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Sustainable technologies for water purification
from heavy metals: review and analysis

Sreenath Bolisetty, {2 Mohammad Peydayesh (©)? and Raffaele Mezzenga () *@°

Water pollution is a global problem threatening the entire biosphere and affecting the life of many
millions of people around the world. Not only is water pollution one of the foremost global risk factors
for illness, diseases and death, but it also contributes to the continuous reduction of the available
drinkable water worldwide. Delivering valuable solutions, which are easy to implement and affordable,
often remains a challenge. Here we review the current state-of-the-art of available technologies for
water purification and discuss their field of application for heavy metal ion removal, as heavy metal ions
are the most harmful and widespread contaminants. We consider each technology in the context of
sustainability, a largely neglected key factor, which may actually play a pivotal role in the implementation
of each technology in real applications, and we introduce a compact index, the Ranking Efficiency
Product (REP), to evaluate the efficiency and ease of implementation of the various technologies in this
broader perspective. Emerging technologies, for which a detailed quantitative analysis and assessment is
not yet possible according to this methodology, either due to scarcity or inhomogeneity of data, are
discussed in the final part of the manuscript.

1. Introduction

According to recent estimates, more than 1.2 billion people
worldwide do not have access to the most vital component of
life: clean drinking water." Industrial development, energy
plants, mining industries and environmental catastrophes have
all contributed to an alarming increase of toxic pollutants in

? Department of Materials, ETH Zurich, Wolfgang-Pauli-Strasse 10, 8093 Zurich, the environment, in various forms and concentrations, which is

Switzerland

-

<\

Sreenath Bolisetty

coupled with the simultaneous increase in the demand for
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accessible water caused by population growth.>® Everyday,
approximately 2 million tons of industrial, sewage and agricul-
ture waste are discharged into water worldwide," causing serious
health problems and the death of approximately 14 000 people
everyday. Water pollutants majorly consist of organic, inorganic,
biological and macroscopic contaminants. Particularly, most
heavy metal ions introduced into the environment by human
activity biologically accumulate upon cumulative exposure, and
cannot be easily decomposed, threatening human health via the
entire food chain. Among naturally occurring contaminants, on
the other hand, contamination of groundwater by arsenic is
widespread worldwide. It is recognized that at least 140 million
people in 50 countries regularly drink water containing arsenic
at levels above the WHO guideline value of 10 pg L', Fig. 1a
summarizes the current global water scarcity resulting from
inadequate natural water resources to supply local demand
(physical water scarcity) and due to poor management of the
available water resources (economic water scarcity). Super-
imposed on this chart is the distribution of the most dangerous
sources of environmental toxins, consisting primarily of heavy
metals (e.g. lead, mercury, chromium, etc.), obsolete pesticides
and radionuclides.>® Fig. 1b details the composition of the
major contaminants present at industrial and commercial sites
in Europe”® whereas Fig. 1c describes the normalized volume
of treated water by the field of use.

Consolidated and emerging water purification technolo-
gies are pressingly acclaimed to provide compelling solutions
to the water pollution problem and indeed, an increasing
number of available approaches for wastewater treatment
and water purification have surfaced in recent years. Fig. 2a
shows the current available technologies for global water
purification in terms of their economic turnover contribution
to the water purification market,"® while Fig. 2b presents some
of the reported removal efficiencies for a selection of heavy
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metals for four well-established technologies. A more compre-
hensive analysis of the efficiencies is provided later in Table 1
(vide infra).

Some technologies for water purification are claimed to have
an efficiency of 99% or more, but this is true only under
idealized conditions of pH, contaminant concentration and
other operating parameters, and in reality, under industrially
relevant conditions, their efficiency may decrease substantially,
even down to ~90%, or less, that is, 1 molecule of pollutant
out of every 10 may still escape the purification process.”®
Furthermore, and perhaps more importantly, many of these
techniques, such as ion exchange resins, are designed to target
one contaminant at a time, which makes their use impractical
for environmentally polluted waters, where several contami-
nants occur simultaneously nearly on a regular basis: in fact,
it is well appreciated from the literature that simultaneous
removal of heavy metal ions by exchange resins may decrease
the efficiency of the process drastically, e.g. down to 80% or
less.?® Last but not least, most of the available technologies are
unfeasibly expensive, and those, which are the most affordable,
can often cause secondary pollution. Thus, purification of
wastewater or polluted water bodies remains challenging,
costly and highly inefficient, to such an extent that in several
developing countries, this has led to irreversible environmental
damage, with the availability of free drinkable water becoming
a real challenge. What is certain is that the rapid development
of technologies for water purification has not been able to cope,
so far, with the even faster increase in demand for safe fresh-
water: in only two years, the number of people with no access
to drinkable water has increased from 780 million in 2012
(WHO estimate) to 1200 million in 2014." There is a general
consensus among scientists that access to safe freshwater is the
most urgent and serious problem humanity is asked to face
over the next few decades.

A particular tricky problem in water purification is that
associated with removal of heavy metal ions: on the one hand
these contaminants are widely spread, from the naturally
arsenic-contaminated groundwater bodies, to industrial
wastewater, mining and energy sectors, increasing the pressure
on the entire water supply chain, from environment, to agri-
culture, to drinking water (see Fig. 1); on the other hand,
their ionic forms or ion specificity make often unsuitable or
inefficient even the most established methods: a classical
example is removal of arsenic(u) by nanofiltration or reverse
osmosis:"” since these technologies are highly inefficient with
arsenic(u), an intermediate oxidation step to arsenic(v) is
necessary before membrane removal. In this analysis, we focus
therefore on heavy metal ions as a primary contaminant against
which we review and benchmark the main technologies avail-
able, occasionally expanding the discussion to how the same
technologies may also enable the purification of water from
other pollutants. A particular perspective which is brought
forward in this article is the aspect of sustainability of water
treatment, which we view as a particularly stringent one,
especially considering that the majority of geographical locations
where water scarcity is most critical lack infrastructure, energy

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Current technologies available for water purification: (a) in terms of global economic turnover by sector;1©
decimal) for a selected number of technologies and for a small representative selection of heavy metal ions.

and economic turn-over, severely restricting the implementation
of many technologies. Current water treatment services need to
deliver clean drinking water in a sustainable manner, that is via
systems that are affordable, adaptable and resilient. Increasingly
stringent drinking water quality and environmental discharge
standards protect us from pollutants but require increasingly
complex and energy-consuming treatments. Thus, sustainable
water treatments also need to consider energy saving as one of
the most stringent requirements; furthermore, it is necessary to
find out today sustainable water treatments that have no adverse
or minimal impact on the environment for the next generations to
come. We therefore introduce in Section 3 of the article, a
compact index, named the Ranking Efficiency Product (REP), by
which the different techniques can be assessed by accounting for
efficiency, operating flux, flexibility and ease of implementation,

This journal is © The Royal Society of Chemistry 2019
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but also capital and operating costs, energy consumption and
other factors related to the sustainability aspect, which may play a
pivotal role in field implementation for all resource-lacking
countries. We conclude discussing those emerging technologies
for which a quantitative assessment is not yet possible due to lack
or inhomogeneity of data, but which show promise in alleviating
this urgent global challenge.

2. Primary, secondary and tertiary
water treatment processes

Water treatment is typically a multi-stage process, involving
numerous steps and various technologies from the polluted
water source to the final treated water. Generally, municipal and

Chem. Soc. Rev., 2019, 48, 463-487 | 465
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Table 1 Summary of tertiary water treatment technologies and their performance in the removal of heavy metal ions

Percentage and/or removal

Technology/material Heavy metal Conditions Ref. capacity (mg g~ )
Adsorption Advantages/disadvantages: high removal efficiency, reversible nature allowing regeneration
of adsorbents and flexibility in design and operation/disposal of both the spent media and
the wastewater produced during regeneration; cleaning of the adsorption column, loss of
adsorbent quality with cycles
AC Ni** Co = 30 ppm 54 90.0% (27.0)
cd** pH=2 86.0% (25.8)
Zn** 83.6% (25.1)
Pb** 83.0% (24.9)
crrt 50.6% (15.2)
CNT Pb** Co = 50 ppm 67 80.4% (82.0)
cu** Cp = 25 ppm 59.2% (29.0)
ca* Co =15 ppm 31.5% (9.2)
pH=5
CNT cu* Co =10 ppm 17 99.8% (2.0)
Pb** pH=9 96.3% (1.9)
Zn** 95.8% (1.9)
Co** 93.4% (1.9)
Mn>* 72.6% (1.4)
Iminodiacetic acid-CNT As** Co = 3.6 ppm 66 70.0% (6.27)
cd** pH =38 57.9% (5.21)
Co** 66.8% (6.01)
cré 71.7% (6.45)
v 61.4% (5.53)
Pb** 72.3% (6.51)
cu* 68.9% (6.20)
GO cu* Co =1 ppm 169 97.0% (9.7)
pH=5
GO Pb** Co = 25 ppm, pH = 7 170 76.3% (19.07)
GO Zn* Co = 40 ppm, pH = 7 95 68.4% (196)
GO cd** Cp = 20 ppm 171 53.2% (106.3)
Co** Co = 30 ppm 22.7% (68.2)
pH=4
EDTA-magnetic GO Pb** Co = 100 ppm 98 96.6% (241.5)
Hg>" pH=14 96.1% (240.3)
2+
Cu 94.3% (235.8)
Natural zeolite (clinoptilolite) Pb>* Co = 20 ppm 104 97.8% (7.8)
Ni** Cop = 20 ppm 67.5% (5.4)
cu* Co = 20 ppm 17.5% (1.4)
cd** Co = 2 ppm 78.8% (0.6)
pH=75
Natural zeolite (clinoptilolite) cu** Co = 100 ppm 108 90% (5.91)
cd* 90% (4.61)
NiZ* 90% (2.00)
cr* 90% (4.10)
Zn** 90% (3.47)
Synthetic (NaP1) zeolite cu* Co = 100 ppm 108 (50.48)
cd* (50.80)
Ni** (20.08)
cr* (43.58)
Zn** (32.63)
Zeolite 4A Co** Co = 50 ppm 105 33.7% (16.8)
crt pH=14 77.3% (38.7)
cu** 79.6% (39.8)
Ni** 23.0% (11.5)
Zn** 80.8% (40.4)
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Table 1 (continued)

