

Cu(Il) 55 1.10 mmol/g
Cd(In) 55 0.67 mmol/g
Zn(II) 2.1 0.25 mmol/g
Poly(glycidyl methacrylate-co-ethylene glycol Fe(II) 1.25 0.05 mol/L 0.14 mmol/g 88]
dimethacrylate)-ethylenediamine Mn(II) 1.25 . 0.12 mmol/g
Pb(1I) 1.25 1.06 mmol/g
Cr(I1I) 1.25 0.47 mmol/g
Pt(IV) 55 1.30 mmol/g
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Table 3. Cont.

Adsorbents Metals * pH Concentration Agz;?:g;n Reference
Magnetic poly(glycidyl 3
methacrylate/divinylbenzene)-tetraethylenepentamine resin Mo(VI) 2 8 x 107 mol/L 5.6 mmol/g 98]
Magnetic poly(glycidyl methacrylate/N,N' (= 3
methylenebisacrylamide)-tetraethylenepentamine resin Mo(VI) 2 8 X107 mol/L 7.6 mmol/g 98]
Poly(glycidyl methacrylate)-pyromellitic acid Pb(II) 2 100 mg/L 206.71 mg/g [99]
2-Aminothiazole-functionalized poly(glycidyl methacrylate) Au(lll) 4 200-700 mg/ 44084 mg/ [59]
microspheres 88 ’ &/
Cu(Il) 1.25 mmol/g
. . Co(IL 0.54 mmol/
P01y(glyc1dylhmethlacr})rlgte-i‘o—ltrlmethylolpropane Ni((II)) 5 0.4-4.0 mmol /L 071 mmol /g [100]
trimethacrylate)-diethylenetriamine o :
Zn(II) 0.69 mmol/g
Cd(I1) 0.67 mmol/g
Poly(glycidyl methacrylate) modified with trithiocyanuric g
acid microsphore Ag(D) 5 200-600 mg/L 22523 mg/g [101]
Poly(glycidyl Pb(II) 4.6 4.83 mmol/L 4.76 mmol/g [102]
methacrylate-styrene-N,N’-methylenebisacrylamide)
functionalized with —tetraethylenepentamine Hg(II) 57 4.97 mmol/L 4.80 mmol/g
Magnetic-poly(glycidyl methacrylate-N,N'-methylene
bisacrylamide)-ethylenediamine Th(Iv) 35 100 mg/L 60mg/g [103]
Magnetic-poly(glycidyl methacrylate-N,N'-methylene
bisacrylamide)-diethylenetriamine Th(Iv) 35 100 mg/L 84mg/g [103]
Magnetic-poly(glycidyl methacrylate-co-ethylene glycol
dimethacrylate)-diethylenetriamine Viv) 5 1.36-146 mg/L 11.23mg/g [104]
Macroporous poly(glycidyl methacrylate-co-ethylene glycol
dimethacrylate)-ethylenediamine PHIV) 55 0.05 mol/L 130 mmol/g o1l
Cu(II) ion-imprinted poly(methacrylic acid/ethylene
glycol dimethacrylate) Cun 6 15 mg/L 1058 ng/g [105]
Poly(glycidyl methacrylate-ethyleneglycol .
dimethacrylate)-polyethylene imine uevn 6 25-500 mg/L 714mg/g (106]
Poly(glycidyl methacrylate-ethyleneglycol .
dimethacrylate)-tris(2-aminoethyl) amine uvh 6 25-500 mg/L 88.9mg/g (106]
As jon-imprinted poly(styrene/ethylene glycol dimethacrylate) As 6 - 482 ug/g [107]
Se ion-imprinted poly(styrene/ethylene glycol dimethacrylate) Se 7 - 447 ug/g [107]
Polyaminophosphonic acid-functionalized poly(glycidyl Y(III) 0.73 mmol/g
methacrylate) La(I1I) 5 25-400 mg/ L. 0.79 mmol/g [64]
Poly(methacrylic acid/ethylene glycol dimethacrylate) Gd(III) 6 5-200 mg/L 194 mg/g [108]
Poly(glycidyl methacrylate) functionalized with B
26 diaminopyridine Au(TIT) 4 459.28 mg/g [109]
Hypercrosslinked poly(styrene-glycidyl B
methacrylate-iminodiacetic acid) Tb(Ih 58 145.6mg/g (110]
Poly(glycidyl methacrylate-co-ethylene glycol
dimethacrylate)-diethylenetriamine Mo(VI) 2 0.1 mol/L 3.5 mmol/g (1]
Praseodymium ion imprinted
Chloromethyl-8-hydroxyquinoline functinalized Pr(IIT) 45 0.001-0.01 mol/L  0.15 mmol/g [12]
poly(Hydroxyethyl ) ’ : ’
methylacrylate) /SiO,
Ethanediamine-modified magnetic poly(glycidyl methacrylate)
micespheres cd() 6.5 0.178 mmol/L 189.89mg/g [113]
Fe304@polyglyceryl Pb(II) _ 229.41mg/g
methacrylate-graft-triethylenetetramine-beta-cyclodextrin Cddn 50-200 mg/L. 210.65 mg/g (114]
Polypropylene ;lﬁloglr}(l)@iillaﬁ;l methacrylate) Sc(I1I) 2 120 mg/L 3.13mg/g [115]
Magnetic(glycidyl methacrylate-N,N’ Hg(IT) 4 5 mmol/L 2.81 mmol/g 53]

-methylenebisacrylamide)- diethylenetriamine
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Table 3. Cont.

Adsorption

Adsorbents Metals * pH Concentration C . Reference
apacity
Magnetic-poly(glycidyl
methacrylate-co-divinylbenzene)-tetraethylenepentamine uv) 45 0.525 mM 1.68 mmol/g (116]
Polyethylenimine/ Poly(glyc1dyl methacrylate) Cr(vI) 5 25-500 mg/L 149261 mg/g [17]
magnetic microspheres
. o Pb(II) 2 164 mg/g
O methacry o) dithytenetraming Cu(ih s ooSmo/L  10mg/y  [i1s]
y Yy cd(n 4 152 mg/g
Magnetic-poly(glycidyl methacrylate) Hg(II) - 5-2500 mg/L 543 mg/g [119]
Co(II) 90.09 mg/g
Magnetic-poly(methyl Cr(III) . 9091 mg/g
methacrylate-co-maleic anhydride) Zn(II) 6 20-100 mg/L 109.89 mg/g [120]
cddn 11111 mg/g

* Cu-Copper, Hg-Mercury, Cd-Cadmium, Co-Cobalt, Pb-Lead, Cr-Chromium, Fe-Iron, Ag-Silver, Zn-Zinc, Mn-
Manganese, Pt-Platinum, Mo-Molybdenum, Au-Gold, Ni-Nickel, Th-Thorium, V-Vanadium, U-Uranium, As-
Arsenic, Se-Selenium, Y-Yttrium, La-Lanthanum, Gd-Gadolinium, Tb-Terbium, Pr-Praseodymium, Sc-Scandium.

In further text, the main focus will be set on macroporous non-magnetic and magnetic,
amino-functionalized glycidyl methacrylate (GMA). Macroporous polymeric sorbents
consisting of crosslinked copolymers (solid support) and functional groups (ligands) are
potentially very attractive as selective sorbents for precious and heavy metal ions with some
advantages over other sorbents, being highly efficient, cost-effective, and reusable [110,117].

7. Adsorption on Amino-Functionalized Glycidyl Methacrylate-Based Polymers

GMA based macroporous copolymers crosslinked with ethylene glycol dimethacrylate
(EGDMA), PGME, and trimethy] trimethylolpropane trimethacrylate (TMPTMA), PGMT, in
the shape of regular beads are very interesting due to the ability of the epoxy group to react with
nucleophiles, such as amines, thiols, azide, carboxylic acids, etc. (Scheme 1) [68,111,121,122].
This type of copolymers can be synthesized by suspension copolymerization in the presence of
a pore-forming agent (inert component, porogen), having a permanent well-developed porous
structure even in the dry state, and macropores with diameters larger than 50 nm [123].

Two different approaches can be used in order to attach ligands. The first one is a
copolymerization of a suitable monomer already carrying the required functional group,
and the second one or by post-polymerization functionalization, i.e., to perform an ad-
ditional reaction in order to introduce selective chelating groups. The latter method is
more practical and efficient since it could be assumed that all the groups are accessible
and reactive.

The separation of metal ions on macroporous amino-functionalized GMA copolymers
is determined by the sorption parameters (pH, presence of other ions which compete for
the active sites), structural properties of the chelating copolymers (particle size, porosity,
specific surface area), ligand structure as well as kinetic and thermodynamic stability of the
formed metal complexes with the chemically bonded amine ligands [61].

Amino-functionalized GMA based copolymers were proven to be adaptable sorbents
for removal of precious [61] and heavy metals [88,118,124,125], technetium-99 [126,127], as
well as chromium [89,128,129], molybdenum and rhenium [111,130], and vanadium [104].
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Scheme 1. Functionalization reactions of GMA-based polymers.

Nastasovi¢ et al. investigated sorption performances of amino-functionalized PGME
towards heavy metals and precious metals [61,118,124,128,131-133]. Macroporous crosslinked
copolymer of glycidyl methacrylate and ethylene glycol dimethacrylate with different porosity
parameters functionalized with ethylenediamine, PGME-en, towards copper, iron, manganese,
cadmium, zinc, lead, chromium, and platinum (Cu(II), Fe(II), Mn(II), Cd(Il), Zn(II), Pb(1I),
Cr(IlI), and Pt(IV)) ions were studied [88]. It was observed that the sorption rate of PGME-
en for Cu(ll) ions determined under non-competitive conditions was relatively rapid, i.e.,
the maximum capacity was reached within 30 min. In addition, strong pH dependence of
PGME-en selectivity was observed. Namely, a considerably higher sorption capacity for
Pt(IV) in comparison to Cu(Il), Co(II), Ni(Il), and Pb(Il) ions at pH 2.1 was established. On
the other hand, at pH 5.5, the metal sorption capacities of PGME-en decreased in the order:
Cu(Il) > Co(Il) > Pt(IV) ~ Ni(II) > Pb(II). Reusability was also proven since the regeneration
with 2 M H,SOy of the Cu(II), Ni(II), and Pb(II) loaded PGME-en showed that copolymer can
be reused in several sorption/desorption cycles.

The sorption ability of macroporous PGME-en towards rhodium, gold, and platinum
(Rh(III), Au(II), and Pt(IV)) [61] ions were also examined. A faster Rh(III) uptake than
those of Au(IIl) and Pt(IV) was observed. After 5 min of sorption, approx. 90% Rh(III),
57% of Pt(IV), and 46% of Au(Ill) had been sorbed. These different sorption rates of Rh(III),
Au(Ill), and Pt(IV) enabled PGME-en application for the selective separation of platinum
metals. Due to strong coordination with the modified copolymer, Rh(III) desorption was
very difficult and incomplete, even with strong acids (such as HCI and H,SOy). It was
shown by the same research group that PGME-en can sorb 5-8 times more Pt(IV) than
Cu(II) and Ni(II) ions from single-component solutions and 5 times more Pt(IV) than Cu(II)
from their mixed chloride solutions [134].

The sorption performances of macroporous PGME with attached diethylene triamine,
PGME-deta, for Cu(Il), Cd(II), and Pb(II) sorption were determined in batch static experi-
ments at room temperature [118]. The sorption half time was approx. 5 min for all metal
ions. High capacities were observed, i.e., PGME-deta after 30 min reached approx. 90%
and after 180 min, 95% of maximum capacity. It was shown that PSO kinetic model best
fitted the Cu(II), Cd(II), and Pb(II) sorption, suggesting that the sorption rate is controlled
by both sorbent capacity and concentration, with the influence of intraparticle diffusion.

118



Metals 2022, 12, 814

Senkal et al. used glycidyl methacrylate-based copolymer with acetamide groups
as Hg(IT) sorbents [135]. The Hg(II) ions sorption capacity was approx. 2.2 mmol/g in
nonbuffered solutions. On the other hand, the adsorption capacities of sorbent for Cd(II),
Pb(II), Zn(II), and Fe(III) were relatively low (0.2-0.8 mmol/g). It was shown that Hg(II)
ions could be regenerated by repeated treatment with hot acetic acid without hydrolysis of
the amide groups, up to 2.0 mmol/g, i.e., 86% of the capacity of fresh polymer.

Atia etal. reported Cu(II) and Pb(II) sorption performances of poly(glycidyl methacrylate-
co-divinylbenzene) functionalized by ethylene diamine [136]. The results showed that metal-
sorbent interaction proceeds via surface and diffusion mechanisms. The most suitable pH
value for metal sorption was 5.8, while maximum adsorption capacities for Cu(II) and Pb(II)
were 1.24 and 0.32 mmol/g, respectively. Regeneration efficiency of 97% was achieved in
10 sorption/desorption cycles with 0.5 HNO3. Haratake et al. tested the triethylene tetra
amine-functionalized poly (glycidyl methacrylate-co-ethylene glycol dimethacrylate) as sor-
bents for Cu(II), Zn(II), Co(II), and Ni(II) ions sorption from seawater [137].

Malovi¢ et al. investigated the influence of the porosity parameters, particle size, and
type of the ligand on the uptake of heavy metals on macroporous amino-functionalized
PGME [133]. Sorption capacities and rates of PGME-en, PGME-deta, and PGME-teta for
Cu(II) ions were determined. In addition, the selectivity of PGME-deta and PGME-teta
towards individual metal ions under competitive conditions was investigated as a function
of pH and particle size. The Cu(ll) sorption was rapid, i.e., the sorption half time for
PGME-deta and PGME-teta, was approximately 3 min. In addition, the high selectivity
of PGME-deta for Cu(Il) over Cd(II) of 3:1 and for Cu(Il) over Ni(Il) and Co(II) of 6:1 was
observed. The decrease in particle size of PGME-teta resulted in the increase of sorption
capacities for all metal ions.

Surucic et al. published studies on the theoretical modeling of metal ions sorption [124,125,138].
The sorption of Cu(Il) ion on PGME-en, PGME-deta, and PGME-teta were successfully modeled by
quantum chemical calculations [125]. Higher maximum sorption capacities (Qyx) were obtained
for deta- and teta-copolymers, due to their abilities to form binuclear complexes. The study offers
an explanation of the experimentally obtained trend for Cu(Il) by applying theoretical techniques
to predict the selectivity of ligands. A comparison of the Gibbs free energy (AGy) for mononuclear
and binuclear tetaOH complex suggests that the formation of mononuclear complexes is a slightly
more favorable (spontaneous) process. The results indicate that the amines with three nitrogen
ligator atoms were preferable (due to the possibility of binuclear complex formation). On the other
hand, the more ligator atoms it contains, the amine diffusion inside the polymer is more difficult.
In addition, a higher number of ligator atoms increases the strain of chelate rings and reduces the
stability of amino-functionalized complex with the sorbed ion.

In a very complex and detailed study, Suruci¢ et al. used quantum chemical calculation
for modeling Cu(II), Cd(II), Co(II), and Ni(II) sorption by PGME-teta [124]. Cambridge
Structural Database (CSD) was a source of geometries of aqua complexes of the studied
metal ions and coordination modes of the teta ligand in crystal structures. Cd(II), Co(II),
and Ni(II) ions form complexes with octahedral geometry, while Cu(Il) ion forms complexes
with the coordination number 5. The agreement of theoretical and experimental results
was achieved when mononuclear tetaOH complexes of Cu(II) and Cd(II) were compared
with mononuclear complexes of Ni(II) and Co(II) with monoprotonated teta OH ligand
(tetaOH). It was observed that the inclusion of the solvation effect was needed since the
sorption takes place in an aqueous solution. In addition, it was shown that solvation energy
contributions significantly improve the stability of ions in an aqueous solution.

Macroporous PGME copolymers amino-functionalized with ethylene diamine, diethy-
lene triamine and hexamethylene diamine (PGME-en, PGME-deta, PGME-HD) were tested
as potential Cr(VI) oxyanion sorbents from aqueous solutions [89,128,129].

Maksin et al. studied kinetics and temperature dependence of Cr(VI) sorption by
PGME-deta in the temperature range 25—70 °C [129]. Pseudo-first order, pseudo-second-
order, Elovich, intraparticle diffusion, and Bangham kinetic models were used for sorption
behavior analysis. Equilibrium data were tested with Langmuir, Freundlich, and Tempkin
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adsorption isotherm models. Langmuir model was the most suitable, while thermodynamic
data suggested spontaneous and endothermic Cr(VI) adsorption onto PGME-deta. The
best kinetic results fit was observed with the pseudo-second-order model, with a definite
influence of pore diffusion.

