Applications of
Advanced Oxidation
Processes (AOPs)

in Drinking Water
Treatment

@ Springer



The Handbook of Environmental Chemistry

Founded by Otto Hutzinger
Editors-in-Chief: Damia Barcel6 + Andrey G. Kostianoy
Volume 67

Advisory Board:

Jacob de Boer, Philippe Garrigues, Ji-Dong Gu,
Kevin C. Jones, Thomas P. Knepper, Alice Newton,
Donald L. Sparks



More information about this series at http://www.springer.com/series/698


http://www.springer.com/series/698

Applications of Advanced
Oxidation Processes (AOPs)
in Drinking Water Treatment

Volume Editors: Antonio Gil - Luis Alejandro Galeano -
Miguel Angel Vicente

With contributions by

M. Antonopoulou - M. Brienza - B. R. Contesini -

A. P. B. R. de Freitas - L. V. de Freitas - B. M. Esteves -

P. Fernandez-Ibanez - L. A. Galeano - A.-M. Garcia - A. Gil -

F. M. Gomes - M. Guerrero-Florez - J. Hofman - R. Hofman-Caris -
H. J. Izario Filho - S. Jafarinejad - H. K. Karapanagioti - K. Katsanou -
I. Konstantinou - G. Li Puma - C. C. A. Loures - L. M. Madeira -

B. K. Mayer - S. Nahim-Granados - A. M. Nasser - C. B. Ozkal -

A. Pintar - M. L. Polo-Lépez - J. H. Ramirez - C. E. R. Reis -

C. S. D. Rodrigues - D. R. Ryan - C.-A. Sanchez - M. B. Silva -

S. Sorlini - T. Tiler - R. A. Torres-Palma - M. A. Vicente

@ Springer



Editors

Antonio Gil Luis Alejandro Galeano
Department of Sciences Department of Chemistry
Public University of Navarra University of Narino
Pamplona, Spain Pasto, Narino

Colombia

Miguel Angel Vicente

Department of Inorganic Chemistry
University of Salamanca
Salamanca, Spain

ISSN 1867-979X ISSN 1616-864X  (electronic)
The Handbook of Environmental Chemistry
ISBN 978-3-319-76881-6 ISBN 978-3-319-76882-3  (eBook)

https://doi.org/10.1007/978-3-319-76882-3
Library of Congress Control Number: 2018946685

© Springer International Publishing AG, part of Springer Nature 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by the registered company Springer International Publishing AG part

of Springer Nature.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-319-76882-3

Editors-in-Chief

Prof. Dr. Damia Barcel6 Prof. Dr. Andrey G. Kostianoy
Department of Environmental Chemistry P.P. Shirshov Institute of Oceanology
IDAEA-CSIC Russian Academy of Sciences
C/Jordi Girona 18-26 36, Nakhimovsky Pr.

08034 Barcelona, Spain 117997 Moscow, Russia

and kostianoy@gmail.com

Catalan Institute for Water Research (ICRA)

H20 Building

Scientific and Technological Park of the
University of Girona

Emili Grahit, 101

17003 Girona, Spain

dbcgam@cid.csic.es

Adyvisory Board

Prof. Dr. Jacob de Boer
IVM, Vrije Universiteit Amsterdam, The Netherlands

Prof. Dr. Philippe Garrigues

University of Bordeaux, France

Prof. Dr. Ji-Dong Gu
The University of Hong Kong, China

Prof. Dr. Kevin C. Jones

University of Lancaster, United Kingdom

Prof. Dr. Thomas P. Knepper

University of Applied Science, Fresenius, Idstein, Germany
Prof. Dr. Alice Newton

University of Algarve, Faro, Portugal

Prof. Dr. Donald L. Sparks

Plant and Soil Sciences, University of Delaware, USA



The Handbook of Environmental Chemistry
Also Available Electronically

The Handbook of Environmental Chemistry is included in Springer’s eBook
package Earth and Environmental Science. If a library does not opt for the whole
package, the book series may be bought on a subscription basis.

For all customers who have a standing order to the print version of The Handbook
of Environmental Chemistry, we offer free access to the electronic volumes of the
Series published in the current year via SpringerLink. If you do not have access, you
can still view the table of contents of each volume and the abstract of each article on
SpringerLink (www.springerlink.com/content/110354/).

You will find information about the

— Editorial Board

— Aims and Scope

— Instructions for Authors
— Sample Contribution

at springer.com (www.springer.com/series/698).

All figures submitted in color are published in full color in the electronic version on
SpringerLink.

Aims and Scope

Since 1980, The Handbook of Environmental Chemistry has provided sound
and solid knowledge about environmental topics from a chemical perspective.
Presenting a wide spectrum of viewpoints and approaches, the series now covers
topics such as local and global changes of natural environment and climate;
anthropogenic impact on the environment; water, air and soil pollution; remediation
and waste characterization; environmental contaminants; biogeochemistry; geo-
ecology; chemical reactions and processes; chemical and biological transformations
as well as physical transport of chemicals in the environment; or environmental
modeling. A particular focus of the series lies on methodological advances in
environmental analytical chemistry.

vii


http://www.springerlink.com/content/110354/
http://www.springer.com/series/698

Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of

ix
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“pure” chemistry, including those in industry, business, government, research
establishments, and public interest groups. It would be very satisfying to see
these volumes used as a basis for graduate courses in environmental chemistry.
With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their
knowledge on the different aspects of environmental problems, presenting a wide
spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and
Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new
topics to the Editors-in-Chief are always very welcome.

Damia Barcel6
Andrey G. Kostianoy
Editors-in-Chief
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Foreword

Safe and readily available water is crucial for public health, and thus, the purification
of drinking water is of such vital importance. Advanced oxidation processes (AOPs)
are among the most promising methods to replace or integrate with conventional
drinking water purification technologies. AOPs are rarely applied alone, but in
combination with other treatment methods to obtain optimal removal rates.

All AOPs involve the generation of highly reactive oxygen species. These
methods are of interest to public health, as they have the potential for complete
mineralization of recalcitrant compounds, but at high concentrations of organic
compounds, their application is more limited due to the high energy and oxidant
consumption.

AOPs are efficient in natural organic matter (NOM) reduction and mitigation of
disinfection by-product (DBP) formation, though the use of AOPs for disinfection
is less studied in comparison to chemical degradation. Also, they can be used for the
removal of taste and odor causing components from water as well as for the
elimination of the emerging contaminants, such as pharmaceuticals. Importantly,
the selection of a specific AOP depends strongly on the physicochemical properties
of the water to be treated.

Full-scale applications of AOPs are still limited. This book offers major devel-
opments in recent research to put AOPs in practice. It provides a unique, holistic
perspective on basic and applied research issues regarding the application of AOPs
in drinking water purification. The reader finds up-to-date information and solutions
on AOPs from many leading experts in the field. The 15 chapters of the book form a
most useful, structured, and timely contribution to our understanding of the appli-
cation of AOPs in drinking water purification.

Lappeenranta University of Technology Mika Sillanpad
Lappeenranta, Finland

Florida International University
Miami, FL, USA
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Preface

Drinking water treatment plants worldwide are mostly based on simple physi-
cochemical and disinfecting technologies very well known from over a century.
Perhaps this is why recent challenges coming from more variable and complex
water supplies raised along the past 30 years still remain unsolved. Although
developed countries have in general adopted highly effective solutions, they are
usually energy expensive and then not cost-effective for application in the real
context of developing and more populated countries. On the other hand, within
the same timeframe, advanced oxidation processes (AOPs) have emerged as
alternative technologies for the treatment of quite dissimilar polluted streams;
though undoubtedly stressed in wastewaters, drinking water has remained some-
what ignored. This has motivated this revision about most up-to-date studies
dedicated to devise most promising process conditions, like AOPs, for simulta-
neous oxidation of chemicals and inactivation of microorganisms, as well as
types of water supplies feasible for production of drinking water. Moreover,
special attention has also been paid to most critical concerns that have prevented
more decided application of AOPs in this field, including potential formation of
disinfection by-products (DBPs), formation of intermediates of different molec-
ular sizes and polar character, challenging analytical techniques in recording
NOM substrates and by-products, pH close to neutral in most available supplies,
presence of inorganic ions acting as radical scavengers, and simultaneous role as
disinfection technologies, among others.

Accordingly, this book series volume in The Handbook of Environmental
Chemistry reviews the most typical sources of drinking water, namely, ground
and surface waters, not only from a purely technical approach but also taking
into account some influencing social factors. It is followed by a revision about
the most critical limitations of conventional technologies in the treatment of the
water supplies currently available. Second big topic is covered by the chapters
“Natural Organic Matter: Characterization and Removal by AOPs to Assist
Drinking Water Facilities,” “Natural Organic Matter Removal by Heterogeneous

Xiii
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Catalytic Wet Peroxide Oxidation (CWPO),” “Separation and Characterization
of NOM Intermediates Along AOPs Oxidation,” and “Photo (Catalytic) Oxida-
tion Processes for the Removal of Natural Organic Matter and Contaminants of
Emerging Concern from Water” devoted to natural organic matter (NOM)
separation, fractionation, characterization, and removal by several AOPs includ-
ing photo-assisted and other catalyzed processes under either homogeneous or
heterogeneous regimes. Special attention has been given to analytic challenges
that should be faced in the short term in order to get more specific insights
regarding molecular size distributions and polar nature along a plethora of
AOPs, whereas the most important expected limitations for every given family
of technologies are also stressed. Just on the border of this and a novel and
exciting field, the removal of taste and odor compounds by AOPs is compre-
hensibly depicted in the chapter “AOPs Methods for the Removal of Taste and
Odor Compounds,” where the most critical aspects to get it more feasible in the
future are openly established.

Third even more promising but also challenging topic is the inactivation/
disinfection of a diversity of microorganisms that could be seriously enhanced
by AOPs in drinking water facilities in comparison to more conventional
chlorine or UV-based techniques. This part starts with those more thoroughly
studied homogeneous Fenton and photo-Fenton variants, where a gradient of
microorganism’s susceptibilities, main involved oxidizing species, and interfer-
ences are clearly stated (chapter “Homogeneous Fenton and Photo-Fenton Dis-
infection of Surface and Ground Water”), followed by a more comprehensive
chapter devoted to revise AOP’s mechanisms of inactivation aimed at reporting
foremost and more hazardous waterborne pathogens as well as particular inter-
actions with other AOPs including heterogeneous solid (photo)-catalysts and
electrocatalysts (chapter “Disinfection by Chemical Oxidation Methods”).
Finally, the actual potential of AOPs treating more resistant to disinfection
protozoan Cryptosporidium gets enclosed in the chapter “Inactivation of Cryp-
tosporidium by Advanced Oxidation Processes”. Last but not least, this
interesting section finishes with the chapters “Impact on Disinfection Byproducts
Using Advanced Oxidation Processes for Drinking Water Treatment” and “Evo-
lution of Toxicity and Estrogenic Activity Throughout AOP’s Surface and
Drinking Water Treatment” dedicated to analyze the impact of AOPs on disin-
fection by-products as target final pollutants of special concern in the context of
drinking water and the evolution of toxicity along the treatments, respectively.
Finally, within a kind of miscellaneous topics, cost-effective materials for
heterogeneous AOPs (chapter “Cost-Effective Catalytic Materials for AOP-
Treatment Units”), regime change of heterogeneous Fenton-like processes
toward continuous reactors (chapter “Wastewater Treatment by Heterogeneous
Fenton-Like Processes in Continuous Reactors”), and application of
chemometric methods, namely, statistical tools of process optimization, are
also critically exposed in the volume.



Preface XV

We hope this work to encourage not only scientists but also decision makers at
industrial and public health levels to embrace AOPs in the ultimate goal of
practically applying such a helpful family of technological alternatives
supplementing drinking water treatment plants in the short future.

Pamplona, Spain Antonio Gil
Pasto, Colombia Luis Alejandro Galeano
Salamanca, Spain Miguel Angel Vicente
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Surface Water and Groundwater Sources M)
for Drinking Water Shex

Konstantina Katsanou and Hrissi K. Karapanagioti

Abstract Raw water is groundwater, surface water, or rainwater that has not received
any treatment in order to be suitable for drinking. Its quality must be good enough to
produce when treated a safe and acceptable drinking water, and it must come from a
source that can consistently provide sufficient required quantity.

Polluted or contaminated water sources can contain chemical or microbiological
hazards which can lead to sickness and require treatment before consumption. In
many cases it is better to protect the quality of the raw water providing sustainable
management than to treat it after it has become deteriorated.

Keywords Aquifer, Artificial recharge, Municipal water supply, Protection,
Quality deterioration, Water treatment
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1 Introduction

The saline water of the oceans comprises approximately 97% of the global water
supply. The remaining 3% is freshwater, out of which nearly 69% is captured in
glaciers, 30% is hosted in karst and porous aquifers, and the rest is in surface water
reservoirs such as lakes, rivers, streams, and marshes.

Freshwater is the basic substance of life on earth and is increasingly in short
supply. According to [1], 75% of the European and 33% of the global population
use groundwater as their primary source of drinking water. Yet, in many countries,
both the quantity and quality of this resource have been compromised by human
activities. Nowadays, water scarcity affects 88 developing countries that are home
to half of the world’s population [2].

Surface water is any source of water that is open to the atmosphere and is subject
to run off from the land. Hence, it is very likely to contain microorganisms that can
cause sickness and in some cases more serious, even fatal, illnesses. In some areas,
a substantial portion of the surface drinking water is derived from bank filtration
that carries a diverse chemicals’ and pathogens’ load [3] and requires purification.

On the other hand, groundwater is covered by soils and sediments and is
considered to be less vulnerable than surface water. Its abstraction though requires
drilling and pumping equipment that is not always available or sustainable espe-
cially in developing countries.

As the population increases, the groundwater abstraction is expected to rise in
the coming century, while available sites for surface reservoirs become limited.

The most important step in providing an area with safe drinking water is the
selection of the best available source water. The more protected source waters are
the easier and the cheaper to be transformed into safe drinking water [4].

The availability of freshwater varies both spatially and temporarily. The renew-
able fraction of the earth freshwater is usually found in the form of surface water and
displays an uneven distribution. Groundwater is more evenly distributed, though
much of it is nonrenewable, fossil water.

The water use in a particular region is determined not only by the natural
groundwater availability but also by the population and the land use of an area, as
well as economical factors.

In the developed countries, the municipality is obliged by law to supply the
consumers with high-quality water, while in the developing countries, this is not
always valid. Hence, the economy of a community defines attitudes and funding
toward water development and treatment.

The local climate also plays a significant role due to influences on evaporation
rates and practices such as lawn watering and cooling requirements. Additionally,
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cultural values, actions, policies, and laws of national governments also have an
impact on water use. Finally, the issue of ownership of the resource which is linked
to government influences can be an important factor.

Municipal water supply systems include facilities for storage, transmission,
treatment, and distribution. The design of these facilities depends on the quality
of the water, the particular needs of the user or consumer, and the quantities of
water that must be processed. In certain cases, seawater can also be used as a
drinking water source through the process of desalination.

The objective of this chapter is to present the drinking water sources, their
characteristics, conventional treatment schemes, and protection with respect to
sustainable use.

2 Water Cycle and Climate Change

The only naturally renewable source of freshwater globally is precipitation (about
110,000 km?*/year). Out of the precipitation occurring over land, a large fraction
(70,000 km>/year) moves back to the atmosphere through evaporation and tran-
spiration from plants [5]. Infiltration rates vary depending on land use, the char-
acter, and the moisture content of the soil, as well as the intensity and duration of
precipitation.

In case that the rate of precipitation exceeds the rate of infiltration, overland
flow occurs. About 26% of this part of the cycle (18,000 km?/year) can be used by
humans.

Worldwide, the total annual runoff, including soil infiltration and groundwater
replenishment, is estimated to be 41,000 km®/year. Geographical remoteness and
seasonal issues such as floods limit the total annual accessible runoff to 12,500 km?/
year [6].

Therefore, it is estimated that about 54% of the accessible runoff and 23% of the
total renewable resource (precipitation over land) are currently appropriate for
human use in some form.

Although globally groundwater is not very significant in volume, it is a critical
source of water that can cover the human needs, because it is part of the limited
budget of freshwater. From the perspective of long-term sustainability, it is the
renewable resource that is most critical. However, it can also be viewed as a
nonrenewable resource because the rate that may be withdrawn can be higher than
the rate that it is replenished.

Climate change leads to atmosphere warming, which in turn alters the hydro-
logic cycle. This, depending on the area, results in changes to the amount, timing,
form, and intensity of precipitation, the water flow in watersheds, as well as the
quality of aquatic and marine environments.

Climate change can also change groundwater level and temperature and poses
another risk to groundwater and water supply that is not yet well understood, though
it needs attention to find solutions for adaptation.
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Although several scenarios have been developed to predict the potential impact
of climate change, there is still no general consensus on the quantitative effects.
However, it is broadly accepted that many semi- or even arid areas will become
drier, resulting in less groundwater recharge. In humid zones, recharge is expected
to increase due to a higher number of extreme precipitation events. Efforts are being
undertaken so as to better understand the climate change mechanisms on a regional
and even local scale and hence to be able to determine mitigating measures.

3 Drinking Water Sources

The freshwater drinking sources are summarized in Fig. 1. Although water is a
single resource, to understand the quality and the accessibility of the different
formations, each geological water occurrence will be discussed separately. Thus,
surface water will be discussed as lake water and river water and groundwater as
springwater and well water.

3.1 Surface Water

Surface water is accumulated on the ground or in a stream, river, lake, reservoir, or
ocean. The total land area that contributes surface runoff to a lake or river is called
catchment area (Fig. 2). The volume of water depends mostly on the amount of
rainfall but also on the size of the watershed, the slope of the ground, the soil type
and vegetation, and the land use. Any changes in the water level of a lake are
controlled by the difference between the input and output compared to the total
volume of the lake.

Fresh water

[~
T e

Groundwater Surface water

Spring water Well water  Lake water River water

- —wl .

Fig. 1 Freshwater drinking sources
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Borehole Borehole

----- Spring Spring

Borehole Borehg!i__w__

----- River

Fig. 2 The occurrence of rivers, springs, and boreholes in a catchment area

Surface water is often used for large urban water supply systems, as rivers and
lakes can supply a large, regular volume of water. For small community supplies,
other forms of water supply, such as wells or spring-fed gravity systems, are
generally preferred to surface water. This is because the cost of treatment and
delivery of surface water is likely to be high and operation and maintenance less
reliable.

The advantages of the use of surface water as a resource for domestic water
supply are many. Surface water, among others, is easy to be abstracted by direct
pumping and can be treated after use and put back into a river. However, surface
water is seasonal and will always need treatment.

3.1.1 Lakes

Lakes have numerous features, such as catchment area, inflow and outflow, nutrient
content, dissolved oxygen, pollutants, pH, sedimentation, type, etc. The most
significant inputs are precipitation onto the lake surface, the runoff carried by
streams from the lake catchment area, the aquifers, and artificial sources from
outside the catchment area. The most significant outputs are evaporation from the
lake surface, surface water and groundwater flows, and any water extraction for
human activities. The water level of a lake displays fluctuations related to climate
and water abstraction variations.

The majority of lakes globally contain freshwater. Their water composition
varies depending on many factors. Freshwater lakes are important natural resources
that, among others, also serve as drinking water sources. However, they face
various water-quality deterioration problems due to the impact of human activities,
i.e., pollution, agriculture and fishery activities, and climate change [7, 8].

Based on their type, lakes can be classified into tectonic, landslide, saline,
volcanic, glacial, and others such as karst lakes, while based on their nutrient content,
they can be classified into oligotrophic, mesotrophic, eutrophic, and hypertrophic.
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Oligotrophic lakes are characterized by clear waters that display low concentra-
tions of plant life, while hypertrophic ones are characterized by waters excessively
enriched in nutrients, poor clarity, and algal blooms due to an over-enrichment of
nutrients. Such lakes are of little use to humans and have a poor ecosystem due to
decreased dissolved oxygen. Variations in nutrient enrichment are influenced by
environmental changes and anthropogenic activities.

3.1.2 Rivers and Streams

Rivers are part of the hydrological cycle. Their flow is a function of many factors
including precipitation, runoff, interflow, groundwater flow, and pumped inflow
and outflow. The discharge of a river varies seasonally and among the years. In
many countries, rivers and streams have a wide seasonal variation in flow which
affects their water quality.

The chemical composition of the river water is complex and depends on the
inputs from the atmosphere, the geology of the catchment area, and the human
activities. It has a large effect on the ecology, and it also affects the uses of the river
water. In order to determine the river water chemistry, a well-designed sampling
and analysis is required.

During dry seasons and drought periods, springs feeding small watercourses in
river headwater areas are the main source of downstream waters [9]. When the
average discharge of a river cannot serve the water supply throughout the year, a
dam is built to block the flow of water. Gradually with time, an artificial lake is
formed. The construction of a dam for its abstraction is expensive and environ-
mentally damaging that may trigger earthquakes. Moreover it requires sufficient
precipitation and large river catchment while such reservoirs will eventually silt up.

3.2 Groundwater

Groundwater is a major source of drinking water worldwide and is hosted in aquifers.
Hydrological recharge of aquifers hugely varies geographically and strongly depends,
among other factors, on climate, geology, soil type, vegetation, and land use [10]. Ground-
water is recharged from precipitation, which is complemented by natural infiltration by
surface water or by artificial recharge. On a global scale, 20% of the irrigation water and
40% of the water used in industry are derived from groundwater [11].

Groundwater within an unconsolidated rock moves only a few centimeters a day,
i.e., about 10 m/year. Its velocity largely depends on the steepness of the aquifer
slopes and the permeability of the rocks. In consolidated rocks the water velocity
can be many times higher. A typical example is the karst formations.

Groundwater occurs in aquifers under two different conditions, the unconfined
and the confined. In an unconfined aquifer, the water only fills the aquifer partly,
and its upper surface of the saturated zone may rise and decline. On the other hand
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in a confined aquifer, the water completely fills the aquifer that is overlain by a
confining bed. The recharge of the saturated zone occurs by percolation of water
from the land surface through the unsaturated zone.

The advantages of the use of groundwater as a resource for domestic water
supply are many. In most inhabited parts of the world, there is a large amount of
groundwater, and despite that the abstracted volumes are huge, they are often
readily supplemented. Another advantage is that the upper soil layers act as a filter
against physical, chemical, and biological deterioration which is effective both in
terms of quality and cost. Finally, groundwater use often brings great economic
benefits per unit volume compared to surface water because of ready local avail-
ability, high drought reliability, and a generally good quality requiring only minimal
treatment [12].

The movement of pollutants in an aquifer is defined by the hydraulic character-
istics of the hosting soils and rocks. Substances dissolved in water move along with it
unless they are tied up or delayed by adsorption. Thus, the movement of pollutants
tends to be through the most permeable zones; the farther their point of origin from a
groundwater discharge area, the deeper they penetrate into the groundwater system
and the larger the area that is ultimately affected [13].

Groundwater exploration utilizes hydrogeological mapping, hydrogeophysical
prospecting, investigation drilling, pumping tests, and groundwater regime obser-
vation, but also remote sensing, isotopic studies, shallow seismic prospecting, and
velocity logging are also being applied in groundwater exploration [14].

3.2.1 Springs

The physical outlets of an aquifer are known as springs. Springs occur mainly in
mountainous or hilly terrains, in locations where the water table meets the ground
surface (Fig. 2).

In the past, the community water supplies were often based on springs, and they
still comprise a source of water, because springwater usually displays a high natural
quality and its intake is relatively easy (Fig. 3). Springs can be classified as artesian,
gravity, perennial, intermittent, tubular, seepage, and thermal springs.

3.2.2 Boreholes and Wells

Groundwater can be obtained from an aquifer by drilling a well or a borehole below
the water table. The water level in boreholes or wells drilled into unconfined
aquifers stands in the same position as the water table in the surrounding aquifer.

The water level in boreholes drilled into confined aquifers stands at some height
above the top of the aquifer but not necessarily above the land surface. If the water
level in a borehole stands above the land surface, the well displays artesian flow,
where water rises to the surface without pumping (Fig. 4). Pumping water out of an
aquifer lowers the water level near the well.
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Fig. 3 Intake of water from a spring in a remote mountainous area in Greece

The “safe yield” of an aquifer is the volume of water that can be withdrawn
without depleting the aquifer, i.e., the water that is renewable. In case that a higher
volume is withdrawn, a number of undesirable effects can occur (see Sect. 4). A
groundwater source of drinking water, such as a borehole, can be used as safe water
supply after no or very little treatment. Even a dug well that pumps shallow water and
is subject to weather can be treated effectively with relatively simple equipment.

4 Deterioration Issues

As already mentioned, freshwater ecosystems are important natural resources for
the survival of living organisms of the biosphere and are under pressure from a
range of stressors, including changes in land use, pollution, agriculture, climate
change, and human activities [15, 16]. In many regions, the increasing economic
development and human migration also stress water resources and water quality.

More than half of the world’s population live adjacent to water bodies and carry
out activities that increase aquatic stressors such as anthropogenic eutrophication
and algal blooms [17]. The problems most frequently encountered in the operation
of supply wells are related either to declines in yield or to deterioration in the
quality of water (Fig. 5).
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Fig. 4 A borehole with artesian flow

Groundwater overexploitation has caused large and continuous decline of
groundwater levels, which in many cases results in the arrival of water from
different directions to a well or borehole that may contain a large concentration
of any substance.

In urban areas, groundwater overexploitation leads to land subsidence. In coastal
areas, the intensive groundwater use is not simply limited to subsidence. It can also
lead to the deterioration of groundwater quality. When freshwater heads are
declined by withdrawals through boreholes, the freshwater-saltwater interface
shifts until a new balance is established. Seawater can migrate kilometers toward
the inland [18]. Since seawater intrusion takes a long time to remedy and often is
irreversible, immediate actions should be taken for its prevention or mitigation.

Intensive overexploitation of groundwater globally has already created serious
environmental problems. Therefore, the analysis of the influence of exploited
groundwater on the environment and the allowable withdrawal of a well field should
be determined beforehand.

In aquifers, water moves slower than in surface water systems, and the time for
contaminant infiltration depends on the type of the contaminant, the characteris-
tics of the aquifer, and the length of the flow path. This can last from a number of
years up to centuries. As a consequence, there is a great deal of time for intimate
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Fig. 5 Deterioration issues

contact between the water and soil and rock material, which results in changes of
the chemical composition of water that may involve almost any substance soluble
in water.

The arrival of water containing dissolved chemicals, which are naturally occur-
ring or human-introduced ones, in an undesirably large concentration will deterio-
rate the water quality of a borehole. The most commonly observed increases in
concentration involve NaCl and NO; . Additionally, the growing number of
chemicals that is applied in manufacturing processes increases water-related risks.

Hazardous substances include herbicides, pesticides, and inorganic and complex
organic substances. Deterioration in physical quality has to do with changes in
appearance, taste, and temperature of water that may originate from rock particles
of variable sizes.

Deterioration in biological quality is related to the appearance of bacteria and/or
viruses associated with human, animal, and food processing wastes. It normally
indicates a connection between the land and the water surface.

Each water source has a unique set of contaminants. Groundwater contains
pesticides, chemicals, and nitrates, while surface water mostly contains bacteria
and other microorganisms as well as other suspended particles. Groundwater and
surface water recharge each other, and this interconnection between the two sources
of drinking water may lead to exchange of contaminants.

Human health can be harmed in case that contaminants and pathogens end up
in drinking water. The World Health Organization has estimated that contami-
nated drinking water causes 502,000 diarrheal deaths each year [19]. The deteri-
oration in water quality does not only impact human health but also has economic
consequences [20].

Groundwater from deep aquifers is protected from pathogen contamination by
the covering soil layers. Although groundwater is better protected than surface
water, shallower groundwater sources, or groundwater that can be influenced by
surface water, are still vulnerable to fecal contamination [21].
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4.1 Surface Water
4.1.1 Lakes

Eutrophication has become a worldwide environmental problem [22, 23]. Recently,
studies have shown that lake eutrophication could accelerate in response to the
effects of anthropogenic activities and climate change [24]. Water in lakes, bogs,
and swamps may gain color, taste, and odor from decaying vegetation and other
natural organic matters.

It can also be polluted by (a) runoff of soils and farm chemicals from agricultural
lands, (b) waste from cities, (c) discharges from industrial areas, (d) leachate from
disposal sites, and (e) direct atmospheric pollutants such as rain, snow, or dust.

The interaction between lakes and groundwater systems has been studied with
numerical models and on the field [25], with attention paid to the place of a lake
within a local, intermediate, or regional groundwater system.

4.1.2 Rivers and Streams

Chemical composition of rivers in higher topographical areas where the water
volume is smaller is affected by fewer rock types and can reflect the local geology,
and in particular cases, their quality can be poor. In the absence of any pollution
source, the river water quality is similar to the rain and springwater.

However, as a river flows to lower topographic areas, its water accumulates fine
soil particles, microbes, organic material, and soluble minerals. In populated areas,
the quality of surface water as well as groundwater is directly influenced by land use
and human activities. According to Environmental Protection Agency (EPA) [26],
the most common source of river pollution is agriculture.

In wet periods, especially at their beginning, there is a high risk of fecal contam-
ination, as feces are washed into the river. However, along with the increase in flow,
there is a higher dilution rate, and thus, wastewater will be diluted, so the health risk
decreases [4]. In dry periods, the silt load is often lower than in wet ones, but the
dissolved solids are much more concentrated.

4.2 Groundwater

Nowadays, groundwater resources are facing qualitative and quantitative problems.
In many cases, the groundwater abstraction rates for many large aquifers worldwide
significantly exceed the natural renewal rate [27-29].

Growing industrialization, waste deposition, and the exponentially increasing
production and use of synthetic chemicals, which are often released into the envi-
ronment, put groundwater resources under growing pressure [30].
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The chemical composition of groundwater also reflects the geology of the area
that has been in contact. If the groundwater is in contact with limestone, then, the
water is expected to be hard and to contain high concentrations of calcium and
carbonates. In general though, the water quality does not differentiate significantly
enough to be a concern to humans or any other living organisms and ecosystems.

The human activities are mainly responsible for groundwater quality degradation.
Groundwater pollution most often results from overuse of fertilizers and pesticides,
improper disposal of wastes on land, industrial and household chemicals, garbage
landfills, wastewater from mines, oil field brine pits, leaking of oil storage tanks,
sewage sludge, septic systems, etc.

Groundwater can be also contaminated by overpumping in coastal regions that
triggers seawater intrusion, a widespread and serious problem in many parts of the
world, especially in the Mediterranean region.

There are cases though where pollution sources are absent, while groundwater
does not lie within the potable regulations. These waters are mostly found in areas
with recent volcanic activity, where groundwater displays higher temperatures than
the groundwater of the surrounding watershed area and higher residence time and
salt content than the freshwaters. Moreover, in many coastal areas worldwide,
particularly in karst areas, natural seawater intrusion may exist.

