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Critical Materials Recovery from Solutions and Wastes: Retrospective

and Outlook
O ne of the greatest challenges facing society in the 21st
century is providing better living standards to all people
while reducing and minimizing the impact of human activities
on Earth’s global environment and climate. During the past
decade, sustainability has emerged as a unifying framework for
addressing the global environmental, economic, and societal
challenges facing the world. The Brundtland Commission of
the United Nations defined “sustainable development” as “that
which meets the needs of the present without compromising
the ability of future generations to meet their own needs”
(available online at http://www.un-documents.net/ocf-
02.htm). Materials are the building blocks and pillars of a
sustainable society and global economy. There is a growing
realization that the implementation of clean-energy technolo-
gies of the 21st century will require large amounts of critical
metals including rare-earth elements (REEs), platinum group
metals, copper, lithium, gallium, and precious metals (e.g., silver
and gold). Significant amounts of phosphorus (P) will also be
needed as the world faces the daunting challenge of doubling
the amount of food it currently produces in order to feed
around 9 billion people by 2050. As a society, we utilize and
consume large amounts of minerals, metals, P, and other
materials produced by mining with little or no recycling. Thus,
our current management and stewardship of Earth’s mineral
and metal resources are not sustainable. Increasingly, impaired
water (e.g, seawater, brines, and municipal/industrial waste-
water) and solid wastes (e.g., discarded consumer products and
sludge) are being viewed as alternative sources of critical metals
and valuable elements to address global materials availability
and supply challenges. Thus, in the next decades, environ-
mental scientists/engineers, business leaders, and policy/
decision makers will be confronted with a new set of exciting
opportunities and challenges to advance the viability of critical
materials recovery from impaired water and solid wastes. In this
special issue of Environmental Science & Technology (ES&T), we
highlight recent advances on the recovery of critical/valuable
metals and P from “wastes”. Two key goals of this special issue
are to (1) provide a retrospective and outlook of the state-of-
the-field; and (2) bring into focus crosscutting scientific,
technological, and environmental challenges along with
corresponding societal and regulatory issues.

This special ES&T issue features a total of ten articles with a
focus on three areas where materials and resource recovery
from impaired water and solid wastes are likely to have the
greatest impact over the next decades: (1) metal mining from
seawater, brines and industrial wastewater, (2) metal recovery
from solid wastes and urban mining, and (3) phosphorus and
metal recovery from wastewater and sludge. Seawater contains
huge amounts of dissolved ions of critical metals and valuable
elements such as Li, Mo, Ni, Zn, V, Ag, Au, and U that could be
“mined” with little or no significant long-term environmental
impact. The feature cover article by Diallo et al. (DOIL:
10.1021/acs.est.5b00463) gives an overview of the state-of-the
art of metal mining from seawater and examines one of the

W ACS Publications  © 2015 American Chemical Society

9387

Grand Challenges of seawater metal mining, namely the
availability of high capacity, selective, recyclable, and robust
chelating ligands that can be efficiently configured into low-
energy systems for passive metal extraction from seawater or
integration into existing and future desalination plants to
leverage the amounts of energy spent in pumping and
pretreatment. The authors also provide an outlook into the
design of future desalination systems that integrate the
production of clean water for potable uses and agriculture
with energy generation and metal mining. Kim et al. (DOL
10.1021/acs.est.5b00032) describe a new electrochemical
system for lithium extraction from pretreated seawater that
could be integrated into existing or future desalination systems.
They report that their new electrochemical can achieve a Li*/
Na" separation factor of 43.3 from a seawater simulant.