Percentage and/or removal

Technology/material Heavy metal Conditions Ref. capacity (mg g~ )
Metal oxides
Goethite (a-FeOOH) cu* Co = 500 ppm 111 95.9% (151.9)
pH =5.2
Hematite (o-Fe,O3) cu** Co = 300 ppm 111 92.0% (80.8)
pH=5.2
Nano-alumina modified Pb** Co = 50 ppm 172 98.2% (35.1)
with 2,4-dinitrophenylhydrazine cr pH=5 93.6% (33.4)
cd* 74.3% (26.5)
Co** 56.1% (20.1)
Ni** 36.5% (13.0)
Mn>* 11.3% (4.0)
ZnO cu™* Co = 2200 ppm 118 36.1% (1580)
pH = 4-6
LDH based Fe-MoS, Pb** Co = 20 ppm 173 ~100% (345)
Ag* pH=(—) ~100% (565)
Hg”* ~100% (582)
cu* ~100% (117)
As® 76% (25.3)
cré 82% (27.3)
BLG/AC hybrid membrane Au* Co = 71.3 ppm 16 and 24 ~100% (52.5)
Hg™" Cp = 120 ppm 99.5% (10.6)
Pb** Co = 252 ppm ~100% (995.7)
pd** Cop = 25.2 ppm 99.8% (365.6)
U0, Co = 1,980 ppm 99.4%
As® Co = 258 ppb 98.6% (1.1)
As** Co =239 ppb 98.7% (0.3)
pH = (—)
P =1 bar
PWF = (—)
Activated carbon Ni?* 0.25 g adsorbent 15 ~100%

Membrane filtration

pH 2-5

Published on 03 January 2019. Downloaded by ETH-Zurich on 9/17/2019 1:02:29 PM.

Advantages/disadvantages: high removal efficiency, no need of chemical additives or thermal
inputs, no phase change involved, no secondary pollution, ease of fabrication, operation,
scale up and control, and space-saving/selectivity and permeability trade-off, severe fouling
and high energy consumption due to the pressure-driven inherent process; for drinking
water treated by RO, mineral water composition needs readjustment a posteriori

MEUF system comprising a cellulose Co** Co=1mM 137 ~100%
UF membrane and SDS as a surfactant Ni** pH =10 ~100%
Mn** P =40 psi ~100%
PWF = 140-180 LMH
MEUF system comprising a Membralox™ Co** Co =10 ppm 135 88%
TI-70 ceramic UF membrane and SDS NiZ* pH = (—) 87%
as a surfactant Zn** P =2.8 bar 79%
crrt PWF = 1200-1400 LMH 80%
Poly(ionic liquid)/PSF NF Co® Co=5mmol L* 141 85.2%
Ni** pH =11 84.9%
cu® P =6 bar 88.4%
PWF = 45.3 LMH
Poly(ethyleneimine)/poly(dopamine)-MWCNTSs/ Zn** Co = 1000 ppm 174 93.0%
trimesoyl chloride NC NF Mg pH=6 91.5%
cu** P =6 bar 90.5%
ca** PWF = 91.92 LMH 90.5%
Matrimid®/sulfonated pentablock pb** Co = 1000 ppm 13 99.8%
copolymer NF cd** pH =5.34 98.2%
Zn** pH = 5.83 99.3%

This journal is © The Royal Society of Chemistry 2019
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Table 1 (continued)

Percentage and/or removal

Technology/material Heavy metal Conditions Ref. capacity (mg g~ )
Ni** pH = 5.88 99.8%
HAsO,>~ pH = 6.58 99.9%
HCrO,~ pH = 8.55 92.3%
pH = 4.81
P =10 bar
PWF = 24.0 LMH
Aromatic polyamide skin layer on a pPb** 5 ppm, 50 bar 175 >99.5%
polysulfone substrate AFC 80-NF
Polydopamine functionalized halloysite Pb** Co = 1000 ppm 150 78.5%
nanotube-polyetherimide MMM cd* pH=6 75.6%
P =10 bar
PWF = 225.0 LMH
Desal AG4021FF RO Ni** Co =170 ppm 11 99.3%
Zn>** pH=6 98.9%
P =11 bar
PWF = (—)
Polyamide RO TFC Ni* Co = 1000 ppm 176 98.1%
cu** pH = (—) 98.6%
P =3 bar
PWF = (—)
Polyamide TFM-100 RO As** Cy < 500 ppb 12 55.0%
As™ pH =6.2 99.0%
pH =9.0
P =6 bar
PWF = (—)
Polyamide (ES 20) ULP-RO Cr pH 7, 500 kPa 177 ~100%
Cu pH 7, 500 kPa 99.7%
Ni pPH 7, 500 kPa 99.2%
ED cation exchange membrane by pPb** Co =50 ppm 153 ~100%
2-acrylamido-2-methylpropane sulfonic acid Ni** P = (—); i.e. vacuum 97.0%
PWF(—)
Polyimide TFC FO Pb** Co = 2000 ppm 178 99.4%
cd* pH = (—) 99.9%
cu®* P =5 bar 99.8%
Hg*" PWF = 11 LMH 99.8%
HAsO,*~ 99.7%
HCro, 99.9%
Ion exchange resins Advantages/disadvantages: high efficiency, selective removal, no sludge generation/not

universal, high cost

DOWEX™ HCR S/S resins Ni%* pH =4, 100 mg L™! 168 98%
Zn** 98%
Duolite C-467 Zn** 153 mg L% pH > 4 179 99.5%
Zirconium sulfate As() 5mg L' pH 10 19 75.1%
As(v) 5mgL " pH 7.5 98.8%
Sodium titanate Ni** 2.7meqg ', pH=5 18 ~100%
Hexacyanoferrate 137Cs 182 m®, pH = 11.5 ~100%
FIBAN AK-22 Cro,*~ 5 ppm cr, pH 5-8 99.6%
Duolite C467 Zn** 153 ppm, pH > 4 99.5%

Notes: (1) PWF: pure water flux; LMH: L m > h™ ",

industrial water treatment units combine primary, secondary and and biological pollutants. The main primary, secondary and
tertiary treatment processes, so that water is treated with high tertiary water and heavy metal-contaminated water treatment
efficiency against all types of pollutants, ie. inorganic, organic processes are summarized in Box 1.

468 | Chem. Soc. Rev., 2019, 48, 463-487 This journal is © The Royal Society of Chemistry 2019
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Box 1: The typical water purification flowchart: combined primary, secondary and tertiary treatments against organic, inorganic and biological pollutants, with
major technologies highlighted along with their application to different classes of pollutants. Re-designed with an original layout starting from ref. 27.
Technologies for tertiary treatment which are evaluated quantitatively in the present work are highlighted in the box.

Water bodies, streams and industrial wastewater contami-
nated by heavy metals, with substantial levels of contamination,
with or without the presence of suspended solids, oxidized metals,
and scaling minerals, need to be pre-treated before entering into
the high quality tertiary treatment process. This is necessary to
prevent membrane fouling and saturation of the adsorbent or to
avoid that resins can cause higher operational cost and drop of
the efficiency. The most common pre-treatment for heavy metal
removal is the chemical precipitation process; especially lime
precipitation is considered as an effective conventional treatment
for extreme heavy metal concentrations, e.g. several orders of

This journal is © The Royal Society of Chemistry 2019

ppm. This work focuses on reviewing, analysing and assessing the
technologies for tertiary water treatment for heavy metal ion
removal. Before tackling this part, however, and for the sake of
completeness, the discussion below briefly reviews the common
primary treatment technologies for water pre-treatment and
secondary water treatments, mostly classified into aerobic and
anaerobic biological processes.

2.1. Technologies for primary water treatment

Primary treatment is the preliminary water purification process
before further refined treatments are applied. It can be of

Chem. Soc. Rev., 2019, 48, 463-487 | 469
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physical and/or chemical nature and includes screening and
microfiltration, centrifugation, sedimentation, chemical preci-
pitation, coagulation, gravity and flocculation methods. In the
case of high concentration heavy metal polluted water, micro-
filtration, chemical filtration, coagulation and flocculation
are the most important primary technologies. Although the
efficiencies are generally much lower compared to tertiary
treatment processes, massive quantities of pollutants can be
removed by these cost-effective simple processes.

2.1.1. Microfiltration. Microfiltration has the largest pore
size range (100-1000 nm) among the wide variety of membrane
filtration technologies and may be based on both ceramic
and polymer membranes. Media and microfiltration not only
remove heavy metal ions but also efficiently filter TDS, bacteria,
algae, microorganisms larger than viruses and micropollutants.?®
Water pre-treated by the microfiltration process can then be used
directly in the tertiary heavy metal purification processes such as
adsorption, ion exchange and membrane filtration.

2.1.2. Chemical precipitation. Chemical precipitation is
effective and by far the most widely used process in industry
for heavy metal primary purification because it is relatively
simple and inexpensive to operate.”® In this process, pH
adjustment (basic pH) of heavy metals and reaction with
chemical reagents (for example, lime, hydroxides and sulfides)
result in the formation of insoluble particles, which are then
removed by simple sedimentation. The major advantage of this
process it is inexpensive and is of simple operational nature.
The major drawback, however, is that the heavy metal concen-
tration does not reach ranges acceptable for discharge,
mandating additional post-treatments. Large sludge genera-
tion, disposal of sludge and possible secondary pollution are
additional major disadvantages of this process.