4.2.1 Springs

The most vulnerable water supplies are those hosted in unconfined and karst
aquifers, where pollutants can readily diffuse into groundwater supplies. In case
that springs are used for water supply, special attention should be paid to any
variation of their water temperature during the day and coloration of their water
shortly after rain, which indicate that the aquifer layer is not deep enough or that
there is direct infiltration of surface water through the topsoil, and thus, the spring is
extremely vulnerable to contamination.

4.2.2 Boreholes and Wells

Deterioration in water quality may result either from changes in the biological,
chemical, or physical quality of water in the aquifer or changes in the well. The
monitoring of the biological and chemical quality of water of wells that supply
domestic needs is important, in order to spot any differentiations in their water
quality. Especially before using a new well for public supply, it should be clarified
first that its water quality meets the potability standards. Otherwise treatment is
required.
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S Treatment

In all cases, drinking water should be free of microbes or be disinfected before it is
consumed. In addition, surface water should be treated for the removal of suspended
solids and algae. Groundwater may not need additional treatment if it is springwater.
Springwaters often do not even need disinfection. However, depending on the
formations groundwater passes through, it may need softening or iron and manga-
nese removal or removal of other substances such as arsenic or chromium. The
following sections describe the conventional treatment methods that are mostly
described in [31]. Recent advances in disinfection are critically reviewed and
presented in [32].

5.1 Surface Water

If drinking water originates from surface water, it requires treatment that needs
substantial infrastructure, i.e., water treatment plants.

5.1.1 Lake Conventional Treatment

The most common treatment for lake or dam water is a combination of coagulation,
flocculation, sedimentation, sand filtration, and disinfection. Coagulation, floccu-
lation, and sedimentation are complimentary processes needed for the removal of
stable colloid particles that are light enough to be suspended and will take a long
time to settle due to gravity only. If these suspended solids are microalgae, more
sophisticated treatment is necessary, and expensive membranes are employed.
Coagulation is a chemical process that requires the addition of coagulants which
are usually salts in the form of powders. They are used to neutralize the surface of
colloids, in other words to destabilize their solution and allow their flocculation.
Colloids repulse each other due to common surface charge since they usually
originate from the same geological formation. Once their surface charge is neutral-
ized, then, they flocculate due to gravity forces forming bigger particles that settle
much faster by gravity. Sand filtration usually follows the sedimentation tank and is
used to remove the finer flocs that did not settle or the destabilized particles if no
sedimentation tank is present.

Disinfection is used to deactivate microorganisms in water and keep the water
supply safe throughout the pipelines of the municipality. In some countries for
surface water, sand filtration is mandatory before disinfection since attached
microbes to suspended particles are more persistent than suspended microbes.
Thus, disinfection would not be as effective in the presence of suspended particles.

Some industries use pressure filters, ion exchange, and ultraviolet radiation to
remove solids and alkalinity and to disinfect. This way they avoid the addition of
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any chemicals that could create a taste and odor problem. However, these processes
are more expensive and more energy intensive.

5.1.2 River and Stream Conventional Treatment

River water follows similar treatment schemes as lake water for the removal of
suspended solids and for disinfection. Although river water is most commonly
pumped from the river sources or from the river banks, it still requires treatment
for suspended solids.

5.2 Groundwater

If drinking water originates from groundwater, it is usually treated on site of the
point it is collected, e.g., on the well.

5.2.1 Spring Conventional Treatment

If the spring is protected, springwater can be of high quality and may not require
any treatment, not even disinfection. However, in order to be safe, usually munic-
ipalities disinfect springwater in order to keep it safe during transportation through
the pipelines of the distribution system.

5.2.2 Borehole and Well Conventional Treatment

For groundwater originating from boreholes or wells, the most common treatment
scheme is a combination of softening, aeration, and disinfection.

Softening is a chemical process used for the removal of hardness that is due to
calcium and magnesium carbonate minerals dissolved in groundwater. Hardness is
associated with scaling in the pipelines or in machines that heat water.

Aeration is also a chemical process used for oxidation and, thus, formation of
less soluble species and precipitation of iron and manganese. It is also possible to
use an oxidation medium such as potassium permanganate or chlorine to help metal
precipitation.

Disinfection, also a chemical process, is used to deactivate microorganisms in
water and keep the water supply safe throughout the pipelines of the municipality.
The most common disinfection method is chlorination that requires the mixing of
water with chlorine gas or with sodium hypochlorite. Chlorine is hydrolyzed and
hypochlorite acid is formed. Chlorine is effective for the disinfection from bacteria
and is also persistent in the supply pipeline without requiring the addition of another
disinfectant. Ozone and UV are also used and are effective disinfectants. However,
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they require the addition of chlorine in water before it is transported through
pipelines. The use of chlorine as a disinfectant could be a problem since chlorine
has strong taste and odor.

Other methods to get water free from salts are distillation, ion exchange, and
membrane filtration. Conventional distillation requires high amounts of power and
wasting lots of water for cooling. Solar distillation is friendlier to the environment
but requires space and sun shining. Ion exchange requires the use of specific resins
that remove both anions and cations. They still require water softening to avoid fast
consumption of the resins by hardness and frequent regeneration of resins. Mem-
brane filtration requires high pressure to push water through the membrane.

If water is polluted, it may require additional treatment before it can be con-
sumed. Toxic metals present in groundwater due to pollution or to natural minerals
can be removed by sorbent materials that will strongly bind them. However, in
many countries, it is considered preferable to change water supply than try to treat a
polluted one. In places where water supplies are scarce, in-house water filters are
commonly used employing ceramic pots and sorbent filtering media (e.g., activated
carbon, zeolites, biosorbents, bone chars, etc.).

6 Water Resource Management and Protection

Although water sources, mostly the surface ones, are treated before entering the
households, their treatment costs and the risks posed to public health could be
reduced by investing on their protection.

In Europe, 20% of surface water is at serious risk from pollution; 60% of the cities
overexploit their groundwater resources, while 50% of wetlands are endangered
[33]. There is a constantly increased demand for water that has as consequence that
nearly half of the European population live in “water-stressed” countries, where
abstraction of freshwater is extremely high.

The trends of deterioration of water quality and decrease of urban groundwater
supplies are being corrected by water allocation projects and protection measures.
For urban water pollution control, urban sewage and industrial wastewater will be
treated and reused increasingly.

6.1 European Regulations-Legislation and Protection
Measures

In 1998, the Council Directive (98/83/EC) was introduced and included essential
potability standards [34]. This Directive requires member states to monitor the
quality of water intended for human consumption regularly, by using a “sampling
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points” method, providing regular information to consumers, and reporting the
results every 3 years to the Commission.

In 2000, the European Union adopted the Water Framework Directive (WFD,
2000/60/EC). According to it, member states have had to build river basin man-
agement plans (RBMPs), which were finalized after extensive public consultation.
They are aiming to protect each 1 of the 110 river basin districts and are valid for
6 years. The overall targets of the RBMPs are to accelerate water-saving techniques
to alleviate the crisis of urban water shortage, to protect groundwater resources in
the overexploited areas, to improve the coordination between socioeconomic
development and environmental improvement, and to seek sustainable utilization
of groundwater resources.

According to the WFD, protection zones have been established for both surface
water and groundwater resources in important water supply regions. They comprise
of three different zones:

¢ An “immediate” proximity protection area: This area is generally small and
encloses the well itself. It belongs to the municipality or the utility and is fenced.
Its purpose is to protect the well itself from direct pollution.

* A proximity area: Its purpose is to protect the well, allowing a sufficient reaction
time in case of pollution from nearby point source pollution. The criterion of
50-day water transit is generally applied to define the limits of this area. Its size
varies according to the hydrogeological characteristics of the area and the
volume of abstraction. In this area there are limitations in the use of the soil,
such as banning of manure, pesticides, road construction, etc., which are derived
by hydrogeological study of the area.

« A distant area: Its purpose is to protect the catchment area of a water source. In
this area, whose extent may vary from place to place, the use of soil is only
subject to recommendations.

In 2006 a new directive aiming to protect groundwater from contamination
(GWD, 2006/118/EC) was published. It stems from the European Water Frame-
work Directive of 2000 [35] and sets Community Quality Standards for groundwa-
ter with respect to the major contaminants, nitrates and pesticides. It also creates the
framework for setting any other Groundwater Quality Standards.

The Groundwater Directive [36] is based on a mixed regime that is in compli-
ance with Groundwater Quality Standards and measures to prevent hazardous or
limit nonhazardous substance emissions to the groundwater.

According to it, the member states are responsible for the establishment of certain
Groundwater Quality Standards based on the local or regional conditions [37].

Moreover, in 2007 the Commission launched the Water Information System for
Europe (WISE), an instrument for the collection and exchange of data and infor-
mation within Europe and for the monitoring of pollutants released to surface
waters or within the aquatic environment [38].
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6.2 Artificial Recharge

The overexploitation of groundwater is controlled by increased infiltration and
extensive use of artificial recharge. Artificial recharge can be used to increase the
availability of groundwater storage and reduce saltwater intrusion in coastal aqui-
fers, where pumping and droughts have severely affected the groundwater quality.
Stored water from artificial recharge can be used not only for drinking but also for
industrial and agricultural water supplies.

In coastal areas, it can protect groundwater from saltwater intrusion.

In certain areas, artificial recharge can be used to provide protection from land
subsidence caused by drought and aquifer overexploitation [39].

7 Discussion and Conclusions

Groundwater plays an important role for urban water supplies. Nowadays that there
is recognition of the vertical dimension of hydrologic connectivity [40] and consent
that many surface water ecosystems depend on groundwater at different levels,
conservation and management of this linked resource are even more important [41].

For the efficient and sustainable exploitation, management, and remediation of
groundwater resources, it is important to know the water and contaminant flow
patterns and the way they interact with the geological formations.

Assessment and monitoring of water resources and their quality are generally a
routine in developed countries. However, this is not always the case in developing
or in remote areas where vulnerable communities are hugely affected by poor water
quality [42]. Areas that suffer from limited availability or accessibility of water
resources may also be at greater water risk [43] especially if limited water resources
are undermined by natural and anthropogenic contamination, climate change, or
other factors as poverty, remoteness, insufficient water management, and lack of
treatment [44—46].

Certain measures for groundwater protection such as reduction in water con-
sumption, enhancement of artificial recharge use, pollution control, and holistic
management of groundwater resources are already taken [47].
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Roberta Hofman-Caris and Jan Hofman

Abstract This chapter gives an overview of the more traditional drinking water
treatment from ground and surface waters. Water is treated to meet the objectives of
drinking water quality and standards. Water treatment and water quality are there-
fore closely connected.

The objectives for water treatment are to prevent acute diseases by exposure to
pathogens, to prevent long-term adverse health effects by exposure to chemicals
and micropollutants, and finally to create a drinking water that is palatable and is
conditioned in such a way that transport from the treatment works to the customer
will not lead to quality deterioration.

Traditional treatment technologies as described in this chapter are mainly
designed to remove macro parameters such as suspended solids, natural organic
matter, dissolved iron and manganese, etc. The technologies have however only
limited performance for removal of micropollutants. Advancing analytical technol-
ogies and increased and changing use of compounds however show strong evidence
of new and emerging threats to drinking water quality. Therefore, more advanced
treatment technologies are required.
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Abbreviations

°D German degree

AC Activated carbon

AOC Assimilable organic carbon

BB Building block

BP Biopolymer

DAF Dissolved air flotation

DOC Dissolved organic carbon

E. coli Escherichia coli

E2 17-Beta-estradiol

EC European Commission

EDC Endocrine-disrupting compound

EE2 17-Alpha-ethinylestradiol

FEEM Fluorescence excitation emission matrix

GAC Granular activated carbon

HS Humic substance

LC-OCD Liquid chromatography — organic carbon detection

LMw Low molecular weight

LP Low pressure (UV lamp, 253.7 nm)

LRV Logarithmic reduction values

LSI Langelier saturation index

MP Medium pressure (UV lamp, 200-300 nm)

Mw Molecular weight

NOM Natural organic matter

PAC Powdered activated carbon

PACI Polyaluminium chloride

PCCPP Practical calcium carbonate precipitation potential

PRAM Polarity rapid assessment method
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QMRA Quantitative microbial risk assessment

REACH  Registration, evaluation, and authorization chemicals
SAX Strong anion exchanger

SDWA Safe Drinking Water Act

SEC Size exclusion chromatography

SI Saturation index

SMP Soluble microbiological product

SPE Solid phase extraction

SUVA Specific UV absorbance
TCCPP Theoretical calcium carbonate precipitation potential
TH Total hardness

TOC Total organic carbon
TTC Threshold of toxicological concern
uv Ultraviolet

UV-A 315-380 nm

UV-B 280-315 nm

UVv-C 200-280 nm

vuv Vacuum ultraviolet (100-200 nm)
WHO World Health Organization
WWTP Wastewater treatment plant

1 Safe Drinking Water Quality

1.1 General Aspects

The availability of safe drinking water is of utmost importance for human health,
everywhere in the world. For centuries people have been aware of this, although
they didn’t always realize what caused the problems, and why the methods they
applied were effective. Sanskrit texts dating from about 2000 BC indicate that
drinking water should be irradiated by sunlight and afterwards filtrated over char-
coal. In case the source water was unclean, it should first be boiled, then a piece of
copper would have to be immersed for seven times, and finally the water would
have to be filtrated. It took until about 1700 AD until Antony van Leeuwenhoek
discovered microorganisms, although by that time no one yet understood the
importance of this finding for human health. In 1854 during a cholera epidemic in
London, John Snow, an English physician, realized that the source of the epidemic
was a public water pump on Broad Street. By disabling the pump, the outbreak was
stopped. Since this time, the importance of safe drinking water has become more
and more clear, and since the end of the nineteenth and beginning of the twentieth
century, distribution of safe drinking water has become an important task of
authorities. By the same time, measurements were taken to improve sewerage.
The combination of these two facts resulted in a significant increase in health and
average lifespan of people.
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As becomes clear from the above, the microbiological safety of drinking water is
a very important parameter in drinking water treatment. However, it also became
clear that the chemical composition of the water may play an important role. Some
Roman emperors are notorious because of their mental health. This probably was
caused by the fact that they were rich enough to afford drinking cups containing
lead, as a result of which they obtained a very high dose of lead. Originally,
drinking water mains also contained high lead concentrations, but as became
clear this may cause problems for public health the mains have been replaced
by polyvinyl chloride or polyethylene materials. Nowadays in some areas, like
Bangladesh, high arsenic concentrations cause serious health problems. In 1989 in
the Netherlands, bentazon, a pesticide, was detected in drinking water. As during
the last quarter of the twentieth century analytical techniques were significantly
improved, it became clear that sources for drinking water often contained (too) high
concentrations of pesticides. And shortly after it also was observed that many other
organic micropollutants, like pharmaceuticals, personal care products, flame retar-
dants, solvents and many other industrial chemicals, may be present in sources for
drinking water.

Nowadays, the World Health Organization (WHO) forms an authoritative basis
for the setting of national regulations and standards for water safety in support of
public health. Because of the “precautionary principle”, in many cases these
regulations and standards are set lower than the WHO guidelines. The objective
of the EU Drinking Water Directive (98/83/EC) is to protect human health from
adverse effects of any contamination of water intended for human consumption by
ensuring that it is wholesome and clean. Member states of the European Union can
include additional requirements, e.g. regulate additional substances that are relevant
within their territory or set more stringent standards. In the USA drinking water has
to comply with the Safe Drinking Water Act (SDWA). Here standards are set and in
some cases treatment technology is prescribed. The number of compounds in water
seems to increase, partly because of the improvement of analytical techniques,
increasing the number of detectable compounds, and partly because the number
of chemicals used in practice is increasing. Although there already are numerous
standards set, it is likely that the number of standards will further increase. Water
treatment techniques aim at safe drinking water, which contains no pathogens or
toxic substances. Besides, the water has to be palatable, clear, colourless and
odourless. Furthermore, it should not be corrosive (for tanks and pipes) and have
a low organic content, in order to prevent biological growth in pipes and tanks.
Nowadays, for customer convenience and environmental reasons (decreased use of
detergents and energy requirements), water often is softened and conditioned.
Finally, all these requirements should be met at low costs, as drinking water is a
first necessity for life. In this way it is tried to ensure safe drinking water and to keep
customers trust.
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1.2 Microbiological Standards

Microbiological standards are important because when drinking water contains
pathogens, exposure to these microorganisms can lead to acute infectious diseases
and illness, and in severe cases even to death. Symptoms are gastroenteritis,
diarrhoea, inflammations, etc. In more severe conditions, waterborne diseases like
typhoid fever, cholera or poliomyelitis can occur.

Roughly three categories of pathogens with a high health impact can be distin-
guished: bacteria, viruses and protozoa. Sometimes a fourth category is added:
helminths. Bacteria have in general a low resistance to chlorine or other disinfec-
tants, and persistence in water supply is moderate. Some bacteria may multiply in
drinking water and their infectivity is in general low to moderate. Viruses are
moderately resistant to chlorine and have a high infectivity. Protozoa are highly
infective and very resistant to chlorine [1].

For microbiological standards two approaches are used. The more traditional
approach is the use of faecal indicators in drinking water. The standards in the
European Drinking Water Directive are 0/100 mL for E. coli and Enterococci
[2]. However, for the more infective viruses and protozoa, this approach is insuf-
ficient, and a health-based quantitative microbial risk assessment (QMRA) is
required to determine the microbiological safety of drinking water. The QMRA
methodology requires information on exposure, expressed as the number of micro-
organisms ingested, and dose-response models to determine the infection probabil-
ity. Finally, epidemiological data can be used to determine the disease effects and
severity. Using these data, the QMRA can be used to determine the health effects of
drinking water at very low concentrations of pathogens. For viruses the acceptable
concentrations are extremely low (one microorganism in a few hundred to thou-
sands m?) and thus are not measurable. Instead, logarithmic reduction values (LRV)
for pathogens by individual treatment steps are used. These LR Vs can be added for
all individual steps in a treatment. If the number of pathogens in the raw water is
known, it can be calculated by the LRV what the concentration in the treated water
will be and whether this imposes an acceptable health risk.

1.3 Chemical Water Quality

Chemical water quality relates to several organic and inorganic compounds, both
from natural and from anthropogenic origin, that may be present in drinking water.
Problems caused by the presence of heavy metals have been recognized for quite
some time now, and measurements have been taken to prevent these problems.
Drinking water mains are no longer made of lead, and the water is conditioned
(i.e. the pH is adjusted) in order to prevent dissolution of, e.g. copper or carbonate
from cement pipes. However, it is well known that in some parts of the world,
sources for drinking water contain too high concentrations of e.g. arsenic or
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chromium, which still causes a lot of human health problems worldwide. Coagu-
lation/flocculation and adsorption, sometimes in combination with oxidation, can
be applied to remove these metals from drinking water, and new techniques are
being developed [3, 4]. For arsenic the WHO standard is 10 pg/L, but it is known
that this isn’t a “safe” concentration, as arsenic is a very toxic metal. However, in
some cases it is technically difficult or too expensive to further decrease the arsenic
concentration.

Pesticides (Fig. 1) are applied in both municipal and agricultural areas and end
up in sources for drinking water either by run-off to surface water or by penetration
into groundwater. They are organic compounds which have been designed to be
harmful for certain organisms. Therefore, in principle they shouldn’t be present in
drinking water. However, as analytical techniques are optimized to be able to detect
lower and lower concentrations, it is very difficult to ensure that “no” pesticides are
present. Because of this often the “threshold of toxicological concern” (TTC) is
applied, which gives a guideline for safe concentrations for certain compounds,
below which no negative effects on human health are expected. In the Netherlands a
standard has been set at 0.1 pg/L for individual pesticides, with a total concentration
<0.5 pg/L.

In the past decade, it has become known that sources for drinking water also may
contain pharmaceuticals. These too are compounds designed for their effect on
living organisms. The major part of these pharmaceuticals after use is excreted in
urine and faeces and thus is present in municipal wastewater. However, wastewater
treatment plants (WWTPs) in general have not been designed to deal with these

Fig. 1 Several pesticides
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compounds; as a result of which, only 60—70% of the total load of pharmaceuticals
and their metabolites is removed from WWTP effluent. The rest ends up in surface
water, which in turn is used to produce drinking water. Research in the Netherlands
has shown that WWTPs significantly contribute to the pharmaceutical concentra-
tions in small surface waters [5], which leads to the conclusion that the presence of
pharmaceuticals in surface water may become a problem for drinking water pro-
duction. At the moment more than 4,000 chemical compounds are being applied as
pharmaceuticals, and in a small country like the Netherlands (with approximately
17 million people), yearly 3.5 million kg of pharmaceuticals is used, 140,000 kg of
which end up in surface water. It is expected that these amounts will increase in the
coming years, as a result of the development of new pharmaceuticals and of ageing
of the people [6]. Besides, due to climate change, longer periods of draught are
expected to occur, resulting in lower river discharge and thus higher concentrations.
It already has been shown that some of these compounds, like diclofenac and hormone
disruptors, also have a negative effect on the aquatic environment. Recently, the EU
has put some of these compounds (17-beta-estradiol (E2), 17-alpha-ethinylestradiol
(EE2), and diclofenac) on a watch list, and it is expected that eventually standards will
be set for these compounds [7, 8].

A separate category of pharmaceuticals are the veterinary pharmaceuticals. As
these often are excreted with manure, they may enter the environment more
diffusely and may finally end up in groundwater [9]. This, however, may take
several years; as a result of which, it has to be kept in mind that even after a certain
type of pharmaceutical may have been banned, still it may be observed in ground-
water for many years.

Apart from the above-mentioned pesticides and pharmaceuticals, also industrial
compounds, originating from industrial wastewater treatment plants, can be found
in surface waters. Their relevance for drinking water production depends on their
concentrations and characteristics, which also determine their behaviour in water
treatment processes. Unfortunately, very often little is known about their presence
in wastewater or surface water.

Another category of pollutants are (micro)plastics. As in many cases this is
particulate matter, other techniques will be required to deal with these materials.
They cannot be degraded or adsorbed by common processes, and often the particles
are too small (micro- and nanoscale) for removal in regular filtration processes like
sand filtration. No standards have been set yet for water.

A recent trend observed, initiated by REACH registration, is that apolar
chemicals are replaced by more polar ones [10]. More polar chemicals are better
soluble in water, and therefore removal in a treatment process is often more
difficult.
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1.4 Water Quality: Presence and Characterization of Natural
Organic Matter

Natural organic matter (NOM) is present in all surface ground and soil waters. It
affects biogeochemical processes (like metal complexation and redox conditions)
as well as water treatment processes through several mechanisms. Therefore, it is a
key parameter with respect to design and operation of water treatment processes. It
is responsible for colour, taste and odour problems and the major part of the
coagulant and disinfectant requirements; it hinders the removal of other contami-
nants (e.g. by competition for adsorption sites in activated carbon, by pore blocking
in filters and by interference with photochemical and oxidation processes); it acts a
as a precursor for unwanted (disinfection) byproducts during treatment with chlo-
rine and ozone; it contributes to membrane fouling, corrosion and the formation
of metal complexes; and it acts as a substrate for bacterial growth, resulting in
biologically unstable water and metal complexes [11-14].

NOM is a complex heterogeneous mixture of various organic molecules origi-
nating from the natural biological activity in water. Its composition varies
from largely aliphatic to highly coloured and aromatic, from highly charged to
uncharged, with a wide variety of chemical compositions and molecular weights,
depending on its origin [11, 15—17]. NOM originating from plant matter has a high
lignin content, with a predominant aromatic fraction [18]. It is suggested that
aromatic parts of wood and nonwoody plants are the precursors of soil humic
acids [19]. These authors describe that aromatic hydroxyl carboxylic acids and
aldehydes are formed during UV and sunlight irradiation of lake and river NOM.
Often NOM represents a family of polymeric chains resulting from the condensa-
tion of polyphenols [20]. Colour often is caused by the presence of fulvic acids,
humic acids and hymatomelanic acids.

The amount and character of NOM in water differ with climate and the hydro-
logical regime as well as with other environmental factors. NOM found in natural
waters consists of both hydrophobic and hydrophilic components. Approximately
50% of the total organic carbon (TOC) in water consists of hydrophobic acids:
humic acids, fulvic acids and humin. This fraction contains much aromatic carbon,
phenolic structures and conjugated double bonds. Hydrophilic NOM contains more
aliphatic carbon and nitrogenous compounds like carbohydrates, sugars and amino
acids. Dissolved organic carbon (DOC) content and TOC content often are used as
indicators for NOM, but they give no information on its composition. The compo-
sition of NOM can be characterized in various ways, for example, by dividing it in a
soluble (<0.45 pm, also containing cell fragments and macromolecules) and a
particulate (suspended) fraction (>0.45 pum). Soluble microbiological products
(SMPs) end up in the water during, e.g. biological treatment in municipal waste-
water treatment plants. They originate either from the conversion of organic
compounds by microorganisms or from dead microorganisms. The SMPs contain
humic acids, polysaccharides, proteins, amino acids, antibiotics, extracellular
enzymes, parts of microorganisms themselves and conversion products [21, 22].
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A common method to characterize organic material is by means of LC-OCD
(liquid chromatography-organic carbon detection) techniques [23]. In this case the
following classification is applied:

« Biopolymers (BP) with molecular weight (MW) >>20,000

e Humic substances (HS) with MW 21,000

e “Building blocks” (BB) with MW a300-500 (These are natural conversion
products of humic substances)

¢ Neutral components with MW <350

e Acidic components (Low MW-acids) with MW <350

Size exclusion chromatography (SEC) often also is applied to determine the
molecular weight distribution of the material.

Assimilable organic carbon (AOC) is a mixture of various fractions of organic
material, which differ per type of water [24]. Grefte concluded that per type of
water, a specific linear relation can be observed between the average AOC concen-
tration and the concentration of LMW acids.

Important parameters in the characterization of NOM are the aromaticity and the
hydrophobicity of the material. Both variables are related. In literature, the material
often is characterized by its specific UV absorbance (SUVA). Material with a high-
SUVA value in general contains much high molecular weight compounds, whereas
low SUVA value material contains hydrophilic, low molar mass and low charge
density compounds. Moreover, compounds with a high SUVA have a higher aroma-
ticity and more unsaturated carbon bonds. However, size distribution and SUVA
value are not necessarily related: it is possible that, e.g. coagulation largely affects the
SUVA value but at the same time hardly affects the molecular weight of the DOC.
Audenaert et al. [25] used the UV absorption at a wavelength of 310 nm to determine
the presence and amount of NOM.

Fluorescence (fluorescence excitation emission matrix; FEEM) too is applied
to characterize dissolved organic material from a biological treatment process
[26]. These authors studied a method to determine the polarity of various NOM
fractions by means of the “polarity rapid assessment method” (PRAM). In this
method water is extracted by means of various adsorbents (solid phase extraction,
SPE). Apart from the hydrophobic surface of the material (and its aromatic char-
acter), also the molecular weight and molecular weight distribution play an impor-
tant role. Column materials used for this technique are, e.g. C,, Cg and C;g, which
show an increasing capacity for hydrophobic components. The most important
parameter to characterize the various fractions is the difference in hydrophobic
surface of the various components. Furthermore, dipole interactions and hydrogen
bridging are used for characterization, for example, by applying anion exchangers
with NH, (a weak anion exchanger) and SAX (a strong anion exchanger). This
method is affected by the pH and ionic strength [26-30].

The PRAM method differs from the commonly applied extraction using a XAD
resin, as in the XAD method, a low pH is applied, and separation of the fractions is
carried out in series instead of in a parallel execution. In XAD different fractions
can be isolated and analysed. Thus, it is possible to determine a mass balance based
on the XAD method, whereas this cannot be done using the PRAM results [26, 29].
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1.5 Water Quality: Conditioning

Carbon dioxide and carbonate, and as a result pH, play a very important role in the
characteristics of (drinking) water and water treatment.
Carbon dioxide dissolves in water according to Eq. (1):

CO, + H,O — H,CO3 (1)

Subsequently, carbonic acid dissociates into bicarbonate and carbonate,
according to Egs. (2) and (3).

H,CO; + H,O — HCO3™ + H3O+ (2)

HCO;~ + H,0 — CO32~ + H;0% (3)

The dissociation constant for reaction (2) (K;) is 4.5 x 1077 mol/L, and the

dissociation constant for reaction (3) (K5) is 4.7 X 10~ mol/L at 25°C. From this it
follows that at equilibrium:

- H,C03]\
PA2 p g [Cogf] .

Ca** may react with CO5>", forming CaCO;, which has a very limited
solubility:

K= [Ca®"]-[CO37] =3.8 x 1077 at 25°C (6)

The degree of super or subsaturation of calcium carbonate is expressed as the
saturation index SI (also Langelier saturation index (LSI)) and is defined as (Eq. 7)

SI = log <[CaZ+]K[CO§]> = pH — pH, (7)

In Eq. (7) [Ca2+] is the Ca®* concentration, [CO327] is the carbonate concentra-
tion, and K is the solubility constant for CaCOj. pH; is the equilibrium pH of water
containing identical concentrations of Ca** and HCO; .

pH, = pK> — pK, — log([Ca’"][CO5]) (8)

In general, in the Netherlands it is strongly recommended that the pH of drinking
water should be above 7.4 in order to prevent the dissolution of zinc from brass in
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taps and of copper and iron from pipe materials. In this way also the dissolution of
lead will be decreased in places where still lead piping is applied. Furthermore, the
SI should be >—0.2 in order to prevent the dissolution of calcium carbonate from
cement. This recommendation sometimes contradicts the pH requirements men-
tioned above [31]. For conditioning marble filtration may be applied. As many
organic micropollutants are salts, the pH controls their degree of dissociation and
thus not only their solubility in water but also their behaviour in adsorption,
photolysis and oxidation processes.

A way to describe the precipitation of calcium carbonate is by applying the total
hardness (TH), the theoretical calcium carbonate precipitation potential at 90°C
(TCCPPy) and the practical calcium carbonate precipitation potential (PCCPP).
The TH is defined as the total concentration of calcium and magnesium ions in
water (in mmol/L or in German degrees (°D), 1 mmol/L corresponding to 5.6°D). In
the Netherlands it is recommended to apply a TH <1.8 mmol/L, in order to increase
customer comfort and decrease the environmental impact (use of detergents and
energy requirements). Besides, in the Netherlands a minimum calcium concentra-
tion of 1 mmol/L is required, based on the fact that sufficient calcium uptake is
essential for human health [32]. However, there is no evidence that the presence of
calcium in drinking water would positively contribute to this [33-36].

Furthermore, it is recommended that TCCPP <0.6 mmol/L and PCCPP
<0.4 mmol/L, in order to prevent precipitation of calcium carbonate, which results
in higher maintenance costs and lower lifespan for apparatus like laundry machines
and dish washers.