Additionally, the authors proposed electrostatic interactions Cr(VI) sorption mech-
anism by PGME-deta at acidic media. Namely, at acidic pH, the amino groups were in
the protonated cationic form (NH3*), which results in stronger attraction with negatively
charged ions in the solution (HCrO, ™). Consequently, electrostatic interaction between the
adsorbent and anions and high chromium removal is observed.

The sorption kinetics of Cr(VI), Cu(Il), Co(Il), Cd(II), and Ni(II) by PGME-en and
PGME-deta, was studied under single-component and mixed metal salt solutions [128].
The competitive sorption was analyzed for the following mixed solutions: Cu(II) and
Cr(VI); Cu(ll), Co(II), Cd(II), and Ni(II); Cr(VI), Cu(II), Co(II) and Cd(II) solutions. Very
rapid uptake of Cr(VI) ions under non-competitive conditions (the sorption half time <1
min) was observed. The Cr(VI) and Cu(II) sorption were much slower from their binary
solutions (the sorption half time for Cr(VI) and Cu(II) were 11 and 45 min) than from
single-component solutions (observed sorption half time for Cr(VI) and Cu(Il) were 0.5
and 3 min) presumably due to the competition of metal ions for the active sites on the
copolymer surface. As a result of kinetics analysis, it was concluded that the best fit for
investigated heavy metals sorption by PGME-en and PGME-deta provides pseudo-second-
order kinetics.

Markovi¢ et al. tested macroporous PGME functionalized with hexamethylene di-
amine (PGME-HD) as Cr(VI) oxyanion sorbent from aqueous solutions [89]. Kinetic
data were analyzed using chemical reaction particle and diffusion models kinetic mod-
els (pseudo-first order, pseudo-second-order, Elovich), intraparticle diffusion, Bangham,
Boyd, and McKay). The monolayer sorption Langmuir model was the most suitable to
fit the experimental equilibrium data. Calculated thermodynamic parameters suggested
that Cr(VI) adsorption onto PGME-HD was spontaneous and endothermic. In addition,
PGME—HD was found to be easily regenerated with 0.1 M NaOH and reusable in four
sorption/desorption cycles, with up to 90% recovery.

PGME—deta was studied as a potential recovery agent for molybdenum, Mo(VI)
oxyanions, by varying pH, time, initial concentration, and temperature [111,130]. Calcu-
lated thermodynamic parameters revealed that both chemical adsorption and intraparticle
diffusion were rate-controlling, with chemisorption as predominant. This could be the
consequence of the transition metal nature of molybdenum. Namely, during the sorption
process, d orbitals become filled with free electron pairs from amino or hydroxy groups
of PGME-deta. Among seven chemical-reaction and particle-diffusion kinetic models
(pseudo-first-order, pseudo-second-order, Elovich, intraparticle diffusion, Bangham, Boyd
and Mckay), the best fit was observed with pseudo-second-order, with the considerable
effect of intraparticle diffusion. The maximum Mo(VI) sorption capacity for PGME—deta
was 3.58 mmol/g at 343 K.

8. Adsorption on Magnetic Polymeric Sorbents

There is a growing interest in the application of magnetic nanoparticles for the removal
of heavy metals from wastewater since they possess a whole range of advantages in
comparison with traditional sorbents, such as small particle size, large surface area, and easy
separation after treatment by applying an external magnetic field [1,36,70-73]. However,
magnetic nanoparticles tend to aggregate, which decreases the surface area and reduces
the removal capacity. Stabilization of these particles can be achieved by surface coating
or grafting with an organic layer (surfactant or polymer), coating with an inorganic layer
(silica or carbon), and incorporating magnetic nanoparticles in polymer matrices (Scheme 2).
In order to provide stabilize these particles, surface modification is required [1,51,139].
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Scheme 2. Stabilization of Fe30, nanoparticles.

A wide range of different magnetic materials was used as metal sorbents. For example,
Duranoglu et al. used polyglycidyl methacrylate graft copolymer (PGMA) and polymer-
supported magnetic nanoparticles (PGMAFe) as Cr(VI) sorbent [140]. Both adsorbents
were useful for removing Cr(VI) from an aqueous solution over a wide pH range. The
resulting graft copolymer and its Fe304 nanoparticles-coated form were highly effective for
Cr(VI) sorption in column experiments, with a short contact time, up to 30 min. The column
was efficiently regenerated with NaOH (10%, w/v) solution. However, PGMAFe had
higher Cr(VI) adsorption capacity compared to PGMA, presumably as a consequence of the
combined effects of Fe oxide and amine groups. Better correlation with experimental data
was observed for both PGMA and PGMAFe sorbents. The maximum Cr(VI) adsorption
capacities of PGMA and PGMAFe sorbents obtained at pH 4 were 132.5 and 162.9 mg/g,
respectively. It was concluded that both samples were effective adsorbents for Cr(VI) in a
wide pH range with relatively high adsorption capacity.

Atia et al. prepared magnetic methacrylate/divinylbenzene particles with a mag-
netite core and post-functionalized with ethylenediamine, diethylenetriamine, and tetra-
ethylenepentamine. Synthesized magnetic core-shell polymer particles samples were tested
as Hg(Il) sorbent [141]. The Hg(II) sorption capacities of polymeric sorbent were found to
be in the range 2.1-4.8 mmol/g.

Atia et al. prepared magnetic GMA sorbents, crosslinked with divinylbenzene (GMA /DVB-
en) or N,N’-methylenebisacrylamide (GMA /MBA-en) and functionalized with tetraethylenepen-
tamine [98]. The sorption behavior towards molybdate anions was studied. The Mo(VI) adsorp-
tion capacities of 4.24 and 6.18 mmol/g were obtained for GMA /DVB-en and GMA /MBA-en,
respectively. The adsorption followed the pseudo-second-order model. Regeneration efficiency
up to 90-96% was reached using an ammonia buffer.

Bayramoglu et al. used magnetic terpolymer poly(glycidyl methacrylate-methyl
methacrylate—ethylene glycol dimethacrylate) functionalized with ammonia for Hg(II)
ions removal from aqueous solution in static conditions and in a magnetically stabilized
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fluidized bed (MFB) reactor [142]. The optimum removal of Hg(II) ions was observed at
pH 5.5, with a maximum adsorption capacity of 124.8 mg/g.

Markovi¢ et al. studied the influence of different magnetite content on the poros-
ity parameters, morphology, and magnetic properties of magnetic macroporous PGME
copolymer (mPGME). The copolymer was post-functionalized by a ring-opening reaction
with diethylene triamine. The amino-functionalized magnetic nPGME—deta, was studied
as molybdenum, Mo(VI), and rhenium, Re(VII) sorbent from binary solutions [130]. The
influence of pH, ionic strength, and coexisting cations (Niz*, Cd?*, and Cuz*) and anions
(C17,NO3~ and SO4%~) on Mo(VI) and Re(VII) oxyanion sorption on mPGME-deta were
investigated. Langmuir model was proven to be the most appropriate adsorption isotherm
model, assuming monolayer adsorption at specific homogenous sites on the mPGME-deta
surface. In addition, the selectivity of mPGME-deta for Re(VII) sorption was studied at a
different contact time and Re/Mo ratio. High uptake of oxyanions was noted, i.e., 92% of
Re(VII) and 98% of Mo(VI) were sorbed at pH 2.

Suruci¢ et al. investigated the adsorption of vanadium (V) oxyanions from aqueous solu-
tions onto diethylene triamine functionalized magnetic macroporous GMA-based copolymer
prepared in the presence of magnetite nanoparticles coated with 3-aminopropyltrimethoxysilane,
(m-Si-poly(GME)-deta) [104]. Vanadium (V) sorption was tested as a function of metal ions
concentration, contact time, and pH. Sorption was rapid, with the sorption half time of 1 min
and maximum sorption capacity of 28.7 umol/g. The sorption process was best described by the
pseudo-second-order model and Freundlich isotherm. The quantum chemical calculations were
performed using the Gaussian09 software package (Gaussian, Inc., Wallingford, CT, USA). The
sorption process is favorable in the pH range of 3-6 due to the strong electrostatic interactions
between the absorption centers of copolymer and vanadium (V) oxyanions. In the investigated
pH range, deta absorption centers with two and three protonated N atoms were in equilibrium
as studied by quantum chemical modeling.

Perendija et al. tested magnetite (MG) modified cellulose membrane (Cell-MG), and
diethylenetriaminepentaacetic acid dianhydride functionalized waste cell fibers (Cell-NH;
and Cell-DTPA), and amino-modified diatomite in heavy metal ions [143]. The effects of
sorption parameters on adsorption capacity and kinetics were studied. The capacities for
nickel, lead, chromium, and arsenic (Ni(II), Pb(II), Cr(VI), and As(V)) ions were 88.2, 100.7,
95.8, and 78.2 mg/g, respectively.

Xie et al. observed that chitosan/organic rectorite-Fe;O4 composite magnetic adsor-
bent (CS/XOREC-Fe30y), exhibited better adsorption capacity for removing Cd(II) and
Cu(Il) ions than magnetic organic-rectorite (OREC-Fe304) and chitosan [144]. The best fit
for Cu(Il) and Cd(II) uptake provided the Langmuir isotherm model and pseudo-second-
order kinetic model. The XPS analysis indicated the adsorption of metal ions by -NH,
on the adsorbent surface via physical and chemical adsorption. Recycling experiments
showed that after four sorption/desorption circles with Na,EDTA solutions, the adsorption
capacity of CS/OREC-Fe30, was above 55%.

Shinozaki et al. used porous polymeric adsorbents obtained by suspension polymer-
ization of styrene, divinylbenzene, and GMA and modified with diglycolamic acid ligands
for the recovery of rare earth elements [63]. The adsorption isotherm was a Langmuir-type,
with an adsorption capacity of 0.113 mmol/g.

9. Overview of Characterization Methods
9.1. Fourier Transform Infrared Spectroscopy (FTIR)

The metal ions adsorption mechanism may include physical and chemical adsorption.
Chemical adsorption mainly involves mechanisms such as ion exchange, electrostatic attrac-
tion, surface complexation, and inner-sphere complexation, redox, and precipitation [35].
Therefore, different techniques could be used in order to understand the adsorption mecha-
nism, such as Fourier Transform Infrared (FTIR) spectroscopy, X-ray photoelectron spec-
troscopy (XPS), 1H, and 13C solid-state nuclear magnetic resonance (NMR), etc.
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Transmittance (a. u.)

The disappearance of bands characteristic for functional groups/ligands and the ap-
pearance of the bands that can be ascribed to the metal ions bonding in the FTIR spectra
could be used as evidence of successful metal ions bonding. For example, Malovi¢ et al.
used FTIR spectra of a copolymer of glycidyl methacrylate and ethylene glycol dimethacry-
late, (PGME) modified with triethylene tetramine (PGME-teta) to prove the presence of -NH
and -NH, groups as a result of successful functionalization [133]. Namely, a strong band
occurs at 3500 cm !, where the valence vibrations for -NH, -NH,, and -OH groups overlap.

Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) were used for the analysis of the mechanism of Cu(II), Cd(II), and Pb(II) ions sorption
from aqueous solutions by macroporous PGME with attached diethylene triamine, PGME-

deta (sample PGME-10/12-deta) (Figures 2a and 3) [118].
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Figure 2. (a) FTIR-ATR spectra of PGME-deta before adsorption (black) and after adsorption:
PGME-10/12-deta/Cu (red), PGME-10/12-deta/Pb (blue), and PGME-10/12-deta/Cd (green) [118],
(b) FTIR-ATR spectra of mPGME-deta before adsorption (black) and after adsorption of
Re(VII)/Mo(VI) (red) [130].
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Figure 3. HRES (a) Cu 2p for PGME-10/12-deta/Cu, (b) Cd 3d for PGME-10/12-deta/Cd, and (c) Pb
4f for PGME-10/12-deta/Pb [118].
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The disappearance of the peak for -NH at 1565 cm~!, as well as the shift of the
-NH, peak to ~1645 cm ! in PGME-10/12-deta/Cu, PGME-10/12-deta/Cd, and PGME-
10/12-deta/Pb spectra, clearly indicate the metal ions binding with amino-groups of
PGME-10/12-deta. According to the literature data, the binding with the metal alters the
hybridization type around nitrogen and causes the weakening of -NH bond [145]. However,
from the standpoint of the metal ions sorption, the most significant part of the FTIR spectra
was located in the 1000-700 cm ™! region The clear evidence of the Me(II) binding to PGME-
10/12-deta was the appearance of new peaks at ~770, ~830 and ~970 cm~! for PGME-
10/12-deta/Cd and PGME-10/12-deta/Pb as well as the peaks at ~750 and ~970 cm~ ! for
PGME-10/12-deta/Cu, which can be ascribed to the formation of Me-O bond.

Similarly, Markovi¢ et al. observed the appearance of new bands in the region
700-1000 cm~! (Me—O absorption bands) and a strong vCr—O band detected at 944 cm~?,
medium vCr—O band at 890 cm—1 and the band at ca 774 cm ™! in the FTIR spectra
of PGME functionalized with hexamethylene diamine, PGME-HD, as the evidence of
chromium binding [129].

Ekmes¢i¢ et al. considered the appearance of the wide band at 3060-3700 cm ™!
(v(NH) + v(OH)), the bands at 1260 cm~! v(C-N), at 1560 cm ! and 1650 cm~! (5 (NH), 5
(NHy)), as well as the band at 1390 cm~! (v(NH)) in the FTIR spectra of PGME-deta with
sorbed Re(VII)/Mo(VI) (Figure 2b) as confirmation of functionalization with diethylenetri-
amine [111]. In addition, the absence of characteristic bands for -NH and -NH; groups and
the presence of the bands in the region of Mo-O absorption (1000700 cm ') in the PGME-
deta/Re(VII)/Mo(VI) spectra indicate that adsorption proceeds partially via coordination
and electrostatic interactions.

Galhoum et al. also used FTIR analysis to prove lanthanum (La(IIl)) and yttrium
(Y(II)) sorption onto polyaminophosphonic acid-functionalized polyglycidyl methacrylate
(PGMA) [64]. The decrease of band intensity at 3357 cm ™! and 2966 cm ™! after La(III) and
Y(III) sorption was related to the changes in the environment of -OH and -NH groups
due to the metal binding. In addition, the main changes in FTIR spectra of Y(III)-loaded
polymer sorbent were the shift of the band corresponding to Y-N bond at 503 cm™! (to
531 cm 1), the disappearance of the P-O-C band at 932 cm ™!, and the appearance of a new
peak at 633 cm ™. According to the literature, the latter can be ascribed to the formation of
Me-O bonds [146].

Xiong et al. ascribed weakening of the C=N band at 1562 cm~! in poly(glycidyl
methacrylate) functionalized with 2-aminothiazole (A-PGMA) loaded with gold (A-PGMA-
Au) to Au bonding to polymer sorbent [59]. According to the authors, Au adsorption
proceeds via chelating and ion exchange between Au(Ill) and nitrogen groups on the
surface of A-PGMA.

The appearance of new Cr-O bands at 944 cm~! and 890 cm !, as well as Cr-N band at
420 cm ™! in the FTIR spectra of the chromium-loaded copolymer of glycidyl methacrylate
and ethylene glycol dimethacrylate functionalized with hexamethylene diamine (PGME-
HD), Markovi¢ et al. used as clear evidence of chromium bonding [147].

9.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative technique for measuring the
elemental composition of the surface of a material, and it also determines the binding states
of the elements [148]. XPS normally probes to a depth of 10 nm. The energy and intensity
of these peaks enable the identification and quantification of all surface elements present
(except hydrogen).

This technique was used to elucidate the adsorption mechanism of metal binding to a
new Cd(II) imprinted sorbent with interpenetrating polymer [149]. It was observed that
after the Cd(II) adsorption, the N 1s bands shifted from 400.0 to 405.0 eV, indicating the
formation of complexes, in which a pair of lone electrons from the N atoms was shared
with the Cd(II), reducing the electron cloud density of the nitrogen atom, resulting in a
higher BE peak observed.
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The mechanism of Cu(Il), Cd(II), and Pb(II) ions sorption from aqueous solutions
by PGME-deta was studied by XPS and FTIR analysis [117]. Both techniques suggested
complexation through the formation of Me-O and Me-N bonds with the OH, NH, and NH,
groups as the possible mechanism of Cu(II), Cd(II), and Pb(II) sorption on PGME-deta.