2.1.3. Coagulation and flocculation. Coagulation is one of
the most important methods for wastewater treatment; this
method majorly destabilizes the particles suspended in the
polluted streams by the addition of coagulants or flocculants,
resulting in the sedimentation of particles. Ferric and aluminium
salts are commonly used as coagulant and flocculating agents.*
Improved sludge settling and biological pollutant removal are the
advantages of this technique, while the major chemical consump-
tion costs and sludge disposal are their drawbacks.

2.2. Technologies for secondary water treatment

Secondary water treatments rely on naturally occurring micro-
organisms capable of converting pollutants into simpler and
safer substances. This type of treatment is divided into two
broad categories: anaerobic and aerobic treatments.

In the aerobic treatment, microorganisms convert pollutants
into carbon dioxide and new biomass in the presence of oxygen.
Aerobic microorganisms require oxygen, so air must be con-
tinuously circulated through the tanks. Forced air from an air
blower or compressor is mixed with the wastewater, where the
aerobic bacteria feed on the waste present in the water source.

Anaerobic treatment is an energy-efficient process in which
microorganisms transform pollutants in the wastewater into
biogas in the absence of oxygen. Methane-rich biogas is also

470 | Chem. Soc. Rev., 2019, 48, 463487
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produced through the anaerobic process, which can be treated
and used as a renewable energy source.

Secondary treatments are most commonly used in removing
organic pollutants. Microorganisms, as heavy metal bio-
adsorbents, offer a new alternative for the removal or detoxi-
fication of toxic or valuable metals in industrial wastewater.
Recent research studies show that microbes may also be
efficient in removing the heavy metals.*" For example, bacterial
biofilms may be genetically programmed to aid in the seques-
tration of mercury.*> Aerobic upflow systems show efficient
removal of zinc (Zn), copper (Cu), manganese (Mn), and iron
(Fe) with immobilized yeast Issatchenkia orientalis (Io) and
Candida tropicalis (Ct) on zeolites.*® Copper and iron removal
by the acidogenic biomass immobilized on clinoptilolite in an
anaerobic packed bed reactor was also studied.>* A removal
efficiency beyond 90% was achieved by this anaerobic process.
Nonetheless, cost effective and highly efficient industrial scale
water treatment by the microbes from heavy metal ions is not
yet widespread in the market and is expected to expand in near
future.

2.3. Technologies for tertiary water treatment

We divide the sections related to tertiary treatment of water
from heavy metal ions into two main parts. First, in Section 2.3,
we briefly introduce chemical oxidation, electrochemical
precipitation, crystallization, distillation, and photocatalysis,
for which the data availability is still somehow scattered and
not comprehensive or consistent enough to allow a full evalua-
tive assessment against the main discriminants of interest in
this review (e.g. sustainability, cost, energy, etc.). We then
proceed with a more detailed discussion on those technologies
for which such a detailed metrical assessment becomes possible,
and in Section 2.4 we review adsorption, membrane technologies
(including reverse osmosis), and ion exchange technologies, for
which we then present a detailed sustainability assessment in
Section 3.

2.3.1. Chemical oxidation. This is a well-established,
reliable technology requiring minimal equipment. Chemical
oxidation involves the introduction of an oxidizing agent into
the wastewater, causing electrons to move from the oxidant
to the pollutants, which undergo structural modification.
Oxidation can be employed to remove organic and some
inorganic compounds such as iron and manganese from water.
Oxidants commonly used in water treatment applications include
chlorine, chlorine dioxide, permanganate, oxygen, and ozone.
Advanced oxidation technologies, through processes such as
steam stripping or activated carbon adsorption, can help in
removing the toxic by-products of chemical oxidation. The
outstanding advantage of this method compared to other
typical technologies is its destructive nature without causing
secondary pollution.®>-*¢

2.3.2. Electrochemical precipitation. Electrochemical methods
involve the plating-out of metal ions on a cathode surface and can
recover metals in the elemental metal state.”” The electrochemical
process, which is simple and environmentally friendly, requires
less labour, and can save significant energy over other processes.
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This method can also remove the chemical oxygen demand (COD);
however, the removal efficiency of heavy metal ions is not high
compared to the tertiary heavy metal water treatment technologies
discussed below.

2.3.3. Crystallization and distillation. Most typical methods
for tertiary water treatment are based on thermal and crystal-
lization technologies. In thermal technologies, such as distillation
and evaporation, sufficient energy is provided to bring the
polluted water to its boiling temperature and then to vaporize,
transforming a portion of the water into steam. The final step is to
condense the process steam as pure water.”® In the crystallization
process, the pollutant concentration is increased until crystal-
lization occurs. Struvite crystallization is a particularly efficient
technique to remove ammonia, nitrogen and phosphorus from
wastewater.

2.3.4. Photocatalysis. In this technology, photons from a
light source are absorbed by a catalyst surface, which generates
free radicals (e.g hydroxyl radicals: *OH) able to undergo
secondary reactions, such as water electrolysis.**> Photocatalytic
reduction and photocatalytic oxidation are reactions induced
by photons or UV light and sensitized by photocatalysts such as
TiO,. A representative example of the photocatalysis process by
TiO, particles for the removal of arsenite was reported by Zhang
et al®® In the presence of TiO, under UV-light irradiation,
arsenite was initially oxidized to arsenate and then was
removed by a second step adsorption mechanism. Indeed,
TiO, has a semiconductor structure, in that an electron filled
valence band and an empty conduction band are present,
separated by an energy bandgap. When TiO, is irradiated by
light, one electron in the valence band can be transferred into
the conduction band generating a hole, which is actually a
positive radical. When the hole comes into contact with water
and the TiO, photocatalyst surface, *OH radicals are formed.
The *OH radicals can act as strong oxidizing agents, which can
then be used for removing pollutants through photodegradation,*’
as well as Pb(u) from the solution through a photooxidation
mechanism.*' Furthermore, the electrons can be used for reducing
targeted metal ions, including Hg(n)** and Cr(vi),** or, as in the
case of Ag, even recovering them in the elemental form from the
wastewater treatment process. Solution pH, initial concentration
of the metal ions, photocatalyst mass and light intensity have a
strong effect on the photocatalytic metal reduction. Metal-organic
frameworks are another example of photocatalysts for organic
pollutant degradation.**™* In particular, iron based metal-organic
frameworks can serve as stable and efficient photocatalysts for
Cr(vi) treatment under visible-light irradiation.*®*

2.4. Technologies for tertiary water treatment evaluated in
this review

In this section, we review the state-of-the-art of the remaining
technologies (and the corresponding materials) for tertiary
water treatment from heavy metal ions from groundwater,
surface water and wastewater, for which a more extensive
dataset is available. This allows a quantitative assessment
of their performance against several critical discriminants,
as well as the evaluation of their sustainability fingerprint.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Review Article

These technologies encompass adsorption, membrane techno-
logies (including reverse osmosis) and ion exchange resins.

2.4.1. Adsorption. Adsorption is the increase in substance
concentration at a surface owing to a mass transfer process.*®
The application concept of this approach in wastewater treatment
is based on removing pollutants by promoting their adsorption on
the adsorbent surface.”* Adsorption has become a well-known,
effective and economical method to remove heavy metals®® due
to the high removal efficiency, the possibility of regenerating
adsorbents and the flexibility in design and operation. Because
the specific area is a primary factor in adsorption, nanoparticles
with a high surface/volume ratio are ideal candidates for this
process and technologies producing new types of adsorbents
with high chemical activity and specific surface area are rapidly
expanding.”® Adsorbents primarily used in wastewater treat-
ment are categorized as carbon-, metal- and zeolite-based
nanosorbents.

2.4.1.1. Carbon-based nanosorbents. Carbon-based nano-
sorbents have been widely used for heavy metal wastewater
remediation. Although activated carbon (AC) is the most
common carbon-based commercial adsorbent for wastewater
treatment applications,’® in recent times other carbon-based
materials such as carbon nanotubes (CNTs) and graphene have
also emerged as efficient nanosorbents.

Due to its large surface area, which can reach 3000 m”* g™,
a highly porous structure and high surface reaction affinity,
AC is recognized as an efficient and common adsorbent for the
removal of organic and inorganic pollutants in the aqueous
environment.”*** However, research on AC in the last decade
has been slowed down by the rise of other carbon adsorbents
such as CNTs,>® and has focused on its chemical functionaliza-
tion or its coupling with other adsorbents,*>°
development of cheaper AC precursors.®’ ™

Compared to AC, CNTs have more accessible adsorption
sites per unit mass and shorter intraparticle diffusion distance,
which are at the basis of their higher heavy metal removal
performance.®*

CNTs, available in their two main allotropes of single walled
(SWCNTs) and multi-walled (MWCNTSs) carbon nanotubes,
have been successfully employed in the removal of heavy metals
such as arsenic,®”® cadmium,'”®*”' chromium,®®°*">
Cobalt’17,66,68,69,73 COpper,17,66,67,69,7[’) 74 lead,17,66771,75,76
manganese, mercury,”  nicke strontium,”®
thorium,® uranium,* " vanadium® and zinc."”**”° The heavy
metal adsorption mechanisms onto CNTs are complex and are
attributed to the combination of chemical interaction, electro-
static attraction (when these are chemically modified) and sorp-
tion precipitation.”* The adsorption properties of CNTs depend
on several factors. The fraction of opened and unblocked nano-
tubes and the contribution of individual adsorption sites are
important morphological factors.*® The number of active sites
in opened CNT bundles is larger than that in capped CNTs.*®
There are four types of adsorption sites in CNTs including internal
sites, interstitial channels, outer surfaces and grooves.*® Because
the outer surfaces and grooves are directly exposed to the
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adsorbing material, adsorption reaches equilibrium much
faster on them than on the internal sites, i.e. inside the tube
and the interstitial channels.®* The purity of CNTs is also an
important factor. Impurities such as soot, catalyst particles and
other carbon-based contaminants can coat the surfaces of CNT
bundles and consequently reduce the number of CNT active
adsorption sites.®”