Under these conditions most organic micropollutants are soluble; as a result of
which, they are relatively difficult to remove from the water. Another point of
attention are heavy metals. By applying milk of lime for softening or marble
filtration for conditioning, small concentrations of heavy metals may be introduced
into drinking water. Precipitation of CaCOj3 does not contribute to the removal of
e.g. organic micropollutants.

2 Water Treatment: Drinking Water from Groundwater
Sources

In many countries, groundwater is used as a source for drinking water production.
Groundwater is in general relatively clean, although due to biogeochemical pro-
cesses a wide range of compounds can be dissolved. The compounds present in the
groundwater depend largely on the soil composition of the aquifer. Also, the well or
borehole conditions can have influence on the water quality of the abstracted water.
In specific circumstances, groundwater can be under influence of surface water.
This can be the case in karstic aquifers where cracks in rocks result in a direct
shortcut between the surface water and the groundwater. Sometimes, groundwater
is deliberately put under influence of surface waters by application of river bed
filtration.
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In principle, groundwater can be aerobic, slightly anaerobic and deeply anaer-
obic. Aerobic groundwater is open to the atmosphere and thus contains oxygen.
Most dissolved compounds will be present in an oxidized state. Under these
conditions iron from the soil doesn’t dissolve in the water. In order to produce
drinking water, even aerobic groundwater is aerated to increase the oxygen con-
centration and simultaneously decrease the CO, concentration. The most important
parameters that will have to be adjusted in this case are pH, calcium content,
bicarbonate concentration and saturation index (SI). This is called “conditioning”.

When the groundwater originates from sandy soil, it often is lime aggressive; as
a result of which, cement pipe material may be dissolved (SI < —0.2) or enhanced
corrosion of drinking water mains may occur. Due to several degradation processes,
carbon dioxide is present in the water, and as there is hardly any calcium present,
the CO, concentration may be (much) higher than its equilibrium concentration.
This is reflected in a large negative value of the SI. Air stripping will remove CO,,
but the pH and HCO;™ concentration still will have to be adjusted. For example,
marble filtration may be applied for this purpose, dissolving the marble pellets and
adding some hardness to bring the water near equilibrium.

Sometimes the groundwater contains a relatively high calcium concentration
(in calcium-rich aquifers). Hard waters are no threat for public health. Nevertheless,
hardness can be a nuisance as warm water devices have a shorter life and require
more maintenance due to scaling at higher temperatures (calcium carbonate solu-
bility decreases with increasing temperatures), and, for instance, higher concentra-
tions of detergents will be required. For these reasons water in many cases is
softened.

As mentioned before, there are three types of groundwater: aerobic, slightly
anaerobic and deeply anaerobic [37]. The treatment requirements for the three types
differ considerably. Figs. 2—12 shows block schemes for typical groundwater
treatment schemes.

The aerobic groundwater doesn’t contain dissolved iron, but the anaerobic
groundwater does. Besides, it contains ammonium and manganese. For slightly
anaerobic groundwater, aeration and stripping result in the removal of CO, but
also in the oxidation of Fe?* to Fe**, of NH,4* to NO;~ by biological processes and
of Mn>* to MnO,, partly by chemical and partly by biological processes [38]. Fe**
reacts with hydroxyl ions, forming Fe(OH); flocs, which slowly converts into iron
oxide (Fe,Os3). Bacteria, Nitrosomonas and Nitrobacter are responsible for the
biological conversion of ammonium, which requires a relatively high amount of
oxygen.

Deeply anaerobic groundwater may contain high concentrations of iron, man-
ganese, ammonium, hydrogen sulphide and methane. Sometimes also chlorinated
compounds, originating from industrial contaminations and spills, are found. Aer-
ation and stripping are applied to remove the gasses and to oxidize iron, manganese
and ammonium. For the nitrate formation, “dry filtration” has to be carried out, in
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Aerobic groundwater Anaerobic groundwater Deep Anaerobic groundwater

Aeration Aeration Stripping

Rapid filtration Rapid filtration Rapid filtration
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Fig. 2 Typical groundwater treatment schemes: (a) aerobic groundwater; (b) anaerobic ground-
water, (c¢) deeply anaerobic groundwater. Orange blocks are optional, depending on the water
quality: softening for hard water, activated carbon filtration and UV for the presence of organic
micropollutants and disinfection

order to provide sufficient oxygen for the oxidation process. The removal of gasses
can be described by applying Henry’s law (Eq. 9):

Cn=KuxC, )

In which C,, is the equilibrium concentration of a gas in water, C, is the equilib-
rium concentration of a gas in air and K is Henry’s constant or distribution
coefficient. Stripping may also be an effective method to remove volatile contami-
nants, like vinyl chloride and 1,2-dichloro ethane, which sometimes are encountered
in groundwater due to industrial pollution. However, most organic micropollutants
are soluble salts, which cannot be removed in this way.

Simultaneously, iron and manganese are oxidized, forming precipitates. Colloi-
dal particles, with a size <1 pm, are kept floating by the Brownian motion. In case
of neutral particles, stirring will result in collisions of the particles, upon which
London-van der Waals forces will keep them together, forming larger flocs. These
flocs may also include other species, like heavy metals (arsenic) and NOM/DOC.
They precipitate the rate depending on their size and composition. Rapid sand
filtration then can be applied to remove the flocs from the water. Thus, also colour,
which originates from DOC, may be removed from the water.
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Organic micropollutants, like pesticides and pharmaceuticals, resemble NOM in
certain ways and thus also may be included into the flocs. However, often these
compounds are more hydrophilic and polar; as a result of which, flocculation is
not a very efficient process for the removal of these compounds. During the last
decades, more and more filtration over activated carbon (AC) has been applied
to remove these compounds. AC is very effective for the removal of organic and
preferably hydrophobic compounds. As a result, serious competition is observed by
NOM in the removal of micropollutants. Other problems that are encountered are
pore blocking by NOM,; as a result of which, micropollutants cannot reach the pores
anymore, and the effective surface for adsorption is reduced, and displacement
of already adsorbed compounds by less soluble and more hydrophobic NOM
compounds occurs.

3 Water Treatment: Drinking Water from Surface Water
Sources

Surface water has a much more dynamic behaviour than groundwater. Water
quality can vary quite rapidly, and river discharge flows can vary, in bigger rivers
sometimes up to three orders of magnitude. Moreover, surface water contains a
much wider variety of pollutants, as it is under direct anthropogenic influence by
discharging of municipal and industrial wastewaters, surface run-off, atmospheric
deposition and incidental spills and calamities. It is therefore also impossible
to control water quality. This puts additional pressure on a treatment system to
produce safe drinking water.

Surface water treatment exists in a wide variety of systems, and in recent years
innovation in this area is accelerating. Nevertheless, a number of general treatment
objectives have to be met: removal of suspended solids and disinfection, removal of
taste and odour compounds and removal of a wide variety of micropollutants.
Figure 3 shows a number of more traditional surface water treatment schemes.

Suspended solids are mostly removed by application of coagulation, flocculation
and sedimentation. Often these steps are followed by a rapid filtration. Disinfection
traditionally was done chemically by adding chlorine. However, because of the
detrimental health effects of the byproducts, these systems are mostly abandoned
nowadays. Other disinfection systems and multi-barrier approaches have been
introduced. Many surface water treatment works also contain improved barriers
against micropollutants often in combined processes for oxidation and disinfection
like ozone and activated carbon filtration. Below the removal of suspended solids,
disinfection and activated carbon filtration will be discussed.
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Fig. 3 Typical surface water treatment schemes. (a) Traditional, (b) advanced, (c¢) advanced
including soil passage

3.1 Coagulation, Floc Formation and Floc Removal

An important step in producing clean water is the removal of suspended matter.
Suspended matter can consist of a large variety of materials and a wide range of
particle sizes, e.g. clay and silt, organic debris, plastics and engineered nanoparticles.
Part of the suspended matter may be stable in water, whilst other fractions may settle
or float. This depends on the water chemistry, the density of the particulate matter
relative to water, the temperature and viscosity of the water, flow and mixing, etc.
These conditions often vary hourly, daily and over the seasons.

Suspended matter causes turbidity in water, which is not only an aesthetic
problem but also leads to poor treatment and disinfection performance. When the
suspended matter content is relatively low, the particles can often be removed by
filtration. However, if the concentration increases or if the particles are too small, a
filtration step is in many cases insufficient or hindered by operational problems such
as filter blocking. In that case, it is necessary to utilize other particle removal
techniques like coagulation, flocculation and clarification. The suspended solid
concentration that determines whether filtration or coagulation should be applied
depends largely on the characteristics of the particulate matter and the water
composition and is therefore difficult to predict.
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Although coagulation, flocculation and clarification are different processes from
a physico-chemical perspective, in practice they always are connected and taking
place in the same unit operation. Coagulation is a process of destabilizing the
suspended particles by reducing the repulsive forces between them. This can be
done by adding a salt or metal ion solution. The effect is that the particles start to
form agglomerates. The agglomerate now starts to grow further into larger flocs.
This process, called flocculation, needs gentle stirring to create collisions between
the particles. Often a flocculant or flocculation aid, such as a polymer solution, is
added to increase the stability of the flocs. Once the flocs are large enough, the
suspension can be clarified by sedimentation or floatation.

3.1.1 Colloid Stability

Suspended particles in water can span a large size range. The smallest particles are
often a few nanometres and can have a natural origin (minerals, clays) or can be
man-made (e.g. TiO,, n-Ag, ZnO, n-Cg), whilst the larger particles can be a few
hundred micrometres. The latter can be of organic origin or larger sand grains. The
smaller size particles or colloids are often quite stable in water, which means that
the particles remain in suspension if the water is stagnant. They have a typical
diameter of a few micrometres or less. Only larger particles or the heavier ones will
sink in a stagnant water body. Particles with a lower density than water, e.g. organic
materials, oils and fats, will float on the surface.

Colloids in water can be stabilized by two independent physical principles. The
first one is steric stabilization (Fig. 4). Steric stabilization occurs if the water
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Fig. 4 Steric stabilization
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contains water soluble polymers or large molecules like humic substances. These
materials can adsorb on the particle surfaces. The length of the polymers prevents
that the particles can approach each other at a sufficient short distance to form an
agglomerate. However, depending on the polymer chain length and/or particle
concentrations, the materials can start to form a stable network in the water.

The second form of stabilization can occur if the particle surface is charged. If a
surface charge is present at the particle surface, an electrical double layer will occur
around the particle (Fig. 5). This is caused by adsorption of ions from the water
phase or ionization of molecules at the particle surface. Ions of an opposite charge
are attracted by this charge, thus forming an electric double layer [39]. In most
cases particles in water, partly being clay minerals, are negatively charged. Only at
very acidic pH positive surface charges may occur.

Also significant parts of the NOM, the humic acids, are negatively charged.
Upon mixing, the colloidal particles and compounds will repel each other; as a
result of which coagulation will not occur. In this case the electrolyte content of the
water can be increased. In this way, the double layer surrounding the colloidal
particles may be compressed, decreasing the zeta potential of the surface [40]. It is
also possible to include positively charged particles in the flocs by adsorption of
highly charged counter ions, which also decrease the zeta potential. Thus, the
repelling Coulomb forces can be decreased until they become smaller than the
London-van der Waals forces.
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3.1.2 Destabilization and Floc Formation

Suspended colloids can be destabilized by reducing the repulsive forces between
the particles. Adding positively charged ions will reduce the electrostatic repulsive
forces between the particles, because the positive ions will interact with negatively
charged particle surface. Divalent ions appear to be about eight times as effective as
a monovalent ion in causing coagulation, whereas a trivalent ion is even 600 times
as effective [41]. For this purpose, in practice often Fe(IIl) or AI(III) salts are added
to the water.

All metal cations are hydrated to some extend in water. In the primary hydration,
shell water molecules are in direct contact with the metal ion. The bonding of the
water in the secondary hydration shell is more loose. For Al** and Fe®* ions, the
primary hydration shell consists of six water molecules in an octahedral coordina-
tion. Due to the high charge on the metal ion, the water molecules in this shell are
polarized. This may lead to a loss of one or more protons, depending on the solution
pH. As a result, the water molecules in the hydration shell are progressively
replaced by OH ions, lowering the positive charge, according to Eq. (10):

Me3t — Me(OH)2+ - Me(OH); — Me(OH); — Me(OH), (10)

In Eq. (10) Me is the metal (iron of aluminium). However, Eq. (10) is a
simplified scheme, as in practice various polynuclear forms are observed
[42]. Examples are AL(OH),*" and Al;(OH),”", but equivalent species can be
found for iron. Furthermore, also polynuclear hydrolysis products exist, like
Al;304(OH),,"*. This is known as polyaluminium (PACI), and its chloride salt is
a very effective flocculant.

At about neutral pH, both AI(III) and Fe(III) salts show a limited solubility. As a
result, amorphous hydroxide precipitates, which plays a very important role in the
coagulation and flocculation processes. Positively charged precipitate particles may
deposit on colloidal particles (heterocoagulation), resulting in charge neutralization
and thus destabilization [42]. In order to obtain effective coagulation, a very short
mixing time is beneficial, which means often high mixing intensity is required. This
can be realized by, e.g. dosing in a cascade (Fig. 6) or utilizing a high-shear turbine
mixer. In the Netherlands mainly Fe-salts are applied, whereas in other countries
Al-salts are preferred, sometimes combined with active silica [43]. An aspect which
requires some attention is the pH of the salt solutions. Often they have a pH value
<2. By administering the solutions at one injection point, pH gradients may occur,
with locally very low pH values. At these values certain hydrates can be formed,
which are relatively stable, are ineffective adsorbents and cause turbidity in the
water. A high mixing rate is required to prevent the formation of such hydrates, and
addition should take place at different locations. In practice the process starts at a
relatively high mixing rate, which later is reduced in order not to destroy the already
formed flocs by too high-shear rates (tapered coagulation).
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Fig. 6 Dosing of ferric
chloride in a cascade

Another way to form larger particles is by adsorption and bridging of macro-
molecules and polyelectrolytes. This process is known as “flocculation”. For this
purpose both natural and synthetic flocculants (mainly polyelectrolytes) can be
applied. Anionic, nonionic and cationic polymer can be used. When the concentra-
tion of flocculant is too low, bridging cannot occur, and the floc size remains small.
At too high flocculant concentrations, the flocculant will cover the total particle
surface; as a result of which bridging also cannot occur. In practice the addition of
Fe** or AI’* is often combined with the addition of a polyelectrolyte, thus enhanc-
ing flocculation. The use of polymers results in the formation of larger and stronger
flocs with an open structure. The higher the molecular weight of the polymer, the
more effective the flocculant will be. However, in this case too care should be taken
not to apply a too high polymer concentration, as this would shield the colloidal
particles or may cause so much steric hindrance that bridging of particles would be
hindered. Sometimes addition of a salt will increase the adsorption of polymers by
decreasing the electrical double layer. Addition of more particles, like clay parti-
cles, may also enhance flocculation, as it facilitates collisions between particles.
Examples of flocculation tanks are shown in Fig. 7.
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Fig. 7 Top, Tapered flocculation tanks; Centre, mixing device in flocculation tank; Bottom,
flocculation tank in Wuppertal (Germany)
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When this process occurs at a high rate, other compounds or contaminants may
be included in the flocs, which is called “sweep coagulation”. This process is more
effective than for contaminant removal than only applying charge destabilization.
Characteristics of the sweep coagulation process are that flocs form more rapidly
and can become much larger. Figure 8 shows the working areas for pH and metal
ion dose for the different modes of coagulation, such as sweep coagulation,
adsorption destabilization and charge neutralization.

When excess coagulant is used, more than would be required for baseline
coagulation, this is called enhanced coagulation. The effect can be increased by
changing the pH, the order of chemical addition or by using alternative coagulant
chemicals. In this way TOC and NOM removal may be improved [11].

The time required to transport colloidal particles and flocculants is in the order of
10~* s, whereas very high molecular weight polymers would require a few seconds.
As a result good mixing is required to obtain optimum flocculation. pH may be an
important parameter in this respect. Often it is found that within a certain pH range,
in general pH ~8, a minimum flocculant dosage is required. In case this is a narrow
range, it is difficult to maintain the right pH during the process. This also depends
on the colour of the water: in general it is found that the more colour there is
present, the lower the optimum pH will be. In order to remove fulvic acids, a higher
dose of flocculant is required than for the removal of humic acids, which probably is
caused by the lower molecular mass of the fulvic acids.

During coagulation and flocculation iron(hydr)oxides are formed, which precip-
itate (see Fig. 9). It is known that these compounds can react with phosphate. As a
result, during flocculation also phosphate is removed from the aqueous phase. The
same principle is encountered for arsenic, which also can (partly) be removed by
flocculation in this way. However, for other heavy metals, the method is less
effective.
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Fig. 9 Horizontal sedimentation

3.1.3 Pollutant Removal

Organic micropolllutants may be removed by flocculation, but only if they have
been adsorbed to some other, high molecular weight compounds. This will,
amongst others, depend on pH, which determines the charge of the molecules and
thus their ability to be adsorbed. In general, removal of organic micropollutants by
flocculation is very limited, as was demonstrated by van der Horst et al. [46] for
pharmaceuticals and endocrine disrupting compounds (EDC’s) and by Saraiva
Soares et al. [47] for pesticides and their metabolites (endosulfan, ethylenethiourea
(ETU) and 1,2,4-triazole). This mainly is due to the solubility and hydrophilicity of
the micropollutants.

Microorganisms like bacteria and algae may be removed by sweep coagulation
and by bridging. For viruses removal may occur by complexation with aluminium
and iron. However, the level of removal in general is insufficient to obtain safe
drinking water [48].

Recently, in a case of an industrial contamination of river water, used for the
production of drinking water in the Netherlands, it has been found that in a rapid
sand filter (Fig. 10), micropollutants may be removed by means of biodegradation.
However, the effectiveness of this biodegradation strongly depends on circum-
stances (like temperature) and the presence of certain types of microorganisms.
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Fig. 10 Rapid sand filtration in the Netherlands (/eff) and in Germany (right)

3.1.4 Floc Removal

Once the flocs are formed, they have to be separated from the water stream. In most
cases this is done by sedimentation or gravity settling. In practice, many different
forms of sedimentation tanks exist. The simplest form is the long rectangular
sedimentation pond as shown in Fig. 9. The length of the tanks should be such
that under the low flow conditions, the residence time is sufficient for particles to
settle to the bottom of the tank. Periodically the sludge is removed from the tanks by
dredging. As these horizontal tanks need a large surface area, other engineering
solutions such as lamellae separators and circular clarifiers have been designed.
Instead of applying sedimentation to remove suspended matter, also flotation can be
applied, especially in case of low-density particles or, e.g. oil droplets or algae
(dissolved air flotation; DAF; see Fig. 11). In this case air is dissolved under
pressure, and then by means of nozzles, it is released in a tank at atmospheric
pressure. As a result small bubbles (10-100 pm, on the average 40 pm) will be
formed. In order to ensure the formation of such small bubbles, the pressure
differences should be 400-600 kPa [49]. These bubbles may adsorb surfactants
and/or NOM and thus obtain a negative charge. Bubbles may adsorb hydrophobic
particles. By dosing a coagulant like polyaluminium chloride or ferric chloride,
particles will be destabilized, promoting the adherence of the bubbles to the
particles, causing them to float to the surface, where they can be removed by
means of skimming. Care should be taken not to overdose the coagulant, as this
will result in charge restabilization of the positively charged particles and bubbles.
It is possible that organic micropollutants also will be removed in this way, but the
method is not very effective, as these compounds often have a high solubility.

As a final step to remove residual suspended solids but also to remove excess
coagulants, a rapid filter step is applied. These filters also contribute to a multi-
barrier disinfection.
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Fig. 11 Dissolved air flotation in Norway

3.2 Application of Activated Carbon

Activated carbon often is used to improve the water quality by removing natural
organic matter and organic micropollutants. Two types of activated carbon can be
applied:

¢ Powdered activated carbon (PAC)
The particle size of this material is <0.05 mm. It is added to the water, where it
can adsorb organic compounds, like NOM but also organic micropollutants. As
it has a high surface area, due to its small particle diameter, filtration requires a
short contact time of about 10—15 min. Afterwards the activated carbon has to be
removed by means of filtration.

¢ Granular activated carbon (GAC)
The granules have a diameter of 0.3-3 mm and have a porous character. The
pores contribute to the adsorption capacity of the material. However, pore size
(micropores <1 nm, mesopores 1-25 nm and macropores >25 nm) determines
which compounds can enter the pores. Another aspect of the pores is that they
may be blocked by NOM which adsorbs at the surface. After the GAC has been
loaded, it can be reactivated, by heating under an inert atmosphere, followed by
activation, e.g. by an acid. GAC is applied in filter beds (Fig. 12).

The adsorption properties of the activated carbon strongly depend on the phys-
ical characteristics of the carbon (pore volume and size, surface area) and the
chemical characteristics (surface composition, which depends on the activation
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Fig. 12 GAC filter at Leiden (the Netherlands)

method applied). Furthermore, in GAC filters microorganisms may develop; as
a result of which, biodegradation also will take place inside the column. This
improves the removal of organic compounds by the filter and results in a longer
time to reactivation of the GAC.

Whether organic micropollutants can be efficiently removed by activated carbon
strongly depends on the micropollutant characteristics. In general, it can be
assumed that the more hydrophobic the compounds are, the higher the adsorption
capacity of the carbon will be. However, NOM may act as a competitor. Other
parameters that may affect the effectiveness of activated carbon are temperature,
pH and the presence of salts. Small, hydrophilic compounds in general are very
difficult to remove by means of activated carbon.

After some time, the activated carbon will be saturated and adsorption will stop.
For powdered activated carbon, an equilibrium between the adsorbed and dissolved
compounds will occur quickly after dosing it. The PAC can therefore be used only
once and has to be removed after dosing. For granular activated carbon, the
adsorbing compounds will gradually saturate the filter column. During operation,
a mass transfer zone will exist in the filter that slowly moves down in the flow
direction in the filter bed. After some time, the compound will break through and
the filter column has to be taken out of operation and the activated carbon has to be
regenerated.
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3.3 Disinfection

In the nineteenth century, it was discovered that some compounds, like chlorine,
can be used as a disinfectant. Since the beginning of the twentieth century,
disinfectants were applied by drinking water companies. However, since the
1970s it became clear that by adding chlorine (toxic) disinfection, byproducts
may be formed by the reaction of chlorine with humic acids [50]. Because of this
ozone became more popular as a disinfectant. However, also ozone appeared to
give harmful byproducts, as it reacts with bromide to form bromate.

Membrane filtration also can be applied but also appeared to have some disad-
vantages: fouling of the membrane surface may occur and sometimes leakage is
observed, decreasing the disinfection effectiveness.

In Marseille in 1901, UV was applied for disinfection purposes, but it took about
50 years until it was applied on a larger scale in Switzerland, Austria and Norway.
Since the last quarter of the twentieth century, application of UV for water disin-
fection has become quite common.

The photochemical active part of the electromagnetic spectrum can be divided
into four regions: vacuum UV (VUV; 100-200 nm), UV-C (200-280 nm), UV-B
(280-315 nm) and UV-A (315-380 nm). This division is based on physical,
biological or medical parameters.

UV-C radiation appears to be absorbed by DNA and RNA in cells of organisms.
This may result in the death of these cells or will prevent their reproduction. The
term “inactivation” can be applied to either a cell or its single subsystem. UV
irradiation has been shown to be a powerful tool in inactivation of both microor-
ganisms and cells such as bacteria, viruses, protozoan parasites, some spores, living
cells and subsystems such as enzymes, amino acids and lipids [51]. One of the main
advantages of UV inactivation is that no chemicals have to be added, since
irradiation is a physical process. The germicide effect of UV light on bacteria and
viruses is primarily due to the formation of thymine, thymine-cytosine (pyrimidine)
and cytosine dimers in polynucleotide chains of DNA (they are listed in prevalence
of order). It seems that radiation at wavelengths in the range of 200-295 nm
(so-called bactericide or germicide range) exerts the most effective action. The
absorption spectrum of DNA of viruses and bacteria shows a maximum at about
260 nm. However, also at wavelengths between 115 and 160 nm, the absorption
coefficient of DNA is high [52].

For killing microorganisms it is not always necessary to change the DNA of the
cells. It may also be enough to damage the cell membrane, allowing other com-
pounds to enter the cell and damage or kill it. (V)UV photons with a wavelength
below 275 nm can break C—C (3.8 eV) or C—H (4.5 eV) bonds, thus damaging the
cell membrane or proteins in the cell. Furthermore, photo desorption producing
species eroding the outer coat of the spore may lead to cell death during germina-
tion. Cells can be destroyed by etching [53]. Sosnin et al. also distinguish between
two different disinfection methods: the inactivation of microorganisms by UV
irradiation or their total VUV-induced photo mineralization.
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Bacterial spores, which are the most resistant form of living microorganisms,
often are used as model microorganisms in studies [52]. The reason that spores are
10-50 times more resistant to 254 nm UV light than their corresponding growing
cells is the presence of a unique UV photoproduct of the spore DNA (called SP)
[54]. Finally, spore DNA is protected by multiple layers, which surround the core,
namely, a germ cell wall, cortex, inner and outer spore coats and sometimes an
exosporium. In B subtilis spores, these form a 150-200-nm-thick proteinous bar-
rier, which can shield the core from the effects of (V)UV photons. It is possible that
UV radiation can also kill spores by modifying these outer layers of the spores, but
the importance of this second pathway is not yet fully known.

Templeton et al. [55] have shown that humic acid flocs and particles <2 pm may
shield viruses from UV radiation, thus decreasing the disinfection effectiveness of a
UV process.

In order to inactivate microorganisms, it has been established that it is not
necessary to kill them. As a result, UV doses applied for disinfection have been
decreased in the past years, in order to decrease the energy demand of the process.
At the moment in general, a UV dose of 20-70 mJ/cm? is applied in order to obtain
effective disinfection of drinking water. In principle, photolysis by UV irradiation
can also degrade organic micropollutants. This depends on the wavelength, i.e. the
energy of the UV photon that can be absorbed by the molecule. In practice two types
of mercury containing UV lamps are being used: low pressure (LP) UV lamps, which
emit a single wavelength of 253.7 nm, and medium pressure (MP) UV lamps, which
emit a much broader spectrum between 200 and 300 nm. Obviously, MP lamps will
be more effective in causing photolysis of micropollutants because of this broader
spectrum. However, it has been shown that for effective photolysis, much higher
doses will be required than is common for disinfection purposes [56, 57]. Therefore, it
can be concluded that UV disinfection in general will contribute very little to the
degradation of organic micropollutants.

4 Water Treatment: Drinking Water from River Bank
Filtrate or Dune Filtrate

Sometimes river bank filtrate is used instead of groundwater. By filtration through
soil, the water quality can significantly be improved, partly by adsorption to soil
particles, partly as a result of biodegradation by subsoil microorganisms. In this
way also some micropollutants may be removed, depending on the local conditions
(like the type of soil and water, presence of microorganisms, molecular properties
of the micropollutants, etc.). However, not all micropollutants appear to be removed
in this way. Because of this the treatment process may be simpler than the treatment
process required for surface water treatment. In general aeration, in order to increase
the oxygen content, sand filtration, conditioning and disinfection will be applied, but,
depending on the water quality, other techniques, like filtration over activated carbon,
also may be necessary.
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A type of treatment typical for the Netherlands is dune filtration. This resembles
river bank filtration, but in general the residence time is longer. Dune filtration
significantly contributes to the removal of pathogens but also of other compounds.
To make dune filtration possible, the high water quality is already required to
protect the dune ecosystem. Especially organic micropollutants have to be removed
before infiltration. For the final treatment, similar processes as in case of river bank
filtrate will be necessary.

5 Conclusions

Water is treated to meet the objectives of drinking water quality and standards.
These objectives are to prevent acute diseases by exposure to pathogens, to prevent
long-term adverse health effects by exposure to chemicals and micropollutants and
finally to create a drinking water that is palatable and is conditioned in such a way
that transport from the treatment works to the customer will not lead to quality
deterioration.

Traditional treatment technologies are mainly designed to remove macro param-
eters such as suspended solids, natural organic matter, dissolved iron and manga-
nese, etc. Which kinds of technologies are required depends on the drinking water
source. For groundwater in general aeration, filtration, conditioning and disinfec-
tion will be required, whereas for surface water coagulation/flocculation, sedimen-
tation, several filtration processes, conditioning and disinfection will be necessary.
These technologies have however only limited performance for removal of micro-
pollutants. Advancing analytical technologies and increased and changing use of
compounds show strong evidence of new and emerging threats to drinking water
quality. Therefore, more advanced treatment technologies are required, in order to
guarantee the production of safe drinking water.