The main Cu 2p peak (Figure 3a) for PGME-10/12-deta/Cu was positioned at 934.4 eV,
which corresponds to Cu?*. The presence of the well-known shake-up satellite found in
Cu 2p spectra indicates the presence of Cu(Il) species. The peak Cd3ds,, (Figure 3b)
(which appears quite close to nitrogen N1 s peak) for sample PGME-10/12-deta/Cd was
positioned at 404.8 eV, corresponding to Cd?*. The Pb 4f doublet peak for sample PGME-
10/12-deta/Pb (Figure 3c) was composed of two peaks with different oxidation state. The
main peak Pb4f;/, can be thus fitted with two peaks positioned at 137.2 eV and 138.7 eV,
corresponding to Pb** and Pb?*, respectively. According to the authors, this indicates
probable interaction between amino groups and Pb(II) ions due to chelation, electrostatic
interaction with protonated amino groups, or formation of ternary complexes. In addition,
FTIR and XPS analyses suggest complexation via Me-O and Me-N bonds with the -OH,
-NH, and -NH, groups as the possible mechanism of Cu(II), Cd(II), and Pb(II) sorption.

XPS analysis was used for the investigation of the changes in the chemical composition
and functional groups of the surface of magnetic macroporous crosslinked 10MAG-SGE60-
deta prior and after sorption of Mo(VI) and Re(VII) ions [130]. The Mo 3d core-level
spectrum (Figure 4a) of the sample was fitted into two components for Mo 3ds/, at 231.8 eV
and 229.4 eV, which indicates molybdenum binding with reactive sites onto the 10MAG-
SGE60-deta surface. The first peak was ascribed to Mo°*, and the second one to the
MoO; phase. The Re 4f narrow scan XPS spectra (Figure 4b) of 1I0MAG-SGE60-deta after
adsorption show Re 4f5,, and Re 4f;/, doublet positioned at 45.7 eV and 39.2 eV indicating
perrhenate binding with reactive sites onto the polymer surface. The more intense Re 4f;/,
peak was deconvoluted into three components at 44.8, 46.6, and 48.1 eV, which signified
the complexation and the existence different Re oxidation states in the sample.
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Figure 4. HRES spectra of (a) Mo 3d and (b) Re 4f for I0MAG-SGE60-deta after adsorption [130].

XPS spectroscopy was used to understand the chemical interactions between polyaminophos-
phonic acid-functionalized polyglycidyl methacrylate (PGMA) and lanthanum (La(IlI)) and yt-
trium (Y(II)) ions [64]. After the sorption from a binary La(Ill) /Y(Ill)solution, characteristic bands
for La and Y appeared in the XPS spectra, i.e., La 3ds/, peaks with two couples of multiplet-splits
at 836.2/839.9 eV, and 837.9/841.7 eV, as well as six Y 3d peaks (3 pairs for Y 3d3,, and Y 3ds5,,
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bands) ascribed to chloride and phosphonate species. The La(Ill) and Y(III) sorption causes a
shift toward lower BEs (binding energies) for P-O peaks, decreases the intensity of deprotonated
phosphonate and increases of the intensity of protonated phosphonate peaks. XPS and FTIR
analysis confirmed the contribution of phosphonate groups in metal binding with the co-existence
of different complexes or different interactions with the neighboring reactive groups.

Xiong et al. also used analysis of XPS spectra for understanding the mechanism of
adsorption of gold ions on poly(glycidyl methacrylate) functionalized with 2-aminothiazole
(A-PGMA) [59]. As a result of gold ions adsorption, two new peaks at 82.6 eV and 86.3 eV
appeared in the Au 4f spectra. The appearance of a new peak at 167.7 eV in S 2p spectra
as well as a peak shift from 399.16 eV to 400.30 eV in the N 1s spectrum were ascribed
to chelating between sulfur and nitrogen atoms with the gold ions. In conclusion, XPS
analysis revealed that the gold ions adsorption on A-PGMA proceeds via ion exchange
and chelation between the sulfur and nitrogen atoms on the surface of A-PGMA and
AuCly—ions.

9.3. SEM/EDS and TEM

Scanning electron microscopy (SEM) can be applied to examine the shape, size, and
morphology of the polymers. Additionally, SEM-EDX (energy-dispersive X-ray spectroscopy)
analysis was used to identify the type of atoms present in the functionalized copolymers
at a depth of 100-1000 nm from the surface. SEM-EDX provides information regarding the
elemental distribution on the sorbent by elemental mapping of each component.

For example, Markovi¢ et al. examined the morphology of particle surface and cross-
section for selected magnetil0OMAG-SGE60 and 10MAG-SGE60-deta samples by SEM
analysis (Figure 5) [130]. The three-dimensional porous structure of the 10MAG-SGE60E-
deta, composed of a large number of globules interconnected with channels and pores was
visible on SEM image, which is consistent with reported values of porosity parameters, i.e.,
specific pore volume (0.99 cm®/g), specific surface area (59 m?/g) and pore diameter that
corresponds to half of the pore volume (104 nm) [130].
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Figure 5. SEM micrograph of cross-section (magnification 5000 x) and TEM micrograph (inset) of
10MAG-SGE60-deta.

In addition, SEM-EDS analysis confirmed the presence of N atoms at the particle
surface, indicating that the reaction with diethylene triamine occurs mostly on the particle
surface. The iron nanoparticles were also predominantly present at the particle surface and
embedded in the bulk to a lesser extent. The distribution of dark magnetic nanoparticles
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throughout the gray copolymer matrix is visible from the TEM image, confirming magnetite
incorporation in a macroporous polymer structure.

EDS analysis of PGME-10/12-deta with sorbed Cu(II), Cd(II), and Pb(II) ions per-
formed by Nastasovi¢ et al., showed a significantly higher amount of Cu(II) and Pb(II) on
the interior surface of the particles, supporting the significance of intra-particle diffusion as
the controlling step of Cu(II), Cd(II), and Pb(II) sorption by PGME-deta [118].

9.4. Porosity Determination
Macroporous polymeric sorbents were synthesized in the shape of spherical particles

by suspension copolymerization in the presence of a pore-forming agent (inert component,

porogen), having a permanent well-developed porous structure even in the dry state [123].
The particles consist of smaller microspheres (10-20 nm), which are often fused. As a result
of the mechanism of porous structure formation, a pore size distribution is obtained, i.e.,
micropores with diameters smaller than 2 nm, mesopores with diameters in the range
2-50 nm and macropores with diameters over 50 nm.

Porosity can be determined by two complementary methods-mercury porosimetry,
and N, adsorption/desorption isotherms determination at 77 K. For the sake of illustration,
pore size distribution (PSD) plots and nitrogen adsorption/desorption isotherm measured

at 77 K for sample PGME-deta is presented in Figure 6a and 6b, respectively.
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Figure 6. (a) Integral (cumulative) and differential pore size distribution curves and (b) adsorp-

tion/desorption isotherm measured at 77 K for sample PGME-deta.

Mercury porosimetry is based on the penetration of mercury into the pores as a
function of the applied pressure and cover pores ranging from 7.5 nm (at the high pressure
of 200 MPa) to 15 um (at atmospheric pressure) [150]. Nitrogen sorption experiments
were carried out at 77 K, in the relative pressure region of p/pg = 0.05 to p/po = 1.00 and
cover pores smaller than 7.5 nm. The mesopore distribution curve can be obtained from
the adsorption branch of the N, isotherm by the Barrett—Joyner—-Halenda (BJH) method.

Specific surface area was then calculated from the well-known Brunauer-Emmett-Teller
(BET) equation for multilayer adsorption, given in the inset of Figure 6b, where: PV is the
adsorbate saturated vapor pressure, C is a constant related to the heat of adsorption. At the
same time, «;, is the amount of adsorbate adsorbed in a monolayer. In the linear range of
the adsorption isotherms (0.05 < p/py < 0.3), &, and C were estimated from the slope and
the intercept of the straight line. The total pore volume was calculated as the volume of

liquid adsorbate at a relative pressure of 0.99.
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The porous structure of the macroporous polymeric sorbents can be described by
porosity parameters: specific surface, Sy, specific pore volume, V), average pore diameter,
dp, and pore diameter that corresponds to half of the pore volume, dy,,. The values of
Vp, and dy,, of the copolymer samples, can be read from pore size distribution curves
determined by mercury porosimetry. The specific surface area, S Hg, Can be calculated as the
sum of incremental specific surface area from the pore size distribution curves, as described
elsewhere [150].

Inverse gas chromatography under finite surface coverage, IGC-FC, can be used as an
additional method, which enables the calculation of specific surface area by determining
the adsorption isotherms of organic compounds [151]. The IGC method has been used
for the investigation of polymer structure, the interactions of various liquids and gases
with polymeric materials, and polymer-polymer miscibility [152-155]. The technique is
especially advantageous for the investigation of macroporous crosslinked copolymers that
conventional methods cannot characterize. A variety of polymer surface characteristics (dis-
persive component of surface free energies, enthalpy, and entropy of adsorption, acid/base
constants), as well as interaction parameters and thermal transitions of polymers, can
be calculated from the peak positions [156]. In the IGC-FC mode, measurable amounts
of solutes were injected. From the peak shapes, adsorption isotherms, isosteric heat of
adsorption, and adsorption energy distributions can be calculated.

Nastasovi¢ et al. used IGC-FC in order to determine specific surface area values for
hexane, benzene, chloroform, and tetrahydrofuran sorption on macroporous PGME and
PGME-deta [153]. The obtained S, values were compared with the BET-specific surface
areas measured by the nitrogen gas adsorption method. The deviations observed for the
S, values obtained by the BET method from the low-temperature nitrogen adsorption
isotherms and hexane were attributed not only to the difference in molecule size but also to
the specific polymer-adsorbate interactions.

10. Conclusions

As a result of rapid industrial development, growing demand for critical, precious,
and rare earth metals, as well as environmental and health issues, intensive research on
the new generation of polymeric and hybrid inorganic-organic sorbents with improved
performances could be expected in the future. Furthermore, a deeper understanding of the
sorbents structure and nature of interactions will be enabled by the development of modern
techniques for structure analysis and polymer ligand-metal interactions. This review
highlights the advantages of non-magnetic and magnetic porous glycidyl methacrylate
copolymers, which can use as a potential alternative to low-cost but not recyclable materials.
They can be adapted either by changing the porosity or by incorporating the appropriate
functional groups and changing the surface chemistry, making them selective for targeted
metal ions. This review is focused on methacrylate-based magnetic and non-magnetic
sorbents with special attention to porous glycidyl methacrylates post-functionalized with
amines and their applications in the removal of metal ions (cations and oxyanions) from
aqueous solutions.
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Abstract: A dispersive solid-phase microextraction (DSPME) sorbent consisting of poly(1,6-hexanedi-
ol diacrylate)-based polymer microspheres, with embedded graphene microparticles (poly(HDDA)/g-
raphene), was synthesized by microfluidic emulsification/photopolymerization and characterized by
optical microscopy and X-ray fluorescence spectrometry. This sorbent was applied for simple, fast,
and sensitive vortex-assisted DSPME of rare earth elements (RREs) in coal fly ash (CFA) leachate,
prior to their quantification by inductively coupled plasma mass spectrometry (ICP-MS). Among nine
DSPME variables, the Plackett-Burman screening design (PBD), followed by the central composite
optimization design (CCD) using the Derringer desirability function (D), identified the eluent type
as the most influencing DSPME variable. The optimum conditions with maximum D (0.65) for the
chelating agent di-(2-ethylhexyl) phosphoric acid (D2EHPA) amount, the sorbent amount, the eluting
solvent, the extraction temperature, the centrifuge speed, the vortexing time, the elution time, the
centrifugation time, and pH, were set to 60 uL, 30 mg, 2 M HNO3, 25 °C, 6000 rpm, 1 min, 1 min,
5 min, and 4.2, respectively. Analytical validation of the DSPME method for 16 REEs (Sc, Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in CFA leachate samples estimated the detection
limits at the low ppt level, the recovery range 43-112%, and relative standard deviation within & 22%.
This method was applied to a water extraction procedure (EP) and acetic acid toxicity characteristic
leaching procedure (TCLP) for leachate of CFA, from five different coal-fired thermoelectric power
plants. The most abundant REEs in leachate (20 + 1 solid-to-liquid ratio) are Ce, Y, and La, which
were found in the range of 22-194 ng/L, 35-105 ng/L, 48-95 ng/L, and 9.6-51 ug/L, 7.3-22 ug/L,
2.4-17 ug/L, for EP and TCLP leachate, respectively. The least present REE in TCLP leachate was Lu
(42-125 ng/L), which was not detected in EP leachate.

Keywords: DSPME; REEs; Plackett-Burman; alkali-acid leaching; Derringer desirability; coal-fired
power plant

1. Introduction

Rare earth elements (REEs) have recently gained an important role in various appli-
cations in hi-tech devices, specific catalysts, superconductors, telecommunications, laser
technologies, etc. [1,2]. They are quite valuable due to their high conductivity and mag-
netism, which enable various engineering solutions.

In addition to ores, waste materials and by-products are increasingly being considered
alternative sources for obtaining REEs [3,4]. Coal fly ash (CFA) is a promising source
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of REEs, whose potential as a source of REEs is being intensively studied [5]. REEs are
found in CFA in various forms [6], so their recovery is very complex [7]. The major phase
components of the CFA are quartz, mullite, hematite and amorphous glass. The rare earth
elements are captured in this structure [8,9]. Therefore, the extraction of rare earth elements
is very difficult.

The technology of obtaining REEs from CFA consists of several stages: mechanical
grinding, magnetic separation, leaching, extraction, and refining [10]. Alkali-acid leaching
is a common practice for conventional REEs recovery, while the chelating solvent extraction
is usually used to separate REEs from CFA leachate. Finally, the refining stage involves
electrolysis, zone melting, etc.

An important part of the REEs production from CFA is monitoring wastewater orig-
inating from CFA leaching, from both the recovery process and landfill. Two widely
accepted standardized leaching testing procedures are the EN-12457-2 aqueous extraction
procedure (EP) and US EPA 1311 toxicity characteristic leaching procedure (TCLP) [11].

The quantification of REEs in CFA leachate is quite challenging, consisting of several
steps. Instrumental measurements for determining REEs somewhat converge towards
ICP-MS [12,13]. However, even if ICP-MS is a powerful technique, it suffers from being
not sensitive enough for some REEs present at a very low level [14,15] or interferences
from high-matrix aqueous samples [16]. Therefore, the separation and preconcentration of
REEs from a matrix solution are usually needed prior to an instrumental ICP-MS measure-
ment [17].

Traditional methods for separating REEs include liquid-liquid extraction, ion-exchange,
co-precipitation, and dry digestion [18-21]. Even if there have been tremendous advances
in developing new solvents [22,23] and hybrid sorbents [24,25] for trace elements sepa-
rations, these methods are somehow inconvenient, such as being time consuming, quite
expensive, and not environmentally friendly [26].

One of the popular directions of research into improving the method of sample
preparation is the introduction of microextraction in the field of analytical determination
of trace elements [27,28]. Several microextraction sample preparation and preconcen-
tration techniques for REEs prior to the instrumental measurements by ICP-OES and
ICP-MS [29,30] have been investigated. REEs were subjected to preconcentration from
groundwater by dispersive liquid-liquid microextraction (DLLME) followed by ICP-
MS [31]. A few studies dealt with dispersive solid-phase microextraction (DSPME) of
REEs, in which ICP-MS quantification was performed [16,32].

In most cases, the optimization of the microextraction procedure was conducted
with the traditional “one-variable-at-a-time” (OVAT) approach. OVAT is an optimization
technique in which one variable is changed while keeping all other variables constant. A
more advanced chemometric approach using the design of experiments (DOE) enables
optimization by changing all variables simultaneously. In addition to identifying the critical
variables, it can also be used to achieve the desired response.

Although the chemometric optimization has been applied to the simultaneous precon-
centration of several metals by microextraction prior to ICP-OES [33,34], only one study [16]
has undertaken the optimization of DSPME of REEs in drinking water by using response
surface methods. The chemometric approach can also be applied as a two-step optimization,
consisting of a screening design followed by the response surface methodology. All cited
works dealt with water samples or diluted aqueous solutions. However, microextraction
from high-matrix CFA leachate could be much more difficult.

In this work, synthesized poly(HDDA)/graphene monodispersed particles were used
as the sorbent in DSPME for the REEs separation from CFA leachate prior to their analysis
by ICP-MS. Furthermore, since many variables in a DSPME process exist, a chemometric
optimization of the experimental DSPME variables was conducted.
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2. Materials and Methods
2.1. Chemicals and Reagents

The REEs’ analytical standards were prepared from a mixed multi-element ICP-
MS standard PE-MECAL2-ASL-1 (Accustandard Inc., New Haven, CT, USA) containing
10 ug/mL each of all REEs. This solution was also used to make the spiked samples. Single
element stocks from Merck Co. (Darmstadt, Germany) for the elements Si, Al, Fe, Ca, Na,
and Cl, were added to the spiked samples to give higher concentration levels for these
major elements, similar to the CFA leachate matrix. The internal standard (ISTD) solution
ICP-MS-IS-IN-1 (Accustandard Inc., New Haven, CT, USA) containing 15T was used to
control the instrument stability. Deionized Milli-Q water (Millipore, Burlington, USA) was
used to prepare all solutions. All other chemicals used were purchased from Merck Co.
(Darmstadt, Germany). TCLP extraction fluid consisted of 5.7 mL/L glacial acetic acid.
Di-2-ethylhexylphosphoric acid (D2EHPA) was diluted to a concentration of 10% (v/v) in
hexane. Composite polymer/graphene microspheres were produced using Darocur 1173
(2-hydroxy-2-methylpropiophenone) as a photo initiator, HDDA (1,6 hexanediol diacry-
late) as a UV-curable monomer, and graphene oxide as a nanofiller used to increase the
adsorption capacity of the particles, all from Sigma-Aldrich (Gillingham, UK).