Previous studies showed that CNTs modified by oxygen
exhibit greatly improved adsorption capacity. Some oxygen
functional groups, such as -OH, -CO, and-COOH, can be
attached to the CNT surface during the synthesis procedure
or by oxidation, using various acids, ozone and plasma
treatments.®® In addition to improving dispersibility in
aqueous solution, oxidation induces negative charges on the
surface of CNTs, consequently increasing their cation exchange
capacity.®® For instance, SWCNTs with functional acidic sites
on their surface and negative zeta potential have improved
adsorption performance for Ni** and Zn**.** Promising heavy
metal removal results were also reported by modification
of CNTs by metal oxides, such as iron oxide,”® manganese
dioxide®® and aluminum oxide.’®®' Although the mechanisms
for enhanced adsorption capacity of these composites are not
yet fully understood, it has been suggested that this could arise
from the synergistic effect between CNTs and metal oxides.”®

Graphene, as the latest member of the carbon allotrope
family, has also been used in combination with metal oxides
to fabricate new adsorbents for heavy metal ion removal.’*®?
For example, Gollavelli et al. successfully synthesized smart
magnetic graphene via microwave irradiation of graphene
oxide (GO) and ferrocene precursors. The adsorbent had high
demonstrated removal efficiencies (~99%) down to the ppb
level, for Cr®", As®* and Pb**. Additionally, it also exhibited
effective antibacterial activity (at 40 ug L") towards E. coli and
low toxicity (at 0.1 ng nL™') towards zebrafish. The good
adsorption properties, effective disinfection control and cost-
effective nature make it a potential adsorbent for safe drinking
water in future decentralized water systems.”*

GO in the different forms of powder,” aerogel®® and foam®”
has also been widely used for heavy metal removal. The GO
aerogel for Cu®* removal has a faster adsorption rate (15 min to
reach equilibrium) compared to oxidized CNT sheets (24 h) and
AC (40 min).’® To achieve further heavy metal adsorption
capacity, effective surface functionalization of GO with other
compounds such as ethylene diamine tetra acetic acid
(EDTA),’® poly(amidoamine),’® polydopamine,'*® poly-3-amino-
propyltriethoxysilane,'®® cyclodextrin and chitosan'®® was
successfully performed. For instance, EDTA was shown to
improve the performance of GO for heavy metal ion adsorption,
by forming stable chelates with metal ions."'*®

2.4.1.2. Zeolite based nanosorbents. Zeolites and related
inorganic crystalline materials have also been systematically
employed for heavy metal ion removal.'®*'% Zeolites are
crystalline hydrated aluminosilicate materials with uniform-sized
pores widely used in numerous industrial applications, due to
their unique adsorption, catalytic and ion-exchange properties.'®”
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Although zeolite particle sizes typically range between 1 and
10 um, due to their pore sizes, between 0.4 and 1 nm, they are
considered nanomaterials.”® For heavy metal treatment, the
natural zeolite clinoptilolite has been mostly used; however, some
results with synthetic zeolites such as zeolite 4A'% and zeolite X'%°
have also been reported.

Sprynskyy et al. investigated the ability of natural zeolites to
remove Ni**, Cu®', Pb**, and Cd*"."* They concluded that
the sorption has an ion-exchange nature, and it occurs over
three distinct stages of fast adsorption on the clinoptilolite
microcrystal surface, inversion stage and diffusion flow from
the zeolite microcrystal’s interior. In addition, the same
authors found that pH plays a major role in the ion-exchange
adsorption. At lower pH, due to hydrogen ion competition,
adsorption decreases rapidly.’® The removal efficiency of the
heavy metal ions by zeolite exchangers was tested by comparing
the natural zeolite clinoptilolite and the synthetic zeolites
(NaP]).'%®1% The synthetic zeolites have greatly improved
exchange capacity compared to the natural ones. Hui et al.
synthesized zeolite 4A and applied it for the removal of Co*",
Ccr’’, cu®, Zn®* and Ni*".'® Zeolite 4A showed good perfor-
mance for heavy metal ion removal, with adsorption capacity
ranking as Cu®" > Cr’*" > zZn*>* > Co®>" > Ni*". The difference
in adsorption performance is related to hydration free energy,
metal ions’ hydrated radii and the zeolite 4A crystal structure.'®’
Luo et al. proposed a sustainable and green approach to synthesize
needle-like nanocrystalline zeolites from metakaolin (MK) as a
precursor clay mineral. The hydrothermally synthesized zeolite
showed higher porosity and specific surface area, due to a parti-
cular needle-like morphology compared to raw MK with a layered
structure. Accordingly, Cu** and Pb*" adsorption capacities of
zeolites were 431.0 mg ¢~ ' and 337.8 mg g ', respectively, which
showed a 20-fold increment compared to raw MK. The main
adsorption mechanism of MK-based zeolites relies on ionic
exchange reactions between the sodium ion of zeolites and heavy
metal ions.""°

2.4.1.3. Metal-based nanosorbents. Nano metal oxides, such
as ferric oxides including goethite (a-FeOOH) and hematite
(a-Fe,03),"* hydrous ferric oxide,"** maghemite (y-Fe,05)'"?
and magnetite (Fe;0,4)-,"'* manganese oxides including
hydrous manganese oxide''> and mixed-valence manganese
oxides,''® titanium oxides, aluminum oxides, magnesium
oxides,'"” zinc oxides™® and cerium oxides,’*° are effective
and low-cost materials for heavy metal ion wastewater treat-
ment. Essentially, the common separation mechanism relies on
the complexation of the oxygen in the metal oxides with the
heavy metal ions in the aqueous environment.'*° Recently,
hierarchically structured metal oxides have gained considerable
interest due to their high reactivity with heavy metal ions,
excellent surface to volume ratio, desirable mechanical stability
and ease of regeneration.'*>*

Granular ferric hydroxide is one of the most widely used
metal-based materials, and has already been commercialized
for arsenic removal from drinking water. Basically, it consists of
akaganéite (B-FeOOH) with a ferrihydrite (Fe(OH);) component.
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This material has high adsorption capacity for use in fixed bed
adsorbers. The porosity and specific area of granules are 75%
and 330 m* g ! and they present high arsenic adsorption
capacity.'237125

Besides the main classes of adsorbents discussed above,
several readily available low-cost bioadsorbents have been collected
from agricultural waste, seafood waste, food waste, industrial
by-products and cellulose waste materials, which are economically
attractive for alternative heavy metal jon treatments.*®'*” The
literature shows evidence on how these low cost adsorbents can
perform with moderate to high efficiency in removing metal ions
from aqueous solutions or wastewater."®

2.4.2. Membrane processing. Membrane separation pro-
cessing includes several advanced and diverse technologies
showing great potential for removing various types of pollutants
with high efficiency. When used for heavy metal removal,
membrane processing can provide a reliable solution, which
generally does not require chemical additives or thermal
inputs, does not involve phase changes, is environmentally
friendly, and relatively simple in fabrication, operation, scale-
up and control."**"*' The separation mechanisms for these
membranes consist of size sieving, solution-diffusion and
Donnan exclusion."*>"** Notwithstanding the aforementioned
advantages, membrane technologies suffer from selectivity
and permeability trade-off, severe fouling and high energy
consumption due to the pressure-driven inherent process.>®
Membrane based technologies for water purification can
further be classified into ultrafiltration, nanofiltration, reverse
osmosis, nano-hybrid membranes and electrodialysis.

2.4.2.1. Ultrafiltration. Ultrafiltration (UF) membranes have
pore sizes ranging from 10 to 100 nm and typically are used to
remove viruses, bacteria, color pigments, and some natural
organic colloids.”* UF has the further advantage to be an
energy-saver technology compared to reverse osmosis (RO),
where the considerable higher transmembrane pressure
requires substantially larger energy consumption. However,
since UF membranes’ pore size is larger than metal ions’
hydrated radius, metal ions generally pass through the mem-
branes and the heavy metal ion rejection is not satisfactory.
To obtain high metal separation efficiency, the addition of
surfactants to wastewater becomes essential, realizing the so
called “micellar-enhanced ultrafiltration (MEUF)”, which may
allow reaching heavy metal rejection of 99% and beyond.'*’
MEUF has several operating stages, including addition of
surfactants with concentrations higher than their critical
micelle concentration (CMC) to wastewater, micelle formation
by surfactant monomer aggregation, binding of metal ions and
micelles via electrostatic interactions and eventually their
separation by a typical UF technique."®® Lin et al., for example,
applied the MEUF system comprising cellulose UF membranes
and sodium dodecyl sulfate (SDS) as a surfactant to achieve
rejections above 90% for Cu**, Co®" and Ni**."?”

2.4.2.2. Nanofiltration. Nanofiltration (NF) membranes are
designed to remove pollutants smaller than 10 nm and are best
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suited for water softening applications and removal of most
heavy metals. The NF separation mechanism relies on a combi-
nation of steric and Donnan exclusion."*® According to Donnan
exclusion theory, membranes with a positive surface charge
have higher flux and rejection for cations such as heavy metals,
however, due to fabrication materials and procedures, typical
NF membranes have either neutral or negatively charged
surfaces. Thus, the development of positively charged NF
membranes for effective heavy metal removal has recently
garnered renewed interest."*° A novel positively charged poly-
amide NF membrane with a dendrimer-decorated surface
was prepared by Li et al.'*® Grafting the poly(amidoamine)
dendrimer onto the surface of the polyamide causes high
density of free protonated amino groups, thus resulting in
excellent metal ion rejections (above 90%), in the order
cu®”* > Ni** > Pb*, following ions’ hydrated radii.'*°
Tang et al. reported a novel technique to prepare positively
charged NF membranes on a microporous polysulfone (PSf)
support, by rapid hydrophilic-hydrophobic transformation of
poly(ionic liquid) (PIL) in aqueous solutions.'*' The synthe-
sized PIL/PSf NF membrane showed a good retention perfor-
mance (above 90%) for Cu®*, Ni** and Co>"."*' A positively
charged Matrimid® 5218 NF membrane with a sulfonated
pentablock copolymer rejection layer was synthesized success-
fully by Thong et al.'® The resulting membrane shows an
excellent rejection rate exceeding 98% for cations such as
Pb>*, Cd**, zn**, and Ni*" but performs well also in the case
of anions, such as HAsO,>~ (99.9%) and HCrO,~ (92.3%)."