References

1. WHO (2017) Guidelines for drinking-water quality4th edn. WHO, Gutenberg. First addendum
to the fourth edition

2. European Commission (1998) Drinking Water Directive; Council Directive 98/83/EC on the
quality of water intended for human consumption. http://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=01J:L:1998:330:0032:0054:EN:PDF

3. Ahmad A, Kools S, Schriks M, Stuyfzand P, Hofs B (2015) Arsenic and chromium concen-
trations and their speciation in groundwater resources and drinking water supply in the
Netherlands. Nieuwegein, KWR Watercycle Research Institute

4. Ahmad A, Richards LA, Bhattacharya P (2016) Arsenic remediation of drinking water: an
overview. In: Bhattacharya P, Jovanovich D, Polya D (eds) Best practice guide on control of
arsenic in drinking water. IWA Publishing, London, pp 120-138


http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1998:330:0032:0054:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1998:330:0032:0054:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1998:330:0032:0054:EN:PDF

Limitations of Conventional Drinking Water Technologies in Pollutant Removal 49

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Coppens LJC, van Gils JAG, ter Laak TL, Raterman BW, van Wezel AP (2015) Towards
spatially smart abatement of human pharmaceuticals in surface waters: defining impact of
sewage treatment plants on susceptible functions. Water Res 81:356-365

. Van Der Aa NGFM, Kommer GJ, Van Montfoort JE, Versteegh JFM (2011) Demographic

projections of future pharmaceutical consumption in the Netherlands. Water Sci Technol 63
(4):825-831

. European Commission (2015) Commission implementing decision (EU) 2015/495 of 20 March

2015 establishing a watch list of substances for union-wide monitoring in the field of water policy
pursuant to Directive 2008/105/EC of the European Parliament and of the Council. http://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015D0495& from=EN

. Carvalho RN, Ceriani L, Ippolito A, Lettieri T (2015) Development of the first watch list under

the environmental quality standards directive. EC Joint Research Centre, Ispra

. ter Laak TL, van der Aa M, Houtman CJ, Stoks PG, van Wezel AP (2010) Relating environ-

mental concentrations of pharmaceuticals to consumption: a mass balance approach for the
river Rhine. Environ Int 36(5):403—409

Schoeps P, Schriks M (2010) The effect of REACH on the log Kow distribution of drinking
water contaminants. KWR Watercycle Research Institute, Nieuwegein

Matilainen A, Vepsildinen M, Sillanpdd M (2010) Natural organic matter removal by coag-
ulation during drinking water treatment: a review. Adv Colloid Interf Sci 159(2):189-197
Westerhoff P, Mezyk SP, Cooper WJ, Minakata D (2007) Electron pulse radiolysis determi-
nation of hydroxyl radical rate constants with Suwannee river fulvic acid and other dissolved
organic matter isolates. Environ Sci Technol 41(13):4640-4646

Cooper WJ, Mezyk SP, Peller JR, Cole SK, Song W, Mincher BJ, Peake BM (2008) Studies in
radiation chemistry: application to ozonation and other advanced oxidation processes. Ozone
Sci Eng 30(1):58-64

Cooper WJ, Song W, Gonsior M, Kalnina D, Peake BM, Mezyk SP (2008) Recent advances in
structure and reactivity of dissolved organic matter in natural waters. Water Sci Technol Water
Supply 8:615-623

Lakretz A, Ron EZ, Harif T, Mamane H (2011) Biofilm control in water by advanced oxidation
process (AOP) pre-treatment: effect of natural organic matter (NOM). Water Sci Technol 64
(9):1876-1884

Lamsal R, Walsh ME, Gagnon GA (2011) Comparison of advanced oxidation processes for the
removal of natural organic matter. Water Res 45(10):3263-3269

Matilainen A, Sillanpdd M (2010) Removal of natural organic matter from drinking water by
advanced oxidation processes. Chemosphere 80(4):351-365

Metz DH, Reynolds K, Meyer M, Dionysiou DD (2011) The effect of UV/H202 treatment on
biofilm formation potential. Water Res 45(2):497-508

Thomson J, Parkinson A, Roddick FA (2004) Depolymerization of chromophoric natural
organic matter. Environ Sci Technol 38(12):3360-3369

Sarathy SR, Stefan MI, Royce A, Mohseni M (2011) Pilot-scale UV/H202 advanced oxidation
process for surface water treatment and downstream biological treatment: effects on natural
organic matter characteristics and DBP formation potential. Environ Technol 32(15):1709-1718
Azami H, Sarrafzadeh MH, Mehrnia MR (2012) Soluble microbial products (SMPs) release in
activated sludge systems: a review. J Environ Health Sci Eng 9(1):30

Xie WM, Ni BJ, Seviour T, Yu HQ (2013) Evaluating the impact of operational parameters
on the formation of soluble microbial products (SMP) by activated sludge. Water Res 47
(3):1073-1079

Huber SA, Balz A, Abert M, Pronk W (2011) Characterisation of aquatic humic and
non-humic matter with size-exclusion chromatography — organic carbon detection — organic
nitrogen detection (LC-OCD-OND). Water Res 45(2):879-885

Grefte A (2013) Removal of natural organic matter fractions by anion exchange; impact on
drinking water treatment processes and biological stability. Civil engineering. Delft University
of Technology, Delft


http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015D0495&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015D0495&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015D0495&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015D0495&from=EN

50

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

43.
44.

45.

46.

47.

R. Hofman-Caris and J. Hofman

Audenaert WTM, Vermeersch Y, Van Hulle SWH, Dejans P, Dumoulin A, Nopens I (2011)
Application of a mechanistic UV/hydrogen peroxide model at full-scale: sensitivity analysis,
calibration and performance evaluation. Chem Eng J 171(1):113-126

Rosario-Ortiz FL, Snyder S, Suffet IH (2007) Characterization of the polarity of natural organic
matter under ambient conditions by the Polarity Rapid Assessment Method (PRAM). Environ
Sci Technol 41(14):4895-4900

Rosario-Ortiz FL, Mezyk SP, Doud DFR, Snyder SA (2008) Quantitative correlation of
absolute hydroxyl radical rate constants with non-isolated effluent organic matter bulk prop-
erties in water. Environ Sci Technol 42(16):5924-5930

Rosario-Ortiz FL, Mezyk SP, Wert EC, Devin FRD, Singh MK, Xin M, Baik S, Snyder SA
(2008) Effect of ozone oxidation on the molecular and kinetic properties of effluent organic
matter. J Adv Oxid Technol 11(3):529-535

Rosario-Ortiz FL, Snyder SA, Suffet IH (2007) Characterization of dissolved organic matter in
drinking water sources impacted by multiple tributaries. Water Res 41(18):4115-4128
Rosario-Ortiz FL, Wert EC, Snyder SA (2010) Evaluation of UV/H202 treatment for the
oxidation of pharmaceuticals in wastewater. Water Res 44(5):1440-1448

Slaats PGG, Meerkerk MA, Hofman-Caris CHM (2013) Conditionering: de optimale
samenstelling van drinkwater; Kiwa-Mededeling 100 —Update 201

WHO (2005) Nutrients in drinking water; water, sanitation and health protection and the
human environment. WHO, Geneva

Leurs LJ, Schouten LJ, Mons MN, Goldbohm RA, Van Den Brandt PA (2010) Relationship
between tap water hardness, magnesium, and calcium concentration and mortality due to
ischemic heart disease or stroke in the Netherlands. Environ Health Perspect 118(3):414-420
Momeni M, Gharedaghi Z, Amin MM, Poursafa P, Mansourian M (2014) Does water hardness
have preventive effect on cardiovascular disease? Int J Prev Med 5(2):159-163

Rylander R (2014) Magnesium in drinking water — a case for prevention? ] Water Health 12
(1):34-40

Rapant S, Fajcikova K, Cveckova V, Durza A, Stehlikova B, Sedldkové D, ZeniSova Z (2015)
Chemical composition of groundwater and relative mortality for cardiovascular diseases in the
Slovak Republic. Environ Geochem Health 37(4):745-756

De Moel PJ, Verberk JQJC, Van Dijk JC (2006) Principles and practices. Sdu Editors, Delft
University of Technology, Delft

Bruins JH, Petrusevski B, Slokar YM, Huysman K, Joris K, Kruithof JC, Kennedy MD (2015)
Biological and physico-chemical formation of Birnessite during the ripening of manganese
removal filters. Water Res 69:154-161

Verwey EJW, Overbeek JTG, van Nes K (1948) Theory of the stability of lyophobic colloids;
the interaction of sol particles having an electric double layer. Elsevier, New York

Verwey EJW, Overbeek JTG (1955) Theory of the stability of lyophobic colloids. J Colloid Sci
10(2):224-225

. Meijers AP (1974) De theorie van de vlokvomring. Rijswijk, Kiwa
42.

Duan J, Gregory J (2003) Coagulation by hydrolysing metal salts. Adv Colloid Interf Sci
100-102(Suppl):475-502

van Melick MJ (1975) Tweede rapport van de commissie Vlokvomring en vlokverwijdering
Amirtharajah A, Mills KM (1982) Rapid-mix design for mechanisms of alum coagulation.
J Am Water Works Ass 74(4):210-216

Crittenden JC, Rhodes Trussell R, Hand DW, Howe KJ, Tchobanoglous G (2012) Water
treatment principles and design3rd edn. Wiley, Hoboken

Van Der Horst W, Ijpelaar GF, Scholte-Veenendaal P, Rietveld LC, Van Dijk JC (2006)
Occurrence and removal of pharmaceuticals and Endocrine Disrupting Compounds (EDCs)
from drinking water. In: American Water Works Association — water quality technology
conference and exposition 2006: taking water quality to new heights

Saraiva Soares AF, Leao MMD, Vianna Neto MR, Da Costa EP, De Oliveira MC, Amaral NB
(2013) Efficiency of conventional drinking water treatment process in the removal of endo-
sulfan, ethylenethiourea, and 1,2,4-triazole. J Water Supply Res Technol 62(6):367-376



Limitations of Conventional Drinking Water Technologies in Pollutant Removal 51

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gale P, Pitchers R, Gray P (2002) The effect of drinking water treatment on the spatial
heterogeneity of micro-organisms: implications for assessment of treatment efficiency and
health risk. Water Res 36(6):1640-1648

Edzwald JK (1995) Principles and applications of dissolved air flotation. Water Sci Technol 31
(3-4):1-23

Rook JJ (1974) Formation of haloforms during chlorination of natural water. Water Treat
Exams 23(2):234-243

Sosnin EA, Oppenlidnder T, Tarasenko VF (2006) Applications of capacitive and barrier
discharge excilamps in photoscience. J Photochem Photobiol C: Photochem Rev 7(4):145-163
Lerouge S, Fozza AC, Wertheimer MR, Marchand R, Yahia LH (2000) Sterilization by
low-pressure plasma: the role of vacuum-ultraviolet radiation. Plasmas Polym 5(1):31-46
Halfmann H, Denis B, Bibinov N, Wunderlich J, Awakowicz P (2007) Identification of the
most efficient VUV/UYV radiation for plasma based inactivation of Bacillus atrophaeus spores.
J Phys D Appl Phys 40(19):5907-5911

Wang D, Oppenlinder T, El-Din MG, Bolton JR (2010) Comparison of the disinfection effects
of vacuum-UV (VUV) and UV light on Bacillus subtilis spores in aqueous suspensions at
172, 222 and 254 nm. Photochem Photobiol 86(1):176-181

Templeton MR, Andrews RC, Hofmann R (2005) Inactivation of particle-associated viral
surrogates by ultraviolet light. Water Res 39(15):3487-3500

Wols BA, Harmsen DJH, Beerendonk EF, Hofman-Caris CHM (2014) Predicting pharmaceu-
tical degradation by UV (LP)/H202 processes: a kinetic model. Chem Eng J 255:334-343
Wols BA, Harmsen DJH, Beerendonk EF, Hofman-Caris CHM (2015) Predicting pharmaceu-
tical degradation by UV (MP)/H202 processes: a kinetic model. Chem Eng J 263:336-345



Natural Organic Matter: Characterization m)
and Removal by AOPs to Assist Drinking @
Water Facilities

S. Sorlini

Abstract The water sources of drinking water generally contain natural organic
matter (NOM) as a result of the interactions between the hydrologic cycle and the
environment. The amount, character, and properties of NOM vary considerably
according to the origins of the waters and depend on the biogeochemical cycles of
their surrounding environments. NOM can negatively influence water quality in
drinking water supply systems, and it can significantly influence the performance of
drinking water treatment processes. Hence, NOM removal is an important issue in
order to optimize drinking water treatment operation and to reduce the risks of
water alteration in the distribution systems. Several treatment processes can be
applied for NOM removal depending on water quality, the nature of NOM, and the
treatments already existing in the supply system. Among the most effective con-
ventional solutions coagulation/flocculation, filtration, and carbon adsorption are
available. An interest has recently increased toward nonconventional solutions
based on membrane filtration and advanced oxidation processes (AOPs). An over-
view on the AOPs will be presented and discussed. Moreover, the AOP with ozone
and UV radiation, with two low pressure UV lamps, at 254 and 185 nm wavelength,
was experimented on a surface water in order to study the removal of odorous and
pesticide, organic compounds (UV absorbance and THMs precursors) and bromate
formation. Different batch tests were performed with ozone concentration up to
10 mg L_l, UV dose up to 14,000 J m_z, and a maximum contact time of 10 min.
The main results show that metolachlor can be efficiently removed with ozone
alone while for geosmin and MIB a complete removal can be obtained with the
advanced oxidation of ozone, with concentration of 1.5-3 mg L' and contact time
of 2-3 min, with UV radiation (with doses of 5,000-6,000 J m_z). As concerns the
influence of the organic precursors, all the experimented processes show a medium
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removal of about 20—40% for UV absorbance and 15-30% for THMFP (trihalo-
methane formation potential).

Keywords Advanced oxidation processes, Characterization, Natural organic
matter, Removal
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1 Introduction

Natural organic matter (NOM) is ubiquitous in water as it comes from the degra-
dation of plants, bacteria, algae, and vegetal organisms in general. NOM is defined
as a complex matrix of organic materials, present in all natural water. Water systems
often have multiple sources of NOM, thus different organic carbon fractions [1]. The
amount, character, and properties of NOM vary considerably according to the
origins of the waters and depend on the biogeochemical cycles of their surrounding
environments [2]. Concentrations of TOC in the ground water are typically in the
range of 0.1-2.0 mg L' and 1-20 mg L™" in surface water [3, 4] although several
dozens of mg L~! of TOC are not uncommon [5]. The factors that determine the
composition of NOM are location dependent and include the source of organic
matter, the water chemistry, temperature, pH, and biological processes. Moreover,
the range of organic components in NOM can vary seasonally at the same location
[6], for example, due to rainfall, snowmelt runoff, floods, or droughts. NOM found
in natural waters consists of both hydrophobic and hydrophilic components, of
which the largest fraction is generally hydrophobic acids, making up approximately
50% of the total organic carbon (TOC) in water [7].

NOM has a significant impact on many aspects of water treatment, including the
performance of unit processes, necessity for and application of water treatment
chemicals, and the biological stability of the water. Once the composition and
quantity of NOM in the water source has been examined, suitable methods for
efficient NOM removal can be applied. No single process alone can be used to treat
NOM due to its high variability. Among the suitable solutions, the following treat-
ment processes can be efficiently applied for NOM removal: adsorption, biological
treatments, coagulation/flocculation, electrochemical methods, ion exchange, mem-
brane technology, and AOP [8]. An increasing interest in drinking water treatment
has recently been shown for the AOPs due to several advantages: low chemical
consumption in some AOPs, complete mineralization of pollutant, oxidation of
disinfection by-product (DBP) rapid reaction, unselective oxidants, harmful to micro-
organisms, and easily implemented in existing water treatment plants.

This chapter presents an overview on AOPs applied for the NOM removal
during drinking water treatments. Moreover, the main results of an experimental
study on the O3/H,O, process for NOM and micropollutant removal will be
presented.
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2 NOM Characteristics and Characterization

NOM compounds are complex mixtures possessing unique combinations of various
functional groups, including esteric, phenolic, quinine, carboxylic, hydroxyl,
amino, and nitroso, which are usually negatively charged at neutral pH. NOM
found in natural waters consists of both hydrophobic and hydrophilic components,
of which the largest fraction is generally hydrophobic acids, making up approxi-
mately 50% of the total organic carbon (TOC) in water [7]. These hydrophobic
acids can be described as humic substances comprising (1) humic acids (HAs),
which are soluble in alkali, but insoluble in acid; (2) fulvic acids (FA), which are
soluble in both alkali and acid; and (3) humins, which are insoluble in both alkali
and acid. FAs constitute a major fraction of these humic substances, which vary in
molecular size and functional group content [9]. Hydrophobic NOM is rich in
aromatic carbon, phenolic structures, and conjugated double bonds, while hydro-
philic NOM contains more aliphatic carbon and nitrogenous compounds, such as
carbohydrates, sugars, and amino acids.

The amount of NOM in water can be predicted with parameters including
ultraviolet and visible (UV-Vis) detected compounds, TOC, and SUVA. TOC
and dissolved organic carbon (DOC) are the most convenient parameters for
analyzing the NOM removal of treatment processes. DOC is the organic carbon
in a water sample filtered through a 0.45 pm filter [10]. TOC is the sum of the
particulate and DOC when existing inorganic carbon is removed by acidification.

UV-Vis absorption spectroscopy is a semiquantitative method to determine
humic substances in natural waters. Any wavelength from 220 to 280 nm is
appropriate for NOM measurements: absorbance at 220 nm is associated with
both the carboxylic and aromatic chromophores, whereas absorbance at 254 nm
is typical for aromatic groups, and it has been identified as a potential surrogate
measure for DOC [11].

Specific UV absorbance (SUVA) is calculated as the ratio of a UV absorbance at
a specific wavelength (e.g., UV254 absorbance) and the TOC concentration. A high
SUVA value indicates that the organic matter is largely composed of hydrophobic,
high-MM organic material. A low SUVA value indicates that the water contains
organic compounds that are mainly hydrophilic, with a low MM and charge
density [6].

Several methods can be used for the characterization of NOM including resin
adsorption, size exclusion chromatography, nuclear magnetic resonance (NMR)
spectroscopy, and fluorescence spectroscopy. More precise methods for determin-
ing NOM structures have been developed recently: pyrolysis gas chromatography
mass spectrometry, multidimensional NMR techniques, and Fourier transform ion
cyclotron resonance mass spectrometry.

A detailed description of the methods used to characterize various features of
natural organic matter (NOM) is reported in literature [12].
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3 Impact of NOM on Drinking Water Supply Systems

Significance of NOM for drinking water quality and stability is represented by the
impact on several aspects of its treatment [13]:

* NOM greatly affect organoleptic properties of the water (taste, color, and odor)
[4, 14].

* NOM influence chemical properties in terms of mostly negative reactions and
interferences with other chemicals used for oxidation and disinfection by low-
ering their effectiveness and thus increasing their consumption to achieve the
treatment goal [4, 14].

e NOM can form complexes with the toxic heavy metals and synthetic organic
chemicals, making them more soluble and more difficult to remove by the
treatment [14].

* NOM are involved in formation of undesired and detrimental DBPs with an
increase in bioavailability of organic matter for microorganisms in the water
supply systems, enabling their proliferation.

NOM can cause several problems in drinking water treatment and distribution
systems. It can affect the performance of unit processes, the necessity for applica-
tion of water treatment chemicals, and the biological stability of the water. NOM
increases the reagent dose necessary during water treatment, especially for coagu-
lant and disinfectant. NOM can also interfere with the performance of unit opera-
tions, such as biofilm growth on media, causing rapid filter clogging and fast
saturation of activated carbon beds. NOM is also responsible for the fouling of
membranes.

During water treatment, NOM has generally been considered the main precursor
to DBPs, especially hydrophobic and high molar mass (HMM) NOM, with its high
aromatic carbon content [15, 16]. It has also been observed that hydrophilic and low
molar mass (LMM) NOM play a significant role in DBP formation [15]. Bromine
and iodine appear more reactive with hydrophilic and LMM fractions of NOM in
the formation of THMs and HAAs (haloacetic acids). Chlorine has been shown to
react more readily with HMM and hydrophobic NOM compounds [15].

NOM can impact also the water behavior in the distribution system as it affects
corrosion, is a source of nutrients for heterotrophic bacteria, and acts as a substrate
for bacterial growth in the pipes [17].

4 AOQOPs for the Removal of NOM

AOQOPs are obtained from the combination of several oxidants, radiation, and cata-
lysts: O3/H,0,, UV/H,0,, UV/O5, UV/TiO,, Fe**/H,0,, Fe**/H,0, + hv, vacuum
ultraviolet (VUYV) radiation, or ionizing radiation. All these processes involve the
generation of highly reactive radical intermediates, especially the OH" radical [18]
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that is one of the most powerful known oxidants. The reaction rate of a compound in
OH’ radical-mediated oxidation is usually several orders of magnitude higher than
that achieved by molecular ozone under the same conditions.

The reaction rate constants between OH’ radicals and organic species are in the
range of 10°-10"° M~' s~ [19].

OH’ radicals are highly nonselective oxidants, enabling a very large number of
reactions. Once free radical reaction has been initiated (following photolysis,
ozone, hydrogen peroxide, or heat), a series of simple reactions will occur. The
reactions of OH" radicals with NOM proceed in three different ways:

» By the addition of OH" radicals to double bonds
¢ By H-atom abstraction, which yields carbon-centered radicals
» By the OH’ radical gaining an electron from an organic substituent

4.1 Ozone-Based Treatments (0O3/H,0,, O3/UV, and O3/
H,0,/UV)

Ozone reacts with NOM by an electrophilic addition to double bonds. This reaction
is very selective. In addition to the direct reaction of ozone with NOM, a non-
selective and fast reaction occurs with the OH" radicals formed when ozone
decomposes in water. The OH" radical formation potential is much lower during
ozonation than in AOPs. The combination of ozone with other systems, like UV
light or hydrogen peroxide, can promote OH" formation.

The influence of ozone on THM precursors depends on the kind and structures of
the organic material that can have different reactivities toward ozone and chlorine.
Some authors observed that ozonation produces a transformation of natural organic
matter from more reactive hydrophobic DOC, that reacts easily with chlorine to
produce THM, to a hydrophilic fraction, with a consequent lower THM formation
[20]. This finding is in agreement with other authors [21, 22].

The combination of O3 with H,O, increases total THM concentrations than in
ozonated samples [23]. Similarly, other authors [24] did not observe any significant
gains in THM reduction after adding H,O, or TiO, to the ozone treatment.

Other authors [25] observed that TOC, THMFP, and TOX decreased with
03/UV in comparison with ozone alone. Moreover, O3/UV results in significant
mineralization of DOC, reduction of trihalomethane formation potential (THMFP),
and haloacetic acid formation potential (HAAFP), according to [26].

The combined system O;/H,O,/UV was not remarkable more efficient than
03/UV in HAA decomposition [27].
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4.2 UV Light-Based Treatments

Much research has focused on developing applications for UV/H,0,; little attempt
has been made to evaluate the impact of UV/H,0, on NOM. Past studies have
demonstrated that substantial reduction of DBP formation potential (DBPFP) could
be achieved using UV/H,0, [28-30]. But all these studies mainly focused on
strong advanced oxidation conditions made possible by very long UV exposures
(i.e., fluence) and/or high UV/H,O, concentration. Under such conditions NOM is
mineralized leading to a reduction in the concentration of NOM [31].

Although the combination of UV irradiation at 254 nm and H,0, treatment
increases the NOM reduction and promotes the OH" radical formation, a combina-
tion of high UV fluence and high peroxide concentration is required in order to
generate significant reduction of NOM [30]. Moreover, under fluence and H,O,
concentrations typically applied in drinking water treatment applications, UV
standard dose for disinfection is about 400 mJ cm 2 [26], and NOM is not removed.

4.3 Photocatalytic Oxidation

The photocatalytic oxidation combines the UV light with a heterogeneous photo-
catalysis in which several different semiconductors are employed (e.g., TiO,, ZnO,
ZnS, WOs;, SrTiO3) for catalysis.

The TiO,/UV process was applied for controlling membrane fouling by NOM
[32]; even though the rate of TOC removal was relatively low, membrane fouling of
both an MF and a UF was completely eliminated after 20 min of treatment due to
the changes in NOM molecular characteristics.

The presence of hardness (Ca**, Mg>*, Fe**/Fe®*) and the accompanying com-
mon anions (e.g., C17,NO; ™, SO427, and HCO37/CO327) have considerable effects
on the degradation kinetics of NOM expressed as DOC or UV254 [33].

Little is known about the by-products formed during photocatalytic oxidation of
NOM. Some authors [34] reported that aldehydes and ketones were typical inter-
mediate products formed during photocatalytic oxidation of NOM in surface waters
and these compounds would be oxidized to form carboxylic acids as the reaction
proceeded. Photocatalytic oxidation may also form by-products that have different
reactivity with chlorine disinfectants [35].

NOM plays an important role as inhibitor of oxidation of target micropollutants
during AOPs; the degradation rates can decrease by one order of magnitude or more
in the presence of backgrounds such as NOM. Authors [36] provided a novel
analytical approach to select strategies to enhance the performance of AOPs,
even in systems with high levels of NOM or other background constituents.
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4.4 Fenton’s Process

Fenton’s reagent is a catalytic oxidative mixture that contains iron ions and hydrogen
peroxide. In this process hydroxyl radicals are produced during the decomposition of
hydrogen peroxide in the presence of ferrous salts.

Fenton’s reagent, H,O, with Fe(Il)/Fe(IIl) ions, in water produces OH radicals.
Some authors [16] observed that UV/Fe(IIl) treatment was ineffective in NOM
removal, while the UV/Fe(Ill)/H,0, system has the potential to remove organics
with a broad range of MMs. Even though high NOM removal rates were detected,
the remaining organic compounds appear fairly reactive to chlorine, thus resulting
in low reduction of THMFP.

Fenton and photo-Fenton’s processes were compared in order to assess their
potential to remove NOM from organic-rich waters [19]. The performance of both
processes was dependent on pH, Fe:H,O, ratio, as well as Fe?* dose. Under
optimum conditions both processes achieved greater than 90% removal of DOC
and UV,s4 absorbance. This removal leads to the THMFP of the water being
reduced from 140 to below 10 ug L™".

A comparison of UV/H,0O,, Fenton, and photo-Fenton for treating an upland
catchment reservoir (DOC = 7.5 mg L") showed how both Fenton’s processes
could remove the excess of 90% of DOC and UV-absorbing species and are
significantly quicker than UV/H,0, [37].

5 Case Study: Effect of the O3/UV Process on Organic
Matter Removal and Influence on DBPs Formation

This experimental research was addressed to compare the ozone conventional
oxidation with the advanced oxidation with ozone and UV radiation, as concerns
geosmin, MIB and metolachlor removal, the influence on DBPs organic precursors,
and bromate formation [38].

5.1 Raw Water

Raw water, collected from the river Secchia at the treatment plant of Tressano,
managed by AGAC of Reggio Emilia, in the North of Italy, showed the character-
istics indicated in Table 1: TOC = 1.8 mg Lfl; UV absorbance = 0.36 cmfl;
THMFP = 70-80 pg L™"; bromide = 30 pg L.

During the experimental tests, water was artificially contaminated with
0.5 pg L' geosmin (trans-1,10-dimethyl-trans-9-decalol), 0.2-0.4 pg L~' MIB
(2-methylisoborneol), and 7-10 pg L~' metolachlor [2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1-methylethyl)-acetamide].



Natural Organic Matter: Characterization and Removal by AOPs to Assist. . . 61

Table 1 Raw water characteristics

Parameter Average Maximum Minimum
pH (pH unit) 8.06 8.33 7.6
Alkalinity (mg HCO; L™ 173.84 263.2 136.44
Turbidity (NTU) 7.85 38.8 1.7

TOC (mg L") 1.80 3.35 0.61

UV absorbance 254 nm (cm™") 0.36 0.9 0.058
Transmittance (%) 63.0 51.0 83.0
THMFP (ug L™ 76.05 124.5 18
Bromide (pg L™ 32.96 91 5
Ammonium (mg NHy L’l) 0.05 0.14 <0.005

5.2 Experimental Plant

The experimental tests were performed in batch conditions on a laboratory-scale
plant (Fig. 1) (Q=10L min~") formed by a stainless steel reactor (volume of 20 L),
a pump, and an in-line ozone injection followed by a static mixer and a low pressure
mercury-vapor ultraviolet (UV) lamp. Ozone was generated by means of “Ozonia
Triogen Compact Ozone Generator” (Model TOGC?2), with a capacity of 8 gO; h™".
Two UV lamps (Model TR-65) were applied separately with various nominal
wavelengths of maximum light intensity of 254 and 185 nm. Each lamp had about
80% of the radiation around the maximum wavelength, and the intensity was about
25Wm™.

The experimental conditions tested on water samples were ozone concentrations
=0-15 mg Lfl, ozone contact time = 0—-14 min, and UV dose = 0-14,000 J m 2,
Water samples were collected in an outlet from the UV chamber after 2, 4, 6, 8, and
10 min from the beginning of the test (the time required for one complete cycle in
the system is 2 min).

5.3 Analytical Methods

Geosmin, MIB, and metolachlor were analyzed with a capillary column gas
chromatography-mass spectrometry (GC/MS). Trihalomethane formation potential
(THMFP) was determined following [39]; THMs were determined with a gas
chromatograph (GC Perkin-Elmer 8600) with the static headspace method. TOC
was analyzed with a total carbon monitor (Model 1010), the UV absorbance with an
UV-visible spectrophotometer with a 1 cm quartz cell and turbidity with a 2100 AN
Hach turbidimeter. Ozone concentration was measured by means of an ozone
analyzer (BMT 961) that analyzes the flow of ozone production and that of ozone
outlet from the reactor; the difference between the second and the first term gives
the amount of ozone effectively transferred to water.
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Fig. 1 Experimental plant I" =S

5.4 Results: Removal of Organic Matter

As concerns the influence on organic matter of the experimented treatments, ozone
alone and combined with UV radiation reduces the absorption of radiation at the
wavelength of 254 nm of about 10-20% with ozone/UV 254 nm and 10% with
ozone/UV 185 nm (Fig. 2). This is due to a removal of aromatic structures and
double bonds of natural organic matter.

As shown in Fig. 3, the removal of THM precursors with ozone and ozone/UV is
very different (from 0 to 40%), and no improvements are observed with increasing
ozone and UV dose and contact time. The partial THMFP reduction (10-30%)
observed in most of the trials is due to the degradation of humic substances into low
molecular weight compounds that are less reactive toward chlorine. However, at the
same time, bromide, whose concentration in raw water varies from 5 to 90 pg Lt
is oxidized to hypobromite which further leads to brominated compounds [40], with
a consequent higher THM formation.

The combination of ozone with UV does not improve THM precursor removal
with respect to ozone alone, according to the results of other authors [25] that found
a significant reduction of total organic halide while no differences were shown for
chloroform.

5.5 Results: Removal of Geosmin, MIB, and Metolachlor

Molecular ozone has very different reaction rates with organic compounds (Fig. 4):
it reacts very fast with metolachlor, while the odorous compounds (MIB and
geosmin) are more persistent, and their complete removal can be obtained only
with ozone combined with UV radiation (Fig. 5).

The improvement in removal rates for taste and odor compounds obtained by the
advanced oxidation process (O3/UV) can be explained by the action of initiators
(UV rays) to introduce the decomposition of the ozone in water, thus generating
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Fig. 3 THMFP removal with ozone, ozone/UV 254 nm and ozone/UV 185 nm

hydroxyl radicals that are very reactive when the water has a low alkalinity (that

means low concentration of scavengers like

HCO;~, CO3>7, etc.).

The main results show that metolachlor can be efficiently removed with ozone

alone with C x t =8-10mg min L' (ozone ¢

oncentration = 1 mg L™" and 8—10 min

contact time); the same removal can be obtained with C X t = 4 mg min L~ for
ozone combined with UV (UV dose = 4,000-6,000 J m_z). This means that, for
the same contact time, ozone concentration can be reduced from 1 mg L't
0.2-0.4mg L™, whereas, for geosmin and MIB, a complete removal can be obtained
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Fig. 5 Geosmin, MIB, and metolachlor removal with ozone/UV 254 nm

only with the combination of ozone (with concentration of 1.5-3 mg L ™" and contact
time of 2-3 min) with UV radiation, with doses of 5,000-6,000 J m~2.
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5.6 Results: Bromate Formation

As concerns bromate formation (Fig. 6), a significant reduction is shown in the
AOPs with ozone/UV with respect to conventional oxidation with ozone. UV
radiation, in the wavelength range of 180-300 nm, provides energy to reduce
bromate to hypobromite ion as intermediate and to bromide and oxygen as end
products [41] via complex reactions generated by the primary reaction of photol-
ysis. Ozone combined with UV lamp at 185 nm wavelength is about 10-20% lower
than ozone alone; the highest bromate destruction is obtained with ozone combined
with UV at 254 nm wavelength, for which bromate is about 40-50% lower than
ozone alone and its final concentration is generally lower than the 31/01 Italian
Legislative Decree Limit of 10 pg L.