2.2. Leaching of CFA Samples

A portion of 1.0 g CFA sample was mixed with a volume (20 mL) of EP or TCLP
leaching fluid in a polyethylene bottle and rotary agitated at room temperature for 24 h.
Then, the leachate was centrifuged at 6000 rpm for 10 min, and the supernatant was
decanted. The decanted leachate was used for DSPME experiments. Since CFA is an
alkaline solid, an unbuffered acetic acid (pH = 2.88) was used as the TCLP extraction fluid.
Deionized water (18.2 M()-cm) was used to make the EP leachate.

2.3. Synthesis of Poly(HDDA)/Graphene

Graphene-embedded polymer microspheres were fabricated in a two-phase glass
capillary microfluidic device. Emulsion droplets were first produced, followed by on-
the-fly photopolymerization to solidify the droplets and form poly(HDDA)/graphene
microspheres. The procedure of fabricating the microsphere used in this work is described
in detail elsewhere [35]. Morphological investigation of these particles was performed by
OMAX (Kent, WA, USA) model OM349P polarizing microscope, while chemical purity
was checked by a Thermo Niton XL3t Goldd+ X-ray fluorescence spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Factorial Design of DSPME

A Thermo mode Orion 3 pH-meter (Thermo Fisher Scientific, Chelmsford, MA, USA),
Radwag analytical microbalance model MYA 5-3Y (Radwag, Radom, Poland), Centrifuge
model LACE16 (Colo lab Expert, Novo Mesto, Slovenia), Lauda model RM-6 water bath
(Lauda-Brinkmann, Delran, NJ, USA), and Vortex model IKA MS2 (IKA-Werke, Staufen,
Germany) were used in the DSPME experiments.

The following DSPME procedure was used: 25 mL of a spiked sample or CFA leachate
was taken in a 50 mL centrifuge tube, and its pH was adjusted with HNO3 or NaOH. Then,
an accurately weighted mass of poly(HDDA)/graphene sorbent and a volume of D2EHPA
solution were added to form a chelating complex with REEs in the solution. Then, an
emulsion was produced by vortexation. Next, the DSPME sorbent containing chelated
REEs complexes was separated using centrifugation. Afterwards, nitric acid was added to
the residue to release REEs. The final volume was made up to 2.5 mL with deionized water
and further diluted prior to ICP-MS measurement. The experimental DSPME variables that
were optimized are listed in Table 1.
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Table 1. The variables and their coded values (—1, +1) for the Plackett-Burman design.

Level
No. Variable Symbol
- +1

1. poly(HDDA)/graphene adsorbent amount (mg) m, 10 50
2. pH value pH 3 11
3. D2EHPA chelating (10%) agent content (pL) Che 20 200
4. Vortex time (min) tv 1 5
5. Extraction temperature (°C) T 10 40
6. Centrifuge time (min) tc 1 5
7. Centrifuge speed (rpm) WR 2000 10000
8. Eluent type * E Ea Ep
9. Eluent time (min) te 1 5

* Eluent type: EA—2M HNO3; Eg—2M HNOj3 in methanol/acetone.

2.5. ICP-MS Measurements

A Thermo Scientific ICP-MS instrument (Thermo Fisher Scientific, Waltham, MA, USA)
model iCAP Q, equipped with a Cetac ASX-520 autosampler and controlled via Qtegra
software was used in this work to measure the content of REEs. The sample introduction
system includes a standard Peltier-cooled quartz vortex spray chamber, PFA nebulizer with
removable quartz rectangular central tube (0.25 mm id) and standard nickel sampling and
skimmer cones. The instrument runs in single kinetic energy discrimination (KED) collision
cell mode, using pure helium as the collision gas.

Table 2 presents the ICP-MS instrument parameters and isotopes with potentially
interfering masses for each REE.

Table 2. ICP-MS instrument setup and isotopes (interference) of each REE.

ICP-MS Parameter Value Isotope (Interference)

Plasma power 1550 W
Cool flow (Ar) 13.8 L/min Analytes:
Auxiliary flow (Ar) 0.82 L/min 53¢ (COO, COOH)
Nebulizer flow (Ar) 0.97 L/min 89y
KED mode gas flow (He) 5mL/min ﬁzLa
Peristaltic pump speed 35 rpm 1 41Ce
Injector Quartz, 2.5 mm ID 1462lr d
Interface cones Nickel 147gm
Sweeps/reading 20 155Eu (BaO)
Replicates 3 iZGd (CeOH, PrO)
Points per peak 3 1 6333 (NdO)

. y (SmO)
Dwell times 1040 ms 165Fo (SmO)
Scan mode Peak hopping 166Er (SmO, NdO)
Sweps 30 169Tm (SmO, EuO)
Sample flush time 4s iin (GdO)
Read delay time 20s 115&?&%‘?0’ TbO)
Wash time 60s -
Calibration type Matrix-matched, external

A mixed-matrix-matched ICP-MS standard solution of 16 REEs was diluted with
1% nitric acid to a concentration of 0.1 ng/L to 50 nug/L. Each standard solution was spiked
to contain 10 mg/L Si, 5.0 mg/L Al, 2.0 mg/L Fe, and 1.0 mg/L Ca. These standard spiked

solutions were used to test the linearity and recovery.
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3. Results and Discussion
3.1. Characterization of Poly(HDDA)/Graphene Particles

Optical microscopy measurements clearly indicated spherical poly(HDDA)/graphene
particles (Figure 1). Four groups of particles with different diameters (A, B, C, D) are
identified. It is also noticeable that there is an agglomeration of particles, in which a single
particle is attracted to a neighboring one. This property is beneficial in the DSPME process,
in which an aqueous solution is to be separated from particles.

Figure 1. Optical microscopy image of the fabricated poly(HDDA)/graphene microspheres.

A critical characteristic of a DSPME sorbent is chemical purity. In particular, the
absence of trace elements in DSPME sorbent is a must when determining trace elements.
Thus, the presence of elements in the sorbent, even if they are not analytes, can lead to
various isobaric and polyatomic interferences in an ICP-MS measurement. Therefore, the
DSPME sorbent used was checked for the presence of trace elements by x-ray fluorescence
spectrometry (XRF) before use. Figure 2 shows an XRF spectrum of poly(HDDA)/graphene
particles. It is obvious that no metal elements were detected. Just to note, the peaks in the
spectrum belong to the instrumental blank.

c

Figure 2. EDXRF spectrum of poly(HDDA)/graphene microspheres (C—Compton peaks; Rh—
K« + K Rayleigh).

3.2. Factorial Optimization of DSPME
3.2.1. Plackett-Burman Screening

PBD design was used to screen nine independent variables. The Derringer [36]
desirability function (D) derived from recoveries was used as a response variable. D is
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obtained from individual desirabilities, i.e., recoveries, using the geometric mean and is
calculated according to the following equation:

D = (dit-d2.d3.d%...do) "> (1)

where d; represents individual desirabilities, n is the number of REEs, and r; is the coefficient
of the importance of the variable compared to other variables. This coefficient can vary, but
in this case, it was assumed that all coefficients are of equal importance, so that no weights
were assigned to different REEs. The result of the PBD design analysis is shown in the form
of a Pareto plot in Figure 3.

Term
H
C
D Factor Name
A mg
B pH
B C  Che
D tv
K E T
F te
& G wR
H E
I J te
G

0.0 0.5 1.0 1.5 2.0
Standardized Effect

Figure 3. Pareto plot for the Plackett-Burman screening experiments.

It is obvious that the eluting solvent used to extract REEs from the DSPME sorbent
was the most influencing variable. The addition of organic solvents, such as methanol or
acetone, was found to have a strong negative effect on the REEs recoveries. The variation
in the amount of D2EHPA chelating agent, the vortexation time, pH, and centrifugation
time were also found to be significant variables. An increase in the D2EHPA amount
and pH negatively affect the DSPME process, while the decrease has an opposite effect.
The remaining variables are negligible. Thus, the poly(HDDA)/graphene amount, the
extraction temperature, and the centrifuge speed were set to their middle values in the
experimental domain of 30 mg, 25 °C, and 6000 rpm, respectively. Vortexing and elution
time were minimized to 1 min, but centrifugation time was set to the maximum (5 min).
Two variables, pH and the D2EHPA amount, were selected for the subsequent step in the
DSPME optimization by response surface methodology.

3.2.2. Central Composite Design Optimization

According to the CCD experiments, 13 runs were carried out, and the results of
the response procedures in five different levels of the two independent variables are
summarized. The effect of the amount of chelating agent D2EHPA, in the range of
20-110 uL and the pH values from 1.0 to 6.0, was investigated by unblocked CCD with
axial points. Derringer aggregate response for all 16 REEs was maximized during the
optimization. The response surface plot is shown in Figure 4. These data were fitted by a
second-order polynomial expression model, including linear, polynomial, and cross terms,
in Equation (2) for the pH values and the D2EHPA amounts.

D = —1.30 + 0.368-pH + 0.0357-Che — O.O367-pH2 — 0.000251-Che? — 0.00085-pH-Che (2)

141



Metals 2022, 12,791

Figure 4. Response surface plot for DSPME optimization.

The maximum D value of 0.65 was reached for the D2EHPA amount of 60 pL. and
pH = 4.2. Finally, the overall optimum for the DSPME process was obtained at 30 mg, 25 °C,
and 6000 rpm, 1 min, 1 min, 5 min, 60 uL, 2 M HNOj3, and 4.2, for the sorbent amount,
the extraction temperature, the centrifuge speed, the vortexing time, the elution time, the
centrifugation time, the D2EHPA amount, the eluting solvent, and pH, respectively. These
optimized values were further used for validation study and the application of the DSPME
method to real CFA leachate samples.

3.3. Analytical Characteristics

In order to assess the validity of the developed method, spiked aqueous solutions with
increased Si, Al, Fe, and Ca content were examined by determining the limit of detection
(LOD), the linear correlation coefficients (R?), average recovery (R), and relative standard
deviation (RSD). Each standard, spike, and CFA leachate sample was spiked with an
internal standard used to correct for shifts in signal intensity.

Good linearity in the method was proved in the range of 0.1 ng/L-50 ug/L of REEs in
the diluted spiked solutions. This range covers the LOD levels for all REEs studied at which
they can be found in CFA leachates. LOD, average recovery, and RSD for each RRE are all
presented in Table 3. One can see that LODs are between 0.6 and 83 ng/L, the recovery
ranges from 43 and 112%, while RSD values are within +22%. Thus, the method based
on a combination of DSPME with ICP-MS may be considered acceptable to determine the
REEs concentrations in these high-matrix aqueous samples.

Table 3. Analytical characteristics of DSPME-ICP-MS of REEs.

LOD Linear Equation 2 Recovery RSD

No. REE CAS No. (ng/L) (@+bx) R %) %)
1. Scandium (Sc) 7440-45-1 83 6.55 + 7707-x 0.9965 59 17
2. Yttrium (Y) 7429-91-6 27 730 + 76,388-x 0.9992 67 8.7
3. Lanthanum (La) 7440-52-0 2.4 46.6 +263,993-x 0.9997 96 9.2
4. Cerium (Ce) 7440-53-1 18 230 + 328,932-x 0.9996 85 8.1
5. Praseodymium (Pr) 7440-54-2 15 6.66 + 352,101-x 0.9998 90 7.9
6. Neodymium (Nd) 7440-60-0 3.1 10.0 +72,372-x 0.9996 112 9.8
7. Samarium (Sm) 7439-91-0 3.3 3.33 + 64,019-x 0.9997 92 6.6
8. Europium (Eu) 7439-94-3 2.7 3.38 + 226,836-x 0.9997 93 8.7
9. Gadolinium (Gd) 7440-00-8 2.7 3.37 +116,690-x 0.9997 94 12
10. Terbium (Tb) 7440-10-0 19 3.31 + 603,632-x 0.9999 87 13
11. Dysprosium (Dy) 7440-20-2 2.1 3.37 +153,391-x 0.9998 79 11
12. Holmium (Ho) 7440-19-9 2.3 6.67 + 641,315-x 0.9999 68 13

142



Metals 2022, 12,791

Table 3. Cont.

No.

REE

LOD Linear Equation R? Recovery RSD

CAS No. (ng/L) (@+bx) %) %)

13.
14.
15.
16.

Erbium (Er)
Thulium (Tm)
Ytterbium (Yb)
Lutetium (Lu)

7440-27-9 24 16.7 +222,524-x 0.9997 67 14
7440-29-1 3.6 1.21 + 724,602-x 0.9999 56 16
7440-30-4 4.5 1.03 +177,804-x 0.9997 44 19
7440-65-5 6.7 1.12 + 430,574-x 0.9999 43 22

3.4. Analytical Applications

A recent study on the extraction of REEs from CFA by sequential extraction [37]
showed that most REEs are in the residual fraction, so it is necessary to use strong mineral
acids for the efficient leaching of REEs. On the other hand, a significant portion of the
REEs is trapped in alumina matrices, which may be more easily leached by alkaline
agents [38]. Therefore, the CFA leachate from the REEs recovery process, produced by
alkaline roasting [39] and followed by acid leaching [40], is likely to contain a high level of
matrix elements.

The next step in the REEs recovery from CFA leachate includes removing the matrix
elements (Al, Si, and Fe) with some of the separation techniques, and finally, REEs sepa-
ration. These separations rely on precipitation, adsorption, ion exchange, and chelating
extraction [41]. Unfortunately, these processes are characterized by high consumption of
energy and reagents. Therefore, continued research is underway to make the REE recovery
more economical.

From the ecological point of view, a significant amount of the CFA recovery process
leachate, accompanied by the CFA landfill leachate, ending in wastewater streams, causes
serious concern and needs to be monitored. In this study, the proposed DSPME-ICP-MS
method was used to analyze the EP and TCLP leachates of CFA from five different coal-
fired thermal power plants in Serbia (Power plants: A—Tent A; B—Tent B; C—Kolubara;
D—Morava; E—Kostolac). Table 4 shows the REEs content in CFA leachates of 20 = 1
liquid-to-solid (L/S) ratio. The following order of REEs in the decreasing content was
observed: Ce >Y >La>Nd > Dy >Gd > Sm > Er > Pr > Tb > Eu > Ho > Yb > Tm > Sc,Lu
(n.d.) for aqueous leachate, and Ce > La >Y > Nd > Er > Gd > Sm > Dy > Pr > Tm > Ho >
Tb > Eu > Sc > Yb > Lu for acetic acid leachate.

The most abundant REE in studied CFA aqueous leachates was Ce (22-194 ng/L),
followed by Y (35-105 ng/L) or La (48-95 ng/L). In contrast, the lowest concentrations
were found for Lu (0.048-0.084 ng/L).

It is seen that the samples (Cgp and Crcrp) from the Kolubara power plant have
a higher REE content, while REEs” concentrations in the Kostolac power plant samples
are at the lowest level. These differences can be attributed to different coals used in the
power plants.

Note that the present method detected no Sc and Lu in aqueous leachate. On the
other hand, the content of REEs in TCLP leachate, by two orders of magnitude, is higher
compared to the aqueous leachate. In this case, the concentrations range from 42 ng/L (Lu)
to 51 ng/L (Ce). In this study, the ratio of the concentrations of REEs in the TCLP leachate
to aqueous extracts ranged from 104 to 352.

Table 4. REEs content (ng/L, except for XREEs is ug/L) in CFA leachate (20 = 1 L/S). Leaching
agents: EP—water; TCLP—acetic acid. Samples from coal-fired power plants: A—Tent A; B—Tent B;
C—Kolubara; D—Morava; E—Kostolac.

REE

Agp

Bgp Cep Dgp Egp Arcrp Brcrp Crcee Drcrr Ercrp

G e

Sc

La
Ce
Pr

n.d.
105
92
194
25

n.d. n.d. n.d. n.d. 211 186 172 198 249
56 430 35 37 10,136 18,986 22,716 8958 7343
72 101 48 95 6199 11,264 17,285 4235 2465

102 331 22 39 23,413 39,866 51,249 16,625 9660
28 42 2.8 52 2977 5181 6338 2168 1206
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Table 4. Cont.