2.4.2.3. Reverse osmosis. Reverse osmosis (RO) is the most
common worldwide used desalination technology, and in such
an application field, it is referred more specifically as seawater
reverse osmosis (SWRO). In the case of heavy metal removal,
RO is mostly used to treat large volumes of brackish ground-
water. Apart from the notable exception of As(m),’* RO is
very efficient in removing most ions, and it is widely used in
aerospace, food, oil and gas, galvanic, dairy, pulp and paper
industries and power plants. In RO, ions are separated from
water through a semipermeable membrane by applying a
hydrostatic pressure against the osmotic pressure. Hence the
threshold of hydrostatic pressure is settled by the osmotic
pressure, although the hydrophilic nature of RO membranes
definitely facilitates water transport through the membrane."*?
However, high losses of processed water, high-energy consump-
tion and large initial investments are the major drawbacks
of RO. Furthermore, precisely because RO leads to a manifold
concentration of the pollutant solution, efficient disposal of
residual water volumes is also an important issue. Finally,
specifically to drinking water, since RO removes ions in a
non-selective way, the mineral composition of water oligo-
elements always needs post treatment and readjustment. Over
the past few decades remarkable advances have been made to
improve RO, such as fabrication of new material precursors,
minimizing fouling, concentration polarization (i.e. the pheno-
menon of depletion of permeable component concentration in
the adjacent layer of the membrane surface which decreases
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the mass transfer driving force), enhancement of water flux and
reduction of energy consumption, which has decreased from
the average 12 kW h m ™ in the 1970s to less than 2 kW h m 3
in the early 2000s. However, 87% of the total RO cost arises
from electricity (energy), labor and chemicals, so that this
improvement is still not satisfactory when sustainability
aspects are considered. Thin film composite (TFC) polyamide
membranes are typical RO membranes which consist of
a polyester structural support, a micro-porous interlayer and
an upper ultra-thin barrier layer."** In one of the new applica-
tions of RO, Khedr et al. showed that RO could remove
efficiently (above 99%) radionuclides including radium,
226Ra*" and *?®Ra*", uranium, as uranyl cation, UO,*", carbo-
nate complexes, such as UO,(CO;),>” and UO,(CO3);*", and
radon, ***Rn."**

2.4.2.4. Nanohybrid membranes. Nanohybrid membranes
are a new generation of membranes, which are made by the
incorporation of inorganic particles with the aim of improving
the properties of the polymeric membrane precursors.'*® There are
two types of nanohybrid membranes: mixed matrix membranes
(MMMs) and nanocomposite membranes (NCMs)."** MMM:s are
formed by the incorporation of high separation performance
porous inorganic molecular sieves, such as zeolites,'*® and
carbon-based molecular sieves,"*”'*® in polymer matrixes to
combine the advantages of polymeric membranes with the
superior separation performances of inorganic molecular
sieves.'””'*° In addition to changing the surface properties
of the membranes, these molecular sieves form selective
and preferential pathways for the water molecules within the
polymeric matrices, enhancing water permeability and ion
rejection.”*® For example, Hebbar et al synthesized poly-
dopamine functionalized halloysite nanotube-polyetherimide
MMMs for heavy metal ion removal in an aqueous
environment.’® Their results showed improvement in Pb**
and Cd** separation performance and antifouling properties
compared to untreated polymeric membranes.”>® The other
type of nanohybrid membrane, NCMs, is made by incorpora-
tion of nanoparticles such as silver oxides™" within the thin
layer of the polymer to improve the surface properties of the
membranes, such as hydrophilicity and antibacterial and
photocatalytic properties.*>

2.4.2.5. Electrodialysis. Electrodialysis (ED) is an electrically
driven membrane technique, which can be used for heavy
metal removal. This process can be scaled-up and combined
with other processes.’® Due to the inherent high water
recovery and low use of chemicals, ED is widely used in
industrial heavy metal water treatment.”>* The heart of ED
systems is ion exchange membranes (IEMs), both cation- and
anion-exchange membranes, with fixed ionic groups on their
backbones. Nowadays the research focus on ED is towards
fabricating new types of IEMs with lower electrical resistance,
improved permeability and higher selectivity for specific ions,
and these, together with higher chemical, mechanical and
thermal stabilities, are coupled to lower costs. Efficiency may
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reach high values: by the preparation of new ED cation
exchange membranes by using 2-acrylamido-2-methylpropane
sulfonic acid, Nemati et al. successfully removed K" (99.9%),
Pb>" (99.9%) and Ni** (96.9%).">*

Lienhard et al. tried to reduce the cost of ED by considering
the entropy generation rate arising from ion passage, aiming at
achieving a more uniform spatial distribution of ions across the
membrane."® To this end, they studied two ED configurations,
i.e. operation in a counterflow and in two electric stages at
different voltages. Their results showed that by using these
configurations a significant reduction in a system’s energy
consumption could be obtained, especially for systems with
large membrane areas.’>® Researchers in the Winter group
developed the first robust model for the prediction of ED full
energy consumption and the desalination rate without any
experimental parameter estimation or system characterization
requirements. In fact, in this model both electrochemical and
hydraulic contributions in total ED power consumption were
taken into account. Based on this powerful tool, ED operating
behavior can be significantly modelled and predicted, before an
actual ED system is built.">”">8

2.4.3. Ton exchange resins. Ion exchange is a well-estab-
lished method commonly applied to drinking water treatment
for hardness removal, but it is also increasingly being studied
for the removal of heavy metal ions.">>'®® In this water
purification technology, porous ion exchange microbeads trap
the specific ions by releasing the pre-saturated non-toxic
o1 Because the technology relies on exchange surfaces,
as in adsorption, an important requirement is to have nano-
porous resins with accessible high specific surface area. Anion
and cation resins are most common exchangers which have the
capacity to exchange negatively charged (arsenate, selenate,
chromate, uranium, etc.) and positively charged ions (barium,
strontium, radium, calcium, magnesium, etc.), respectively.162
These resins are categorised depending on their available
functional groups as either strong or weak exchangers and
may be acidic or basic in nature. Most common ion exchange
resins available in the market are sodium silicates, zeolites,
polystyrene sulfonic acid, and acrylic and methacrylic resins.
In order to achieve the high purity required in conventional
water treatment applications, the mixed bed approach is typi-
cally used to remove both the cations and anions. Ion exchange
resins’ performance is highly sensitive to process parameters
such as pH, temperature, initial concentration of the adsorbent
and sorbate, anions and contact time.'®*1%*

A distinct advantage of ion exchange resins is the reversi-
bility of the reactions, which allows regeneration once the resin
is saturated. Ion exchange resins can also be used to recover
valuable heavy metals present in the wastewater effluents,
by elution with suitable reagents.'®*

The synthetic ion exchange resins Amberlite IR-120 and
Dowex 2-X4 almost completely exchange Zn(u), Cr(ur) and Cr(vi)
ions from the electroplating wastewater.'®> Ambersep 132
(strong basic resin) and cation exchange resin called IRN-77
both have high capacity to remove the Cr(vi) and Cr(m)
heavy metal ions, respectively.'®®'®” Commercially available

ions.
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ion exchangers removing Pb(u), Hg(u), Cd(u), Ni(u), V(w,v),
Cr(im,v1), Cu(u) and Zn(u) from water and industrial wastewaters
are discussed in detail elsewhere.'® DowexHCRS/S resins,
considered as economically beneficial exchange resins due to
their high regeneration properties, have a removal efficiency
of 98% for Ni and Zn at pH 4.'°® The recovery of chromic
acid from the ion exchange resin Ambersep 132 was studied by
Lin et al.'®

Ion exchange resins are typically installed in fluidized,
packed bed configurations, and are easy to use. They can
operate with minimal energy demand, quickly and without
producing sludge or secondary pollution. Despite these advan-
tages, they also have some important limitations: for example,
pre-treatment is compulsory, operational costs are relatively
high and their performance is highly specific and dependent on
the ions, which make them unsuitable for simultaneous ion
removal from polluted water streams.

2.5. Summary of tertiary water treatment technologies

The removal efficiency and capacity of various heavy metal
pollutants by diverse adsorbents, membranes and ion exchange
resins along with the experimental conditions (initial pollutant
concentration, pH, water flux, and pressure) are summarized
in Table 1. The advantages and disadvantages of different
heavy metal removal technologies are mentioned in each
case. Efficiencies in the table are given in percentages up to
the first decimal; efficiencies above 99.9% are approximated to
100%. As observed in the table, LDH based Fe-MoS,, amyloid
fibril adsorbents, polyimide TFC forward osmosis membranes
and sodium titanate hexacyanoferrate ion exchange resins
have the highest efficiencies among the materials considered.

3. Sustainability of the different
technologies

Although efficiency in the removal of heavy metal ions is
the first discriminant when implementing any water treatment
technology, the limiting factors are most often of different
nature and involve primarily costs, power consumption and
ease of implementation. This becomes a particularly stringent
criterion when sustainability aspects are considered.'®® For
example reverse osmosis is a reliable, widespread technology,
with high rejection efficiencies, but it can be extremely energy-
intensive, requires substantial investments and has very low
portability, in short, it cannot be applied in most rural or
remote areas where water scarcity is critical; ultrafiltration,
nanofiltration, and core-shell nanofibers may be equally effi-
cient, but generally require high processing pressures which
may not always be easily available; similarly some advanced
materials, such as latest generation adsorbers, ion exchange
resins or heterogeneous photocatalysts, may not be compatible
with largely accessible drinking water needs for cost aspects,
at least in many disfavoured environments.