5.7 Conclusions

The conventional and advanced oxidation tests performed on water contaminated
with geosmin, MIB and metolachlor show that the combination of ozone with UV
radiation, both at 254 nm and 185 nm wavelengths, improves the process efficiency
and offers a complete removal for all the analyzed contaminants with C X t of
4-10 mg min L~ and UV doses of 4,000-6,000 J m—2. All the experimented
treatments offer a good removal of organic precursors, while a significant reduction
(below the limit of 10 ug L' of 31/01 Italian Legislative Decree) of bromate is
obtained only with ozone combined with UV 254 nm.
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Fig. 6 Bromate formation during ozone, ozone/UV 254 nm and ozone/UV 185 nm
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6 General Considerations About the Application of AOPs
for NOM Removal in Drinking Water Treatment Plants

AOPs are among the most studied and promising technologies for drinking water
purification and disinfection. Although total reduction of NOM has not been
achieved with AOPs, several studies have shown efficient NOM reduction and
mitigation of DBP formation.

The results of various studies dealing with NOM removal by AOPs are always
study specific depending on the water characteristics, such as the amount of organic
matter. Therefore, the characterization of NOM in water should be made before the
design and optimization of the AOP treatment. Furthermore, in order to assess its
influence on the downstream processes, it is important to determine the organic
characteristics of the treated water.

The implementation of an AOP process in a drinking water treatment plant can
be an interesting solution for the removal of NOM and DBP minimization in
drinking water systems. First, the objective of the AOP treatment needs to be
defined, whether it is to enhance biodegradability of organic matter or mineralize
organic compounds. Therefore, the optimal conditions for each case must be
determined according to the type and amount of organic compounds and the
interfering background compounds present in the water.

AOPs generally are not applied alone but may find better application in combi-
nation with other treatments, thus enhancing their efficiency for NOM removal. For
example, coagulation prior to oxidation removes most of the HMM NOM, thus
impacting on subsequent AOP treatment. The combination of AOP and BAC
treatment has been suggested to offer a more viable option for the reduction of
harmful DBPs than the AOP alone.

It should be emphasized that AOPs have site-specific effects, so pilot-scale and
full-scale tests must be conducted to define the optimal conditions for the process.
Experimental and pilot-scale studies are often conducted under conditions that are
not economically feasible in commercial applications. The full-scale application of
AOPs in drinking water treatment plants is still limited because of high cost, high
level of pretreatment required, a lack of experience, and operational difficulties.
Nevertheless, there is an increasing interest for AOPs that will take to an increase of
full-scale installation of these processes.
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Abstract NOM usually reaches drinking water supply sources through metabolic
reactions and soil leaching. It has been, in general, considered that NOM is still one
of the most problematic contaminants present in this kind of influents. Therefore, in
the present chapter, most relevant technologies used for removal of NOM and its
constituents from water have been examined, emphasizing in the past few years. An
overview of the recent research studies dealing the NOM removal by catalytic wet
peroxide oxidation and other closely related heterogeneous Fenton-like AOPs is
presented. As revealed from recent literature reports, heterogeneous Fenton pro-
cesses including CWPO are still emerging, promising catalytic technologies for
NOM removal from water. A wide variety of catalytic solids reported within the
past few years has been examined focusing on their potential in the NOM removal
from water. Main findings offered by several types of catalysts like zeolites,
Fe-functionalized activated carbons, carbon nanotubes, but mainly pillared and
other clay minerals have been critically discussed emphasizing on the NOM
removal by CWPO.
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1 Introduction

Waste and surface waters are currently strongly requiring development and appli-
cation of novel, cost-effective treatments. A number of techniques such as chem-
ical, physical, biological, incineration, etc. and their combinations are available, but
each process has its inherent limitations in applicability, effectiveness, and cost.
There are many water systems not suitable for biological treatments, mainly due to
the presence of some highly refractory and toxic pollutants. Their treatments by
conventional chemical processes may have several drawbacks in terms of efficiency
and/or cost.

NOM may cause many problems in wastewater treatment processes, for exam-
ple, undesirable color, taste, and odor, while reacting with common disinfectants to
produce a variety of toxic DBPs [1]. Residual NOM can also promote bacterial
regrowth and pipe corrosion in drinking water distribution systems [2]. NOM also
reduces the overall efficiency of water treatment plants through increased chemical
dosages, interference with the removal of other contaminants and filter fouling [3],
as well as increased levels of complexed heavy metals and adsorbed organic
pollutants [4], among others.

Changes in NOM loading and composition have a significant influence on the
selection, design, and operation of water treatment processes. No single process
alone can be used to treat NOM due to its very high variability.

2 Conventional Techniques Used in NOM Removal from
Water

Diverse processes have been investigated to remove NOM from water such as
adsorption, coagulation/flocculation, advanced oxidation processes, biological and
electrochemical methods, ion exchange, and membrane technology. These pro-
cesses are the most common and economically feasible to remove NOM. In the
following sections, the removal of NOM by some conventional techniques has been
presented and discussed.

2.1 Adsorption

The adsorption process is generally considered as one of the best water treatment
technologies because of its convenience, ease of operation, and simplicity of
design. The mechanism of NOM adsorption is mainly ligand exchange with the
hydroxyl groups of the mineral surface [5]. Different kinds of adsorbents are used
to eliminate NOM, including AC [6]. Li et al. [7] showed that constriction of
internal pores of the carbon caused a reduction in the diffusion rate of the targeted
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compounds. By comparison of two carbons, the extent of reduction in the
diffusion coefficient caused by adsorption of the same concentration of a pore-
blocking compound, mg/g of AC, was found to be less pronounced for the carbon
with larger volume of mesopores. AC is often used in drinking water treatment
plants to remove or control unpleasant taste and odor, organic compounds, and
NOM. Columns are used in municipal treatments to produce potable water as well
as in disposable cartridges at industrial, commercial, and residential installations.

AC has been also used in the treatment of municipal wastewater either as a
secondary or a tertiary process, with the advantage over other materials of being
able to control odor in the water. The carbon may be either powdered or granular,
the former being added as slurry into the water before chlorination, whereas the
latter used in conventional gravity sand filters alone or together with sand.

GAC is good choice for removing NOM as well as taste and odor compounds.
The removal of NOM by GAC is through reversible and irreversible physical
adsorption caused by nonspecific mechanisms, such as van der Waals forces, dipole
interactions, and hydrophobic interactions [8]. There are two options for locating
GAC units in water treatment plants, i.e., (1) post-filtration adsorption, where the
GAC unit is located after the conventional filtration process, and (2) filtration-
adsorption, in which either all or a fraction of the filter granular media is replaced
by GAC. Compared with filter adsorbents, the post-filtration provides higher
flexibility for both handling GAC and design of specific conditions of adsorption
and thus often allows for lower operational costs.

Many bench-, pilot-, and full-scale studies have shown GAC as a promising
method to effectively remove NOM [9, 10]. However, a major constraint in
operating GAC contactors is the cost of routinely replacing the GAC media due
to the loss of adsorption capacity that occurs once GAC saturates.

2.2 Coagulation/Flocculation

The most common and economically feasible process available to remove NOM is
coagulation and flocculation followed by sedimentation/flotation and filtration.
Most of the NOM can be removed by coagulation, although the hydrophilic,
LMW fractions of NOM are apparently removed less efficiently than the hydro-
phobic, HMW compounds [11]. Coagulation/flocculation in water/wastewater
treatment plants involves the addition of chemicals to alter the physical state of
dissolved and suspended solids and facilitate their removal by sedimentation
[12]. As chemical products, coagulants react with the suspended and colloidal
particles in the water, causing them to bind together and thus allowing for their
removal in the subsequent treatment processes [13]. The aggregation mechanisms
through which particles and colloids are removed include a combination of charge
neutralization, entrapment, adsorption, and complexation with coagulant ions into
insoluble masses [14].
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Coagulation treatment has been employed to decrease turbidity and color and
also to remove pathogens [15]. It is well established through the long and large
literature that the coagulation process efficiency is highly dependent on hydrophilic
and hydrophobic properties (Table 1) of NOM and dissolved organics [16—18].

Coagulation can be induced using chemical salts, such as ferric chloride or alum,
or via electrocoagulation (EC) which uses sacrificial electrodes to provide a pure
source of cations. Unlike chemical coagulation (CC), EC is not a commonly used
water treatment technology. Nevertheless, EC has successfully treated a diverse
variety of water types at the bench-scale, including municipal, textile dye, and
petroleum refinery wastewaters [20-22].

2.3 Advanced Oxidation Processes (AOPs)

AOPs are based on the production of highly reactive, short-lived hydroxyl radicals,
which react with organic contaminants with high reaction rate constants.

AOPs destroy the organic molecules, even the more stable, hard-to-degrade
compounds, including carcinogens and mutagens, by means of the generation of
highly reactive species which oxidize organic matter; thus, AOPs may be of great
interest for public health and turned into a promising study field due to its almost
total degradation potential of soluble organic contaminants in waters and soils,
some of them under reasonably mild temperature and pressure conditions [23-26].

In AOPs, chemical reactions, electron beams, UV light, or ultrasound pulses are
used to obtain high oxidation rates, thanks to the generation of free radicals (mainly
hydroxyl radicals). Indeed, highly reactive HO® are traditionally thought to be the
main active species responsible for the destruction of the contaminants, including
NOM. Their high standard reduction potential of 2.8 V in acidic media enables
these radicals to oxidize almost all organic compounds to carbon dioxide and water,

Table 1 NOM fractions and chemical groups (adapted from [19])

Fraction ‘ Chemical groups

Hydrophobic

Strong Humic and fulvic acids, HMW alkyl monocarboxylic and dicarboxylic acids,

acids aromatic acids

Weak Phenols, tannins, IMW alkyl monocarboxylic and dicarboxylic acids

acids

Bases Proteins, aromatic amines, HMW alkyl amines

Neutral Hydrocarbons, aldehydes, HMW methyl ketones and alkyl alcohols, ethers, furans,
pyrrole

Hydrophilic

Acids Hydroxy acids, sugars, sulfonics, LMW alkyl monocarboxylic and dicarboxylic
acids

Bases Amino acids, purines, pyrimidine, LMW alkyl amines

Neutrals Polysaccharides, LMW alky alcohols, aldehydes, and ketones
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excepting some of the most simple organic compounds, such as acetic, maleic, and
oxalic acids, acetone, or simple chloride derivatives as chloroform [27]; however,
just these species are of interest because they are typically oxidation products of
larger molecules, being continuously generated by chemical, photochemical, or
electrochemical reactions.

Among the more used AOPs, photo-Fenton and photocatalysis have been of
special interest [28]. The photo-Fenton reaction is well known as an efficient and
inexpensive method for wastewater treatment. Photo-Fenton improves the effi-
ciency of dark Fenton or Fenton-like reagents, respectively, by means of the
interaction of radiation (UV or Vis) with Fenton reagents. Light exposure increases
the rate of HO® formation by photoreactions of H,O, (1 < 360 nm) and/or Fe**
either producing HO® straightforward or regenerating Fe** [29].

Photocatalysis is defined as catalytic activation of a given reaction via a mech-
anism that only proceeds if the system is lighted up. Photocatalytic reactions may
operate via a number of different mechanisms. The main well-known mechanisms
are (1) photolysis of adsorbates, (2) reactions of adsorbed species with photoelec-
trons or holes (photo-electrochemical reaction), and (3) injection of electrons from
an excited adsorbate into a semiconducting mineral [30].

The efficiency of NOM removal using AOPs strongly depends on water char-
acteristics, including the concentration of organic matter. Therefore, characteriza-
tion of the NOM in water should necessarily anticipate the design and optimization
of any AOP treatment. The characteristics of the organics in the treated water must
be also determined to assess their influence on downstream processes.

The reactions of HO® with NOM proceed at least by means of three different
ways: (1) HO® addition on double bonds; (2) H-atom abstraction, which yields
carbon-centered radicals; and (3) the HO® gaining an electron from an organic
substituent. The carbon-centered radicals then react very rapidly with oxygen to
form organic peroxyl radicals. The mutual reactions of peroxyl radicals can lead to
the production of ketones or aldehydes and/or carbon dioxide. The rate of oxidation
depends on radical, oxygen, and pollutant concentrations. Other factors affecting
formation of the radicals are pH, temperature, the presence of ions, the type of
pollutant, and the presence of scavengers such as bicarbonate ions [31].

Finally, HO® can also be produced without using chemicals by means of
cavitation. Generally it is a phenomenon of formation, cyclic growth, and rarefac-
tion with the terminal implosive collapse of vapor bubbles in the liquid phase.
Cavitation, caused by pressure gradients of water due to the influence of geometry,
is called hydrodynamic cavitation (HC). Recent studies show beneficial effective-
ness of HC for degradation of various recalcitrant organic contaminants (pharma-
ceuticals, synthetic and persistent organic chemicals, micropollutants, etc.) from
water and wastewater [32].
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2.4 Ion Exchange

Important properties of AERs include polymer composition, porosity, and charged
functional groups. Performances of AERs for NOM removal are influenced by the
inner characteristics of the resins (strong- or weak-base AER), the water quality
(pH, ionic strength, hardness, etc.), and the nature of organic compounds (molec-
ular weight, charge density, and polarity). The composition of most resins is either
polystyrene or polyacrylic. Polystyrene resins are more hydrophobic than
polyacrylic resins; as a result, polyacrylic resins tend to have more open structure
and higher water content. The porosity of resins is defined as either macroporous or
gel. Macroporous resins are highly porous solids, while gel resins do not contain
any pores [30]. Strong-base resins typically contain either type I (—N+(CH3)3) or
type II (—=N*(CHj3),(C,H,OH)) quaternary ammonium functional groups. Due to
their ethanolic content, type II resins are more hydrophilic than type I resins
[33]. Most strong-base anion exchange resins are used in the chloride form.

The advantages and disadvantages of NOM removal by using ion exchange
treatment are presented in Table 2. As is evident this technology is very interesting
since it has proven to be highly efficient, while exhibiting very low formation of
DBP; only one disadvantage can be observed for this technology regarding the
necessity of an additional treatment stage since the NOM removal is not complete.

3 NOM Removal from Water by Heterogeneous CWPO
and Other Related AOPs

AOPs are gaining more and more interest as potential solutions in the field of water
treatment; the use of appropriate catalysts can substantially decrease the energy
consumption of oxidation processes, such as wet air and wet peroxide oxidation of
refractory organic compounds. The main limitation of the conventional Fenton
process is the dissolved homogeneous catalyst that cannot be easily recovered
throughout the process, leading to additional pollution [34]. Besides, another
outstanding issue that has deserved a number of works in the past few years
regarding drawbacks of the homogeneously activated Fenton process has been the
very narrow range of pH values (<~4.0) [35] under which it is operable as efficient
catalytic process itself (Fig. 1); it associates high operating costs for industrial-scale

Table 2 Advantages and disadvantages of NOM using ion exchange treatment

Advantages Disadvantages

Proven technology Additional stage of treatment required

Potential highly efficient
Very low formation of DBPs

Efficient in treating the transphilic fraction of NOM
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Fig. 1 Effect of pH on the catalytic performance of the Fenton process activated under either
homogeneous or heterogeneous conditions: (a) homogeneous system ([Fe] = 5 mg/L) and (b)
heterogeneous catalyst (Al/Fe-PILC FAZA, 5 g/L), amount of DMPO/HO adduct, phenol conver-
sion (after 2 h of reaction), and TOC abatement (after 4 h of reaction) in function of the pH: (open
square) DMPO/HO. Adduct amount (dotted line), phenol conversion ( filled circle), TOC abate-
ment ( filled triangle) (reprinted from [35], with permission of Springer). (¢) Speciation diagram of
ferric hydroxyl species as a function of pH for a solution containing 1.0 x 10~ M of Fe(III) at
25 °C obtained by MINEQL+ software (reprinted from [34], with permission of Elsevier)

applications of other variants of the Fenton process, including photo-Fenton. As it
can be seen, although hydroxyl radical concentration becomes significantly affected
in both Fenton systems over pH = 4.0, the homogeneous one seems much more
susceptible (Fig. la, b), according to the speciation undergone by Fe(IIl) as a
function of pH (Fig. 1c). In this sense, several works have been recently revised
by Clarizia et al. [34], examining and comparing the most relevant papers dealing
with photo-Fenton processes at neutral pH available in the literature. The main
strategy to overcome this practical disadvantage so far (most or the real contami-
nated waters do not match such a range of pH values, including surface waters as
common supply sources to produce drinking water) has been to adopt different
types of chelating agents. Each iron(Ill)-ligand complex features a particular
mechanism of photolysis, speciation pattern, light absorption properties, quantum
yield, biodegradation, and toxicity that must be considered for choosing proper
chelating agent and operating conditions in the photo-Fenton degradation under
circumneutral pH values.

Therefore, one of the AOPs lately attracting more attention has been the so-called
CWPQO; it employs hydrogen peroxide as oxidizing agent in the presence of a solid
Fenton or Fenton-like catalyst. The redox properties of the transition metals
immobilized in solid catalysts (usually either Fe**/Fe®* or Cu**) allow the generation
of hydroxyl radicals in the presence of hydrogen peroxide under very mild conditions
of temperature and pressure [36]. In addition, it enables easy recovery of the catalytic
species, so available for use through a long-term, extended number of catalytic
cycles. Hence, important efforts have been focused on finding heterogeneous cata-
lysts with adequate catalytic activity and convenient stability even at pHs of reaction
exceeding 4.0, taking into account the acidic conditions under which the reaction
takes place more efficiently. Another important advantage linked to the Fenton
process activated in heterogeneous phase is to avoid expensive extra steps to recover
both the excess of dissolved metals and the sludge formed upon application under
near-neutral pH conditions, typical of most water streams [37].
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Several teams have reported different materials as possible carriers of active
sites catalyzing CWPO: alumina-supported Fe [38], Fe-containing zeolites [39, 40],
activated and other functionalized carbonaceous supports [37, 41], and pillared
clays [42, 43] are the most common reported catalysts for the CWPO of NOM and
other organics. The main limitations of the most suggested materials could be
summarized as either low effectiveness under near-neutral pH, low stability against
active metal leaching, and/or high cost. The first approach still thoroughly investi-
gated by several groups has been the use of supported catalysts of the Fenton-active
transition metals on typical hosts like alumina [44, 45] or silica [46, 47]. However,
the most significant drawback of this kind of materials has been definitely poor
chemical stability to leaching of the active metal in the reaction mixture in
comparison to other solid, functional materials. After the pillared and other mod-
ified clay materials, activated carbons and synthetic zeolites have been perhaps the
most studied heterogeneous carriers in the past few years because of their high
effectiveness, and then these are more specifically analyzed hereafter.

3.1 CWPO by Pillared and Other Related Clay Catalysts

The catalytic potential of the clay-modified materials activating the CWPO reaction
has been widely investigated along the past two decades, mainly emphasizing on
Al/Fe-, Al/Cu-, and Al/Fe-Cu-pillared clays [48-53]. The high performance
displayed by Fe, Cu-modified pillared clays in this reaction mainly relies on the
high rates of elimination of several model toxic compounds in terms of both
contaminant’s depletion and both TOC and COD elimination. Besides, this type
of catalysts can be obtained from inexpensive raw materials, increasing the cost-
effective potential scaling-up in order to solve real problems in water treatment.
Several studies have pointed out that smectites once pillared with mixed Al-based
polycations containing iron or copper are materials displaying pretty high perfor-
mance catalyzing the CWPO reaction [51, 52]. Timofeeva et al. [51] reported the
effect of some synthesis variables like hydrolysis ratio of the pillaring solution
(OH/(Al + Fe)), temperature of calcination in the preparation of Al/Fe-PILCs, as
well as the atomic ratio Fe/Cu in Fe, Cu, Al-clays on the catalytic properties of the
resulting materials in the CWPO reaction. Presence of Cu or Fe in isolated sites
within alumina pillars, that is, truly mixed interlayering Al/M-polycations, has been
believed from a time ago [54] to be closely related to the high catalytic response
displayed by this kind of layered materials in the CWPO degradation of several
types of compounds, as more recently strongly supported also by H,-TPR mea-
surements in the case of the Al/Fe-PILCs [52]. In this sense, this and other studies
have evidenced that higher loadings of Fe in Al/Fe-pillaring solutions lead to higher
fractions of the transition metal fixed in the inorganic host, but not necessarily
improving the degradation of organics by a purely catalytic pathway of response in
heterogeneous phase [52, 55]. Although higher fractions of Fe in the interlayering
solutions clearly promote increased amounts of iron incorporated into the PILCs as
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isolated octahedrally coordinated Fe®* cations (the most active in the CWPO
reaction), together there is bigger incidence of Fe aggregates, less active but also
less stable against leaching under the strongly oxidizing environment of the cata-
Iytic reaction [52, 55, 56]. Thus, leaching of the active metal(s) usually makes more
difficult to interpret the contaminant removals along this type of reaction, since it
implicitly leads to higher contribution of the homogeneously activated Fenton
oxidation to the overall activity [52]. In addition, elimination of the contaminants
should always account for the fraction adsorbed on the catalyst’s surface in order to
rule out a significant contribution, avoiding reporting it as a purely catalytic
degradation. Of course, it must be more carefully assessed in the case of high-
surface solid carriers as, for instance, metal-functionalized activated carbons.
Another important issue of the Fenton solid catalysts useful in the CWPO
reaction is the presence, in most of cases, of an induction period before observing
faster degradation of the contaminants. It is typical of the Fenton-like variant of
reaction and must be mainly ascribed in the case of the iron-functionalized mate-
rials, to the balance (Fe3+/Fez+) in the accessible, active sites of reaction; as higher
ratio in this couple of oxidation states, as more prolonged must be expected such
induction period. Zhou et al. [57] recently modeled the apparent induction period
followed by a rapid oxidation observed during the catalytic wet peroxide oxidation
of 4-chlorophenol (4-CP) by using Fermi’s kinetic equation (R* = 0.9938-0.9993).
4-CP oxidation proceeded via 4-chlorocatechol (major) and hydroquinone (minor)
pathways, along the formation of main intermediate (5-chloro-1,2,4-benzenetriol).
Besides CO,, H,0, and Cl™, two main compounds (I and II) formed, the former
identified as 2,4-dioxopentanedioic acid, whereas the latter as ferric-oxalate com-
plex. Finally, it has reported marked structural and active differences between Al/
Fe-PILC and Al/Cu-PILC in which compared to the latter, the former possessed
higher specific surface area and catalytic activity, but its optimal calcination
temperature was lower. The induction period also resulted longer in the case of
the Al/Fe-PILC. In addition, compound II accounted for a considerable proportion
in Al/Fe-PILC system, whereas compound I was almost only component in Al/Cu-
PILC system. Overwhelming advantage of the Al/Fe-PILC on the Al/Cu-PILC
system catalyzing CWPO had been also clearly evidenced earlier dealing on
degradation of the azo-dye methyl orange [52]. On the basis of elemental analyses,
it was found that within the range of 0—10% of atomic metal ratio (AMR), Fe gets
incorporated around 15 times more efficiently in Al/M-PILCs than copper, whereas
the patterns of compensation of the starting CEC showed that increasing values of
AMR (Ee andjor cuy led to less and less efficient compensation of the aluminosilicate’s
layer charge. AMR is then a key and useful parameter to be considered in prepa-
ration of Al-mixed PILCs with Fe and/or Cu for CWPO, since different as could be
believed by default, higher fractions of these active metals in the mixed
interlayering solutions do not necessarily conduce to more efficient clay catalysts.
However, in other reports published a little bit later [55, 56], adsorption of tartrazine
showed slight rise with increasing content of Fe®* in Al/Fe-PILCs (AMR (g in the
range of 1.0-20.0%) [55], probably related to the well-known high external surface
featured by iron oxides, inferring that higher loadings of this active metal are
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necessarily forced to form iron oxide aggregates, not very useful for this particular
application. However, apparently this increased incidence of non-pillaring iron
aggregates as a function of AMR (g did not lead to lower stability against leaching
in the CWPO reaction, since pretty low concentration of Fe was reported for all
samples evaluated. According to Mossbauer analyses, the structure of the incorpo-
rated iron-containing oxides resembled those of naturally occurring minerals
akaganeite (f-FeOOH) or lepidocrocite (y-FeOOH) [56]. AMR can be calculated
as follows [52]:

(Fe and/or Cu)

1
(Al + (Fe and/or Cu)) x 100

AMR(Fe and/or Cu) —

In related address, Timofeeva et al. [51] focused in studying the effect of the Fe/Cu
ratio in the Al/Fe-Cu-containing pillaring solution on structural and catalytic
properties, CWPO degradation of phenol, of final catalysts. The increase in copper
loading led to decreased total surface area, micropore volume, and interlayer
distance, whereas the decrease in Fe/Cu ratio favored the formation of oligomeric
iron species. However, according to the authors, the introduction of copper ions also
increased the rate of the catalytic reaction, an effect that was interpreted in terms of
higher rate of radical generation. Moreover, a little bit later in other study [52], no
cooperative effect in the CWPO degradation of methyl orange by the presence of
both active metals in the same Al/M-pillared clay catalyst was found, which was
explained by a possible competition between both active metals for octahedral sites
into the framework of Al;3; polycations in this three-metal system.

An important issue that has remained still controversial regarding Al/Fe-PILCs
is whether there is or no formation of truly mixed pillars of both metals. In spite that
several works have suggested the outstanding activity of this kind of materials in
the CWPO reaction as being strongly related to the mixed Al/Fe pillars [52, 54],
some others have ruled it out while proposing that only iron oxides either decorat-
ing the Al,O; pillars or as external aggregates are stabilized in this type of materials
[58, 59]. In this sense, Bankovic et al. [56] based on DR UV-Vis spectra,
Mossbauer, and FTIR analyses proposed that in the AlFel-15 PILCs (AMRE,.
values from 1.0 to 15.0%), the Fe** ion probably partially substituted AI** ions in
Keggin ion, thus forming Al;;_.Fe, oxide pillars, whereas in the case of the AlFe20
PILC, other types of pillars might have been formed including those containing
separate Al or Fe oxide pillars. Besides, it was shown that increasing iron content of
the PILCs resulted in the increasing presence of species with greater clusters of
octahedrally coordinated Fe** ions. The structure of the incorporated iron-
containing oxides resembled those of naturally occurring minerals akaganeite
(B-FeOOHR) or lepidocrocite (y-FeOOH) (Fig. 2a). It was in similar address to the
trend already found as a function of the increased content of Fe in final materials,
based in H,-TPR analyses (Fig. 2b) [52]. Finally, same authors reported interesting
behavior of the textural properties in Al/Fe-PILCs as a function of the increasing
content in Fe. Particularly, pillaring with Keggin-like ions led to almost
monomodal distribution of mesopore diameters. The addition of Fe** into the



80 J.H. Ramirez and L.A. Galeano

0 200 400 600 800 1000
T T

T T
I BVAIFeCus ~— TM=440°C
553umol Hz /g

40 ]

-+— TM=445°C
657umol H2 /g

30

20+

F(R)

~— TM=475°C 7
734pmol Hz /g

104

Hyp consumption (a.u.)

T

w
<
>
m
o
o

04

T T T T T T
200 300 400 500 600 700 800
Wavelength [nm]

0 200 400 600 800 1000
T(°C)

Fig. 2 Physicochemical properties of different Al/Fe- and Al/Cu-PILCs as a function of the
AMRE,: (a) DR UV-Vis spectra of (1) Al PILC, (2) AlFel0 PILC (AMRg. = 10%), and
(3) AlFe20 PILC (AMRg. = 20%) (reprinted from [56], with permission of Elsevier). (b)
H,-TPR diagrams of BVAIFe2 (AMRg, = 2.0%), BVAIFeS (AMRg. = 5.0%), BVAICu5
(AMR(, = 5.0%), and BVAIFeCu5 (AMRE, ; cy = 5.0%) (reprinted from [52], with permission
of Elsevier)

pillaring solution resulted in changes in the mesopore diameter distribution.
Increasing Fe content led to the broadening of the distribution of mesopore diam-
eters in the sequence Al PILC < AlFel PILC < AlFe5 PILC < AlFel0 PILC,
which got inverted for increasing AMRE, values from 10 to 20%. This phenomenon
was proposed to be further investigated.

Later, Khankhasaeva et al. [53] studied the degradation of sulfanilamide in water
by H,0, in the presence of Fe, Al/M-pillared clays from various cationic forms of
the starting layered aluminosilicate (Fe, AI/M-MM, M = Na*, Ca**, and Ba**). The
montmorillonitic materials were exchanged with bulky Fe, Al-polyoxocations
prepared at Al/Fe = 10/1 (AMRg. ~9.0%) and OH/(Al + Fe) = 2.0 and then
calcinated at 500 °C and from XRD, and chemical analyses found that the rate of
crystalline swelling was dependent on the nature of the starting interlayer cations in
the clay mineral (Fe, Al-/Na-MM > Fe, Al/Ca-MM > Fe, Al/Ba-MM). In addi-
tion, the catalytic properties of Fe, Al/M-MMs depended on the type of exchange-
able cations, although only slightly the textural properties. These differences were
mainly ascribed to higher iron uptake in the Na-MM cationic form.

Gao et al. [60] recently studied the introduction of nickel in Fe-Al-pillared
montmorillonite and its effect in the CWPO degradation of the azo-dye Orange
II. The effects of active metal molar loading (AMRg._n;), Fe/Ni molar ratio, and
calcination temperature on the pillared clays were measured and discussed. It was
proposed the introduction of nickel to the pillaring solution may contribute to better
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active iron stability and catalytic performance. Iron was found in the clays in the
form of FeOOH when nickel was introduced, whose integrity was more easily
maintained when a moderate calcination temperature was used. Solid modified with
4/6 Fe/Ni molar ratio and AMRg..n; = 6%, finally heated at 273 °C, displayed
better catalytic behavior. Thus, Acid Orange II solution got 72.32% of COD
removal after 3 h of reaction: pH = 3.0, T = 60 °C, and H,O, dosing = 100% of
the theoretical stoichiometric amount. Fe/Ni ratios above 4/6 led to declined
catalytic behavior of pillared clays, which was attributed to formation of large
iron aggregates.