No. REE Agp Bep Cgp Dgp Egp Arcce Brar Crce Drar  Ercie

6. Nd 97 72 179 11 20 12,305 21,778 25,608 9189 5402

7. Sm 26 26 55 6.4 8.3 2838 4832 5361 2096 1323

8. Eu 14 17 15 6.1 n.d. 642 1088 1204 512 324

9. Gd 30 25 61 4.3 6.6 2823 4854 5437 2090 1403

10. Tb 16 13 13 n.d. n.d. 388 664 764 291 219

11. Dy 34 22 84 4.8 7.6 2129 3704 4234 1632 1339

12. Ho 17 12 17 2.9 n.d. 407 728 844 327 278

13. Er 22 14 47 n.d. 6.2 1094 2016 2374 918 819

14. Tm 12 6.0 5.1 n.d. n.d. 135 253 311 113 117

15. Yb 11 6.3 18 n.d. n.d. 598 1405 1829 604 704

16. Lu n.d. n.d. n.d. n.d. n.d. 168 125 98 42 102

17. XREEs 0.70 0.47 1.40 0.14 0.22 66 117 146 50 33
4. Conclusions

A new DSPME sorbent, consisting of spherical particles of poly(HDDA) and graphene,

was synthesized by microfluidic emulsification, characterized, and applied in the DSPME of
REEs prior to ICP-MS. The proposed DSPME-ICP-MS method is fast, has a low-consuming
sorbent, and is specifically green. The main advantage of the DSPME technique is that it
provides an extensive interface between poly(HDDA)/graphene particles and the aqueous
phase after a cloudy solution formation. The separation factors for REEs were efficiently
maximized by applying a two-step optimization using Plackett-Burman design, central
composite designs, and Derringer desirability aggregate response function. Analytical
characteristics and the method robustness are acceptable for most of the studied REEs
for the analysis of coal fly ash leachate for REEs. Several leachate samples from CFA
from different coal-fired power plants were analyzed by the proposed method. Cerium,
La, and Y were found to be the most abundant REEs in CFA leachates. A significant
difference between CFA leachate samples, in terms of the REEs content, was attributed to
the coal properties.
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Abstract: The leaching of copper ores produces a rich solution with metal interferences. In this
context, Fe(IlI), Zn(II), and Mn(II) are three metals contained in industrial copper-rich solutions
in high quantities and eventually can be co-extracted with the copper. The purpose of the current
study was to determine the feasibly of solvent extraction with the use of ionic liquid methyltri-
octyl/decylammonium bis (2,4,4-trimethylpentyl)phosphinate (R4NCy) as an extractant of Cu(II) in
the presence of Fe(IIl), Zn(II), and Mn(II). In general terms, the results showed a high single extraction
efficiency of all the metals under study. In the case of Fe(Ill) and Zn(II), the extraction was close to
100%. On the contrary, the stripping efficiency was poor to Fe(Ill) and discrete to Zn(II), but very
high to Cu(Il) and Mn(1I). Finally, the findings of this study suggest that the ionic liquid R4NCy is
feasible for the pre-treatment of the copper solvent extraction process to remove metal impurities
such as Fe(IIl) and Zn(II).

Keywords: ionic liquids; solvent extraction; green chemistry; mining

1. Introduction

Hydrometallurgy is an important technique used in mineral processing to obtain
pure metal from ores. The hydrometallurgical route commonly involves ore leaching,
solvent extraction (SX), and pure metals’ electrowinning [1-3]. SX is a technique with
several advantages, it is a continuous operation, efficient, high production, low cost, and
employs of simple equipment to recover valuable elements from impurities [4,5]. Opposite,
SX has industrial-scale severe problems, such as emulsification, solvent volatilization, or
degradation of extractant. The negative effect of SX results in decreased production, an
increase of production cost, low quality of final products, and environmental implications,
mainly by loss of volatile compounds. Hydroxyoxime type extractants are one of the
large-scale copper extractants. Currently, a variety of hydroxy oximes are used for the
copper industry, either ketoxime or aldoxime or a combination of both [6,7].

The recent advance in metal extraction with SX finds to improve the separation,
extraction efficiencies, and selectivity, mainly involving the use of synergistic extractants,
ionic liquids, and both, that is, a mixture of extractant and ionic liquids [8-10].

Ionic liquids (ILs) are a green kind of reagents, comprising organic cations and or-
ganic/inorganic anions, with a high potential to reduce or replace the hazardous organic
solvents [11-13]. The properties of ILs have globally captured the attention, negligible
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vapor pressure, high solvating power, thermal and electrochemical stability, good conduc-
tivity, and recyclability. The application of ILs is extensive, ranging from refrigeration,
lubricants to solvents [14-16]. ILs are proposed in several industrial applications, for
example, metal dissolution, metal and organic extraction, electrolytes for batteries, water
treatment, and environmental processes [17-22].

In the case of metal extraction with ILs, the list is too long; several elements are
studied with these green reagents, for example, molybdenum, rare earth, precious metals,
chromium, iron, copper, cobalt, lead, and zinc [23-33].

Some ILs (e.g., based on imidazolium cations) have solubility and decomposition
problems in some solvent extraction systems. To resolve the problems described above,
ILs based on quaternary ammonium and phosphonium ions are proposed [34-36]. In
this context, Swain et al. [37] used trihexyl(tetradecyl)phosphonium chloride (Cyphos
IL 101) and trioctylmethylammonium chloride (Aliquat 336) for cadmium recovery. The
results have shown 99% of cadmium extraction using 0.4 M of Cyphos IL 101, and 0.2 M
of Aliquat 336. The stripping performance was 70 and 75% from Cyphos IL 101, and
Aliquat 336, respectively, used 0.1 M of EDTA. In 2020, Deferm and coworkers reported
the separation of In(Ill) and Zn(II) using Cyphos IL 101. The elements were extracted
from ethylene glycol since the amount of IL in the chloride solution was inefficient [38].
Padhan and Sarangi extract Nb and Pr from the magnet with conventional extractant and
ionic liquid-based of this same extractant. The efficiency of different extractants Nd and
Pr extraction followed the order RyNCy>R4ND>Cyanex 272>D2EHPA>Aliquat 336 [39].
Jing and coworkers recovered cobalt selectively from lithium batteries using the ionic
liquid [CgH17NH;] [Cyanex 727]. The system has a good performance and produces a final
product CoSO4 x 7H,O, with high purity (99.7%) [24]. Rybka and Regel-Rosocka report
Ni(II) and Co(II) extraction with the use of Cyphos IL 101 and Cyphos IL 104 in chloride
media. Both ILs are only very efficient to extract Co(II), with an extraction rate over 95%
with Cyphos IL 104, Ni(II) extraction up 20% as maximum [40].

In the present investigation, ionic liquids were synthesized by reacting the commercial
extractants Aliquat 336 and Cyanex 272 to investigate the extraction of Cu, Fe, Zn, and
Mn from sulfate solutions. The mono and multielement extraction were studied under
the following experimental conditions: IL concentration, O/A ratio, and pH. As a final
step, the elements loaded in the IL were stripped, varying the sulfuric acid solution and
O/ A ratio.

2. Materials and Methods
2.1. Reagents and Synthesis of Ionic Liquids

The SX experiments were carried out by a synthetic pregnant leach solution (PLS). The
PLS was prepared according to the information of Chilean mining reported by Quijada-
Maldonado et al. [41]. The concentrations of Cu(Il), Zn(II), Mn(Il), and Fe(IlI) of the PLS
are summarized in Table 1. The reagents used in the aqueous phases were copper(Il) sul-
fate pentahydrate (CuSO4-5H,0), Fe(Ill) sulfate hydrate (Fe,(SO4)3-nH,0O), Mn(I) sulfate
monohydrate (MnSOy4-H,0), Zn sulfate heptahydrate (ZnSO,-7H,0), sulfuric acid, and
distilled water. All reagents used in aqueous phases were analytical grade purchased
from Merck.

Table 1. Concentration of metals in PLS.

Concentration (mg/L)

Metal

e Literature Report [41] This Study
Cu(In) 3360 3360
Fe(III) 1570 1570
Mn(II) >1000 1000
Zn(II) 107 110

148



Metals 2021, 11, 1585

The reagents used in the organic phase were the commercial extractants trialkyl me-
thylammonium chloride (Aliquat 336), bis 2,4,4-trimethylpentyphosphinic acid (Cyanex
272), kerosene, and sodium hydrogen carbonate. All the reagents were provided by Sigma-
Aldrich (St. Louis, MO, USA), except Cyanex 272, provided by Solvay (Santiago, Chile).
Aliquat 336 and Cyanex 272 (commercial grade) were used without further purification; all
other used compounds were analytical grade.

Tonic liquid methyltrioctyl/decylammonium bis 2,4,4-(trimethylpentyl)phosphinate
denoted as R4NCy was synthesized according to procedures published in the literature [35,36],
mixing equimolar ratio of Cyanex 272 (HCy) and Aliquat 336 (R4NCl), and dissolved the
mixture in kerosene to obtain the desired IL concentration. The mixture of Cyanex 272 and
Aliquat 336 was washed twice with sodium bicarbonate 0.5 M to remove the chloride anion
and the proton from the organic phase. The general reaction of ionic liquid formation is
shown in the following equation [39]:

R4NCI + HCy + NaHCO3 = R4NCy + NaCl + CO, + H,O (1)

Schematic structures of the ionic liquids and reagent used in this work are depicted
in Figure 1. To identify the formation of R4NCy, the FT-IR spectra was performed on the
IL synthesized. The concentration of IL in kerosene was 0.1 M. The frequencies of the
char-acteristic stretching vibrational bands of this extractant in kerosene are presented in
Figure 2.
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Figure 1. Molecular structure of the reagents and IL used in this work (a) Aliquat 336 (b) Cyanex 272,
and (c) R4yNCL

”
1050

A
1030

Transmission

600 800 1000 1200 1400 1600
wavenumber,cm!

Figure 2. FT—IR of R4NCy LiCY in kerosene. IL concentration 0.1 M.
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2.2. Liquid/Liquid Extraction

The solvent extraction tests were performed in shake flasks (50 mL), at ambient
temperature (22 + 1 °C), with a magnetic stirring set to 200 rev/min for 20 min. The
elemental analysis was measured in an aqueous solution by atomic absorption spectrometry
(PinAAcle 900F, Perkin Elmer, Waltham, MA, USA). For extraction tests, 10 mL of aqueous
phase containing metal was contacted with a volume of the organic phase to obtain the
organic/aqueous phase ratio (O/A). After extraction, two phases were centrifuged at
3000 rpm for 5 min for total phase separation. The aqueous sample was analyzed for
metal concentration. The liquid-liquid extraction tests were carried out in duplicate, and a
standard deviation of 2% was obtained for all the tests. The performance of the liquid-
liquid extractions was determined by Equations (2)—(4) as the extraction percentage, the
stripping percentage, and distribution ratio of the specie (D). The stripping procedure
was similar to that of extraction tests. The mass balance was confirmed by measuring the
concentration of the metals in the stripped aqueous phase:

Extraction (%) = ([M]; — [Mlaq)/[M]; x 100 )
% Stripping = (IM] aq/[Mlorg) x 100 ©)
D= (M]; — [M]aq)/[M]aq “4)

where [M]; and [M]aq are the initial and final concentrations of metal in the aqueous
solution, and [M]org and [M]*aq are the concentrations of a metal ion in the loaded or-
ganic phase before stripping and in aqueous phase after stripping, respectively. The
concentration of metals in the loaded organic phase was determined by mass balance
([M](,rg =[M]; — [M]aq). The equations shown above are valid for a 1/1 phase relationship.
Otherwise, the mass balances incorporate the phase volumes.

3. Results and Discussion
3.1. Effect of the R4NCy Concentration in Metal Extraction

Table 2 shows the single metals extraction as a function of the different molar con-
centrations of R4NCy in the organic phase. It is observed that R4NCy strongly extracts
Fe (IIT) and Zn(II) in all ranges of concentration of IL. In the case of Cu(Il) and Mn(II),
the extraction increases when the concentration of R4NCy increases, from 44.14% and
30.63% with 0.1 M of extractant to achieving 97.64% and 93.22% respectively with 0.54 M of
extractant. These results are totally surprising, considering that the purpose of the current
study was to determine the feasibly of solvent extraction with the use of ionic liquid R4NCy
as an extractant of Cu(II) in the presence of Fe(Ill), Zn(II), and Mn(II). Therefore, the R4yNCy
would not replace the commercial extractants, for example, LIX and ACORGA type, widely
used in the hydrometallurgical copper industry. Anyway, the more efficient extraction of
Fe and Zn could be positive, considering that are potential impurities that could affect the
process SX.

The trend to the high efficiency of extraction of Fe(IIl) and Zn(II) over the Cu(II)
and Mn(Il), is reported in literature using similar ILs. Devi [42], despite working with
lower copper and ionic liquid concentrations, reported that some ILs showed a similar
tendency for Cu extraction. In the case of Fe(IIl) and Zn(II), Regel-Rosocka et al. [43] report
high extraction percentage in chloride media using phosphonium ILs (Cyphos IL 101 and
Cyphos IL 104). Another study similar to the previous one, Baczynska et al. [44], uses three
phosphonium ILs (Cyphos IL 101, Cyphos IL 104, and Cyphos IL 167) to extract Zn(II) and
Fe(IIl) in membrane process, the result showed a good extraction efficiency. In the case
of extraction of Mn(II) and Fe(III), Ola et al. [45] report a similar tendency, the Fe(IIl) is
extracted more efficiently than Mn(II). Ola et al. used Cyphos IL 101 in chloride media.
Finally, Nguyen and Lee report good extraction of Mn(II) with R4NCy from leaching
solution containing Co(II), Ni(II), Mn(II), and Li(I) [46].
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Table 2. Effect concentration of RyNCy on extraction efficiency and distribution ratio of the species.
Experimental conditions: initial pH =2, O/A =1, 400 min—!, and 20 min of stirring time.

Metal IL Concentration [M] E(%) D
0.1 44.14 0.79
Cu(II) 0.27 84.73 5.54
0.54 97.64 414
0.1 99.77 435
Fe(III) 0.27 99.82 559
0.54 99.73 372
0.1 30.63 0.44
Mn(IT) 0.27 71.58 2.51
0.54 93.22 13.7
0.1 95.55 21.4
Zn(II) 0.27 96.09 24.6
0.54 92.82 12.9

The mechanism of metal extraction with R4NCy involves both the metal and the
medium in which the tests are carried out. Previous work [35] reported of Cu(II) extraction
mechanism with R4NCy as shown below:

2R4NCy + Cu?* + SO*~; = CuCy; - (R4N)280; (5)

This mechanism can be generalized to the rest of the metals in this study, as shown
below:

nRyNCy + M™ + SO*~; = MCyy, - (RgN)ySOy 6)

3.2. Effect of Initial pH in Metal Extraction

The results shown in Figure 3 indicate two hugely different single metal extraction
performance tendencies with R4NCy. In the case of Fe(Ill) and Zn(Il), the efficiency of
extraction is not influenced by initial pH in the range 1 to 3; this result confirms the affinity
of RyNCy for Fe(III) and Zn(II).
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Figure 3. Effect of initial pH on the single extraction percentage of metals from aqueous solution.
Experimental conditions: [R4NCy] = 0.54 M, O/A =1, 400 min~1, and 20 min of stirring time.

On the contrary, the efficiency of extraction of Cu(II) and Mn(Il) is clearly influenced by
the initial pH of the aqueous solution, decrease the percentage from close 97% at pH 2 and
3 to 65% and 30% at pH 1, respectively. This makes it possible to carry out a multi-element
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extraction at pH values from 2 or, failing that, selective extraction of Fe(IIl) and Zn(II) at
pH 1, like a pretreatment of Cu PLs or recovery of Fe and Zn.

Previous work [35] demonstrates the influence of pH on the Cu(II) extraction using
R4NCy. A similar tendency of pH effect on Cu extraction is reported by Devi [42]. This
research uses the same IL for Cu(Il) extraction in a diluted system with low IL concentration.
The results are very similar in this study; the efficiency of Cu(II) extraction decrease at low
pH. This fact is because the solutions with acid pH and high sulfate concentrations produce
the undissociated neutral molecule CuSOyaq. In the case of Zn(II) and Mn(Il), Zhu et al. [47]
report a higher Zn(II) extraction over Mn(II) as a function of pH. This research used Cyphos
IL 101 as extractant.