The literature over the last ten years has come to acknow-
ledge that the sustainability cannot be judged by a technology
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or technology qualities alone, and that it is the technology plus
the business model or implementation model together that
determines sustainability in the broadest sense.'85*

Nonetheless, a sustainable technology for water purification
should have the following key and universal characteristics:
(i) maintain the cost of processed water as low as possible,
(ii) require little to no investment; (iii) be operative at low
energy and processing pressures; (iv) allow recovering most of
the treated water and (v) keep a low environmental fingerprint,
that is, ideally rely on renewable, recyclable and environ-
mentally friendly materials.

Fig. 3 reviews some of these critical characteristics for the
five main classes of technologies considered: reverse osmosis,
nanofiltration, adsorption, ion exchange and electrodialysis.
Fig. 3a gives the total cost per million liters of processed water.
Although there is significant spread in the data, it appears
evident that technologies such as adsorption and ion
exchange tend to provide the most affordable solutions for
water purification in terms of costs. To understand why, it is
important to distinguish between capital investment and
operative running costs, discussed in detail in Fig. 3b and c,
respectively. These figures illustrate that both technologies
require the lowest initial capital investment among the five
analysed, with adsorption offering also the lowest operating
costs. These conclusions are further supported by an analysis
of the average energy consumption to operate the five tech-
nologies considered, which is summarized in Fig. 3d: there, it
is apparent how adsorption is best performing also in terms
of energy requirements, with only minimal energy demand.
These considerations, together with the high portability of
the technology, make it an ideal candidate for water purifica-
tion in rural and remote areas or underdeveloped countries,
where often no energy is available to process water, other than
natural resources (e.g. gravity). Is this enough to conclude
that adsorption is a more sustainable technology compared to
reverse osmosis? Certainly not, if one also considers that
reverse osmosis can process up to one order of magnitude
larger volumes of water compared to adsorption (although at
a lower efficiency in recovering processed water). This is
another critical and central aspect to be considered and will
remain so as long as more than one billion people worldwide
remain without access to safe drinking water. This illustrates
well the difficulties in evaluating each individual technique,
especially without a careful and comprehensive assessment,
which accounts for all possible critical factors. To this end,
in the following section we propose a simple, compact, yet
powerful and comprehensive tool to evaluate individual
technologies in the broadest possible perspective, including
technical aspects, efficiency performance and sustainability
aspects.

3.1. General assessment of individual technologies
parameterized by a single compact index, the ranking
efficiency product (REP)

From the discussion above, it appears evident that evaluating
a single technology to draw conclusions on its advantages
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(b) installation costs; C) running costs;

and disadvantages remains a challenging task, which needs
to account for several factors simultaneously. Furthermore,
under real conditions there is most likely not a single gold
technology capable of delivering solutions to all the multiple
issues, contexts and problems related to water purification
and solutions remain specific to individual problems, which
all differ from each other. We nonetheless introduce a
compact index, named the Ranking Efficiency Product
(REP), by which the different techniques can be assessed
against the main criteria discussed in this article, in particu-
lar with respect to their performance and sustainability
aspects, which can serve as a basis to evaluate the trade-off
between the advantages and disadvantages of each individual
technology.

The approach is stochastic in nature and based on rank
product statistics. According to this simple approach a techno-
logy j can be evaluated by ranking each i of the n independent
characteristics between a minimum 7.y and a maximum
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and (d) energy consumption.

183,185,188,190-192

rank, rimax- We then define the overall ranking efficiency
product of a technology j as

n

1/n
REP; = {H (Vi/riMAX)j:| (1)

i=1

where r; is the individual ranking score for the characteristic ¢
of the technology j. REP as defined above varies between
(remin/Timax) and 1 for worst and best performing technologies,
respectively. Graphically, the REP can be assimilated to the
fractional area covered by an n-fold web with corners placed at
r; distance from the centre over that of the homologue n-fold
web with all corners placed at r;pmax distance from the centre.
Fig. 4a-e give the evaluation of reverse osmosis, nanofiltration,
adsorption, ion exchange and electrodialysis, respectively,
evaluated on a 5-rank basis according to 8-fold characteristics
from those detailed in Table 2. Fig. 4f summarizes the REP
index evaluated by both 8-fold and 7-fold characteristics
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Fig. 4 General assessment of individual water purification technologies according to the rank product statistics. (a) Reverse osmosis, (b) nanofiltration,
(c) adsorption, (d) ion exchange, and (e) electrodialysis sorted following an 8-fold, 5-ranked assessment. The characteristics considered are efficiency (E),
operating flux (Q), number of fields of application (n), operating costs (O), capital costs (C), consumed power (W), operating pressure (P) and water
recovery efficiency (R). Panel (f) gives the REP index evaluated by both these 8-fold characteristics and an alternative 7-fold where only the total cost (T) is

considered.

among the 9 given in Table 2. The characteristics considered
are efficiency (E), operating flux (Q), number of fields of
application (n), total cost (7T), operating costs or OPEX (O),
capital cost or CAPEX (C), consumed power (W), operating
pressure (P) and water recovery efficiency (R). The 8- and
7-fold differs only in the way the cost is accounted: in the first
case, individual OPEX and CAPEX costs are both considered
in the REP. This approach is robust because it considers
individually the two main cost components, but since the
CAPEX is not inclusive of the lifetime of the technology, a
7-fold evaluation is also provided using total cost T as a single
characteristic. Independent of the way cost components are
evaluated, the picture emerging from the rank product statis-
tics remains substantially the same, pointing at adsorption as
the most sustainable technology, followed by ion exchange and
reverse osmosis.

The method is general, robust and simple enough to be
generalized to additional, fewer or different characteristics;
thus technologies can be sorted out differently, shall one or
more characteristics lose weight in the evaluation. For example,
if water purification needs to be performed in an environment
where energy can be provided at low or no cost by recycling
energy produced from large plants (nuclear, hydroelectric, etc.), a
different evaluation can immediately be implemented by simply
dropping the power consumption characteristic, which becomes
then of minor importance in such a context. Details on the way
individual ranks are sorted are given in the method section.

Of course, any attempt to sketch down to a simple number
a technology related to a problem as complex as water

This journal is © The Royal Society of Chemistry 2019

purification is, by definition, simplistic at least. In this context,
the REP method cannot escape this rule of thumb. For example,
as presented above, the REP index does not account for
relative weights of the different characteristics, which are all
considered equally important; this, however, can be readily
implemented in eqn (1) by introducing a multiplicative factor
b;, with 0 < b; < 1, for each i of the n independent charac-
teristics, shall the importance of each of them be considered or
perceived different: this adds for flexibility on the REP ranking,
but also introduces somewhat arbitrariness to the analysis.
Additionally, the REP metric does not accommodate or account
for the large uncertainties in the qualities used as inputs. Some
of the inputs, such as cost, have significant uncertainty ranges
(see Table 2), while the REP as presented above is based for this
specific characteristic only on the average value (see the Sorting
method section). All other characteristics are processed by
considering only maxima (for favorable characteristics) or
minima (for unfavorable characteristics), without implementing
the variance or spread of their available range (see the Sorting
method section). Once again, however, the modular form of the
REP analysis easily allows for the implementation of such a range
of each characteristic in the final metric: it would be sufficient to
add for each i of the n independent characteristics a multiplicative
term v; varying between a minimum value and 1 to rank the range
width as an unfavourable characteristic (see the Sorting method
section), and averaging the REP to a 1/2n power, instead of 1/n,
to account for the doubling of the sorting characteristic entries.
In the spirit of a simple and accessible, yet robust and compact
number, these unnecessary complications are avoided in the
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Table 2 Technical specifications used for sorting the ranking and ranking efficiency product for the various technologies considered

Reverse osmosis

Nanofiltration

Adsorption

Ion exchange

Electrodialysis

E: efficiency

Q: operating flux

n: number of fields/domain
of application

T: total cost (€ per one
million liters of treated
water)

O: OPEX, operating cost per
volume of treated water
(€ per m®)

C: CAPEX, capital invest-
ment normalized by
operating flux

[€ per (day )]

W: power required per
volume (kW h m™?)

P: operating pressure

R: water recovery efficiency

Brackish water: 0.91-
0.9991127,132—134,177

Note: As(ur): 0.2—
0.5511:12.176,193,194

Desalination: 0.99

From 1900 m* day '
up to 55000 m®
day71 204

1 Municipal

2 Industrial

3 Household
197.4 + 180.6*7

0.155 (brackish)

0.443 (desalination)'®*

0.177-0.887
(brackish)'®*

0.665 to 2.551
(desalination)'®*'8¢

0.396 to 0.792'%>1%°
(brackish)
2.902-4.221
(desalination)'®°
2-17 bar (brackish)
30-70 bar
(desalination)>”

50-60% (brackish)

0.47-
0.999195-197

Up to 3700 m®
dayﬂ 205

1 Municipal
2 Industrial
3 Household
174 + 162%

0.1558*

0.177-
0.887'%°

0.528"*

4.5-7.5 bar**®

60—

0.3-0.999824:54:67,105,198

1300-4800 m® day '
average flux'®*2%°

1 Municipal
2 Industrial

3 Household
84 4 42%

Down to 0.039 at a water
flux of 1300 m® day ' '5?

0.066 at a water flux of

1300 m® day ' '%?

0.084'83

0.5-2 bar
It works with gravity,

vacuum and pressurezos

100%"'8*

0.5-0.999918:161,199-201

Note: efficiency depends
strongly on metal

1300-4800 m® day ' (average
flux assumed as in
adsorption)

1 Municipal
2 Industrial
3 Household
105 + 63%7

0.421-0.576 (at 1200 m*
day ")

0.222-0.377 (at 4796 m®
day71)188

0.066 (assuming identical
cost as adsorption)

0.396'%8

0.5-2 bar
It works with gravity, vacuum
and pressure

98%184

0.69-
0.9999199,202,203

1270 m® day '
(average
ﬂux)184,139

1 Industrial

174 + 162%

0.798'%°

0.638 (at a
current of
88 A m)'¥

0.449-0.596"%%

1-3.4 bar*®®

80-90%"%*

30-60% 7094 186:190,210

(desalination)"®°

analysis presented in Fig. 4, but can be easily implemented should
the analysis be pushed further into specific aspects of interest.