Some other studies have also attempted combination of properties of Al-,
Al/Fe-PILCs with other either transition or precious metals to improve catalytic
properties of this kind of materials in water decontamination. For instance, recently
a two-step treatment of p-chloro-m-cresol (PCMC) in water by catalytic
hydrodechlorination (HDC) followed by CWPO under ambient-like conditions
(25 °C, 1 atm) in the presence of catalysts supported on Al-PILCs using Fe and
Pd or Rh as active phases was reported [61]. The bimetallic Pd-Fe catalyst showed
the best performance, allowing complete dechlorination in less than 1 h reaction
time (25 °C, 1 atm, pHy = 6, QH, = 50 N mL/min, [catalyst], = 1 g/L,
[PCMC], = 0.7 mmol/L). Meanwhile, CWPO of PCMC with a monometallic Fe
catalyst allowed complete conversion of that pollutant but with only about 33%
reduction of TOC after 4 h. Then, a two-step approach consisting in HDC of PCMC
followed by CWPO has been tested for the first time in two different ways. The first
one used a Pd-Fe bimetallic catalyst in both steps, while in the second approach,
monometallic Pd-Fe catalysts were used for HDC and CWPO, respectively. The
HDC step extended for 30 min was enough to achieve complete dechlorination, the
main reaction product being m-cresol (selectivity >85%). After the HDC step, the
pH of the reaction medium was adjusted to 3.5, and the stoichiometric H,O, dose
was added to start the CWPO step. It allowed complete conversion of m-cresol in
15 min, with 60% TOC reduction after 4 h of reaction time. However, the stability
of the catalysts against Fe leaching was more rather poor; the Fe leached from the
catalyst in this combined treatment reached 2.5 mg/L in the HDC step and 4.9 mg/L
at the end of the experiment. Although it represents only 6.6% of the initial Fe load
reported, the recorded CWPO activity was undoubtedly influenced by the typical
homogeneous Fenton process. It is a promising combined application of the CWPO
process in order to contribute giving overall response to contamination by haloge-
nated organics, but strong efforts should be made in order to significantly increase
stability of the active metal in the step of the heterogeneous Fenton process.

Thanks to the highly promising potential exhibited by the Al/Fe-PILCs in the
CWPO treatment of a variety of polluted aqueous systems, several efforts have
been taking place along the past decade in order to make possible its preparation in
both higher to lab scales and starting from concentrated precursors. Some studies
have focused on the reduction of the synthesis time, involving the use of either
microwaves [59, 62] or ultrasound [63] in the preparation of the metal interlayering
precursor but increasing consumption of energy as a drawback. Other approaches
have tried to increase concentration of the pillaring precursors, either interlayering
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polycationic solution or the clay suspension itself [43], where typical concentration
of the oligomerized metal precursor was close to tenfold increased from around
0.06 to 0.63 mol/L. It implied the use of lower hydrolysis ratio (OH/(Al + Fe) = 1.6)
in comparison to typical lab-scale preparations (~2.0-2.4). In addition, the use of
ethanol as suspension medium demonstrated to be advantageous in order to perform
the interlayering step (contact of the interlayering, oligomeric metal solution with
the clay mineral) on concentrated clay suspensions (up to around 50% w/w).
Another important step forward in the same address has been achieved by some
researchers [64, 65] by means of the straightforward addition of the raw clays on the
interlayering Al or Al/Fe solutions. It has allowed to save time and resources (extra
added solvent-free suspension) by working on not previously swollen mineral, but
attaining Al- or Al/Fe-pillared materials with basal spacings around 1.8 nm, sig-
nificant increase in specific surface and pore volume. Moreover, as far as we know
right now, there is no complete solution to this issue, and hence in general, reports
about the application of this type of clay catalysts at industrial level are not still
available. Regarding this issue, as a comparison reference, CWPO treatment in
continuous reactors has started to be studied in the presence of other solid catalysts,
like for instance zeolites. The CWPO degradation of phenol by a Fe-ZSM-5 catalyst
in a fixed bed reactor was recently investigated [66]. The effects of feed flow rate
and catalyst bed height were determined by following conversion of phenol, H,O,,
and TOC concentrations. The Fe-ZSM-5 catalyst achieved the highest activity
(99.2% phenol conversion and 77.7% of TOC conversion) at 80 °C, 2 mL/min
feed flow rate and 3.8 cm as catalyst bed height. In spite that the authors claim
remarkable low iron leaching concentration, since it was around 1.0 mg/L, it may
anticipate sustained rapid deactivation of the catalyst under real conditions of
treatment. In addition, such a level of concentration has demonstrated to be not
negligible catalyzing the CWPO reaction based on a close to purely homogeneous
Fenton mechanism. As it was stressed by the authors, further research should be
focused on the deactivated mechanism and regeneration strategies of the catalyst. It
is big evidence promoting the rapid development of scaled-up preparation of Al/Fe-
pillared clays, since the concentrations of iron leached in the CWPO reaction
mixture typically do not exceed 0.3 mg/L. The HPLC patterns of the solution at
different catalyst bed heights demonstrated that low concentration of quinone was
generated and then transformed into low molecular weight organic acids and finally
changed into carbon dioxide and water with the increase of residence time. This
pattern of degradation has been observed in the presence of other efficient CWPO
catalysts.

Finally, some emerging materials attracting interest as CWPO-active clay cata-
lysts along the past 5 years have been some naturally occurring or synthetic clay
minerals, whose either structural or added content of Fe or Cu has been investigated
as active sites of the catalytic reaction [67—69]. First of all, allophane clay materials
with SiO,/Al,O5 ratios between 1.0 and 2.2 were synthesized by a coprecipitation
route and further impregnated with iron or copper species, in targeted loadings
surrounding 2.0-6.0 w/w % [68]. The lower ratio resembled typical Al-rich soil
allophane (AlSil; BET surface <1.0 m?/g), whereas the higher one looked like
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more as a hydrous feldspathoid with a large interspherule surface, thereby
exhibiting a high surface area (AlSi,; BET surface ~191 m%/g; up to 287 ¢ for 8.5
Fe,O5; wt.%). The iron-based AlSi, catalysts with taillike structure and high surface
area proved to be far more active in the CWPO elimination of phenol (pH = 3.7,
[phenol]y = 5 X 10~* mol/L, [catalyst] = 0.4 g/L, [H,O5]addeq = 0.1 mol/L under
constant flow rate of 2.0 mL/h along 4 h for the Fe catalysts and 8 h for the Cu
catalysts). The highest catalytic efficiency (94%/1 h of reaction; total organic
carbon abatement 63%/4 h of reaction) was obtained at 40 °C for the calcined
iron oxide-supported AlSi, allophane sample (300 °C/1 h), for which very low
leaching level of iron species was noticed (0.37 mg/L). By contrast, large differ-
ences in terms of catalytic efficiency (conversion rates) and stability were observed
for the copper-based counterparts.

Munoz et al. [67] recently explored the potential application of naturally occur-
ring minerals as inexpensive catalysts in heterogeneous Fenton, namely, catalytic
wet peroxide oxidation (CWPO). Performance of magnetite, hematite, and ilmenite
as CWPO catalysts was tested under different working conditions (25-90 °C,
[H>O,] = 250-1,000 mg/L, [catalyst] = 1-4 g/L). In general terms, the use of
naturally occurring Fe minerals is attractive because of pretty low cost of this kind
of minerals. However, CWPO activated by this kind of materials proceed in fairly
longer times of reaction and/or demands for increased temperatures. As expected,
in this study the operating temperature showed to play a key role on the rate of H,O,
decomposition, so that in the presence of magnetite, the H,O, conversion after 4 h
increased from 8 to 99% by increasing the temperature from 25 to 90 °C ([phe-
nol]p = 100 mg/L). Here it is noteworthy that every Celsius degree of higher
reaction temperature of course also supposes increased cost of operation of the
catalytic system, and then it may rapidly offset the benefit related to the use of a
cheaper catalyst. Conversely, as a clear advantage, leaching is not a big deal in the
case of the treatment of wastewaters given the very low cost featuring this kind of
ferrous minerals. A significant metal leaching may also become not practical in the
use of the catalyst in an extended range of pH values, a crucial difference of the
CWPO process against the conventional Fenton process. Complete phenol conver-
sion and almost 80% TOC reduction were claimed at 75 °C with a catalyst loading
of 2 g/L in the presence of theoretical stoichiometric amount of H,O, required for
complete mineralization of a phenol sample solution (500 mg/L). Among the
minerals compared, magnetite (Fe;0,4) was particularly attractive, since it showed
the highest activity and can be easily separated from the liquid phase given its
magnetic properties. Moreover, it must be stressed that such a promising mineral
was also the one leaching a higher Fe concentration along three consecutive runs; of
course it decreased steadily with the cycles of reuse (over 12 mg/L in the first run,
around 4 mg/L after the third run), but it allows to infer quite significant contribu-
tion of homogeneous Fenton reaction.

In summary, Fe-containing naturally occurring minerals could be devised as
interesting CWPO catalysts in the field of wastewater treatment, mainly on those
with significant carbon loadings in order for the exothermal enthalpies of oxidation
to contribute decreasing the costs of heating of the catalytic system over around
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70 °C. Such a kind of materials, together with other types of synthetic-based
supported catalysts, mainly Fe and/or Cu oxides as active sites, has demonstrated
as a general drawback the low stability against metal leaching in the oxidizing
reaction mixture. Outstanding, worth mentioning exception has been the case of
modified allophane clay synthetic materials functionalized by impregnation with
Fe, which recently showed proper activity and chemical stability (Fejcached
<0.4 mg/L) in phenol oxidation under still middle temperature of reaction
(40 °C). Al/M-mixed pillared clays in general have exhibited lower contents of
the active metals (Cu and/or mainly Fe) incorporated in final materials. They
usually display high performance in contaminant depletion even at room temper-
atures, with output concentrations of active metals typically below 0.3 mg/L, thanks
to the specific location of them in very active sites at the interlayer space of the
starting aluminosilicates. Moreover, in order to ensure such a set of desirable
properties in the CWPO application, cumbersome steps and parameters of prepa-
ration must be carefully followed, which definitely have delayed the scaled-up
preparation of this kind of materials and, in turn, their more widely spread use in the
treatment of a variety of contaminated waters at industrial scale. Therefore, further
work in the short term in these still exciting materials should focus in the develop-
ment of Al/Fe-PILC preparation from concentrated precursors (significantly inten-
sified process), exhibiting physicochemical properties comparable with products
obtained in conventional preparations from diluted precursors as well as under
reproducible conditions at higher to lab scales (let’s say bench followed by pilot
scale).

3.2 NOM Removal by CWPO and Other AOPs

AOPs have been intensively studied about the treatment of wide variety of con-
taminated waters but predominantly wastewaters. NOM removal by such a set of
powerful technologies has attracted interest from more rather short time ago,
strongly focused in the improvement of drinking water treatment systems. In this
context, effect of the NOM removal to decrease the potential of formation of
disinfection by-products, more particularly THMs, has been studied. The presence
of NOM causes many problems in drinking water treatment processes, including
(1) negative effect on water quality by color, taste, and odor problems, (2) increased
coagulant and disinfectant dose requirements (which in turn results in increased
sludge and potential harmful disinfection by-product formation), (3) promoted
biological growth in distribution system, and (4) increased levels of complexed
heavy metals and adsorbed organic pollutants [4, 70]. Among the assessed AOPs
have been O3/H,0,, O3/UV, UV/H,0,, TiO,/UV, H,O,/catalyst, Fenton, and
photo-Fenton processes as well as ultrasound so far, as reviewed in 2010 by
Matilainen et al. [4]. Thus, in this section we focus in reviewing the heterogeneous
Fenton-like applications reported on the past few years together with the most
strongly related others.
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First of all, within this recent period, several efforts have been made in order to
more confidently and in depth characterize NOM. This is because NOM is a very
complex matrix, with widely distributed compositions, chemical functionalities,
polar properties, and molecular weight distributions. In addition, there is a high
variability of their properties as a function of the source (surface water, groundwa-
ter, place, etc.) and even season of the year. For instance, dissolved organic matter
(~6.0-15.0 mg/L as dissolved organic carbon) present in two secondary effluents
was recently characterized and monitored through UV/H,0, and ozonation treat-
ments by using LC-OCD technique [71]. Biopolymers, humic substances, building
blocks, low molar mass neutrals, and low molar mass acids were the fractions
resolved. Monitoring of the organic matter fractions with LC-OCD demonstrated
that the reduction of effluent’s aromaticity (decreasing in specific UV absorbance —
SUVA) was not strictly correlated with the complete depletion of humic substances
in the effluents for both advanced treatments. However, the UV/H,0, process led to
an effluent with lower biopolymer content together with important increase in low
molecular mass fractions, although significant amounts of humic acids still
remained after extended oxidation treatments. In spite that both AOPs efficiently
removed different fractions of the dissolved organic matter, the final composition of
the treated effluents was significantly different between the two processes.

During the treatment of natural sources of water by AOPs to remove
micropollutants, NOM gets broken down into smaller species, potentially affecting
biostability by increasing AOC and BDOC. Bazri et al. [72] found that by means of
the UV/H,0, treatment, both AOC and BDOC increased by about three to four
times over the course of treatment, indicating the reduction of biological stability.
Although a wide range of organic molecular weights were found responsible for
AOC increase, low molecular weight organics seemed to contribute more, which
could be a serious drawback in order to apply in general AOPs in drinking water
facilities. Accordingly, it can be easily anticipated that higher fraction of the TOC
represented in low molecular weight organic compounds in this kind of effluents
may lead to either higher incidence of microbiological growth in distribution pipes
or higher demand of residual chlorine in the effluents of typical disinfection units.
Another very important issue in this field is the pH and alkalinity at which a given
AOP can operate efficiently. Typical range of pH values for surface waters is close
to neutral, sometimes slightly basic. This condition, together with variable alkalin-
ity, may significantly compete with NOM scavenging HO®. A little bit later, Black
et al. [73] compared UV/H,O, and ozonation of surface water focused on the
performance exhibited by a biofiltration unit (acclimatized biological activated
carbon) before and after the AOP treatment, finding significantly different results
regarding biodegradability of the final oxidized products. Straight oxidation on
source water investigated in this case did not preferentially react with the biode-
gradable or nonbiodegradable NOM. In addition, the type or dose of oxidation
applied did not affect the observed rate of biodegradation. Although the oxidation
prior to biofiltration increased the overall removal of organic matter, it did not
affect the rate of NOM biodegradation. Moreover, most outstanding conclusions
reached in this study regarding NOM and NOM intermediaries recording could be
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summarized as follows: (1) Ozonation preferentially reacted with higher molecular
weight chromophoric NOM. However, the reduction in high molecular weight
NOM did not appear to increase the biodegradability of the raw water. (2) Advanced
oxidation processes reacted with all molecular weight chromophoric NOM frac-
tions equally. (3) Neither ozonation nor AOP treatment with UV/H,0, preferen-
tially reacted with either the biodegradable or the nonbiodegradable fractions of
organic matter. (4) Regardless of the oxidation condition applied, the rate of
biodegradation did not change. Therefore, and also according to the same authors,
such a set of final statements are very source-depending and contradicted results
reported by others, who suggested that AOP oxidation increases biodegradability
of NOM.

One of the main aspects speeding up research in NOM removal by advanced
oxidation technologies has been certainly to decrease occurrence of DBPs, espe-
cially THMs. THM generation can be limited by reducing the levels of NOM prior
to the chlorination step. It was recently reported that a solar photo-Fenton system
(total intensity of Suntest solar simulator, 600 W/mz; UV intensity 20-30 W/mz;
experiments performed at room temperature around 25 °C, increased up to 30 °C
during irradiation) degraded either humic acid solutions (as NOM model com-
pounds) or NOM contained in a river water, dramatically reducing THM formation
during the subsequent chlorination step under close to neutral pH of reaction
[74]. Whereas in non-pretreated river water, 100-160 pg/L of THMs was formed
upon chlorination, values of 20-60 pg/L were reported for water previously treated
through 4 h by neutral photo-Fenton under solar simulator in the presence of 1.0 mg
Fe/L as initial concentration. Undoubtedly, such a very low concentration of
dissolved iron could be one outstanding advantage of this solar photo-Fenton
system, since apparently it would not be too much susceptible against metal
precipitation in the strongly chelating environment provided by dissolved NOM.
It is noteworthy the peroxide concentration used in this study was around four times
the stoichiometric dosage required for full oxidation (calculated on the basis of
2.12 mg H,O,/L consumed per 1.0 mg COD/L as theoretical mass ratio reported by
Deng et al. for NOM dissolved in leachates of landfills when treated by the Fenton
process [75]; together, it must be assumed a ratio 3.33 mg COD/mg TOC
corresponding to own experimental results [76] obtained from a synthetic standard
resembling NOM composition in most surface and underground waters'). Although
highly source dependent, the use of a standard theoretical mass ratio COD/TOC for
NOM could be very useful in the purpose of unbiased comparison between results

'Distribution of synthetic fractions in the NOM standard model solution (mass %):

. Polyacrylic acid (PAA) (transphilic fraction; average MW, 130,000 Da), 20

. Polystyrene sulfonate (PSS1) (hydrophobic fraction; average MW, 200,000 Da), 12.5

. Polystyrene sulfonate (PSS2) (hydrophobic fraction; average MW, 1,000,000 Da), 12.5
. Polygalacturonic acid (PGUA) (hydrophilic fraction; MW, 25,000-50,000 Da), 30

. Humic acid (HA) (hydrophobic fraction; average MW, 1,000,000 Da), 25

S O
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of NOM degradation reported by several Fenton and AOP treatments, in the
presence of widely variable concentrations of H,O,.

From very different focus, some studies have stressed the role played by
dissolved NOM hindering targeted reactions and removal efficiency exhibited
by photocatalytic AOPs. Brame et al. [77] recently claimed the development of
an analytical model to account for various inhibition mechanisms in catalytic
AOPs, including competitive adsorption of inhibitors, scavenging of produced
ROS at the catalyst’s surface and in solution, and the inner filtering of the
excitation illumination, which combine to decrease ROS-mediated degradation,
in the case of the photocatalytic processes. Competitive adsorption by NOM and
ROS scavenging were found to be the most influential inhibitory mechanisms and
should be carefully taken into account in forthcoming studies mainly in hetero-
geneously activated photocatalytic AOPs. Among this kind of technologies, it was
very recently reported the removal of the NOM present in raw drinking water
(around 30 mg TOC/L) by coupling an optimized conventional coagulation-
flocculation process with heterogeneous photocatalysis (either TiO,-P25
suspended catalyst or TiO,-P25/B-SiC foam-supported material). It was claimed
that 80% of mineralization of humic substances was achieved after 220 min of
irradiation on the clarified water (7.8 mg TOC/L), effluent of the coagulation-
flocculation unit. According to the authors, the fraction remaining after the
photocatalytic tests was only the hydrophilic fraction of humic acids. The stability
tests of the supported catalyst with clarified water collected in treatment plant
showed a progressive deactivation due to adsorption of different ions coexisting
with humic substances, resulting in the decrease in catalyst efficiency.

Another interesting family of techniques recently reviewed as promising for
NOM removal from surface waters has been that of the electrochemical methods
like EC and EO [11]. Whereas in EC systems significant increase of NOM removal
rates can be achieved when combined with membrane filtration hybrid systems, in
EO technology electrolysis efficiency is strongly linked to electrode composition.
Efficiency could be increased by changing the reactor design, using commercial
electrodes and exploring the semiconducting properties of oxide mixtures. In this
purpose, particularly Boron-doped diamond (BDD) anodes have proved to be
effective in humic acid removal from aqueous solutions and potentially their total
mineralization.

Kasprzyk et al. [38] studied the NOM removal from water using catalytic
ozonation in the presence of Al,03. The main purpose of the paper was to show
the potential of alumina for longer-term usage. Alumina found application in water
treatment technology mainly as an ion exchanger for the removal of inorganic
anions such as As, Se, and F. The usage of alumina as a support for active species,
mainly metal or metal oxides in the process of catalytic ozonation of several organic
compounds was also studied.

As so far showed, the assessment of the Fenton systems activated by either
homogeneous or heterogeneous catalysts has been more rather scarcely studied in
NOM removal. The Al/Fe-PILC-catalyzed CWPO removal of NOM from a raw
surface water employed as supply source in a drinking water treatment plant
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(pH around 7.5) was investigated in semi-batch lab-scale experiments [37]. It has
achieved full color removal in less than 45 min of reaction and 96% of COD
removal in 4 h of reaction for the best clay catalyst (5.0 g/L) under room temper-
ature (18 £ 2 °C) and atmospheric pressure (72 kPa). The clay catalyst displayed
high chemical stability against iron leaching even under a very high humic/catalyst
ratio, around 28 times more concentrated than surface water studied, and longtime
reaction (24 h). This kind of clay catalysts is very promising for this application at
real scale given their pretty low cost, since more than 90% in weight is constituted
by natural, widely available layered clay minerals. However, only one additional
study has been published in the past few years regarding the interaction between
humic substances and clay minerals [78]. The aim of the research was to investigate
the influence of montmorillonite as a representative clay mineral on the TiO,
photocatalytic removal of humic acids as model compound of NOM. The effect
of Mt was found to be proceeding through a dose-independent trend mainly
resulting in the humic structural changes rather than an efficient degree of miner-
alization. The molecular size distribution profiles displayed the formation of lower
molecular size fractions through oxidative degradation of higher molecular size
fractions. In comparison to the regular decreasing scheme attained for the specific
UV-Vis parameters of HA, the presence of Mt significantly altered the spectro-
scopic properties of the molecular size subfractions of HA. Therefore, in the field of
the Al/Fe-pillared clay-catalyzed CWPO degradation of NOM, an interesting
chapter in the short term should account for the degree of adsorption as well as to
realize if there is any molecular size and/or polar selectivity displayed by this type
of functional materials to adsorb typical fractions of NOM.

3.3 Other Solid Catalysts Used for NOM Removal
3.3.1 Zeolites

Zeolite-based materials are extremely versatile, and their main applications include
ion exchange resins, catalytic applications in the petroleum industry, separation
process, and as an adsorbent for water, carbon dioxide, and hydrogen sulfide.
Zeolites are the compounds of aluminosilicates and can be artificially synthesized
by reacting sodium aluminate with sodium silicate. The ratio of silica to the alumina
determines the type (X or Y) of the synthetic zeolite. The Y type of synthetic zeolite
is the most commonly applied type in preparation of heterogeneous catalysts
[79]. One way of producing heterogeneous catalyst from synthetic zeolite is by
impregnation of ferric ions followed by calcinations [80]. Another process is by the
ion exchange, for example, where the sodium in zeolite containing high sodium
content is replaced with ferric ions [79].

The synthetic zeolites have been used as heterogeneous catalytic materials for
CWPO treatment of wastewater, where high effectiveness was reported. For
instance, Arimi M. [39] studied the treatment of recalcitrants in industrial effluent
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using a modified natural zeolite as heterogeneous Fenton catalyst. In this case the
effects of pH and temperature on heterogeneous Fenton were studied using the
modified catalysts. The catalysts showed the highest affectivity which achieved
removal of 90% of color and 60% of total organic carbon at 150 g/L pellet catalyst
dosage, 2,000 mg/L H,0O,, and 25 °C. The catalyst was also applied to pretreat the
raw molasses distillery wastewater and increased its biodegradability by 4%.
Probably even more remarkable was that heterogeneous Fenton with the same
catalyst improved biodegradability (BODs/COD) of the anaerobic effluent from
0.07 to 0.55, making more feasible the reuse of the treated stream at least as dilution
fresh water for the input raw wastewater before conventional microbiological
treatment. The color of the resultant anaerobic effluent was also reduced. The
kinetics of total TOC removal was found to depend on operation temperature [39].

3.3.2 Fe-Functionalized Activated Carbon

Definitely one type of functional materials more investigated along the past decade
as active solids of the CWPO reaction has been that of the carbon-based ones.
Several motivations have prompted the scientific community toward the application
of hybrid magnetic carbon nanocomposites as catalytic materials for this still
emerging technology. The most relevant literature on this topic has been recently
reviewed by Ribeiro et al. [37], with a special focus on the synergies that can arise
from the combination of highly active and magnetically separable iron species with
the easily tuned properties of carbon-based materials. These are mainly ascribed to
increased adsorptive interactions, together with good structural stability and low
leaching levels of the metal species, as well as to increased regeneration and
dispersion of the active sites, which are promoted by the presence of the carbon-
based materials in the composites. According to the authors, the presence of stable
metal impurities, basic active sites, and sulfur-containing functionalities, as well as
high specific surface area, adequate porous texture, adsorptive interactions, and
structural defects, was shown to increase the CWPO activity of carbon materials,
while the presence of acidic oxygen-containing functionalities had the opposite
effect.

Some efforts in the purpose of giving added value to waste raw materials in
preparation of this kind of carbonaceous catalyst must be remarked. Sewage sludge
was in recent times used as precursor to prepare catalysts for CWPO by both simple
drying and pyrolysis [81]. Iron-functionalized biosolids (Fe/ABS) were obtained
from the dried biosolids, upon contact with aqueous solution of FeCl; at several
concentrations followed by thermal treatment at 750 °C for 30 min. The materials
displayed narrow developed microporosity, with total iron contents up to 9.3%
w/w. The catalysts showed a relatively high activity in the CWPO oxidation (80 °C,
pH = 3.0) of three target pollutants (phenol, bromophenol blue, and dimethoate),
allowing a high mineralization (65% TOC reduction for phenol and dimethoate). A
fairly good stability was observed in long-term continuous experiments where the
Fe leaching remained below 11% of the initial loading after 170 h on stream. More



90 J.H. Ramirez and L.A. Galeano

recently, highly stable iron on activated carbon catalysts was prepared by chemical
activation of dry sewage sludge with iron chloride at different mass ratios [82]. The
iron content of the resulting catalysts varied between 5.2 and 7.3%, and there was
developed porosity (BET specific surfaces above 800 m?/g). The catalysts were
tested batchwise in the CWPO of antipyrine (50 °C), a recognized emergent
pollutant. Working with 500 mg/L of the best catalyst prepared, complete conver-
sion of antipyrine (20 mg/L) and almost 70% of TOC reduction were achieved in
1 h with the stoichiometric theoretical amount of H,O,. In spite that very soundly
results have been claimed in this area so far, metal stability remains being one of the
main drawbacks. In addition, the best results were reported under high tempera-
tures, pH or reaction very low and close to the Fenton’s optimal value (3.0), and
conditions easily reproduced at lab scale but still far for application on a real-scale
process where environmental conditions of reaction are mandatory (RT; natural pH,
being in general a circumneutral one).

3.3.3 Biologically Activated Carbon

The BAC treatment is one of the most promising, environmentally friendly, and
economically feasible processes. The BAC can overcome several limitations of AC
treatment and other conventional water treatment processes. The BAC uses the
highly porous AC as a medium to immobilize microorganisms and remove organic
matters present in water.

It is possible to substantially reduce the GAC replacement costs by implementing
a biofiltration process, where microbial activity on activated carbon possibly extends
GAC adsorption capacity via in situ regeneration of adsorption sites on the external
surface or in inner pores through the biodegradation of previously adsorbed organic
matter [83]. The BAC process combines both biosorption/sorption and biodegrada-
tion functions, providing many benefits for the water treatment. In this work [84],
DOC content in the influent and effluent ranged between 1.1-5.5 and 0.5-2.5 mg/L,
respectively, showing a good DOC removal (see Fig. 3).

3.3.4 Carbon Nanotubes

NA possesses a series of unique physical and chemical properties. A very important
one is that most of the atoms that have high chemical activity and adsorption
capacity are on the surface of the nanomaterials. CNTs have been at the center of
nanoscience and nanotechnology research for a variety of applications such as
adsorbents. The adsorption capacity and strength strongly depend on the type of
NOM and the type of CNT. Factors affecting adsorption have been reported to
include (1) size and chemical characteristics of NOM and (2) pore structure and
surface chemistry of CNT. Due to the polydisperse nature of NOM, various
fractions of NOM tend to have a different degree of adsorptive interactions with
the adsorbent. This preferential adsorption is reflected by the occurrence of dose-
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Fig. 3 Evolution of DOC concentration (mg/L) in the influent and effluent of the column and

removal percentage over the whole experiment. Vertical lines indicate dates of backwashing
events (reprinted from Gibert et al. [84], with permission of Elsevier)
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Fig. 4 Schematic structures of fullerene (a), single-walled carbon nanotubes (b), and multiwalled
carbon nanotubes (c), showing inner cavity, inter-wall spaces, and external surface. Fullerene
(C60) has only external surface (reprinted from Yang et al. [87], with permission of Elsevier)

dependent isotherm relationship. For example, the strongly adsorbable fraction of
NOM exhibits a more favorable adsorption at lower CNT dose.

Finally, NOM adsorption is affected by water quality parameters such as ionic
strength and pH which influence the charge and configuration of NOM. Specifi-
cally, the adsorption of negatively charged NOM to the activated carbon surface
generally increases as ionic strength increases and pH decreases [85].

NOM generally carries a negative charge in the natural environment, due to the
carboxylic and phenolic moieties distributed throughout the entire molecule
[86]. These physical and chemical characteristics of NOM are likely to be closely
related to the mechanism of NOM interaction with CNT. Compared to NOM
adsorption onto CNT, the mechanism of NOM adsorption onto activated carbon
is relatively well-known. A few characteristics of NOM interaction with activated
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carbon are noteworthy and might be helpful for interpretation of CNT-NOM
interaction.

Differences between activated carbon and CNT also need to be recognized for
the proper interpretation of CNT-NOM adsorption phenomena. The activated
carbon consists of micropores with different sizes which provide sites for NOM
adsorption. CNT in contrast provides adsorption sites only along the surface of a
cylindrical structure; see Fig. 4 [87].

4 Conclusions

Removal of NOM and other synthetic surrogates by several AOPs, focused in the
Fenton-like, heterogeneous CWPO, has been critically reviewed. Main advances
achieved along the past few years by these still emerging technologies have mainly
focused on increasing the removal efficiency, not only in terms of color and TOC
but also in the aromatic content, under the lower possible temperature. Moreover,
several efforts are still to be made in order to unify the information about the
amount of H,0O, as oxidizing agent employed per unit of concentration of NOM,
preferably in terms of stoichiometric loading against some widely accepted refer-
ence; a standard model synthetic solution is proposed for. In addition, recording of
molecular weight distribution is also strongly advised in order to get better corre-
lation between mineralization and changes in polar and size of NOM intermediaries
and by-products.

Several types of solid materials have been studied in order to more efficiently
catalyze the heterogeneous activation of the oxidizing agent (higher removal of
organics through as low as possible either H;O, consumption or temperature of
reaction, under real-water pH values, typically circumneutral): being prepared from
low-cost, widely available clay minerals, Al/Cu- but mainly Al/Fe-pillared clays
have shown to gather in a great extent such a challenging set of features, but their
preparation process must be first seriously intensified before getting proper appli-
cations in real-scale water treatment. Some naturally occurring minerals have lately
shown good rates of reaction but under still high temperatures (e.g., >50 °C).
Regarding this type of materials, Fe-functionalized allophane showed interesting
activity in phenol degradation at 40 °C with outstanding stability of the active metal
against leaching in comparison to many other supported catalysts reported so far in
the literature for this reaction.

