Progress in Materials Science 86 (2017) 25-74

Contents lists available at ScienceDirect E}ogress in
Materials Science

Progress in Materials Science

journal homepage: www.elsevier.com/locate/pmatsci

Metal-organic frameworks: Challenges and opportunities for @Cmssmrk
ion-exchange/sorption applications

Pawan Kumar ®', Anastasia Pournara ™!, Ki-Hyun Kim “*, Vasudha Bansal ¢, Sofia Rapti®,
Manolis J. Manos >*

2 Department of Nano Sciences and Materials, Central University of Jammu, Jammu 181143, India

b Department of Chemistry, University of loannina, 45110 loannina, Greece

¢ Department of Civil & Environmental Engineering, Hanyang University, 222 Wangsimni-Ro, Seoul 04763, Republic of Korea
d Center of Innovative and Applied Bioprocessing (CIAB), Mohali 160071, Punjab, India

ARTICLE INFO ABSTRACT
ArtiC{e history: Exposure to common ionic pollutants, such as heavy metal ions and toxic anions, is a major
Received 1 July 2016 concern throughout the world due to their potential impacts on human health and the

Received in revised form 8 November 2016
Accepted 2 January 2017
Available online 4 January 2017

environment. Recently, metal-organic frameworks (MOFs) with ion-exchange properties
have attracted great interest with respect to the capture of diverse hazardous cationic
and anionic species. In fact, according to the investigations on these ion exchangers, their
sorption capacities are recognized to be considerably superior to conventional materials.

ﬁeg V::Ziz:nge This review focused on metal-organic materials as sorbents for ions by surveying MOFs
MOFs with respect to their exchange/sorption capacities in association with their synthesis and
Synthetic strategies structural characteristics. We also described the recent development in MOF composites
Water treatment and their practical applications toward wastewater treatment. The sorption characteristics
Environmental remediation were also evaluated among the reported MOFs and then between MOFs and other sorbents.

Finally, we described the future prospects for the research and development in materials
for ion-exchange based on MOF technology.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Outline

The efficient decontamination of aqueous wastes, such as industrial and nuclear waste effluents, is one of the most impor-
tant environmental issues that must be addressed over the next few years [1-6]. The major pollutants in these types of
wastes are heavy metal ions (Hg?*, Pb?*, Cd®*, and TI*), anionic species (CrO3-, AsO3~, and CN™), and various radionuclides
(*37Cs, 8sr, 235U, >°Fe, °’Co, 5°Zn, etc.) [1,2]. Various methods have been explored for the removal of such contaminants from
water. Precipitation methods are inexpensive and commonly used for the removal of metals and other species from water;
however, such approaches are often ineffective in lowering the concentration of pollutants below the levels proposed by
safety guidelines. They also have a tendency to generate large amounts of sludge [3]. Photocatalysis is another promising
option; unfortunately, this often results in unwanted by-products (e.g., Cr>* from the reduction of Cr(VI)) that must also
be removed (necessitating a secondary treatment) [4]. Biological treatments, although cost-effective, have similar drawbacks
to precipitation and photocatalytic methods, such as their inability to completely remove contaminants and the generation
of sludge [5].

In light of the many limitations encountered by the previous approaches employed for the treatment of wastewater, sorp-
tion and ion exchange are considered to be highly effective and affordable/low-cost methods [6]. Traditionally, organic resins
and inorganic materials (such as zeolites, clays, and layered double hydroxides) have been investigated for their ion-
exchange properties [7-11]. Nevertheless, such conventional materials also suffered from several drawbacks such as (1) poor
regeneration and reusability (organic resins), (2) slow sorption kinetics/limited selectivity (LDHs, zeolites, and clays), and (3)
relatively low thermal and chemical stability (resins) [7-11]. Consequently, it is necessary to explore new sorbent materials
or improve the existing ones to overcome these limitations.

Over the last decade, metal-organic frameworks (MOFs) have gained a great deal of interest due to their excellent
properties including high surface area, multi-functionality, and chemical/thermal stability [12-29]. These materials are
promising for wastewater treatment applications. MOFs with ion-exchange/sorption properties may be considered as
next-generation ion-exchange materials through the combination of a highly-ordered porous structure (not shown by
typical ion-exchange materials such as organic resins) and a large variety of binding groups (not present in traditional
inorganic ion exchangers) [30-32]. Thus, MOF ion exchangers may be capable of extremely fast sorption with
unprecedentedly high selectivity toward targeted ionic species. Furthermore, several MOFs have shown remarkable ther-
mal (up to 400-500 °C) and chemical stability (resistance against acidic and/or basic conditions), unlike conventional
organic and inorganic ion exchangers [33-39]. MOFs can also be cost-effective because they can be prepared in high yields
via affordable and green synthetic methods (e.g., hydrothermal and mechanochemical syntheses) [31,40-42]. The recent
development of ion-exchange columns of MOF composites, where efficient decontamination of industrial wastewater
has been achieved, also indicates the great potential of these materials for real wastewater treatment applications
[30,31]. To date, a number of review articles and monographs have been reported to describe the fundamental science
behind metal-organic porous materials and their important properties [12-16,20]. Limited reviews, however, have focused
on the ion-exchange chemistry of such materials [32,43,44], and these articles only briefly discuss the sorption of ionic
pollutants by MOFs.
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