The pace of technology development for the recovery of
REEs from complex matrices such as brines has been limited by
the lack of rapid and robust analytical methods. To address this
challenge, Noack et al. (DOI: 10.1021/acs.est.5b00151) report
an optimized liquid—liquid extraction procedure for the
concentration of REEs from hypersaline solutions to enable
the use of inductively coupled plasma mass spectrometry (ICP-
MS) for their rapid and accurate analysis. Industrial aqueous
byproducts and waste streams are potential and largely
untapped sources critical metals. Kotte et al. (DOI: 10.1021/
acs.est.5b01594) report the development of a one-pot method
for the preparation of a new family of ultrafiltration membrane
absorbers with in situ synthesized dendrimer-like particles that
could be used to recover Cu(II) from aqueous industrial waste
streams. Three articles of this special issue are devoted to urban
mining and metal recovery from discarded consumer products.
Ciacci et al. (DOIL: 10.1021/es505515z) quantify the amounts
of metal “losses by design” by developing a model that
estimates the “contemporary dissipation of elements”. They
conclude that many metals have “dissipation rates” that are
higher than 50% due to applications from which they are
unrecyclable. Kim et al. (DOIL 10.1021/acs.est.5b01306)
discuss the development of a new membrane assisted solvent
extraction (MSX) system for the recovery of REEs from nitric
acid solutions following acid leaching of industrial scrap
magnets. They report that the new MSX system exhibits
“high selectivity for REE extraction with no co-extraction of
non-REEs”. Fujita et al. (DOIL 10.1021/acs.est.5b01753)
examine the potential impact of urban mining on biological
nitrification in wastewater treatment plants (WWTPs) by
exposing nitrifying organisms to makeup wastewaters contain-
ing europium (Eu) or yttrium (Y). They report that Eu and Y
at concentrations >10 ppm (mg/L) can inhibit the ammonia
oxidizing activity of Nitrosomonas europaea bacteria.
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During the past decade, significant progress has also been
made in the development of technologies to extract energy, P,
and metals from municipal wastewater and sludge. Wilfert et al.
(DOL: 10.1021/acs.est.5b00150) review the interactions of iron
(Fe) with P and their impact on P recovery in current and
future WWTPs. They argue that “the current poor under-
standing of iron and phosphorus chemistry in wastewater
systems is preventing processes being developed to recover
phosphorus from iron—phosphorus rich wastes like municipal
wastewater sludge”. Gruber et al. (DOI: 10.1021/es506214c)
provide a glimpse into the future of P recovery from the
effluents of WWTPs. They couple atomistic molecular
dynamics (MD) simulations with a hybrid quantum mechan-
ics/molecular mechanics (QM/M) approach to simulate the
binding of a phosphate anion (HPO,’”) to a biomimetic
hexapeptide host. The authors also provide an outlook into the
potential of synthetic peptides as building blocks for a new
generation of biomimetic separation materials for P recovery.
Westerhoff et al. (DOL 10.1021/es505329q) examine the
accumulation and distribution of “58 regulated and non
regulated” elements in representative samples of “US sewage
sludges”. They conclude that that “the top 13 most attractive
elements to recover from biosolids are Ag, Cu, Au, P, Fe, Pd,
Mn, Zn, Ir, Al, Cd, Ti, Ga, and Cr” with an estimated value of
US$13 million annually for a community of 1 million people
producing 26 kg/person-year of dry biosolids.

Collectively taken together, the ten articles highlighted in this
special ES&T issue point to a brighter and hopeful future for
our stewardship of Earth’s minerals and metal resources. To
quote Tom Graedel (Bridge 2011, 41, 43—50): “Metals are gifts
from the stars that were generated over billions of years; we
should treat them with the awe and respect they deserve and
devise ways to recycle them over and over”. Our retrospective
confirms that key advances are being made in metal and
resource recovery from “wastes”. During a keynote presentation
at the 2014 ACS Presidential Symposium on “Separation Science
and Technology as a Convergence Platform for SusChEM” co-
organized by the guest editors of this special issue, Allan
discussed the use of wastes as sources of valuable metals
(available online at http://www.aiche.org/sites/default/files/
docs/conferences/event/ a.2_a11en_suschem.pdf). He identified
a number of critical issues/challenges that need to be addressed
to advance the viability of urban mining and metal recovery
from wastes including (i) market opportunities (Where is the
waste? Where is the demand?), (ii) technology (Do we have
the separation technologies to recover the material?), (iii)
economies of scale (Is the material spatially distributed, and
does this impose costs?), and (iv) regulatory barriers (Does
user of the waste assume legal liability?). Because sustainability
entails considering social, economic, and environmental factors,
it is critical in all cases to integrate fundamental science with
engineering research, commercialization and societal benefits as
we develop and implement the next generation of urban mining
and resource recovery technologies. In addition, partnerships
between academia, government (Federal, state, and local),
industry, and the venture capitalist community will be critical to
translating R&D advances into innovative products and
solutions. However, potential adverse effects of urban mining
and resource recovery technologies on human health and the
environment need to be assessed and mitigated before their
large-scale deployment to address the materials supply
challenges that will be facing the world in the next decades.

Mamadou S. Diallo*""*

9388

Gretchen Baier®

Bruce A. Moyer”

Bert Hamelers™

Graduate School of EEWS (Energy, Environment, Water
and Sustainability), Korea Advanced Institute of Science
and Technology (KAIST), Daejeon, Republic of Korea

*Environmental Science and Engineering, Division of
Engineering and Applied Science, California Institute of
Technology, Pasadena, California 91125, United States
$The Dow Chemical Company, Midland, Michigan 48674,
United States

IChemical Separations Group and Critical Materials
Institute, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831, United States

“Wetsus, European Centre of Excellence for Sustainable
Water Technology, 8900 CC, Leeuwarden, The
Netherlands

B AUTHOR INFORMATION

Corresponding Author
*E-mail: mdiallo@kaist.ac.kr and diallo@wag.caltech.edu.

Notes

Views expressed in this editorial are those of the authors and
not necessarily the views of the ACS.