Some zeolites and carbon-based materials are extremely versatile and have been
used as heterogeneous catalytic materials for CWPO treatment of wastewater. In
particular, functional materials, biologically activated carbon, and carbon nanotubes
were used as active solids of the CWPO reaction with a special focus on NOM
removal showing higher efficiencies of reaction.

Finally, in the future several integrated technologies will be used to remove
NOM from supply water, including nanofiltration membranes, coagulation with
subsequent floc separation, and CWPO followed by biofiltration and sorption
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processes (chemisorption and physical adsorption). The evolution of water-related
normativity and progressively more restrictive standards for drinking water, how-
ever, will seek the research of advanced, more efficient, and cost-effective water
treatment processes.
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Abstract Removal of natural organic matter (NOM) in drinking water treatment
systems has been a matter of thorough study in recent years. NOM affects organ-
oleptic properties of water and causes membrane fouling; it may act as energy
source for microorganisms in distribution systems and leads to the formation of
undesired disinfection by-products through its interaction with chlorine. Currently
the role played by advanced oxidation processes in the removal of NOM has gained
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great interest; understanding the composition and behaviour of NOM throughout
such a kind of processes may allow to get significant insight in order to improve
efficiency. In this chapter the main techniques useful for characterization are
described, and their use to investigate the changes undergone by NOM throughout
several AOPs has been reviewed.

Keywords AOP, NOM characterization, NOM intermediates, NOM oxidation,
NOM separation
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1 Introduction

Natural organic matter (NOM) is a complex mixture of particulate components,
about 10% of the carbon present in water [1], and soluble fractions varying
significantly from one source to another [2]. The origin of NOM in both fresh and
salt waters comes from natural processes in the environment, including the run-off
leading to larger export of organic material from the terrestrial system, soil organic
matter decomposition (allochthonous) and algal metabolic reactions (autochtho-
nous) [3, 4]. As a consequence, NOM is a heterogeneous mixture of substances with
wide ranges of molecular sizes, reactivity and chemical functionalities [5, 6]
oscillating from large aliphatic chains (mainly hydroxylated, carbonyl and carbox-
ylic acids) to highly coloured aromatics [7]. NOM can be divided into humic and
non-humic substances: the humic substances, humic and fulvic acids, represent
residual degradation products, and the non-humic ones include lignins and deriv-
atives, tannins, carbohydrates, peptides and proteins, amino acids, aromatic acids
and phenols, carboxylic acids and miscellaneous compounds [8].

When NOM is filtered through 0.45 pm porous membranes, dissolved organic
matter (DOM) is obtained [7], which is commonly represented by the amount of
dissolved organic carbon (DOC) in solution. The humic substances being hydro-
phobic compounds are the major constituents of NOM, in general reaching approx-
imately 50% of DOC, represented mainly in humic acids usually including a large
number of aromatic carbons, phenolic structures and conjugated double bonds
[9]. The hydrophilic fraction is about 25-40% of DOC composed by non-humic
substances [3] that include a high proportion of aliphatic carbons and nitrogen
compounds, such as carbohydrates, proteins, sugars and amino acids (Fig. 1)
[11]. Finally, the transphilic fraction represents approximately 25% of the DOC.
This distribution, however, may vary far and wide from one water source to
another.

NOM has been lately found to increase in many surface waters, and particularly
it has been evidenced for its coloured fraction [7]. As a result, nowadays NOM can
seriously affect the organoleptic properties of water (colour, taste and odour) [12],

Fig.1 Average distribution
of NOM fractions present in Carboxylic  Amino Acids
surface waters based on Acids 39%
dissolved organic carbon. 7%
Reproduced with Carbohydrates
permission of the Korean 10%
Society of Environmental
Engineers [10]

Hydrophobic
49%

Hydrophilic
30%
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increase the required doses of coagulant and disinfectant agents in drinking water
plants, promote bacterial growth in distribution systems and increase levels of
heavy metals and adsorbed organic pollutants [13, 14]. In addition, NOM blocks
porosity and strives for sites during adsorption processes [15], imposing either
continuous regeneration of filters based on activated carbon or cleaning of mem-
brane surfaces [7]. Furthermore, during the chlorine disinfection process, it may
react with natural organic matter to form carcinogenic disinfection by-products
(DPBs) [16]. Two prevalent groups of DPBs are regulated in Canada and the United
States: trihalomethanes (THMs) and haloacetic acids (HAAs). The US Environ-
mental Protection Agency (US EPA) has defined maximum acceptable levels of
THMs as 80 and 60 pg/L for the five most common HAAs (HAAj5) [17]. Therefore,
itis very important to control and limit NOM content in water supplies for drinking
water production in order to decrease the potential formation of DBPs.

Vulnerability of drinking water distribution systems is very important because
of the more recent strict regulations in public health [18]. Oxidation strategies that
could be used for NOM removal in the drinking water industry include ozonization
combined with either filtration [19], biological process [20] or slow sand filtration
[21] and more precisely advanced oxidation processes (AOPs) [22]. AOPs have
gained great interest due to its high oxidation power over almost any organic
compound. Currently several studies are being conducted to show the potential role
that AOPs can play in the transformation of NOM from natural sources of water.
AOPs are mainly based on the formation and use of hydroxyl (HO") radicals, which
because of its high oxidation potential [23] are capable to remove a wide range of
substances of difficult degradation; since this type of radicals are highly reactive and
then non-selective, they may react very quickly improving several parameters of the
output stream [4]. Several applications of these processes have been studied involving
combinations of oxidizing agents, radiation and catalysts in order to remove NOM
and organic pollutants [9]. Examples of such processes have included UV-based
(UV/H,0,) and ozone-based (O3/H,0,, O5/UV, 0O3/H,0,/UV and O53/H,0,/TiO,)
applications, heterogeneous photocatalysis (TiO,/UV), ultrasound, electrochemical-
based processes (anodic oxidation with BDD electrodes, electro-Fenton and photo-
electro-Fenton), homogeneous Fenton, heterogeneous Fenton and the Fenton-like
processes like the so-called catalytic wet peroxide oxidation (CWPO) [14].

Given the very high oxidizing power of HO" radicals, it is expected that use of
AOPs leads to deep mineralization of the organic matter, i.e. final reaction products
corresponding to CO,, water and inorganic ions — Eq. (1).

NOM + H,0, mineralization CO, + H,O + inorganic ions (1)

However, depending on the complexity of the targeted organic molecule and the
efficiency of the oxidation process, various by-products can be obtained which in
general are expected to be of lower toxicity than the starting molecule. Typically,
AOPs in drinking water treatment would be useful to degrade taste and odour-
causing chemical compounds, as well as to destroy any residual toxicity in water
resulting from these types of contaminants [22]. In many model molecules, it has
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been determined as an oxidative route through typical attack pathways, where HO®
reacts mainly by abstracting H atoms or adding it to unsaturated bonds [24]. Due to
the widely distributed chemical functionalities and molecular sizes present in
NOM, the tracking of NOM and its by-products [4] through the degradation has
become a challenging issue. Furthermore, other reactive oxygen species (ROS)
such as the peroxyl (ROQ") radical, hydroperoxyl (HOZ) radical, superoxide anion

(Og ) and singlet oxygen ('0,) can also participate together with the NOM itself in
the degradation process. Thus, understanding the molecular and structural proper-
ties of the targeted NOM and its by-products is extremely important in order to
elucidate the degradation as well as to understand the behaviour of several NOM
fractions throughout the process.

Various analytical techniques have been employed to characterize DOM compo-
sition including (1) ultraviolet spectroscopy (UV-Vis), (2) Fourier transform infra-
red (FT-IR) spectroscopy, (3) nuclear magnetic resonance (NMR) spectroscopy,
(4) fluorescence excitation/emission matrix (FEEM) spectroscopy, (5) mass spec-
trometric methods such as liquid/gas chromatography-mass spectrometry (LC-MS
or GC-MS), (6) ultrahigh-pressure liquid chromatography (UPLC) coupled to quad-
rupole time-of-flight mass spectrometer (QTOF-MS) and (7) electrospray ionization
(ESI) coupled to ultrahigh-resolution Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS) [25]. The fractionation of NOM into broad chem-
ical classes is the first step to examine its structure. Fractionation by resins is the
method most frequently used for isolation/fractionation of NOM based on its polar
moieties (e.g. hydrophobic, hydrophilic and transphilic). This method currently uses
non-ionic macroporous copolymers, such as XAD resin analogues, followed by ion
exchange resins [26]. Therefore, the first part of this chapter revises the main
methods of separation and characterization of natural organic matter. The first
recommended step is fractionation, mostly based in two methods: (1) resin fraction-
ation and (2) reverse-phase high-performance liquid chromatography. Although
these have been also used as characterization methods, in this chapter they are
separated into several sections for more useful approach. Size-exclusion liquid
chromatography (LC-SEC) has been also employed to separate NOM based on its
molecular weight. In the second part, the main characterization methods of NOM are
briefly described: UV-Vis, SUVA, TOC, FT-IR, FEEM and ECI-FT-ICR-MS. Finally,
the NOM intermediates found in several AOPs are compared, including UV light-
based (UV/H,0, and UV/Cl,), ozone-based (O3/H,0, and O3/UV), differences in
reaction pathways of homogeneous and heterogeneous processes, photocatalytic
(TiO,/UV) and ultrasound-based applications.

2 Separation of NOM and NOM Intermediates

Complex mixtures of NOM in water supplies commonly affect operation of drink-
ing water treatment plants [15]. Thus, elucidation of the chemical properties of the
NOM present in a particular water source may greatly help choosing the more
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suitable treatment technology. For this purpose, the first step is to separate NOM in
several fractions. The most frequently used methods to separate NOM are fraction-
ation by resins through column-liquid chromatography or reversed-phase liquid
chromatography (RP-LC). Afterwards, each fraction can be further characterized
by size-exclusion liquid chromatography (LC-SEC) in order to obtain molecular
weight distribution. These three methods for separation of NOM will be discussed
in forthcoming sections.

2.1 Fractionation by Resins

Fractionation by adsorption in resins is an effective way of elucidating the chemical
properties of DOM according to its hydrophobic, hydrophilic and transphilic nature.
Often in this process, non-ionic macroporous resins (DAX-8 acrylic esters and XAD-4
styrene divinylbenzene) are used, which can split DOM into three classes: (1) hydro-
phobic fraction (HPO), mainly constituted of humic substances (HS) including humic
acids (HA) and fulvic acids (FA), (2) transphilic fraction (TPI) including hydrophilic
acids (HPI-A) and (3) hydrophilic fraction (HPI), involving hydrophilic bases (HPI-B)
and neutrals (HPI-N). Subsequently, by employing cation-exchange resins and anion-
exchange resins, six classes of DOM could be further obtained as follows: hydropho-
bic acids (HPO-A), humic and fulvic acids ranging from 450 to 1,000 Da; hydrophobic
bases (HPO-B), proteins and amino acids ranging from 250 to 850 Da; hydrophobic
neutrals (HPO-N), hydrocarbons ranging from 100 to 70,000 Da; hydrophilic acids,
fatty acids ranging from 250 to 850 Da; hydrophilic bases (HPI-B), proteins and amino
acids ranging from 100 to 1,000 Da; and hydrophilic neutrals (HPI-N), polysaccha-
rides ranging from 120 to 900 Da [4, 27].

As an adaptation of the methods proposed by Leenheer et al. [11] and Fabris
et al. [28], the fractionation method starts conditioning the chromatographic col-
umns, glass tubes with varied diameters from 5 to 50 mm and heights from 5.0 cm
to 1.0 m, which involves the following steps:

1. Cleaning with ultrapure type I water (MilliQ or similar purified water), which is
passed through the resin packed into the column in order to remove any
remaining methanol (the resins are preserved in methanol when not in use).

. Cleaning with 0.1 M NaOH, which is used for conditioning resins.

. Repetition of steps (1) and (2).

. Keeping of the resins in 0.1 M NaOH for approximately 12 h.

. Monitoring by UV-Vis and total organic carbon (TOC), which are used to detect
interferences. If impurities are still present, water and methanol (22100 mL) can
be added to each column to complete cleaning. Then, the conditioning process
(NaOH/water wash) is repeated until the TOC of the effluent from each column
becomes pretty close to zero and the absorbance (4,54) < 0.0001 m~'. In some
cases a control of the conductivity (<10 pS/cm) is also recommended [4].

[V, I SOV )
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6. Conditioning with H;PO4 0.1 N and finally ultrapure water again to obtain a
similar pH to surface water samples.
7. Set the pH of the sample to around 2.0 [29].

Once the columns are conditioned, 100 mL of the water containing the NOM is
added first through a DAX-8 column using a flow of around 3 mL/min. From the
total eluted volume, samples are taken and recorded by means of TOC measure-
ments. The remaining volume is fed in the column of the XAD-4 resin and the TOC
of the eluted solution also measured. In order to enrich the fraction retained in
the XAD-4 resin, the eluted sample could be recirculated; it also serves as
preconditioning of the resin, which improves the adsorption of the fraction of
interest in the column (Fig. 2). Finally, the hydrophobic fraction of the NOM
water retained in the DAX-8 resin and the transphilic fraction retained in the
XAD-4 resin are eluted using 0.01 mol/L NaOH in each case. These solutions
can also be stored for further TOC analysis.

When analysing a real water source, some limitations can be presented to apply
the fractionation method to samples containing a low concentration of organic
matter. When the NOM concentration is very low, let’s say below 5.0 mg
TOC/L, rotary evaporation could be advised not exceeding 50°C and if necessary
followed by drying in vacuum oven.

Although this technique is recognized for its easy implementation, it has been
also recognized as a time-consuming one [15]. In addition, other limitations have
been reported and should be taken into account such as either the need of a relative
large volume of sample (~100-300 mL), chemical alterations that may occur in the
sample due to the use of extreme pH levels along resin’s conditioning, contamina-
tion of the sample by resin’s bleeding or irreversible binding of some DOM
components on the resins, among others [7].

Fig. 2 Columns packed
with DAX-8 and XAD-4
resins for NOM
fractionation
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2.2 Reversed-Phase Chromatography (RP-LC)

Methods by reversed-phase liquid chromatography (RP-LC) have been established
as fast techniques to distinguish between hydrophilic and hydrophobic fractions of
NOM, taking advantage of their differences in polarity [15]. RP-LC has been used
to compare the hydrophilic and hydrophobic contents of the NOM fractions from
different water sources. It employs a polar mobile phase, commonly mixtures
methanol-water, and a non-polar stationary phase, typically C,g column (octadecyl
carbon chain C,g-bonded silica); thus, NOM molecules get eluted later from the
column as their polarity decreases [30].

2.3 Size-Exclusion Chromatography (LC-SEC)

Size-exclusion chromatography (LC-SEC) has been widely used to determine the
molecular weight distribution of humic substances [15]. It should be noted that in
SEC, the components of a sample are separated according to the hydrodynamic size
of the molecules. Since the peak distribution is established according to the
molecular size of the analyte, in the ideal case when the molecules are larger than
the pore diameters, they more easily pass through the column (first peaks). Smaller
molecules entering the pores of the stationary phase must diffuse in and out of them
until they are able to leave the column (final peaks) [28].

LC-SEC is often used to obtain the apparent molecular weight distribution
(AMW) of several compounds. The relationship between AMW and the resulting
elution time obtained by LC-SEC must be determined using compounds of known
molecular weight [31]. Therefore, the previous preparation of a calibration curve on
the basis of commercial standards with known molecular weight is necessary.

The calibration curve can be raised from a range of polystyrene sulphonate
(PSS) macromolecule standards (1, 5, 13 and 20 kDa) used in concentrations of
0.1-1.0 g/L; the PSS standards and NOM compounds can be traced at 254 nm. It is
important to preadjust the ionic strength and pH of the standard solutions for the
properties in solution to be very similar to those in the mobile phase. It must be done
to suppress charge effects in order to ensure that separation takes place mainly by
differences in the molecular size and not because of charge interactions [3, 31]. The
mobile phase is usually phosphate buffer of pH 7.0 prepared in ultrapure water,
together with sodium chloride to obtain an ionic strength equivalent to 0.1 mol/L
NaCl. One of the drawbacks of LC-SEC with UV detection is the low response
obtained for NOM structures with low molecular UV absorptivities such as pro-
teins, sugars, amino acids and aliphatic acids. In this sense, LC-SEC has been
improved in recent years by coupling to dissolved organic carbon/nitrogen [3] or
refractive index detectors (RID).
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3 Characterization of NOM Intermediates

The properties and amount of NOM can significantly affect the efficiency of the
degradation process. It is also important to be able to understand and predict the
reactivity of NOM and its fractions at different treatment steps [6]. Ultraviolet
spectroscopy (UV-Vis) and total organic carbon (TOC) are the most common
parameters employed to follow the overall composition of NOM surrogates. In
addition to adsorption in resins, size-exclusion chromatography (LC-SEC) and
reversed-phase chromatography (RP-LC) are used for both separation and charac-
terization of NOM. Techniques such as nuclear magnetic resonance (NMR) spec-
troscopy, Fourier transform infrared (FT-IR) spectroscopy and fluorescence
excitation/emission matrix (FEEM) spectroscopy can also be used to characterize
these types of substances. FT-IR allows to elucidate the main chemical functional-
ities in the molecule, whereas the fluorescence spectroscopy is a relatively low-cost
and easily handled analysis [32]. FEEM spectroscopy provides a unique perspective
of the NOM profile, usually not available from other modes of detection [17].
Lately, new more sophisticated methods have been developed whereby NOM
structures can be determined more precisely, among which pyrolysis coupled
to gas chromatography-mass spectrometry (Py-GC-MS), multidimensional NMR
techniques and electrospray ionization Fourier transform ion cyclotron resonance
mass spectrometry (ESI-FT-ICR-MS) are worth mentioning [6]. The latter allows
identification of thousands of mass peaks from single given isolated sample, usually
in the range of 200-1,000 Da [7]. Then, hereafter the main characteristics of
selected techniques (UV-Vis, TOC, FT-IR, FEEM and ESI-FT-ICR-MS) most
frequently employed for the characterization of NOM intermediates are displayed.

3.1 Ultraviolet Spectroscopy (UV-Vis) and SUVA

The amount of natural organic matter in water has been determined by means of
several parameters including UV-Vis and specific ultraviolet absorbance (SUVA).
SUVA has recently become a useful surrogate’s parameter for NOM characteriza-
tion as a function of molecular weight, aromatic content and hydrophobic/hydro-
philic nature [32]. Absorption at 254 nm by = electrons has been proposed as a key
parameter to follow degradation of the aromatic content in arenes, phenols, benzoic
acids, aniline derivatives, polyenes and polycyclic aromatic hydrocarbons with one,
two or more aromatic rings [33]. SUVA corresponds to the ratio of absorbance in a
water sample at determined wavelength within the ultraviolet range (usually at
254 nm), normalized to concentration of dissolved organic carbon (DOC) (UV;s4/
DOC) [6]. In general, a high value of SUVA indicates the presence of high
proportion of aromatic compounds and n-conjugated functionalities in the sample.
SUVA can be also interpreted qualitatively describing hydrophobic and hydrophilic
contents of organics in water. Although no clear limit values have been defined,
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SUVA > 4 indicates mainly hydrophobic and especially aromatic compounds,
whereas SUVA < 3 can be used to indicate predominantly hydrophilic character
[12]. In the same way, the quinoid structures and keto-enol-systems are well-known
to absorb mainly in the visible range [32]. In addition to SUVA, colour and TOC
measurements are also useful. Rodriguez and Nunez [31] reported a SUVA ratio of
0.029 for natural fulvic acids, 0.040 for natural humic acids and 0.050 for com-
mercial humic acids, whereas 5.87, 23.33 and 35.53 were experimental values for
the same set of samples in terms of the ratio (colour — Pt-Co units)/TOC in mg C/L),
respectively.

Some other ratios of absorbance have been reported for the spectral differenti-
ation of humic substances and expressed as energies [34]. The E;s4/E4s6 (A254nm/
Ay4senm) gives an indication about the intensity of the UV-absorbing functional
groups compared to the coloured ones, whose values are in the range 4-11 as a
consequence of higher content of organic matter due to the presence of tannin-like
or humic-like substances derived from plants and soil organic matter. Meanwhile,
the E445/Egqs is commonly used to indicate the degree of condensation of the
aromatic carbon network and is characteristic for different NOM fractions: it is
usually <5.0 for HAs and in the range 6.0-8.5 for fulvic acids.

3.2 Total Organic Carbon (TOC)

The content of organic carbon is widely used as a parameter to represent NOM
concentration in water [35]. In drinking water systems, where the TOC concentra-
tion is too low, the work with high-sensitivity TOC apparatus is recommended. It
may involve a special platinum wool catalyst, whose higher surface imposes larger
injection volumes.

TOC is a measurement of non-purgeable carbon in organic compounds present
in a water sample, of course including all NOM species. Dissolved organic carbon
(DOC) can be measured when the sample is passed through a 0.45 pm filter. This
parameter is very useful to complement other characterization methods, for exam-
ple, in the recording along resin fractionation [4].

When examining content of natural organic matter in drinking water, it is
expectable that the content of inorganic carbons such as carbonates and hydrogen
carbonates could be much higher than the organic fraction. Usually the organic
fraction is only around 1.0% of the total carbon. Therefore, a TOC determination
via the difference method (TOC = TC — IC) will not be appropriate in this case due
to large statistical errors that could get propagated. The non-purgeable organic
carbon (NPOC) parameter is then more advised in this case. The drinking water
sample is first acidified to a pH value of 2.0 to transform the carbonates and
hydrogen carbonates into carbon dioxide; CO, is then removed by sparging
with pure air as the carrier gas. What remains in the solution can be oxidized to
CO,, detected via NDIR and corresponds to non-volatile organic carbonaceous
compounds.
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3.3 Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR allows to realize the chemical functionalities present in the NOM mole-
cules, but it has been more rather scarcely reported. Main characteristics documented
[31] for humic substances are O-H stretching (alcohols, phenols and carboxylic
groups, v: 3,400 cm™ "), C-H stretching (CH; and CH,, v: 2,850-2,960 cm™ '), O-H
stretching (hydrogen-bonded carboxylic groups, v: 2,620 cm '), C = O stretching
(carboxylic groups, v: 1,720 cm '), C = C stretching (alkenes and aromatic rings, v:
1,630 cm™ '), N-H bending (N-H structures, v: 1,540 cm™ '), C-H bending (CHj3
and CH,, v: 1,455 Cmfl), O-H bending (carboxylic groups, v: 1,410 cmfl), C-H
bending (CH3, v: 1,375 cmfl), C-O stretching (alcohols, aliphatic ethers, v: 1,095
and 1,030 cm_l) and C-H bending (tri- and tetra-substituted aromatic rings, v:
805 cm ™).

3.4 Fluorescence Excitation/Emission Matrix (FEEM)
Spectroscopy

Fluorescence spectroscopy has become a very useful tool for the analysis of NOM
in water. Fluorometers are capable of generating high-dimensional fluorescence
excitation/emission matrices efficiently and without extensive sample preparation.
In natural or treated waters, humic-like substances typically represent the majority
of fluorophores in both lake and river waters [17]. Fluorophores can be categorized
according to their tendency to fluoresce in five distinct regions of the FEEM (see
Table 1), through the fluorescent regional integration (FRI) procedure; it is used to
integrate fluorescence intensity within each region to make easier interpretation of
FEEM and also to quantify region-specific changes in fluorescence.

Table 1 Excitation and emission wavelength ranges for fluorescent regions I-V

Excitation wavelength Emission wavelength

Region | Characteristics (nm) (nm)
I Aromatic protein I 200-250 200-330%
I Aromatic protein II 200-250 330-380
11 Associated with fulvic 200-250 380-550

acids
v Soluble microbial products | 250-340 200-380%
v Associated with humic 250-400 380-550

acids

Taken from [17]
“Lower limit was extended from 280 to 200 nm to match the detector range
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3.5 Electrospray Ilonization Fourier Transform lon
Cyclotron Resonance Mass Spectrometry (ESI-FT-ICR-
MS)

Electrospray ionization (ESI) is called a “soft” ionization technique that ionizes
polar compounds from aqueous solutions prior to injection into a mass spectrom-
eter. ESI has a large mass range, ionizing compounds 10 < m/z < 3,000 as quasi-
molecular ions, (M + nH)"™" or (M—nH)"~ eliminating the need of deep fragmen-
tation. ESI has been coupled with Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS), an ultrahigh-resolution mass spectrometer that allows
to obtain the highest resolution and mass accuracy in the characterization. Thus,
individual molecules within a variety of natural organic mixtures can be detected,
its elemental composition determined, and changes at molecular level examined
[36]. Due to a high accuracy (<1 ppm), this technique allows differentiation
between NOM components having small differences in molecular mass and unam-
biguous assignment of molecular formulas up to approximately 600 Da. However,
structural information cannot be obtained, due to high number of possible isomers,
but it can be coupled with other components in order to obtain optical and structural
information of NOM [7].

4 Oxidation of NOM Through AOPs

The implementation of advanced oxidation processes and the determination of their
actual effectiveness on natural waters are often difficult, considering that they largely
depend on the particular water-contaminated matrix. It is well-known that AOP
treatment of organic compounds at relatively high concentrations (>50 ppm) in
complex matrices may be much energy and oxidant consuming [22]. High concen-
trations of NOM may lead to formation of recalcitrant oxidation by-products that
negatively further impact the quality of water, interfere with the elimination of the
targeted compounds and reduce the effectiveness of the selected AOP [23]. In recent
times a significant part of the research has been focused in realizing the role played
by AOPs in the catalytic degradation of NOM. Throughout the oxidation process, a
series of intermediates can be formed (Eq. 2) [37]:

RH + HO" — Intermediates — CO; + H,O (2)

Action of the AOPs can be divided in two stages: (1) formation of hydroxyl
radicals and (2) reaction of such oxidizing species with organic pollutants in water.
However, throughout AOPs in situ formation of other reactive oxygen species
(ROS) [38] may also occur: hydroperoxyl radical (HO;"), singlet oxygen ('0,)
and superoxide radical (02'_). The kinetic constant reported for the reaction of
NOM with hydroxyl radicals has ranged from 1.9 x 10% to 1.3 x 10° (mg/L) '.s™",
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which according to the authors is comparable with those observed for other organic
contaminants [23]. Moreover, NOM itself must be considered as an important
scavenger of HO" radicals, e.g. high concentrations of NOM may result in signif-
icant reduction of MTBE destruction potential. The reaction of HO" radicals in
aqueous systems has been discussed in detail in several reports [39, 40]. It can be
summarized in three types of well-known pathways:

1. Addition to aromatic rings and double bonds between C-C, C-N and S-O
(in sulphoxides), but not to C-O, double bonds; this addition is typically very
fast, close to diffusion-controlled [24].

HO' +R—H — H,0 + R’ 3)
HO' +C=C -HO-C-C" (4)

2. H-abstraction reactions from C-H, N-H or O-H bonds (related to the R-H bond-
dissociation energy), reactions leading to formation of carbon-centred radicals,
which in the presence of O, (Egs. 5 and 6) are converted into the corresponding
peroxyl radicals (HO, (or (O ’) and R — O') [24]:

R’ 4+ 0; —— R(—H") + HO, (5)
R"+0, =—R-00"—-—R-0" (6)

3. Electron transfer reactions [41]

The organic intermediates formed in the first stage of the oxidation may further
react with HO" and oxygen. Ideally, the overall process eventually leads to full
mineralization towards CO,, H,O and, if the contaminant contains heteroatoms
such as N and O, inorganic acids [24]. ROS usually do not achieve complete
mineralization in the oxidation of natural organic matter. Instead, a series of
intermediates such as aldehydes, keto acids and carboxylic acids, among others,
are formed, which affect the potential formation of disinfection by-products [12],
since they may act as precursors of haloacetaldehydes, haloketones and
haloacetonitriles [42].

The fundamental aspects of AOPs and the most important findings reported in
the degradation of NOM along the past few years are discussed in the next sections.
The general conditions of operation for several AOPs are summarized in Table 2.

4.1 Ozone-Based Applications: O3/H,0, and O3/UV

Ozonation is a common technology applied in treatment of drinking water either for
enhancing the subsequent conventional processes or for improving the quality and
disinfection of the treated product [32]. In a conventional ozonation process, ozone
reacts with NOM by an electrophilic addition to double bonds in a very selective
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way. Simultaneous use of HO, or UV radiation has been found as a useful strategy
to enhance degradation rates and to promote production of hydroxyl radicals,
translating the conventional ozonation into an AOP [14, 43]. Lamsal et al. [44]
compared the performance displayed by three advanced oxidation processes includ-
ing O3/UV, H,0,/05 and H,O,/UV in the NOM removal. They found that combi-
nation of Oz or UV with H,O, resulted in higher TOC and UV,s4 depletion in
comparison to every individual process. Upon treatment with ozone alone, NOM
oxidation occurred with the removal of conjugated double bonds, due to the
high electrophilic character of ozone but rather minimal mineralization. O;/UV
displayed the most efficient removal (TOC, 31%; UV,s4, 88%) followed by H,O,/
UV and H,0,/O3. Among the three assessed processes, H,O,/UV was found to be
the most effective treatment for the reduction of THM and HAA formation poten-
tial. However, Stylianou et al. [32] recently found that although O5/H,0, increased
the NOM mineralization degree, 9-17% and 8—15%, for Aliakmonas and Axios
Rivers — northern Greece, respectively, it showed negligible impact in reduction of
the UV,s4. The application of single ozonation resulted in high reduction of humic-
like peak fluorescence intensities (50-85%), whereas the co-addition of H,O, did
not present the expected reduced fluorescence intensity. It was argued that hydroxyl
radicals might also get scavenged by dissolved organic carbon (DOC), carbonates
and other inorganic compounds, normally found in natural waters; thus, the rela-
tively high scavenging rate calculated based on DOC and alkalinity values for water
of Aliakmonas River was 7.2 x 10%*s~'. The emission comparative spectrum of raw
and treated water is displayed in Fig. 3 (left); the ozonation of Aliakmonas River
caused the formation of one new discrete peak with maximum absorbance at
315-335 nm (tryptophan-like), also observed in the emission spectra of O3/H,0,-
treated samples although with much lower intensity. It suggested that oxidation of
humic-like components was the first step of the O;—AOP treatment, while the
produced protein-like intermediates were subsequently oxidized towards both
nonfluorescent and probably also smaller molecular weight moieties.
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—— 0.5mg Oikimg DOC { BuldngBiocks  —— 1 mgl 0 mg DOC
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Fig.3 (Left) Emission spectra of Aliakmonas River at A = 290 nm (humic-like substances close to
325-340 nm) and (right) OCD and UVD chromatograms of Aliakmonas River before and after
bubble-less treatment with applied dosage of 1.0 mg O3z/mg DOC. Both reproduced with permis-
sion from Springer Publishing Company [32]



116 A.-M. Garcia et al.

Size-exclusion chromatography has been usually coupled to ultraviolet detector
(LC-UVD) but recently also to organic carbon detector (LC-OCD). The latter is
probably the most sensitive and reliable technique for the detailed characterization
of NOM. For instance, a comparison between LC-OCD and fluorescence spectros-
copy can be seen at Fig. 3; in the fluorescence measurements, the removal of humic-
like components was almost completed with O; or O3/H,O, treatment, whereas the
LC-OCD removal related with humic substances did not exceed 20% in any case
(UVD and OCD).