3.3. Effect of O/A Ratio in Single Metal Extraction

The results show in Table 3 show a total extraction of Fe(Ill) and Zn(II). This result is
impressive because the 1/6 is a high O/ A ratio, and the extraction is not affected, again
the R4NCy demonstrates the high affinity for these cations. On the other hand, Cu(II) and
Mn(II) extraction efficiency decreases significantly with the increment of the O/ A ratio.
The results of these sets of tests show a clear tendency to the high efficiency of extraction of
Fe(III) and Zn(II) over the Cu(II) and Mn(II). In this context, to study the O/A ratio, Foltova
et al. [48] used quaternary ammonium ionic liquids to extract Co and Sm. The results of
Foltova show a similar tendency of this study, the Cu extraction efficiency decay when the
O/ A relationship is under 0.25 (or 1/4).

Table 3. Effect of O/ A ratio on extraction efficiency and distribution ratio of the species. Experimental
conditions: [R4NCy] = 0.27 M, initial pH = 2, 400 min~!, and 20 min of stirring time.

Metal O/A Rate E(%) D
1:1 84.73 5.54
Cu(I) 13 28.60 0.40
1:6 9.08 0.09
1:1 99.82 559
Fe(II) 13 99.82 540
1:6 91.40 10.6
1:1 71.58 2.51
Mn(Il) 13 2270 0.29
1:6 11.90 0.13
1:1 96.09 24.58
Zn(II) 1:3 96.73 29.55
1:6 82.73 4.78

3.4. Effect of Sulfuric Acid in Metal Stripping

Each loaded organic phase contained 3.25 g/L Cu(1I), 1.55 g/L Fe(IlI), 0.96 g/L Mn(II),
and 0.106 g/L Zn(II). Figure 4 shows the stripping performance as a function of the sulfuric
acid. It is observed that the sulfuric acid concentration of 2 M all metals are removed over
90% of organic phases. If the acid concentration is reduced to 1 and 0.5 M, the performance
decrease significantly in the case of Fe(Ill); the other metals maintain the best stripping
efficiency.

The most interesting aspect of this graph is sensitivity to acid concentration for the
stripping Fe(III) loaded IL and the contrast with the stripping performance of the other
metals in the study. Cu(II), Zn(II), and Mn(II) were easily stripped from loaded ILs for all
acid concentrations studied. In the case of Fe(Ill), the stripping efficiency is near 95% for
2 M of HySO4 but decreases significantly at 1 and 0.5 M of acid concentration (65% and 20%
respectively). This result is relevant for subsequent studies since it is possible to perform a
selective stripping of iron concerning the remaining metals extracted in the IL but at higher
sulfuric acid concentrations.
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Figure 4. Effect of sulfuric acid on the stripping percentage of metals from the loaded organic phases.
Experimental conditions: [R4NCy] = 0.54 M, O/A =1, 400 min~?, and 20 min of stirring time.

In the literature it has been reported that HNO;3, HCl, and H,SO4 solutions can strip
the metals in this study from the loaded ionic liquids. In this context, Nguyen and Lee
report the stripping of Mn(II) from ALIiCY with HCI, and the best performance of 1 M of
acid [46]. Tran et al. reported the stripping tests for Fe(Ill) loaded ILs using 3 M of H,SO4
and HCIL. The ILs used by the researchers were [C4min][N88SA], [C4Py][N88SA], ALiCy,
ALiD2, and ALiPC. The results of the stripping tests are very heterogeneous, but in general
terms, the best performance of stripping from Fe(III) loaded ILs was using H>SOj [49].

3.5. Effect of O/A in Metal Stripping

The loaded organic phases were similar to the previous point. To concentrate the
metals in stripping solution, the O/ A ratio was investigated from 1/1 to 6/1 (Figure 5).
The tests showed a different high performance for metals in the study. It is possible to
obtain relatively high stripping efficiency for Mn(II) and Cu(II), even at high O/ A ratios
(6/1), which reach 60% and 30%, respectively. For Zn(II) and Fe(Ill), the stripping at 3/1 of
O/ A ratio were 20% and 2%, respectively, and for 6/1 ratio, both metals were not stripped.
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Figure 5. Effect of O/ A ratio on the stripping percentage of metals from the organic loaded phases.
Experimental conditions: [Ry4NCy] = 0.54 M, [H,SO4] = 1 M, 400 min~?, and 20 min of stirring time.

To evaluate the effect of the O/ A ratio in the stripping efficiency, the relation of organic
and aqueous phases was variate from 1/1 to 6/1. Figure 5 shows a clear trend of decreasing
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stripping efficiency when increasing the O/ A ratio from 1/1 to 6/1, but at the same time,
the aqueous phase is concentrated with the discharged metals. The Cu(ll) and especially
the Mn(II) maintain relative ease for being stripped of the organic phase. On the other
hand, Zn(II) and Fe(III) have a poor stripping efficiency; both metals practically are not
stripped from load IL over 3/1 O/A ratio.

This result is not entirely evident in solvent extraction systems. For example, Quijada
et al. [41] reported a stripping efficiency of Fe(Ill) close to 50% for similar operational
conditions, but in this case, the researchers used TFA as extractant and a Bmim-based
ionic liquid as diluent. Finally, these results may be useful to design a selective process
of separation of metals contained in a PLS of copper, or a pretreatment of this solution to
remove Fe(Ill) and Zn(II).

4. Conclusions

The present research aimed to evaluate the extraction and stripping of ionic liquid
R4NCy in the presence of a simulated commercial PLS of copper industry containing Cu(II),
Mn(II), Zn(II), and Fe(III). The main conclusions are the following:

(1) The extraction tests showed a strongly selective extraction of Fe(IlI) and Zn(II) over
Cu(Il) and Mn(Il). A practically total extraction of Fe(Ill) and Zn(Il) was obtained
for all the conditions under study. In the case of Cu(Il) and Mn(II), the extraction
efficiency is strongly influenced by the R4yNCy concentration, the PLS pH, and the
O/ A ratio.

(2) The use of 2 M of HySO4 produces a very efficient stripping of all metals loaded
into the ionic liquid. The efficiency does not decline as acid concentration decreases,
except for Fe(III). The stripping efficiency of iron loaded into the ionic liquid is close
to 20% for 0.5 M of sulfuric acid. This result is very promising because it would allow
developing a very selective process concerning Fe(III).

(3) Despite its exploratory nature, this study offers a clear insight into the strong affinity
of ionic liquid R4NCy for Fe(Ill) and Zn(II) over Cu(II) and Mn(II). This fact opens
the possibility of using the ionic liquid R4NCy in the pre-treatment of copper-rich
solutions, removing the impurities as Fe(III) and Zn(II).
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Abstract: In order to reflect possible issues in future sole e-waste processing, an electrolyte of
complex chemical composition reflecting system of sole e-waste processing was obtained by following
a specially designed pyro-electrometallurgical method. The obtained non-standard electrolyte
was further used for the purpose of comprehensive metal interference evaluation on the copper
solvent extraction (SX) process. Optimization of the process included a variation of several process
parameters, allowing determination of the effect of the most abundant and potentially the most
influential impurities (Ni, Sn, Fe, and Zn) and 14 other trace elements. Moreover, comparing three
commercial extractants of different active chelating groups, it was determined that branched aldoxime
reagent is favorable for Cu extraction from the chemically complex system, as can be expected in
future e-waste recycling. The results of this study showed that, under optimal conditions of 20 vol.%
extractant concentration, feed pH 1.5, O/A ratio 3, and 10-min phase contact time, 88.1% of one
stage Cu extraction was achieved. Co-extraction of the Fe, Zn, Ni, and Sn was under 8%, while Pb
and trace elements were negligible. Optimal conditions (H,SO4 180 g/L, O/A = 2, and contact time
5 min) enabled 95.3% Cu stripping and under 6% of the most influential impurities. In addition, an
impurity monitoring and distribution methodology enabled a better understanding and design of
the process for the more efficient valorization of metals from e-waste.

Keywords: e-waste; electrolyte recycling; solvent extraction; chelating extractants; copper; impurities
influence; metal distribution

Highlights:

e  Electrolyte of highly complex chemical composition resulting from specially designed
pyro-electrometallurgical e-waste process, aiming to reflect future obstacles consider-
ing sole e-waste recycling

e A one-factor solvent extraction methodology for the comparison of three commercial
extractants in terms of efficiency, distribution coefficients, selectivity, and influence of
impurities on Cu extraction from experimentally obtained electrolyte

e  Feed pH, extractant, and stripping agent concentration affect solvent extraction most
significantly through reaction equilibrium shifts and active centers availability

e  Optimized process conditions enable selective Cu extraction among highly abundant
Fe, Zn, Pb, Ni, and Sn and trace elements (i.e., Al, Co, Cr, Mg, Na, Sb, Ga, Ge)

e  Transfer monitoring, distribution, and methodology for additional valorization of metals
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1. Introduction

Resource shortage, environmental and human health issues, and economic incentives
have promoted recycling to become mandatory in the modern world. Efforts to reduce
natural exploitation, preserve the environment, and promote the reuse and valorization of
previously discarded materials, thereby minimizing process waste, have become one of
the most important goals. This approach leads to closing up the material flow loop and
achieving a circular economy [1]. The same concept is applied to electrical and electronic
waste (e-waste) also. As the waste stream increases at an ever-growing rate, recycling
has become of great concern in recent decades. In terms of metal content, printed circuit
boards (PCB) are the most valuable part of e-waste, containing more than 60 elements of
the periodic table, from 28% [2] to 40% [3] of metals, including base and precious metals,
rare, scarce elements, but also hazardous, toxic, metals. Besides metals, this material
contains various organic compounds. This extremely heterogeneous composition as well as
chemical complexity represent the main obstacle for efficient valorization, making e-waste
and PCB recycling quite challenging [4]. At the same time, metal value makes it a major
secondary resource and an attractive material for recycling [5]. Considering the abundance
of copper and precious metals in e-waste, which is higher than in ore deposits [6], the
usual valorization methods are analogous to those in primary metal production, built on
pyro-electro and/or hydrometallurgical bases [7]. The application and significance of the
electrometallurgical approach in the production of metals from solution are given in a
detailed review by Rai et al., emphasizing that there are limitations in e-waste processing
due to the complexity of the material itself [8].

If the pyrometallurgical route (PM) is employed, the smelting feed is usually a syn-
ergetic mixture of ore concentrate and other valuable scrap materials. Several plants for
smelting and refinery, such as Umicore [9], Boliden [10], and Naoshima (Mitsubishi Materi-
als Corporation) [11], have integrated e-waste in processing, accounting for 15-30 wt.% of
the feed. Yet, considering the rising trend of e-waste, it is inevitable that a mass fraction
of this material in the feed will also grow. So, if smelting feed is predominantly or solely
e-waste, it is expected to negatively affect the traditional production process due to inlet
deviating in terms of compounds and concentration. Due to similar physical-chemical
properties, selective separation of metals between smelting phases is hindered [12]. In
general, obtained blister copper is further refined through an anode oxidation process to
decrease the abundance of the impurities, such as Al, Ba, Be, Ca, Cr, Fe, Mg, Mn, Na, and
Zn. At the same time, precious metals, as well as Bi, Pb, Ni, Cd, Sb, and Sn, remain in
molten blister copper [13]. Further, the PM route is followed by electrochemical deposition
where, besides cathode Cu, electrolyte and anode slime are generated as by-products [14].
If feed material is sole e-waste, a non-standard tin precipitate is also generated during elec-
trorafination (ER) due to a high Sn concentration in the starting material. This non-standard
by-product requires additional treatment steps [15]. Due to upstream recycling chemistry
and complex electrolyte composition, the subsequent electrowinning (EW) step is also
challenging. Besides Ni, Co, As, and Sb, the main obstacle for EW is Fe content [16], whose
concentration above 1 g/L causes current efficiency losses due to Fe cathode reduction as a
competitor reaction, resulting in low cathode deposition of Cu with poor quality [17].

Likewise, in the case of pyro-electro, in a hydrometallurgical route, where leaching
by various lixiviants can be conducted directly on target e-waste components or take
place after smelting, EW is an established metal separation method [18]. Moreover, the
hydrometallurgical route is a prospective alternative to pyrometallurgical processing,
especially for small and medium-sized enterprises [19]. Yet again, with all upstream
recycling chemistry issues inherent, another issue is the buildup of metal impurities in the
cyclic treatment set-up, where impurities severely impact the EW process [20].

Accordingly, no matter which route is chosen, efficiency and selectivity are low due to
the material composition complexity mentioned earlier. Besides target elements, usually Cu,
the obtained electrolyte or leaching solution contains simultaneously dissolved elements
that are considered impurities, negatively affecting the recycling process.
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The incorporation of e-waste into established metal production routes is challenging
as e-waste composition constantly changes. Even more challenging is how to effectively
process this feed material with additional value without prior dilution by primary and
other scrap materials, in response to today’s circular economy demands [21].

Therefore, in order to achieve selective metal valorization and obtain high-purity prod-
ucts, generated solutions require downstream purification and concentration processes.
Besides the aforementioned EW, other purification/concentration methods include solvent
extraction, ion exchange, precipitation, and their combinations [22,23]. A choice depends
on the lixiviant nature, target metal concentration, effect of impurities, and process eco-
nomics [24]. Among them, solvent extraction is an established Cu purification technique
commonly applied in industry and small-scale operations [25].

Solvent extraction (SX) is a traditional separation method that has been used for
decades in hydrometallurgy of primary metal production for the purpos of separation,
purification and concentration of metals in the solution. Now, the goal is to assimilate this
technology into e-waste recycling. SX is characterized by easy operation, low capital and
economic costs, and flexibility [26]. The latter is very important considering the chemical
composition diversity of e-waste when rigid treatment methods can hardly follow compo-
sition fluctuation. Extractants for SX are under constant development and improvements
to ensure selectivity, increase extraction efficiency, and facilitate re-extraction. Several
extraction types and mixtures, with or without modifiers, have been used to extract Cu,
including hydroxyoximes, hydroxy benzophenone oximes, aldoxime, quinolines, organic
acids, and organophosphorus based compounds [27]. As e-waste recycling solutions are
non-standard and burdened by various elements, the efficiency of different extraction
agents has been studied. Due to low selectivity, many have found that removing metal im-
purities, especially Fe, is necessary before SX [28,29], meaning an additional technological
step is required, representing a new point of metal values loss.

In this study, aldoxime and ketoxime/aldoxime blend with or without modifier were
used to determine selectivity and efficiency in metal separation. Accordingly, the results of
the literature survey data are presented as follows. It is reported that Acorga® aldoxime
reagents exhibit high selectivity and recovery toward Cu even when the concentration of Fe
is predominant in the solution [30]. By optimizing the solvent extraction conditions (feed
pH 1.1, M5640 16 vol.%, O/A =1, contact time 3 min), the efficiency of copper extraction
from the e-waste sulfate leaching solution was more than 85%. It is also concluded that
the presence of iron negatively affected Cu extraction efficiency and that the strength of
H,S04 (254 g/L as the optimal one), as the stripping agent, highly influences Fe stripping
percentage [3]. Deep [31] and Ferreira [32] used Acorga® Mb5640 modified by isotridecanol
to selectively extract Cu from a sulfate solution dominated by Fe and Zn and found that
the modifier hindered Cu loading but facilitated stripping. The results considering Fe
co-extraction deviate, but the percentages are undoubtedly low and influenced by the pH
of the feed solution. Ochromowicz and Chmielewski compared commercial LIX® reagents
(984N and 612N-LV) with the Acorga® M5640 for the Cu extraction in the presence of
the equal Fe concentration (both about 30 g/L). The latter extractant proved to be more
efficient, yet it was determined that Fe co-extraction is highly influenced by feed pH
and extractant concentration. Optimal process conditions were M5640 30 vol.%, and
0.75 pH [26]. Linden et al. came to a similar conclusion in their study. They determined
that, even with a low metal concentration (Cu, Fe, Cr, Zn, Pb, Ca, and Ni, each of 500 ppm),
co-extraction of Fe from synthetic feed could reach almost 40% and 12% by using LIX®
984N and Acorga® M5640, respectively [33]. Even if Cu is predominant in the solution,
selectivity is not achieved, neither by LIX® series or Acorga® OPT, which is extractant
modified to facilitate extraction and stripping [34], and Fe co-extraction is challenging to
avoid [35]. On the contrary, Banza concluded that LIX® 984N proves to be Cu/Fe selective
if pH is above 2.5 [36]. Yet, the precipitation of Fe during Cu extraction at the mentioned
pH was not discussed.
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The aforementioned discussion showed quite extensive research on copper SX. When
it comes to the influence of metal on the process efficiency, the focus is usually on Fe, with
less attention paid to the interference of other metals. Having in mind the traditional circuit
set-up as a coupled hydro-electro treatment, the buildup of impurities in specific phases of
the process stages is unavoidable.

According to the literature review, recycling is based on an e-waste dilution methodol-
ogy in primary pyro-processing feed. Moreover, published studies considering solution
purification of e-waste processing mainly address the issue of the influence of base metals
on Cu extraction in simplified systems.