4. Emerging technologies

In this last section, we briefly discuss emerging technologies
which are still in their infancy or the incubation stage but
which show high promise in mitigating the global water
purification issue. For the technologies discussed below,
current availability of data does not allow a comparative
analysis as the one based on the REP sorting method, and
only a partial, non-comprehensive assessment is possible.
Furthermore, cutting-edge nanomaterials, hybrid adsorbents
and newest generation of membranes are also discussed in
what follows. Some of these emerging technologies and materials
are summarized and depicted in Fig. 5.

4.1. Graphene oxide microbots

GO-Based tubular micromotors, dubbed microbots, propelled
by a catalytic reaction are among the rapidly emerging materials
for heavy metal removal.>'" These microbots consist of four layers:
an outer GO layer, an inner Pt layer and two Ni/Pt and Ni
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intermediate layers. Heavy metals are adsorbed on the surface of
the GO outer layer, the Pt inner layer acts as the engine decom-
posing hydrogen peroxide fuel for self-propulsion and inter-
mediate layers control microbots’ motion by an externally
applied magnetic field. Vilela et al. showed that the GO-microbots
are active self-propelled systems for lead capture, transfer, removal
and subsequent recovery.”'' Due to strong complexation of Pb**
with the surface oxygen moieties of GO, high adsorption of Pb*>" on
the surface of microbots can be obtained. Microbots’ propulsion
force is then obtained by ejection of water and oxygen microbub-
bles, produced by the decomposition of hydrogen peroxide in the
platinum layer. Eventually, owing to their magnetic properties,
microbots can easily be collected and removed from water using
a magnet. Microbots can be reused after Pb>" recovery by pH
adjustment. By applying mobile GO-microbots, lead removal
efficiency one order of magnitude above that of nonmotile GO-
microbots was obtained, from the initial 1000 ppb down to 50 ppb
in just two hours.*"!

4.2. Layered double hydroxides

Jawad et al. introduced layered double hydroxide (LDH)-
based Fe-MoS, as a powerful adsorbent for the selective

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Summary of some emerging technologies and materials for water
purification.

removal of heavy metals."”® Mineral sulfides such as MoS,>~
anions have an inherent ability to coordinate strongly with
heavy metals through the M-S linkage, however, their ability is
typically limited by their non-porous structure, solubility in
water and sensitivity to atmospheric oxygen. Protective shields
for intercalated MoS,>~ anions could be provided by chemical
binding of thiol (-S-)*~ groups in protective lamellar LDH
structures. Heavy metal adsorption approached 100% removal
efficiency for Ag>*, Hg*, Pb>" and Cu®" and 76% and 82%
removal efficiency for As** and Cr®", respectively. Furthermore,
due to the fact that Fe-MoS, is principally based on the soft
acid-base Lewis concept, removal of harmful radioactive soft
metals such as Sr, Cs, and U in nuclear waste could also be
performed by this novel adsorbent.'”?

4.3. Metal-organic frameworks

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are multifunctional materials
emerging as promising candidates in a multitude of different
appications.”*> MOFs consist of metal nodes and organic
linkers and owing to self-assembly via strong bonds between
the metal-containing moieties and the organic linkers, these
synthetic crystalline materials have high porosity, large area-
to-mass ratios and ideal flexibility in tuning both their pore
size and shape from the microporous to the mesoporous
scale.>"*2'® For example, a MOF reported by Farha et al in
2012 with a BET area of 7000 m? ¢~ and a computer simulated
surface area of 14600 m> g~ " has the largest surface area of any
porous material reported to date.*'®?*'”

For considering MOFs as an adsorbent in an aqueous
environment, their behavior in the presence of water might be
taken into account because they may undergo hydrolysis.***>*>218
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The metal-ligand coordination bonds make MOFs more suscep-
tible to hydrolysis than other covalent materials such as activated
carbon and zeolites. However, this issue has been addressed in
recent literature and to date a growing number of highly stable
MOF structures have been reported.>'®**' In addition to their
excellent stability under harsh conditions, MOFs can be synthe-
sized on a large scale through affordable and simple techniques,
which make them an emerging class of adsorbents to tackle
environmental pollution, with outstanding efficiencies in the
removal of heavy metals.”*> MOFs have mainly been used for
the removal of As, Cd, Cr, Pb and Hg from wastewater.>'”***

There are five different modification strategies for improving
the heavy metal adsorption performance of MOFs. These
approaches consist of (i) using large organic linkers to improve
porosity, (ii) introducing defects in the structure in order to
increase their pore size and produce additional adsorption sites,
(iii) and (iv) functionalization of metal nodes and organic linkers
to produce additional adsorption sites and improve selectivity
compared to the pristine MOFs, and (v) hybridization of MOFs
with other functional materials, such as magnetic materials, to
benefit from their properties and synergistic effects.**>

In one pioneering work, Sun et al. synthesized a water-stable
MOF/polymer composite with environmentally and biologically
friendly materials. This composite consists of 1,3,5-benzene-
tricarboxylate (Fe-BTC), alternatively known as MIL-100, as
a MOF and polydopamine (PDA) as a polymer phase. Fe-BTC/
PDA composites showed superior heavy metal adsorption
efficiencies, as high as 99.8% with adsorption capacities of
1634 mg of mercury and 394 mg of lead per gram of composite.
Besides high separation performance in short time, these novel
composites are regenerable and present high stability in water
and against fouling.>**

In addition to high adsorption capacity, another important
feature of MOFs is that their pore window can range from
0.3 nm to over 10 nm, depending on composition. This makes
it possible to fabricate nanofiltration membranes based on
MOFs as separating agents.”>>*?° For instance, an amino
functionalized MOF/GO composite was used to decorate a
PDA-coated substrate surface to produce NF hybrid membranes
with a Cu®* rejection of 90% and a flux of 31 Lm > h ' at a
pressure of 7 bar.”*” The excellent adsorption efficiency, the
high capacity and the possibility of tuning their pore size down
over more than an order of magnitude make MOFs emerging
water treatment materials with a broad range of applications.

4.4. Emerging membrane technologies

Electrospun nanofiber membranes are a new generation of
membranes, which can efficiently be applied to heavy metal
removal. Owing to their high surface-to-volume ratio, high
porosity, and small pore sizes once processed into membranes,
nanofibers with diameters of less than 100 nm can be effi-
ciently used to provide filtration and adsorption together.
Among the various methods for producing high perfor-
mance nanofiber membranes, such as melt fibrillation, gas
jet techniques and electrospinning, the last method could be
used to produce membranes with higher porosity compared to
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conventional membrane systems, such as RO and NF.**®
Chitpong and Husson synthesized ion-exchange cellulose acet-
ate nanofiber membranes by grafting poly(acrylic acid) (PAA).
The separation results showed a superior Cd** adsorption
capacity of up to 160 mg g ', well above that of traditional
ion-exchange media.>*’

Forward osmosis (FO) is another emerging membrane
technology for water reuse and desalination, which has drawn
increasing attention in recent years. The driving force is the
osmotic pressure difference between the draw solution (DS)
and feed solution (FS), so that water transports naturally
through the semi-permeable membrane. Compared to RO, FO
does not need high pressures, and the membrane is less prone
to fouling.” Cui et al. synthesized novel TFC FO membranes by
interfacial polymerization on a polyimide support. In order
to minimize reverse solute flux, bulky hydroacid complex
Na, [Co(CeH,0;),]-2H,0 (Na-Co-CA) was used as a DS.'”®
Eventually, the proposed FO system showed a high water flux
of up to 16.5 L m > h™* and superior rejections, up and beyond
99.7%, for six heavy metals ie. Cd**, Pb*", Cu®**, Hg>", As®"
and Cr®".'7®

Size-exclusion based last generation membranes represent
a very fast-evolving sector of water purification technologies,
including from heavy metals, due to the emergence of new
classes of functional materials, such as the highly selective
membrane protein aquaporin,”®® or graphene nanosheets
designed to perform tunable sieving of specific ions.”*"
A recent review discusses in detail the evolution in materials
science behind last-generation membranes and the reader is
addressed to that review for a comprehensive discussion on
the topic.>*

Recent developments in supramolecular chemistry and
engineering as well as related analytical techniques have
allowed mimicking natural biological structures for water
purification. These inspired biological membranes benefit
from either biological elements or bio-related concepts and
could present similar efficient water purification mechanisms
to those evolved by nature over billions of years.””® Since
Agre et al.’s discovery of aquaporin, who were awarded Nobel
prize in 1993, this membrane protein has become the most
known biomolecule allowing exclusively water gating through
biological membranes.”*® Aquaporin-based membranes were
therefore made by incorporation of this membrane protein
into the matrixes of amphiphilic molecules, such as lipids or
polymers deposited on the surface of polymeric membrane
substrates, thus mimicking the natural cellular membrane,
where aquaporin naturally occurs.”** The separation mecha-
nism in aquaporin membranes is based on the combination of
size exclusion via channels of 0.28 nm, electrostatic repulsion
by positively charged arginine residues, which repel positively
charged ions from the surface of membranes, and water
dipole reorientation, which facilitates individual water mole-
cules’ transport.>*®* Nowadays, aquaporin membranes are
commercially produced by a Danish company, Aquaporin
A/S, and are mainly used in RO and FO processes.**>2*®
In one of the related works, Xia et al. achieved water fluxes
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of 8.8 L m~> h™ ' with low reverse salt fluxes of 4.0 gm > h™,
by use of the aquaporin membrane in a model FO process.>**