The authors declare no competing financial interest.
Biography

Dr. Mamadou S. Diallo is an Associate Professor and Director of the
Laboratory of Advanced Materials and Systems for Water Sustain-
ability of the Graduate School of EEWS (Energy, Environment, Water
and Sustainability) at the Korea Advanced Institute of Science and
Technology (KAIST). He is also a Visiting Faculty in the
Environmental Science and Engineering Department of the Division
of Engineering and Applied Science at the California Institute of
Technology. Prof. Diallo currently serves as (i) Associate Editor for
the Journal of Nanoparticle Research, (ii) a member of the Editorial
Advisory Board of Environmental Science and Technology, and (iii) a
member of the Advisory Board of the Critical Materials Institute
(CMI), a US. Department of Energy (DOE) Innovation Hub. His
current research interests and activities focus on the development of
multifunctional membranes and media for sustainable water treatment,
desalination and resource recovery.

Dr. Gretchen Baier is Associate R&D Director of External Technology
at . Her previous roles at Dow include (i) technical leader in Ventures
and New Business Development and (ii) chemical engineer in the
Process Optimization Group and the Process Separations Skill Center.
Dr. Baier chairs the Advisory Board of the Critical Materials Institute
(CMI), a US. DOE Innovation Hub. She is also co-chair of the
University Industry Demonstration Project (UIDP) Projects Commit-
tee and has served as a Board Member of the Alliance for Science and
Technology Research in America (ASTRA) and the Council of
Chemical Research (CCR).

Dr. Bruce Moyer holds the position of Distinguished Research
Scientist and Group Leader of the Chemical Separations Group at Oak
Ridge National Laboratory. He leads the Diversifying Supply Focus
Area of the Critical Materials Institute (CMI) and the Sigma Team for
Advanced Actinide Research for the U.S. DOE. Dr. Moyer also serves
as Co-Editor of the journal Solvent Extraction and Ion Exchange. His
research focuses on the fundamental and applied aspects of molecular
recognition as it pertains to separations of energy-related metals for

DOI: 10.1021/acs.est.5b03694
Environ. Sci. Technol. 2015, 49, 9387—9389


http://www.aiche.org/sites/default/files/docs/conferences/event/a.2_allen_suschem.pdf
http://www.aiche.org/sites/default/files/docs/conferences/event/a.2_allen_suschem.pdf
mailto:mdiallo@kaist.ac.kr
mailto:diallo@wag.caltech.edu
http://dx.doi.org/10.1021/acs.est.5b03694

Environmental Science & Technology

recovery of critical materials, nuclear-fuel recycle, environmental
remediation, and waste treatment.

Dr. HV.M. (Bert) Hamelers is the ES&T Associate Editor, who
collaborated in the development of the Special Issue. Since 2011, Dr.
Hamelers has been the program director at Wetsus available online at
https://www.wetsus.nl/, the Dutch center of excellence in sustainable
water technology. Wetsus focuses on the research and development of
entirely new concepts and on breakthrough improvements of existing
technology. Before joining Wetsus, Bert Hamelers was an associate
professor at Wageningen University where he was leading the Bio-
energy group at the department of Environmental Technology. His
research has led to over 80 peer reviewed papers, 16 patents and three
spin-off companies.

B ACKNOWLEDGMENTS

The theme and content of this special ES&T issue were derived
from the presentations and discussion during a Presidential
Symposium on “Separation Science and Technology as a
Convergence Platform for SusChEM” that was held on August
12-13 during the 248th National Meeting of the American
Chemical Society (ACS) in San Francisco (CA). This
symposium was organized and chaired by the guest editors of
this special issue. We would to take this opportunity to thank
our conference co-Chair Dr. Catherine T. “Katie” Hunt (Dow
Retired and Past ACS President) and organizing committee
members Dr. Darlene Shuster and Mr. Derrick Wu of the
American Institute of Chemical Engineers (AIChE) for their
dedication, hard work and contributions to the success of our
symposium. We thank all the sponsors who provided funding
and/or in-kind support to our symposium including: NSF
CBET (Award No. 1446444); ACS [President (PRES),
Corporation Associates (CA), Committee on Environmental
Improvement (CEI), Committee on Science (COMSCI),
Division of Analytical Chemistry (ANYL), Division of Environ-
mental Chemistry (ENVR), and the Multidisciplinary Program
Planning Group (MPPG)]; AIChE; the Resnick Institute
(Caltech); The Dow Chemical Company; and the Critical
Materials Institute (CMI), an Energy Innovation Hub funded
by the U.S. Department of Energy, Office of Energy Efficiency
and Renewable Energy, Advanced Manufacturing Office.

9389

DOI: 10.1021/acs.est.5b03694
Environ. Sci. Technol. 2015, 49, 9387—9389


http://dx.doi.org/10.1021/acs.est.5b03694