This paper addresses the knowledge gap of sole e-waste processing and the compre-
hensive determination of impurities interferences. Hence, at the core of this study was
the aim to determine the effect of the most abundant and potentially the most influen-
tial impurities (Ni, Sn, Fe, and Zn, of which Ni and Sn are the most challenging since
they cannot be removed by pyro-processing) as well as 14 other trace elements (i.e., Al,
Bi, Ca, Co, Mg, Na, Sb, Ga, etc.) on copper SX. In addition, metal distribution through
electro-hydrometallurgical e-waste processing was determined in order to understand
interferences in a chemically complex system.

For that purpose, various e-waste categories as feed material have been intentionally
selected to provide the generation of an electrolyte of non-standard chemical composition,
further used as feed for SX optimization. The effect of extractant concentration, aqueous to
liquid ratios, phase contact time, and feed pH was determined and compared for each of the
three investigated extractants. Stripping optimization also included one-factor parameters
variations. According to extraction/stripping efficiency and co-extraction levels, proper SX
conditions and metal distributions were defined. These approaches allow to understand
future obstacles in the processing of sole e-waste and contribute to the design of a process
that will enable an efficient flow of materials.

2. Experimental
2.1. Material

A total of 400 kg of various e-waste categories, which consisted of 60 wt.% metallic
fractions granulate, 35 wt.% waste PCBs fraction, of which 5 wt.% were RAM cards, and
5 wt.% CPU fractions, were received from local suppliers. E-waste fractions, all but metallic
granulate, went through the preparation step.

2.2. Sole E-Waste Preparation Process

The vacuum pyrolysis depolymerization method was conducted on PCBs and CPUs
fractions of received e-waste. Organic compounds that were removed by this step (8.9 wt.%
of gases and 17.5 wt.% of liquids) would have otherwise jeopardized further processing.

The depolymerized sample (30 wt.%), altogether with metallic granulate (65 wt.%) and
flux material (slag, 5 wt.%), was the feed for reducing smelting in a DC electric arc furnace.
Besides slag and filter dust, the main smelting product was metal phase as non-standard
Cu alloy weighing 75% by weight of the feed, and this was used for anode casting. The
traditional step of anode oxidative refining was excluded with the intention of preserving
a high content of Fe, Zn, Na, Cr, Mn, Ti, Al, Ba, Be, Mg, and Ca in the cast anodes, which
would otherwise be mostly removed from the molten copper. This approach makes it
possible to obtain a particularly non-standard complex electrolyte, which was the intention
for this study. Each casted anode weighted between 23 and 24 kg, and 4 anodes, with a
total mass of 92.4 kg, were used in the next step, electrorefining (ER). The ER products
were cathode copper (85 kg of 99.83% purity), as the main standard product, anode slime,
and electrolyte as standard by-products (13 kg and 200 L, respectively) and tin precipitate
as a non-standard by-product (4 kg of fine suspended particles periodically extracted by
coagulation from electrolyte during ER).

Depolymerisation, smelting, ER, and tin precipitate extraction processes are described
by Djokic et al. [15].
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All experimentally obtained products and by-products were analyzed, while the
electrolyte of complex chemical composition was used as the aqueous phase (feed) for
solvent extraction optimization and for monitoring the distribution of impurities.

2.3. Reagents and Procedure

Three extractants were used in the current study: Acorga® series M5640 (branched,
C9 modified aldoxime reagent with active 5-nonyl-2-hydroxy-benzaldoxime), OPT 5510
(C9 ester modified aldoxime-ketoxime reagent), and LIX® series 984N reagent (non-
modified aldoxime-ketoxime blend containing 5-nonylsalicylaldoxime and 2-hydroxy-
5-nonylacetophenone oxime). Extractants were not additionally purified. Other used
chemicals were p.a. grade.

The organic phase (OP) was prepared by diluting extraction agents in kerosene to
achieve desired concentrations. This diluent was selected based on its physical-chemical
properties (i.e., hydrophobic, low dielectric constant favorable for cation extraction because
it does not promote the polymerization of chelating extractants over hydrogen bridges),
proper safety, health, and environmental characteristics, and applicability in industry.

The solvent extraction (S5X) experiments were carried out by varying extractant concen-
tration in the organic phase (M5640, 5-30 vol.%), organic to aqueous phase (O/A) ratio (1/3,
1/2,1/1,2/1,3/1, and 4/1), contact time (2.5, 5, 7.5, 10, 12.5, and 15 min), and pH of feed
solution (0, 1, 1.5, and 2). NaOH (Fisher Chemical) was used for pH adjustment by adding
the appropriate amount to the electrolyte until the desired pH was reached. Experiments
were conducted in separating funnels at room temperature by contacting corresponding
volumes of aqueous and organic phases. After complete phase disengagement, which
required 3-5 min, raffinate was sampled for analysis, and the loaded organic phase was
further used for stripping. This step optimization included a variation of stripping agent
concentration (HySO4(Carlo Erba reagents), 100-200 g/L), O/A ratio (1/2, 1, 2, and 4),
and contact time (2.5 to 15 min). Appropriate volumes of phases are contacted for desired
time. After separation by gravitation, analysis of aqueous phases (raffinate and loaded
strip) followed.

In the subsequent experimental set, the extraction behavior of metals using LIX® 984N
and OPT 5510 was investigated under experimentally determined optimal parameters for
the M5640 extractant. All experiments were conducted as one-stage extraction/stripping.

Determined parameters were used to define optimal process conditions for SX which
takes place according to Equation (1), [26]:

M™ + nHA = MA,, + nH* 1)

where M™ is a metal cation and HA is an extractant.

This process is reversible, and according to stoichiometry, for each mole of extracted
metal ion, it is expected to increase raffinate acidity (i.e., one mol of divalent metal ion
generates two moles of H*), which shifts the equilibrium towards a stripping reaction.

2.4. Analytical Methods

The chemical characterization of casted anodes was determined by analysis of the
elemental composition (Elementar™ Vario EL III, CHNS/O elemental analyzer), X-ray
fluorescence spectrometry (XRF, Thermo Scientific Niton™ XL3t, calibrated to operate
in alloy mode), and optical emission spectrometry (OES, SPECTROMAXx™ arc/spark,
calibrated for Cu alloy composition determination). A representative sample of casted
anodes was digested in HNO3z /HF (3/1 volume ratio, 15 min at 180 °C) mixture to perform
a more comprehensive analysis. The chemical composition of all obtained solutions was
determined via the inductively coupled plasma method with an optical emission spectrom-
eter (ICP-OES, SPECTROBLUE™ TI, Smart Analyzer Vision data processing software, in
relation to the AccuStandard® analytical reference standards). Measurements of pH were
conducted by using an INO-LAB® pH-720 pH meter, calibrated by LLG™ buffer solutions
to operate in acid environment.
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The concentrations of metals in aqueous phases were determined by direct instrumen-
tal analysis as triplicates, including the standard deviation of the measurements and the
calibration of the instrument, while mass balance calculations determined the concentra-
tions of metals in the loaded organic phases. Parameters such as the distribution coefficient
(D), the extraction/stripping efficiency (%E and %S, respectively), and the separation factor
(Ba/B) were calculated for each experiment according to Equations (2)—(5).

D =(M]o — [Mlaq)/[Mlaq 2
%E = (D/(D + (Vag/Vorg))) x 100 @3)
Ba/=Da/Dp 4)

%S = ([M]ag-s/ [Mlorg) x 100 ©)

where [M]y and [M]aq represent the initial and metal concentration in the aqueous phase
(raffinate), Vaq and Vorg represent the volumes of aqueous and organic phases, A and B
represent different metals whose separation factor is the subject of determination, and
[M]ag-s and [M]org are concentrations of metal ions in aqueous stripping solution and initial
organic phase. All experimentally obtained data were processed as described.

Measured and calculated values are further used to construct McCabe-Thiele diagrams
to determine the theoretical number of extraction/stripping stages.

In addition, the Sankey diagram was constructed to present the mass balance of the
SX process under defined optimal conditions and to perceive the metal distribution.

3. Results and Discussion
3.1. Feed Composition

Casted anodes and electrolyte obtained by anodes electrorefining were chemically
characterized in detail, and their composition is shown in Table 1. The chemical compo-
sition of minor components of smelting feed as well as of the process by-products are
not presented.

Table 1. Chemical composition of pyro-electro and solvent extraction feed (n.a., not analyzed; <DL,
below detection limit).

Metallic Granulate Anodes Electrolyte
Element
% % ppm mg/L g/L
Cu 69.12 83.40 - - 41.37

Fe 5.90 3.90 - - 20.67
Zn 12.71 5.40 - - 26.55
Ni 1.68 2.32 - - 9.89
Sn 5.89 7.27 - 453.1 -
Pb 3.30 3.52 - 3.1 -

Bi n.a. 0.04 - 112.9 -
Ca n.a. 0.10 - 346.3 -
Co 0.01 0.05 - 163.4 -
Cr 0.12 0.03 - 95.8 -
Mg n.a. 0.03 - 61.1 -
Ag 0.64 0.64 - <DL -
Au 30 ppm 0.11 - <DL -
Al 0.12 - 63 19.3 -
Cd 0.04 - 62 21.7 -
Mn 0.10 - 84 29.7 -

B n.a. - 32 8.7 -
Na n.a. - 120 41.8 -
Sb n.a. - 23 5.8 -
Ga n.a. - 47 12.5 -
Ge n.a. - 4 1.2 -
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As can be seen from Table 1, obtained products are characterized by extremely complex
chemical composition, with a high concentration of Cu, Fe, Zn, Ni, and Sn, and burdened
with trace elements. This non-standard chemical composition and abundance of base and
precious metals reflect the applied treatments’ feed material composition and chemistry
mechanisms. More specifically, during smelting, base (Co, Cu, Ni, Sn) and precious
metals (Au and Ag) are concentrated in blister copper. In addition, due to excluded
step of oxidative anode refining prior to casting, impurities share in casted anodes is
increased. Half of the Zn and a small share of Fe are lost by dissipation among smelting
by-products (filter dust and slag). During electrorefining, metals from anodes are dissolved
to the electrolyte, while most Sn, Pb, and precious metals are precipitated (as anode slime
and suspended tin precipitate). The obtained values differ from the current electrolytes
generated by traditional recycling by the dilution method of smelting feed. However, they
are expected in the future if the smelting feed is predominantly or solely e-waste.

3.2. Solvent Extraction (SX) Optimization
3.2.1. Effect of Extractant Concentrations and O/ A Ratio

A series of experiments were carried out to determine the effect of extractant concen-
tration and O/ A ratio on the copper SX efficiency. The aqueous phase was raw electrolyte
of pH 0, and contact time was 10 min to ensure maximal mass transfer. The M5640 con-
centration vs. copper extraction efficiency plot was constructed (Figure 1). As can be seen,
Cu extraction efficiency almost linearly increases with an increase of extractant concen-
tration from 5% to 20%, after which efficiency rises insignificantly. Moreover, it can be
seen that, in the experiments with a phase ratio O/A =1 or less, Cu loading is below 14%.
It is presumed that, for O/A below 1, the predominance of raw electrolyte and its high
acidity negatively affect extraction. Similar results are obtained for the co-extraction of the
impurities (not shown).

—8—0O/A=4 —9—0O/A=1/2
—0—(O/A=3—4—0/A=1/3
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= €]
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W
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<

Cu extraction efficiency (%)

M5640 (vol.%)

Figure 1. Copper extraction efficiency as a function of M5640 concentration and O/ A phase ratio for
the feed pH 0, temperature 20 °C, and contact time 10 min.
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According to what is stated above, a detailed analysis of extraction efficiencies and
separation coefficients was performed only for O/ A ratios above 2.

Figures 2 and 3 show the significant influence of extractant concentration and O/A
ratio on extraction efficiency and Cu vs. impurities separation. Yet, the extraction of B,
Ca, Na, Mg, Pb, Ga, and Ge do not occur at O/ A ratios above 2 in the whole extractant
concentration range. Mentioned elements are co-extracted (below 3%) only at O/A =1/3
when their feed input is the highest (not shown). As shown in Figures 2a and 3a, at
O/A =2, both extraction efficiency and separation coefficient are low so this phase ratio is
excluded from subsequent optimization experiments. Further, at O/A = 3 and 4, extraction
of the most abundant impurities slightly decreases with extractant concentration while Cu
plateau is reached at M5640 20 vol.%. Although at O/A =4, Cu extraction efficiency is the
highest, it is also the general co-extraction of accompanying metals, predominantly trace
elements (Figure 2c). Therefore, Fe, Zn, Ni, and Sn loading, for M5640 20 vol.%, is 6.9, 6.1,
4.1, and 7.4 at O/ A = 3 (Figure 2b), and significantly higher at O/A = 4: 14.4, 9.6, 10.05,
and 19.80, respectively (Figure 2c).

The separation coefficient (Figure 3b,c) shows significant differences comparing
O/A =3 and 4 ratios, but only at the upper M5640 concentration limit, which, as pre-
viously established, has not contributed to Cu extraction efficiency. For M5640 up to
20 vol.%, better separation is achieved for O/A = 3 ratio.

Extraction and selectivity results, as shown in Figures 2 and 3, respectively, could
be explained by M5640 high affinity towards Cu versus other metals present in high
concentrations, e.g., Ni, Sn, Fe, and Zn. However, when copper extraction approaches
saturation, due to the excess of the organic phase (at O/A = 4), the number of complexing
centers available to extract accompanying (trace) metals increase, resulting in the co-
extraction of elevated impurities. Namely, according to Equation (1), the dimerization of
extractant is necessary for Cu®* extraction (Equation (6)):

Cu?* + 2HA = CuA, + 2H* (6)

This process is facilitated under high extractant concentration in the organic phase,
which also allows the formation of the complexes with ions of higher valence than of Cu
(i.e., Bi®*, Sb**, and Sn**). In addition, although a high co-extraction of Fe?* /3*, Ni?*, and
Zn?* could be expected based on their valence and extraction mechanism, this is not the
case, probably due to their ionic radius and steric interference during di- and trimerization
of the extractant. In the case of Zn>*, whose ionic radius is close to Cu®* (74 and 73 pm,
respectively), the extraction of Zn is hindered, possibly due to the salting-out effect in a
high sulfate concentration environment and the formation of 7Zn(S04),%~ instead of Zn2*.
Considering that oximes do not extract anionic species at low pH, Zn co-extraction is
minimal. Thus, when the concentration of M5640 is 20 vol.%, and the O/A ratio is 3, the
Fe, Zn, and Ni concentrations in the loaded organic phase were 1.4, 1.6, and 0.4 g/L. At the
same time, Sn and Bi are measured in 34 and 41 ppm, respectively. The total concentration
of trace metals was 25 ppm.

Comparing extraction efficiency and selectivity, considering impurities behavior,
extractant (M5640) concentration of 20 vol.%, and O/ A ratio of 3 was selected as optimal.
In addition, the determined optimal concentration of M5640 in the organic phase is also
beneficial considering that, for concentrations of M5640 higher than 25 vol.%, an increase
in the viscosity of the organic phase was observed, leading to mixing difficulties and
prolonged phase disengagement.
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Figure 2. Effect of M5640 concentration and O/ A phase ratio 4 (a), 3 (b), and 2 (c) on extraction efficiency for the feed pH 0,
temperature 20 °C, and contact time 10 min.
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Figure 3. Effect of M5640 concentration and O/ A phase ratio 4 (a), 3 (b), and 2 (c) on Cu-metal separation factor for the feed
pH 0, temperature 20 °C, and contact time 10 min.

3.2.2. Effect of Phase Contact Time

In order to investigate the phase contact time effect (Figure 3), a set of experiments
was conducted at previously optimized extractant concentration (20 vol.%) and phase ratio
(O/A =3). As in previous experiments, the pH of the feed electrolyte was constant: 0. The
extraction efficiency of Cu and co-extraction of metal impurities were taken into account to
determine the phase contact time parameter.
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As can be seen from Figure 4a, the extraction percentage generally rises with contact
time. For the majority of trace metals, as well as for the most abundant impurities (Ni,
Sn, Fe, and Zn), the change in extraction efficiency is negligible. Moreover, prolonged
contact time does not affect the extraction of B, Ca, Na, Mg, Pb, Ga, and Ge, which remain
in the raffinate. The extraction percentage of Sb sharply rises after 10 min of phase contact
from 13.2% to 21.65%, indicating slow extraction kinetics, while at this time point, Cu and
Bi reach the plateau. These results can be explained by the strong binding capacity of
Cu-M5640 comparing to the other metals, leading to increased extraction until equilibrium
is reached. After that point, the extraction of impurities rises. As shown in Figure 4b, the
separation coefficient is influenced by phase contact time until the equilibrium of each
metal is achieved, which for most of them is around 10 min. Considering the contact time
effect on the metal’s behavior during extraction, the mentioned time point of 10 min makes
a breaking point, and thus is it is chosen as the optimal one.