Among the new families of adsorbers recently proposed in
both the literature and market, protein-based amyloid nano-
fibrils have been shown to play a potential leading role in heavy
metal removal, offering a solution, which is simple, efficient,
low cost and sustainable.”® Amyloid nanofibrils exploit the
ultra-high surface-to-volume ratio, combined with the multi-
tude of available essential amino acids offering simultaneously
twenty distinct metal-ligand binding constants to heavy
metals.'®>* The distinct advantages of this new technology
are the possibility of removing non-specifically a high number
of metal ions simultaneously, with demonstrated efficiencies as
high as 99.98% for gold, 99.5% for mercury, 99.97% for lead,
99.84% for palladium, 99.35% for radioactive uranium>* and
more than 98.6% for both arsenate and arsenite,'® the last
being particularly difficult to remove by size exclusion techno-
logies such as RO and NF."?> Possibly, however, the most
appealing aspect of this new class of adsorbers is their extre-
mely low cost: when produced from whey protein, which is a
by-product waste from the cheese-making industry, amyloid
fibrils stand as unchallenged adsorbers from a sustainability
and environmental fingerprint perspective.>* Furthermore, the
scale up process of amyloid-carbon hybrid membranes is
possible on an industrial scale due to their inexpensive nature.
These hybrid membranes can provide cost effective and highly
efficient solution for removing various pollutants (heavy
metal ions and biological pollutants) from both industrial
and drinking water. Additionally, recovery of precious and rare
earth metals, such as those found in mining and electroplating
wastewater, is at easy reach using these hybrid membranes
by chemical or thermal reduction of metal ions to elemental
metals.**

Recently, there has been a significant increase of interest
in fabricating new classes of membranes by molecular design
of selective layers. Lyotropic liquid crystal (LLC) membranes
based on amphiphilic lipids with controlled pore size are
considered as a new generation of polymeric membranes.>**>**
The molecular precursors used to generate LLC by self-assembly
are amphiphilic molecules with hydrophilic head groups and
hydrophobic organic tails. These molecules in the presence
of an immiscible liquid, typically water, can self-organize into
ordered structures with continuous aqueous domains and
uniform feature sizes of 1-10 nm. LLC phases are categorized
on the basis of packing symmetry of the ordered domains and
water content. On the basis of the first criterion, the most
common phases are bicontinuous cubic (Q), lamellar (L) and
hexagonal (H); on the basis of the second criterion they are water-
excessive (type I) or water-deficient (type I1).>*°

L. Gin et al. have pioneered the use of LLC membranes for
water purification and showed that a type I and Q phase (with
either the Ia3d or Pn3m symmetry) is the best LLC phase for
fabricating membranes for water desalination applications.>*®
This QI-LLC membrane has a pore size of 7.50 A which is
around the metal ions’ hydrated diameters but larger than
water molecules of size 2.75 A. This feature enables this

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8cs00493e

Published on 03 January 2019. Downloaded by ETH-Zurich on 9/17/2019 1:02:29 PM.

Chem Soc Rev

membrane to separate metal ions from water molecules very
efficiently. The QI-LLC membrane rejection for Na“ ions was
95% and for Ca®>" and Mg”* ions was higher than 99%. The
thickness-normalized water permeability of QI-LLC membranes
was 5.9 x 107> L m~>h ™" at 400 psi, which is comparable to the
reported fluxes for typical RO membranes at this pressure.”*°

4.5. Electrocoagulation

Another emerging technology for heavy metal removal is electro-
coagulation (EC), which is a combination of coagulation, flotation
and electrochemistry. As for coagulation/flocculation, EC benefits
from destabilizing the system by neutralizing the repulsive forces
between particles, resulting in the aggregation of particles and
subsequently formation of larger particles, which are then easily
separated from water. The major advantage of EC compared to
chemical coagulation is that there is no need to add external
chemical coagulants such as metal salts or polyelectrolytes and
coagulants are generated in situ by the electrolytic oxidation of a
sacrificial anode electrode by applying electric current through
the electrodes.”***"” Conversely, in some chemical coagulation
processes there is a need to add up to three chemicals and pH
adjustment for achieving the best performances, which makes
chemical coagulation expensive and labor-intensive.”*® Typically,
EC electrodes are made of aluminium and iron due to their avail-
ability, low price, high valence and non-toxicity;**”*****° however, in
a recent study by Gilhotra et al., arsenic was removed from water
successfully by the EC process using stainless steel electrodes.*
Chen et al. removed zinc ions from wastewater by EC using
aluminium electrodes. Their findings showed that current density
is the key parameter in zinc removal efficiency and EC energy
consumption, by affecting the production of AI** and speed of
coagulant formation. They performed the experiments with a wide
range of initial zinc concentrations, from 50 to 2000 ppm. Higher
removal efficiencies were obtained at lower concentrations, which
shows that it is more favourable to use EC as a final treatment step
after given pre-treatments. In this process, besides the precipitation
by aluminium hydroxide, electrochemical reactions by reduction of
Zn*" at the cathode also play an important role.>>* Furthermore,
effective separation of iron from wastewater following a similar EC
process was demonstrated in another work by Doggaz et al.>>

4.6. Capacitive deionization

Capacitive deionization (CDI) can separate and recover heavy
metal ions and salt ions from wastewater using electrodes and
an electric field. This technology could separate and remove
Pb>" and Na" with efficiencies as high as 99.9% and 98.7%,
respectively, at an operating voltage of 1.4 V. Selective electro-
des and addition of selective ion exchange resins on the surface
of electrodes are some of the emerging approaches for the
removal of target heavy metal ions.”**

5. Concluding remarks

In this work, we have reviewed and evaluated the most estab-
lished technologies in water treatment from heavy metal ions,
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by considering technical characteristics, efficiency performance
and sustainability aspects. The picture emerging is that a single
technology, which can offer alone a universal solution to the
multiple facets of water pollution from heavy metals in the
broadest possible context, is still to be found, and possible
combination of different technologies may significantly expand
the portfolio of solutions to the existing water problems.
Furthermore, it is important to note that there is not a single
technique that can perform at a nominal, perfect 100% effi-
ciency under real conditions. In the case of adsorption and ion
exchange, this limit is thermodynamically forbidden by the
equilibrium nature of the process between bound and unbound
ions on a physical adsorption/exchange surface; in the case of
size exclusion technologies, the nominal 100% efficiency is
impeded by defects present on real membranes, which lead
to small, yet not negligible leakage. Nonetheless, technology is
progressing at such a speed that today the theoretical 100%
efficiency limit is asymptotically, yet rapidly being approached
through the design of new generations of high performance
membranes or adsorbers and resins with unprecedented strong
binding constants. Thus, efficiency is no longer the main
discriminant for implementing a specific technology in water
purification, at least among the considered technologies, which
are all available at efficiencies exceeding 99.9% among the
literature we have reviewed.

While improvements have been extremely rapid on the
technical side, the cost, affordability and sustainability aspects
of each technology have progressed at a much slower pace. The
reasons behind this are multiple and diverse. For example,
while application of nanomaterials in water and wastewater
treatment is steadily increasing, there are also growing con-
cerns about their potential toxicity to the environment and
human health. In fact, gold standards for assessing the toxicity
of nanomaterials are still relatively scarce at present times.
Hence, comprehensive evaluation of the potential toxicity of
nanomaterials is an urgent need to enable and secure the full
use of nanomaterials in real water treatment applications.
Established and widely accepted technologies, such as reverse
osmosis, nanofiltration and electrodialysis, are still charac-
terized by high capital and operating costs, and improvements
along these lines are still highly sought for these technologies.
Adsorption and ion exchange have significantly lower costs
while maintaining high efficiencies, although ion exchange
remains highly ion-specific.

In order to provide a compact assessment of the various
technologies we have sorted out a rank for each individual
characteristic of interest and a compact ranking efficiency
product has been proposed as a simple tool to evaluate indivi-
dual technologies against specific criteria. In the present
analysis, nine different intrinsic characteristics have been
considered and evaluated so as to maintain an equilibrium
between performance and sustainability, but the method
proposed is simple and general enough to be easily adaptable
to varying scenarios describing any potential case of water
purification. Despite all these efforts, it must be highlighted
that water purification remains a very diverse, complex problem
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with many case-specific discriminants, and any attempt at
ranking a process over another, despite its comprehensiveness,
can only be taken as a guidance, each water treatment problem
remaining highly specific to the context in which it has to be
performed.

Sorting method

In order to sort the ranking of each characteristic 7 for the five
technologies j considered, the various values a;; in Table 2 have
been processed as follows. First, when a range is available for
a;;, the best value of the range is systematically used (max a;; for
E, Q, n, R; minay; for O, C, W, P) in order to evaluate each
technology according to the best performing conditions. For
the total cost T, average values have been considered. For the
efficiency (E measured in decimal), because additional digits
after zero are particularly important to target higher orders of
magnitude in contamination of polluted water, entries were
reprocessed by taking —logio(1 — ay), that is, —log;o(1 — E).
Similarly, the operating flux, which presented the highest
differences among the various technologies considered, was
reprocessed by taking log;o(W). Proceeding as above, a single
value A; for each characteristic 7 among each technology j is
generated. Then, to order each A4; value according to ranks
between 1 and 5 (5 best, 1 lowest performing) for any given
characteristic (fixed ), the maximum value per characteristic is
first taken as the reference value (4;)max and the incremental
step of a characteristic i is then generated by taking this
reference value divided by 5 ((4;)max/5). For favorable charac-
teristics (E, Q, n, R), the final ranks r; are obtained by dividing
each value by the corresponding incremental step [(4;/(4;)max/5)]
of the characteristic and approximating to the closest integer
between 1 and 5, i.e. r; = integer| 54;/(A;)max |3. For unfavorable
characteristics (O, C, T, W, P), the final rank is obtained as
r;j=6 — integer| 54;/(Aj)max |3, that is, the complementary integer
to reach 6 (e.g. an intermediate rank 1 becomes 5; an intermediate
rank 2 becomes 4).
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