3.2.3. Effect of Feed pH

In order to determine the influence of the acidity of the aqueous feed on the efficiency
of Cu extraction, a series of experiments were conducted by varying the pH while the other
process conditions were constant. According to Figure 5a, raising the feed pH from 0 to 2,
the effect on the co-extraction of the Fe, Zn, Ni, and Sn was negligible, and overall extraction
was below 8%. Moreover, trace elements loading is slightly affected by feed pH. The most
drastic change in the extraction, affected by feed acidity, was observed for Cu loading,
which increased from 51.30% to 98.87% in the experimental pH range. High Cu extraction
efficiency at elevated feed pH can be expected, having in the mind extraction mechanism
and H* influence on the reaction equilibrium (Equation (6)). Thus, in the extremely high
acidity conditions, during the extraction step, simultaneous re-extraction occurs, leading
to stripping of Cu from the organic phase. This effect is absent at elevated pH values.
In addition, high pH favors the ionization of the extractant, facilitating metal extraction.
The latter statement contradicts the results obtained for the extraction of impurities which
would be expected to also increase with increasing pH which is obviously not the case. The
explanation lies in Cu loading, as with increasing copper complexation, the competitive
reactions of metal impurities do not come to the fore and their loading remains low. This
best reflects the separation factor (Figure 5b) which apparently increases after pH 1.5 when
the Cu loading reaches about 90%.

According to the experimental results, an increasing trend of Cu extraction is evident,
yet at the mentioned upper pH limit the plateau was not achieved. However, additional
experiments with an extended pH range were not feasible due to the precipitation of
mostly Fe** hydroxide and co-precipitation of Cu, which led to its loss. Moreover, at pH 2,
slight turbidity of aqueous feed occurs, presumably due to iron hydroxide formation, and
experiments showed extended phase separation time. Considering the obtained results,
pH 1.5 was the optimal choice.

3.2.4. McCabe-Thiele Extraction Diagram

In order to determine the number of the extraction stages, a correlation diagram
between metal content in the organic vs. aqueous phase was plotted. The Cu extraction
isotherm was constructed according to the experimental results obtained by various O/A
ratios maintaining extractant concentration, phase contact time, feed pH, and temperature
constant. A McCabe-Thiele diagram (Figure 6) was constructed assuming that the con-
centration of the Cu in the organic phase was 0 g/L. Results show three theoretical stages
needed to achieve quantitative copper extraction.
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Figure 6. McCabe-Thiele extraction diagram.

3.3. Stripping Optimization
3.3.1. Effect of the Acid Concentration

In order to strip copper from the loaded organic phase, sulfuric acid, as suitable for
downstream Cu recycling, i.e., electrowinning, was chosen as a stripping agent. A series of
stripping experiments were conducted to determine the effect of the acid concentration on
the stripping efficiency and to choose the optimal one. Parameters, such as loaded organic
phase extractant concentration (M5649 20 vol.%), temperature 20 °C, O/A ratio 2, and
contact time 5 min, were kept constant.

As shown in Figure 7, high efficiency of Cu stripping was achieved in the investigated
acid concentration range. By increasing concentration from 100 to 180 g/L H,SOj, the
stripping efficiency of Cu is increased from 65.2 to 95.3%. A further increase, to 200 g/L
H,S0y4, only slightly increases efficiency, to 96.2%. Higher concentrations of stripping agent
were not considered due to the slight effect on Cu stripping and the possible negative effect
on the extract, i.e., hydrolytic degradation.
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Figure 7. Effect of the H,SO, concentration on the stripping efficiency (M5640 20 vol.% in loaded OP,
O/ A =2, temperature 20 °C, and contact time 5 min).

These results are following the extraction mechanism and the influence of H* ions on
the reaction equilibrium (Equation (6)). Increased concentration of the H* ions provides
near quantitative metal replacement from its organic complex. Two protons are needed
for every CuA, complex, while for metals of higher valence, replacement demands more
protons (Equations (7) and (8)).

CuA, +2H" = 2AH + Cu?", ?)
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BiA; + 3H* = 3AH + Bi**. (8)

However, the selectivity of Cu stripping is hindered by Bi, which is co-stripped up
to 45%. On the other hand, Sb and Sn cannot be stripped under described experimental
conditions and remain in the organic phase. Stripping efficiency of other trace metals and
Fe, Zn, and Ni, was under 15%. The predominance of the Cu in the organic phase and
affinity in the metal-A,-H* system could explain obtained results. Namely, under optimal
extraction conditions, the loaded organic phase contains 36.5 g/L Cu and significantly
less metal impurities: 1.6 g/L Zn, 1.9 g/1 Fe, while Ni, Sn, and Bi are measured in ppm
415, 31, and 41, respectively. The concentration of other metal impurities is under 30 ppm.
According to the results, 180 g/L H,SOj is chosen as the optimal concentration of the
stripping agent and thus applied in the subsequent experiments.

3.3.2. Effect of O/ A Stripping Ratio

Another set of experiments were conducted to determine the O/ A ratio effect on the
stripping efficiency. As before, all other process parameters were kept constant. Results are
shown in Figure 8. Accordingly, the O/ A ratio effect on Cu and Bi stripping efficiency has a
negligible effect on trace elements and Fe, Zn, and Ni. Copper stripping efficiency sharply
rises to O/ A = 2, after which only a slight increase is observed, from 95.3 to 97.2 %S, while
Bi co-stripping almost linearly increases in the whole experimental O/ A range. Meanwhile,
other impurities are stripped up to 8% by the upper O/A range limit.
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Figure 8. Effect of the phase ratio on the stripping efficiency (M5640 20 vol.% in loaded OP, HySO4
concentration 180 g/L, temperature 20 °C, and contact time 5 min).

The O/ A effect can be explained by the amount of metals input in the system through
the loaded organic phase. As the amount of metal available for striping increases, so
does stripping. However, Cu predominance in the loaded organic phase results in its
near quantitative stripping due to the crowding effect of copper on the extraction of
metal impurities.

Keeping in mind the optimal extraction ratio (O/A = 3), it would be preferable for
the stripping ratio to be greater than 3 to avoid general dilution of the Cu solution. Yet,
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experimental results showed low selectivity for O/A stripping ratio even above 2, so
according to this, O/A = 2 was chosen as the optimal ratio for the Cu stripping from the
loaded organic phase.

3.3.3. Effect of Stripping Contact Time

In order to determine the effect of contact time on the stripping efficiency and selectiv-
ity, this parameter is varied in the 2.5 to 15 min range. In contrast, other parameters were
constant, following previously determined optimal values. Results (Figure 9) indicate that
prolonged contact time leads to an increase in the percentage of impurities stripped from
the loaded organic phase, especially in the case of Bi, whose stripping efficiency generally
rises from 44% to 67% within the studied time range.

100 =

—a— Al Cr —¢—Ni
—4&—Bi —&—Cu - Sb
—4—Cd —*—Fe —+—5n

—4—Co —9—Mn —®—7/n

80 =

Stripping efficiency (%)

0.0 2.5 5.0 7:5 10.0 125 15.0
Contact time (min)

Figure 9. Effect of the phase contact time on the stripping efficiency (M5640 20 vol.% in loaded OP,
H,SO,4 concentration 180 g/L, O/A =2, and temperature 20 °C).

Accordingly, impurities seem to have slower stripping kinetics than copper, the
stripping of which shows a slight decrease after 5 min of phase contacting, achieving the
equilibrium at this time point. In addition, almost 92% of Cu is stripped at the lower time
range border, indicating fast stripping kinetic under studied process conditions. According
to the obtained experimental results, a short contact time would be preferred to achieve
high Cu loading while leaving the impurities in the organic phase. Thus, 5 min was chosen
as the optimal stripping contact time.

3.3.4. Effect of Extractant Concentration in the Loaded Organic Phase

The loaded organic phase of different extractant concentrations was used as metal
feed, and Cu stripping experiments were conducted under previously defined optimal
conditions (O/A =2, 180 g/L H»SOy4, contact time 5 min, and temperature 20 °C). Results
shown in Figure 10 indicate hindered stripping, as reflected in the decrease of stripping
efficiency (from 95.3 to 72.6%) for experiments of extractant concentration (M5640) above
20 vol.%. This can be explained by elevated extraction efficiency when the extractant
concentration is above the mentioned value due to pronounced Cu-M5640 binding affinity
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and increased Cu abundance in the organic phase. Such stripping results favor the previous
experimentally defined optimal extractant concentration.

Efficiency (%)

100 —

—&— Cu extraction

—0— Cu stripping

M5640 (vol.%)

Figure 10. Extraction-stripping efficiency correlation—effect of the extractant concentration in the
loaded OP on the stripping efficiency (HSO4 180 g/L, O/A =2, contact time 5 min).

3.3.5. McCabe-Thiele Stripping Diagram

The distribution isotherm of Cu stripping from the loaded organic phase was plotted
according to the results obtained under previously defined optimal experimental condi-
tions: 20 vol.% of extractant concentration in the loaded organic phase, 180 g/L H,SO4 as
stripping agent, and phase contact time 5 min at 20 °C. Phase ratios were varied from 0.5 to
4. According to the constructed McCabe-Thiele diagram (Figure 11), two theoretical stages
are needed to strip Cu from the loaded organic phase quantitatively.

180

B

P\/

oV ol

10 20 30 40
[Cu] OP, g/L

Figure 11. McCabe-Thiele stripping diagram.

3.4. Solvent Extraction with LIX® 984N and OPT 5510

In order to select the most efficient extractant for copper extraction from a complex
system, a series of experiments were conducted using, in addition to M5640, two other
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commercial extractants: LIX® 984N (often used for Cu extraction from sulfate solutions)
and OPT 5510 (an extractant modified to facilitate Cu extraction and stripping). According
to the obtained results, all three studied reagents show high Cu extraction efficiency
(Figure 12). However, although the highest Cu loading was achieved with LIX® 984N, so
was impurity co-extraction, especially with Fe, which reaches almost 50%. Co-extraction of
Zn, Ni, Bi, and Sn is significant, both with LIX® and OPT. Moreover, selectivity is achieved
only by M5640. As for the extraction, the subsequent stripping step also shows favorable
Cu results for all three studied reagents, with slightly promoted stripping from loaded
M5640. However, the co-stripping of impurities from loaded LIX® 984N and OPT 5510 is
elevated, showing poor selectivity towards Cu. In addition, under applied experimental
conditions, Sn cannot be stripped from the loaded M5640, yet for the other two extractants
it is up to 5%. The trace metals impurities follow a similar trend of increased extraction
with LIX® 984N and OPT 5510 for both SX process steps (not shown).
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Figure 12. Comparison of extraction (for extractant concentration 20 vol.%, feed pH 1.5, O/A = 3, contact time 10 min) and
stripping (H2SO4 180 g/L, O/A =2, contact time 5 min) efficiency of the three studied extractants (one stage SX conducted
at20°C).

The active species of the extractants could explain the obtained results. Specifically,
dissolved Cu cations in sulfuric acid are solvated, (Cu(H;O)my)™" and the coordination
of these complexes affects CuA; stability through the intermediate formation. This de-
pends on the acidity of the extractant active group: the extractants with stronger acidic
groups, i.e., aldoxime, facilitate Cu transfer compared with the less acidic active group,
i.e., ketoxime one [37]. On the other hand, considering the chemical composition of the
studied extractants, due to the weaker MAn bond in ketoxime complexes, stripping is
facilitated. In complex solutions, such as the one studied in this paper, aldoxime-ketoxime
extractants LIX® 984N and OPT 5510 allow high metal transfer to the organic phase and
facilitate stripping, leading to decreased selectivity, both for extraction and stripping steps.
In addition, the ketoxime active group, OPT, contains an ester modifier that facilitates
Cu extraction and stripping. This OPT feature seems to favor clean systems unburdened
by impurities, yet for complex systems, as in this study, it is undesirable, causing low
selectivity with high co-extraction percent.

Comparing the obtained experimental results, it is clear that M5640 is the optimal
choice for the extractant. The general results for metals behavior using LIX® 984N and OPT
5510 as extractants perhaps could be more efficient under different SX conditions. This
remains for further investigation.
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FEED ELECTROLYTE

3.5. Copper and Metal Impurities Distribution

Based on the experimentally obtained results and calculated values of extraction and
stripping efficiencies obtained under optimal process conditions, a diagram of the distri-
bution of the elements through the one-stage SX process (Sankey diagram) is constructed
(Figure 13). It should be noted that the width of the lines is proportional to the mass
transfer through phases, except for the most trace elements, for which the width of the
lines is slightly increased for visualization purposes.

LOP - loaded organic phase
SOP - stripped organic phase
SS - stripping solution

Raffinate
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Clrculated t
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Figure 13. Metal distribution and mass balance of SX process.

By monitoring the impurities transfer through phases, the determined distribution
showed that, under the applied conditions, B, Ca, Mg, Na, Pb, Ga, and Ge are not extracted
but remain entirely in the raffinate. Moreover, over 90% of each trace element remained in
the raffinate, as did the most abundant impurities Fe, Zn, Ni, and Sn. The raffinate is not
discarded but returned in the upstream process of ER. Furthermore, after selective stripping
of the Cu, most of the previously extracted quantities of the trace elements were retained in
the loaded organic phase. Considering their concentration under 30 ppm, a significant effect
of the extractant performance is not expected in a repeated process. In addition, reuse of
the OP leads to the accumulation of trace metals, allowing their valorization in additional
steps, including traditional methods of stripping with a suitable agent. Additionally,
implementation of the water wash (scrubbing stage at low acidities) could be an option to
remove Fe and other contaminants acting as poison to the organic phase.

Further, the stripping solution obtained under defined process conditions is relieved
of impurities, especially Fe: from 20.67 g/L in feed, Fe concentration decreased to 92 ppm
in stripping solution, which is 10 times less than the maximal recommended concentration
in solution for the downstream Cu EW process, as stated in Section 1.

Having in mind the recirculation of the process solutions, accumulation of the retained
elements is inevitable. However, this fact enables effective the extraction of metal values
through additional stages. The buildup effect increases the concentration of valuable
elements, i.e., Ga and Ge belong to critical technological metals whose extraction is cost-
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effective and feasible from concentrated solutions [38]. Moreover, increased Sn, Ni, Fe, and
Zn concentrations in the Cu unladen raffinate facilitates the separation and valorization
of these metals. Fe can be extracted from sulfuric solution by P507 [39] or MOC 55 [40].
Further, Ni and Zn could be separated and extracted with commercial extractants by
adjusting the pH of SX feed [29,41]. Sn can be effectively extracted by using PC-88A diluted
in EXXSOL D-80, or it can be extracted by coagulation when the optimal concentration in
solution is achieved [42].

4. Conclusions

Selected e-waste fractions were used as feed in a specially designed pyro-electromet-
allurgical processing, which allowed for the generation of an electrolyte of extremely
complex chemical composition and high abundance of impurities. Thus, the obtained
electrolyte burden with Ni, Sn, Fe, and Zn, and 14 trace metals were used in numerous
solvent extraction experiments in order to define optimal conditions for the selective Cu
extraction-stripping process.

The results of this study showed that, under optimal conditions of 20 vol.% extractant
concentration, feed pH 1.5, O/ A ratio 3, and 10-min phase contact time, 88.1% of one stage
Cu extraction can be achieved. Simultaneously, the co-extraction of the most abundant
impurities (Ni, Sn, Fe, and Zn) was under 8%, and Pb and trace elements co-extraction
was negligible. Moreover, it was determined that feed pH and extractant concentration
influenced extraction efficiency and selectivity the most through reaction equilibrium shifts
and the availability of the active chelating centers. The latter is crucial for selecting the
extractant for Cu extraction from a chemically complex system, as can be expected in the
future e-waste recycling process. Accordingly, the aldoxime reagent is optimal, with an
advantage over the aldoxime/ketoxime blend. Stripping conditions, including H,SO4
180 g/L, O/A =2, and contact time 5 min, showed optimal efficiency from loaded organic
phase containing 20 vol.% M5640 which enabled 95.3% Cu stripping and under 6% of the
main impurities. Acid concentration and O/ A ratio predominantly influenced stripping
efficiency and selectivity. Theoretical stages (McCabe Thiele diagram) for quantitative
extraction and stripping were determined to be 3 and 2, respectively. Monitoring mass
distribution through phases under optimal process conditions allowed the determination
of positioning and quantification of each element in the system, enabling the proposal of
further treatment and valorization in additional steps.

The methodology of this study and obtained results contribute to the improvement of
the existing recycling processes, especially in small and medium-sized enterprises, through
the development of both pyro-electro and hydrometallurgical routes capable of effectively
separating and valorizing metals detained in e-waste, the valuable secondary raw material
product of the increasing waste generation trend.
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