Finally, the application of O3 or simultaneous O;—AOP decreased building
blocks and low molecular weight neutral concentrations, indicating that hydroxyl
radicals can further react with the intermediates towards CO, formation or other
smaller (not detectable) by-products. This agreed with Lamsal et al. [44], who
found by LC-SEC that during degradation of NOM, the reduction of larger molec-
ular weight NOM (first peaks) was usually higher than that corresponding to lower
molecular weight NOM (last peaks), probably as a result of the higher rate constants
of reaction between HO" and the fraction of larger MW NOM. It probably obeys to
more extended intrinsic conjugated aromaticity, offering larger number of target
reaction sites as also confirmed by Tubi¢ et al. [45]. Then, NOM was partially
oxidized, and higher molecular weights were transformed into smaller and more
biodegradable compounds such as aldehydes and carboxylic acids [44].

Recently Zhong et al. [46], exploring the pathways of degradation of aromatic
carboxylic acids in ozone solutions as the main by-products in the degradation of
NOM by AOPs, found that the reaction mechanism in the ozonation of benzoic acid
(BA) would involve three steps: (1) BA hydroxylation, (2) hydroxylated products of
BA getting oxidized to generate ring-opened compounds together with unsaturated
carbonyl compounds and (3) short-chain aldehydes (formaldehyde, glyoxal, methyl
glyoxal) and carboxylic acids (formic and acetic acids) finally transformed into
CO, and H,O0, instead due to the stability of carboxylic acids in O3 solution, would
be accumulated in the solution.

4.2 UV Light-Based Applications: UV/H,0, and UV/CI,

The presence of UV light is essential in several advanced oxidation process as it can
participate both directly and indirectly in the degradation of NOM. AOPs based on
UV include UV/H,0,, UV/O;3, UV/chlorine, UV/persulphate (UV/PS) and hetero-
geneous and homogeneous photocatalysis, all of them very interesting methods
producing reactive species [42]. UV radiation can degrade NOM, splitting large
molecules into organic acids of lower molecular weight; changes of NOM resulting
from the application of UV light may also subsequently affect the formation of
disinfection by-products (DBPs) when a sequential disinfecting step with chlorine
is used [16]. It happens since the generated intermediates through the oxidation of
the humic and fulvic acids may react with chlorine, leading to DBPs [47].
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Upon irradiation, the amount of HO" produced in the UV/H,O, process strongly
depends on the H,O, concentration, and in turn, H,O, dosage depends on intrinsic
characteristics and concentration of the organic targets; there is an optimum dosage
necessary to achieve the best oxidizing performance. The H,O, can react with HO’,
behaving itself as a HO -inhibiting agent under certain conditions, but it also absorbs
UV energy. Indeed, Wang et al. [48] in a previous study found that the HO'-
scavenging effect became significant when the H,O, concentration was higher than
0.1% (32.6 mM), with optimal conditions between 0.01 and 0.05% (3.25-16.3 mM)
of H,0,. The UV-absorbing compounds in the humic acids were degraded almost
completely under a 450 W high-pressure mercury vapour lamp used as light source
(25°C), UV,s4 decreased from 0.433 to 0.006 cm ™!, and 90% of mineralization was
achieved. The FT-IR spectra after the UV/H,O, treatment displayed that most of the —
OH stretching corresponding to -COOH and —COH (3,400-3,200 cm ™ 1) got removed
from original structure. Gonzalez et al. [49] treated DOM present in two secondary
effluents from either a conventional activated sludge (CAS) or a membrane biological
reactor (MBR) by means of UV/H,0,. The monitoring of the organic matter fraction
by LC-OCD demonstrated that the reduction of the aromaticity in the effluent
(decreasing SUVA) was not strictly correlated with the complete depletion of
humic substances in the effluents (Fig. 4a) unlike Wang et al. [48] who found a
clear decrease in the UV absorption together with almost full mineralization. During
the first 30 min of oxidation, certain reduction of biopolymers and an important
increase of low molecular weight (LMW) compounds (building blocks, neutrals and
LMW acids) were achieved [49].

Xie et al. [42] employed the sulphate radical anion (SO, ~, 2.5-3.1 V) which
features high redox potential but being more selective than HO" to react very fast
with organic pollutants. The impact of UV/PS and UV/H,0, pretreatments on the
formation of both C-DBPs (carbonaceous disinfection by-products) and N-DBPs
(nitrogenous disinfection by-products) was assessed. UV/H,0, with an initial
dosage of 30 pM in H,O, led to significant increased formation of both C-DBPs
and N-DBPs in comparison with UV/PS. In this treatment some C-DBPs such as
chloroform and haloacetic acids only increased marginally, while N-DBPs such as
haloacetonitriles and trichloronitromethane decreased slightly under low dosages of
PS (10 pM). Recently several reports have described UV/CI, as an alternative to
traditional AOPs taking into account that this process is expected to provide
substantial cost savings over conventional AOPs [47]. Aqueous chlorine solutions
include two species, hypochlorous acid (HOCI) and hypochlorite ion (ClO™),
related in Eq. (7):

HOCI « H' + CIO~ pKa = 7.58 at 20°C (7)
The photolysis of both species with different photophysical properties (HOCI

absorbs UV at 227 nm and CIO™ at 292 nm) leads to production of hydroxyl
radicals in several reaction pathways (Egs. 8—10):
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Reproduced with permission of Elsevier from [49]

HOCI + hv — HO" +CI' (8)
ClIO™ +hv — 0"~ +CI' (9)
0'~ +H,0 — HO" + OH™ (10)

Then, the UV/chlorine system can generate both non-selective HO" and reactive
chlorine species (RCSs) such as C1°,Cl; ™ and CIO" [50].

Pisarenko et al. [47] before investigated the use of UV/chlorine in oxidation of
NOM in surface water and the impact of the treatment on formation of disinfection
by-products and the structure of NOM. The results showed the destruction
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of chromophoric components of the NOM at doses ranging 2—10 mg/L Cl,.
Wang et al. [50] indeed confirmed these results finding that the UV/CI, system
degraded ~80% of chromophores and 76.4-80.8% of fluorophores, including elec-
tron donor groups like double bonds, aromatic and phenolic functionalities getting
preferentially degraded by the UV/chlorine process. Finally, the DOC removal was
15.1-18.6%, since the oxidation degraded high MW fractions into low MWs
without appreciable decrease in the carbon loading by mineralization. According
to Fang et al. [51], HO" reacts with NOM under a second-order rate constant of
2.5 x 10* (mg/L)~" s', while CI" reacts with NOM at 1.3 x 10* (mg/L)~"' s
therefore, the degradation through the HO" pathway would be about 1.4 times faster
than that through the C1° pathway. However, although there is a synergistic mech-
anism involved with the addition of chlorine [24], NOM treatment by the
UV/chlorine system is similar to that of HO -based AOPs, particularly as a function
of the molecular weight; namely, high MW fractions are decomposed at a higher
rate (~4.5 times) than medium MW fractions, generating low fractions. Finally,
these results supported the conclusion that the chlorine-based AOP was also
effective reducing the aromatic content in the NOM.

4.2.1 NOM as a Photosensitizing Agent

During direct photolysis electrons may migrate from basal to excited states of
NOM, from where they can be transferred to oxygen either to form 'O, or to
provoke homolytic breaks in NOM producing organic radicals that further react
with oxygen. In this case, the dissolved organic matter (DOM) can be considered a
photosensitizing agent [52] that by different pathways may generate ROS and
provoke its self-degradation [53]. Thus, the chromophoric natural organic matter
is one of the main sources promoting formation of ROS species through its
interaction with light in a cascade of photochemical reactions, in the earlier stages
of AOP reactions (see Fig. 5).

Birben et al. [55] recently reported that even photosensitization via light absorp-
tion leading to the formation of reactive oxygen species could also initiate self-
degradation of HAs in a photocatalytic process. The hydroxyl radical is the most
reactive and less selective of the ROS, and the formation of singlet oxygen can
occur through the transfer of energy from excited triplet states of coloured dissolved
organic matter (CDOM) to O,:

3CDOM* +°0, — CDOM + '0, (11)

In the case of superoxide, although CDOM is the main source, the precise
reactions forming this species remain unclear [54].

The triplet excited states of natural organic matter CNOM™) were found by
Li et al. [56] to play a dominant role in the photodegradation (1,700 W Xenon lamp
filtered light for 4 > 290 nm) of acetaminophen by photolysis (see Fig. 6). Similarly,
Porras et al. [53] established, based in kinetic and analytical studies, an accelerating
effect on the rate of ciprofloxacin decomposition caused by humic substances.
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Fig. 5 Photophysical and photochemical reactions of CDOM species: (a) primary, (b) secondary
and (c) secondary in fresh water. Reproduced with permission of Springer from [54]

Acetaminophen

Fig. 6 Schematic representation of initial step in the indirect photodegradation of acetaminophen
in NOM-enriched solutions. Reproduced with permission of Elsevier from [56]
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In general, NOM reaches triplet excited states after irradiation, and dissolved
oxygen acts as a quencher for these triplet excited states through an energy
transfer process to generate singlet oxygen ('O,) and superoxide anion O, . It
was found that under increasing concentration of oxygen, the steady-state con-
centration of >NOM* would be expected to drop and the decay rate of the targeted
process decreases too. However, the results showed that the degradation remained
stable even in excess of oxygen in the case of acetaminophen, suggesting that the
contribution of 'O, gradually stands out and offsets the decreased >NOM*. Porras
et al. [53] employed furfuryl alcohol (FFA) scavenger, highly selective to 102, and
demonstrated that singlet oxygen also participates in the reaction.

Due to the strong complexability of iron with the humic substances, the leaching
and stability of the iron species were investigated by Birben et al. [55] through
photocatalytic experiments (Fe-doped Ti catalyst) in the presence or absence of
humic acids in deionized water. This procedure was employed as a strategy to
demonstrate the efficiency of the metal-ion doping. Thus, the catalyst was prepared
to improve trapping of the photoexcited electrons of the conduction band towards
the catalyst’s surface while minimizing charge carrier recombination. Fe** was the
chosen ion due to its similar ionic radius (0.69 A) to that of Ti** (0.75 A) as well as
energy level pairs Fe**/Fe’*—Ti**/Ti** favouring the separation of the photo-
generated electron-hole pairs. It was found that in the presence of the Fe-doped
TiO, (Evonik P-25), the concentration of the Fe species dissolved in the medium
was 0.013 mg/L, whereas in the presence of catalyst and humic acids (HAs 50 mg/L,
average molecular weight < 100 kDa), the concentration of iron species increased
almost fivefold in the medium reaching a value of 0.070 mg/L. After 60 min of
irradiation (4 = 300800 nm; light intensity 250 W/m?), a significant concentration of
Fe leached (0.116 mg/L)) was found in the presence of HAs. It was attributed to strong
chelating effect of the humic sub-fractions, resulting in the release of iron into the
aqueous medium. The reactions that can be triggered by the formation of the Fe(IIT)—
HA complex under solar irradiation are shown in Egs. (12)—(20) [55]:

HA +hv — HA* (1

HA + O, — Products + O; ~ /HO, (1

0;~/HO; — H,0, (1

Fe(Ill) + HA — Fe(Ill) — HA (1

Fe(Il) + hv — HA"* 4 Fe(II) (1

Fe(Ill) + h* — Fe(IV) — HA — HA*" 4 Fe(IlI) (1

Fe(Il) + O, — Fe(Ill) + O;~ /HO; (1

Fe(IT) + H,0, — Fe(lll) + "OH + OH" (1
HA + OH — Photocatalytic degradation products (

Finally, low achieved efficiencies of the photocatalytic removal in terms of
UV-Vis absorbance (254, 280, 365 and 456 nm) and DOC mineralization rate
(0.044 mg/L min in the presence of HAs-doped catalyst; 0.188 mg/L min in the
presence of the free catalyst) were attributed to reactions of complexation between
Fe** and HA molecular fractions on the catalyst’s surface.
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4.3 Fenton, Photo-Fenton and Fenton-Like Catalysed
Processes

The Fenton reaction is a non-expensive and environmental-friendly oxidation
method, widely studied for wastewater treatment. The mechanism of the process
has been extensively studied, and it is here summarized in Table 2. The hydroxyl
radicals as usual attack the organic matter present in water, but some parallel
reactions occur, and then the hydroxyl radicals also produce other radicals with
less oxidizing power, the so-called scavenging effect of HO® [18]. Many interfer-
ences in the water source may occur, e.g. other dissolved organic compounds
present, alkalinity, etc., which may compete with NOM by radicals. For instance,
both carbonate and bicarbonate anions scavenge hydroxyl radicals to form carbon-
ate radicals; nitrates and nitrites absorb UV light around 230 and 300 nm, respec-
tively, and then concentrations exceeding 1.0 mg/L may strongly limit the
effectiveness of UV-based technologies; phosphates, sulphates, chloride, bromide
and fluoride ions also may act as scavengers at concentration over 100 mg/L for
phosphates and sulphates [23, 24].

Fenton and photo-Fenton processes have been established as alternative to
coagulation in treatment of drinking water, usually when the water sources contain
natural organic matter at levels of up to 15 mg/L [57]. A drawback in the applica-
tion of conventional homogeneous Fenton in drinking water facilities is the influence
of pH, given that optimum pH for this application is 2.54 when Fe** and FeOH**
species are in the same abundance. As pH increases, the precipitation of amorphous
ferric oxyhydroxides occurs (Eq. 21), which do not redissolve readily and are
considerably less Fenton-active in comparison to the free metal ions (Eqgs. 18 and
19). The presence of coordinating ligands may affect the pH dependence consider-
ably; lowering pH not only keeps Fe(IlI) soluble but also reduces parasite decom-
position of H,O, [24]:

Fe’™ = FeOH*" = Fe(OH); = Fe,(OH);" = other polynuclear species
= Fe,03 - nHzo(s) (21)

Molnar et al. [58] treated a groundwater rich in natural organic matter
(10.6 £ 0.37 mg C/L) employing the Fenton process; they evaluated the influence
of pH at 5.5 and 6.0, iron concentrations between 0.10 and 0.50 mM Fe(II) and
molar ratios Fe(I[):H,O, of 1:5-1:20. High NOM removal was found at pH 5.5
(55% DOC removal) with a dose of 0.25 mM Fe(II) and under molar ratio 1:5. It
was also confirmed that the Fenton process was much more effective in removing
NOM than conventional coagulation with similar dose of FeCl;. The distribution of
NOM fractions upon treatment (HPI-N = 75%, HPI-A = 4%, FA = 21%) changed
in comparison to the raw water (FA = 68%, HA = 14%). The fraction of humic
acids was completely removed, whereas the fraction of fulvic acids decreased and
the contribution of the hydrophilic fraction in the final effluent was 79%
(HPI-N + HPI-A).
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When the Fenton degradation is carried out in the dark, low molecular weight
organic acids such as glyoxylic, maleic, oxalic, acetic and formic are accumulated
because of their high stability in the reaction medium. Under light, however, these
acids can be mineralized via Fe photocatalysed reactions [24]. The photo-Fenton
process has been employed to enhance efficiency in the generation of hydroxyl
radicals and also in disinfection units employing UV light sources [59]. A 55% of
NOM mineralization was achieved by Moncayo-Lasso et al. [60] by the photo-
Fenton process on a river surface water (5.3 mg C/L) at natural pH (~6.5)
employing 0.010 mM (0.6 mg/L) of Fe®* (almost 24-fold less than that employed
by Molnar et al. [58]) and 10 mg/L of H,O,. In this case, the experiments were
carried out by using a solar compound parabolic collector. In 2012, Moncayo-Lasso
et al. [33] dramatically reduced THM formation potential, thanks to photo-
degradation of the MON fraction more related to formation of THMs; the experi-
ments were carried by chlorination of river surface water with 7.1 mg C/L at pH
near 7.0, initial [H,O,] = 60 mg/L and initial [Fe**] = 1.0 mg/L. The mineraliza-
tion reached 55% at 3 h of treatment (25-30°C). Low molecular weight products
were obtained at the end of the process; according to the authors, higher mineral-
ization rates were not achieved since the addition of HO" on the aromatic rings
generates radicals resembling hydroxy-cyclohexadienyl (HCHD®), whose subse-
quent oxidation leads to breaking of the aromatic rings towards less oxidizable,
open-chain products.

Galeano et al. [13] studied the removal of humic acids using an Al/Fe-pillared
clay catalyst, where it was established that the fraction of Fe inserted in true “mixed
pillars” within the clay layers was responsible for initiating the Fenton-like, cata-
Iytic cycle. The results showed that once the first 15 min of the process passed
(equilibrium period, without addition of hydrogen peroxide), it established a kind of
induction period, explained by the competition between H,O, and NOM molecules
for active iron. It happened in the early stages of peroxide addition, taking into
account that natural organic matter has an important impact complexing metal ions,
and then an interaction mainly between the aromatic moieties of the HAs and the
metal inserted in the mineral took place in advance. Afterwards, once the peroxide
molecules achieved minimal interaction with the metal, the concentration of NOM
started to get decreased by the attack of the formed oxidizing radicals. The results
showed almost full depletion of the starting chemical oxygen demand (96.3% COD
removal in 4 h of reaction) and complete colour removal (in less than 1 h of
reaction) under the following conditions: [coloursss]y = 42 PCU, catalyst load-
ing = 5.0 g/L, [H,05].44ea = 0.047 mol/L, H,O, addition flow rate = 6.0 cm’/h,
final stoichiometric ratio [H,0,]/[COD], = 1.0, pH of reaction = 3.7, room
temperature (291 £ 2.0 K) and pressure (72 kPa). The highly performing
[Felactive/[H20,] ratio employed was 0.119; this ratio is very useful in order to
realize the best set of operating parameters in Fenton and Fenton-like processes,
since it may guarantee the most efficient use of the hydrogen peroxide by the
catalyst, improving cost operation of the technology (see Fig. 7a).

As a result of the above study, two general statements can be raised: Natural
organic matter could be not only complexed by iron but also adsorbed on the
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Fig. 7 Schematic representation of (a) relationship between three main factors governing CWPO
degradation of NOM and (b) possible initial pathways of radical attack on NOM substrates in the
heterogeneous Fenton-like CWPO system as activated by Al/Fe-PILCs: (1) attack of radicals on
NOM adsorbed on the catalyst’s surface and (2) radical attack on NOM dissolved in the reaction
medium

catalyst’s surface [61] so that the radicals can attack it, while it is inside the pores or
on the surface of the solid (see Fig. 7b). A second pathway of attack can be
established by an adsorption-desorption equilibrium where the dissolved NOM is
in the fluid phase and gets attacked by the oxidizing radicals diffused from the
catalyst surface.

4.4 Heterogeneous Photocatalysis: TiO,/UV

The TiO, photocatalytic treatment has been considered to be effective in the
destruction of NOM. TiO,-catalysed system is attractive due to its potential to
degrade organic macromolecules [62]. The photocatalysis offers a potentially cost-
effective avenue for contaminant removal through extensive material reuse, use of
solar illumination energy and reutilization of existing UV disinfection facilities to
achieve more efficient treatment in drinking water treatment plants [63]. The TiO,
photocatalytic mechanism initiates with the absorption of UV light with energy
greater than +3.2 eV (TiO, band gap, energy corresponding to wavelengths below
370 nm). It results in generation of conduction band electrons (¢~) and valence
band hole (h") pairs involved in the production of HO",0; and HO, . H,0, can also
be formed in situ, what improves the production of HO" and slows down the
recombination of the charges [43].

Brame et al. [63] proposed a model to explain various inhibition ways in
catalytic AOPs, including role played by NOM as scavenger itself during the
removal of a target pollutant. The model is schematized at Fig. 8 and assumes
that the organic solute is adsorbed on the photocatalyst surface and the degradation
may occur both on catalyst surface and in the bulk solution.

Sen Kavurmaci and Bekbolet [64] investigated the influence of a montmorillon-
ite (Mt) on the TiO, photocatalytic removal of HAs as the model compounds of
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natural organic matter. The study about the interaction of Mt with organics
dissolved in water is very important in order to better figure out the NOM degra-
dation in the presence of the Al-/Fe-clay catalysts analysed above. Experiments
were done in the absence or presence of TiO, under dark or light conditions and
presence or absence of Mt. The adsorptive removal of colour,ss was higher than the
removal of UV,s4 or UVs6s, which was interpreted in terms of the coloured
moieties in the HAs being the main responsible of the interactions with the TiO,
surface. In fact, the oxidative removal displayed the following order: col-
ouryze > UVigs > UV,sy > DOC. Similar results had been before reported for
the interaction of HAs with the Al/Fe-PILC catalysed CWPO treatment [13], but
the very fast colour removal was there explained instead by higher susceptibility of
the chromophores present in HAs against the oxidizing species.

The presence of Mt slightly altered the photocatalytic reactivity of HA, predom-
inantly the colour moieties, probably because of the increased turbidity in the
colloidal medium. In addition, the presence of Mt and absence of TiO, did not
change the removal efficiency of DOC under irradiation. The mechanism in
absence of Mt is summarized in Eq. (22):

TiO, + hv(4 < 388 nm) — TiO; (h{z +ec) — -+~ — ROS
(HO' /HO; /O;) — --- — HO" + HAys — A* + H,0 —

via radical reactions — - -+ — HAy — -+

Lower molecular weight degradation products —— CO, + H,O

Short-chain aldehydes and ketones have been identified as key degradation
products in this type of photocatalytic degradation of NOM by Liu et al.
[62]. The addition of hydrogen peroxide did not change the reaction pathway
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producing similar degradation products. The GC-MS analyses of aldehydes and
ketones in raw and treated waters were carried out by derivatization of the carbonyl
compounds with 0-2,3,4,5,6-(pentafluorobenzyl)hydroxylamine hydrochloride
(PFBHA), and the oxime derivatives were subsequently recovered by extraction
with hexane. The photocatalytic NOM oxidation (365 nm; 0.1 g catalyst/L; pH
7.0-7.6) reached around 80% of mineralization and 100% of UV,s, removal after
4 h of reaction. The higher elimination of aromaticity in comparison with the DOC
implied that loss of aromaticity and conjugation is easier to achieve than mineral-
ization of the NOM. According to LC-SEC results, TiO,-photocatalytic treatment
preferentially degraded the high molecular weight fractions together with a con-
siderable decrease in the fraction of hydrophobic acids, in pretty similar fashion
above-mentioned for other AOPs. This fraction has shown to be more prone against
degradation, unlike the hydrophilic charged and neutral fractions, which tend to
increase throughout anyone of the processes, preventing the complete mineraliza-
tion to be achieved. These fractions consist mostly of aldehydes, ketones, alcohols
and small carbohydrates. The analyses of a raw water, Myponga Reservoir, Ade-
laide, Australia, revealed five carbonyl compounds being present: formaldehyde,
acetaldehyde, acetone, n-propanal and n-butanal. In general, after 15 min of
irradiation, formaldehyde and acetone notably increased, while acetaldehyde,
propanal and butanal got easily degraded.

4.5 Ultrasound-Based Applications

Some applications have employed ultrasound waves to produce an oxidative
environment due to cavitation bubbles generated during the rarefaction phase of
sound waves. The cavitation bubble violently collapses during the compression
cycle, and localized hot spots are formed, which may reach temperatures and
pressures in excess of 5,000 K and 1,000 atm, respectively. The high temperatures
result in the splitting and decomposition of chemical compounds present inside the
bubbles, including water, which leads to formation of HO" radicals and hydrogen
peroxide [65].

The monitored parameters in an experimental ultrasound study are mainly
sonication time, irradiation power, NOM concentration, temperature, pH, conduc-
tivity, redox potential and turbidity [35]. An acid pretreatment can be used to
eliminate carbonates and bicarbonates in the sample and to enhance the TOC
removal efficiency [66]. NOM removal is strongly influenced in this type of
technologies by the power, initial NOM concentration and sonication time [67].

Sonochemical destruction of contaminants is particularly effective on volatile
substrates; alternative decomposition mechanisms have been postulated to account
for the destruction of semi-volatile and non-volatile solutes [66, 68, 69]. The easy
application of the technology as well as no production of toxic by-products like
THMs formed through chlorination make the system very attractive for NOM
removal [35]. However, NOM may significantly influence the effectiveness of
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ultrasound, since it often interferes with the treatment process by binding organic
and inorganic contaminants and scavenging reactive species [65], as explained
before. Olson et al. [66] evaluated, more than two decades ago, the potential of
an advanced oxidation process involving ozone and ultrasound for catalytic degra-
dation of humic acids; they suggested that any volatile organic compound could
potentially be oxidized directly by pyrolysis inside the cavitation bubbles. How-
ever, NOM does not have a volatile nature. In spite of that, volatile intermediates,
which undergone pyrolysis, were produced through reaction between hydroxyl
radicals with dissolved fulvic acids. The same authors showed that ultrasound
combined with ozone showed better results in comparison with ozone alone (40%
removal TOC) or low-frequency ultrasound (55 W, 20 kHz; no degradation). In
fact, after 60 min the combination of both methods reached 90% of TOC removal
under ultrasonic power of 27 W and 3.2 mg/min of ozone [66]. Interestingly, the pH
increased during the process due to volatilization of small molecular weight
carboxylic acids and carbon dioxide, a feature clearly different in comparison of
most of the rest of AOPs. The same trend in pH evolution was later observed by
Chen et al. [65]. Such changes could be not so evident in all cases due to relatively
high pH-buffering capacity displayed by humic acids [35]. Interestingly, they also
reported that the use of high-frequency ultrasound (354 kHz, energy density of
450 W/L) acting alone was able to remove NOM. The TOC removals reported over
two samples treated by ultrasound, (1) a commercial Aldrich humic acid and
(2) DOM extracted from Pahokee peat (purchased from the International Humic
Substances Society Sonochemical reactions of dissolved organic matter, IHSS),
were 33.3% and 19.1%, respectively. At 354 kHz under intensity of 120 W/L, no
significant depletion was observed of none of the targeted substrates.

As a result of ultrasonication, the NOM structure changes on the contents of
chromophores, —COOH, —OH-substituted benzene rings, intramolecular electron
donor-acceptor complexes and complex unsaturated chromophores; it also changes
in dissociation or protonation of carboxyl and phenolic groups in humic acids, as
observed by Naddeo et al. [35].

Al-Juboori et al. [70] evidenced that pulse treatment at high power and long
treatment time achieved the highest reduction in very hydrophobic acid fraction
(VHA). For charged hydrophilic acids and neutral hydrophilic acids, the highest
increment was attained under continuous treatment for a long time together with
low and high powers, respectively. Ultrasound in combination with hydrogen
peroxide (US/H,O,) has displayed better results in the efficiency removal of HA
(91.5%) than US alone (69.3%) or H,O, alone (20%) [67].

5 Conclusions

The selection of one particular AOP for degradation of NOM strongly depends on
the physicochemical properties of the target water. For instance, the conventional
Fenton reaction catalysed in homogeneous regime requires operating pH values
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below 4.0, whereas waters containing strongly UV-absorbing substrates may be
difficult to be treated by UV/H,0, and other UV-based technologies. Several NOM
fractions used to have high aromatic content, whose UV adsorption may increase
energy consumption. Moreover, the application of AOPs for NOM removal remains
in general quite interesting since the reactions of HO" radicals on this type of
substrates have shown similar rate constants in comparison to other more studied
organic pollutants. Like in other contaminated systems, the presence of carbonates,
bicarbonates, sulphates, chlorides, bromides and fluorides may act as scavengers of
the oxidizing radicals decreasing overall performance of the process. In addition,
NOM may also get involved in metal complexing that could affect the Fenton
processes. However, especially the heterogeneous Fenton variants remain being the
most interesting ones to be further investigated, since they could operate efficiently
even under circum-neutral pH values, typical of most supply sources feeding
drinking water plants. Furthermore, it has been recently evidenced that coloured
NOM triplet excited states can also promote side pathways increasing formation of
ROS in photoactivated processes that could be useful in photocatalytic degradation
of NOM. Finally, attention must be paid to the selective efficiency displayed by the
AOPs as a function of the polar character. There is probably enough evidence
demonstrating that the hydrophilic fraction is the most refractory in NOM, whereas
the hydrophobic one is rapidly degraded and even mineralized to CO,. Thus, it is
recommendable to find a process that allows for the more efficient elimination of
the hydrophilic fraction at the lowest possible cost of reagents and energy.

Since the natural organic matter is a complex mixture mainly of organic con-
tents, its molecular tracing through AOP treatments is still challenging from the
analytical point of view. It explains in part the more rather delayed assessment of
intermediates and by-products occurring in the NOM degradation by AOPs that is
evidenced in literature in comparison with other widely studied contaminants as, for
instance, phenols and azo-dyes. However, a set of analytical tools is now available,
making possible to efficiently differentiate both the polar character (resin fraction-
ation; RP-LC) and the molecular size distribution (LC-SEC); besides, some spec-
troscopic measurements are very useful in order to infer several features of
dissolved NOM like the aromatic character, the predominant polar nature and
even the degree of condensation of the carbonaceous networks. Within these
analytical issues, the role still to be played by special variants of fluorescence
spectroscopy (FEEM) and mass spectrometry (ESI-FT-ICR-MS) is very interesting.
It is noteworthy that TOC equipments remain being probably the most useful
technique in the field of the overall characterization of NOM, its intermediates
and by-products.
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for the Removal of Natural Organic Matter e
and Contaminants of Emerging Concern

from Water

Monica Brienza, Can Burak Ozkal, and Gianluca Li Puma

Abstract Natural organic matter (NOM) is a heterogeneous complex of organic
materials and is ubiquitous in natural aquatic systems. The amount of NOM in the
environment is continuously increasing because of global warming and/or changes
in precipitation patterns and has negative impact on drinking water as it produces an
undesirable colour and as a vector for the introduction of contaminants. For these
reasons, several technologies have been proposed to address the impact of NOM in
aqueous systems. Among these, advanced oxidation processes (AOPs) refer to
oxidation processes that result in the formation of highly reactive radical species.
This chapter presents an overview of recent research studies dealing with photon-
activated AOPs for the removal of NOM and emerging contaminants in water.

Keywords Advanced oxidation processes, Degradation, Energy efficiency, NOM,
Water pollutants
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Abbreviations

AOPs Advanced oxidation processes

COD Chemical oxygen demand

DBPs Disinfection by-products

DOC Dissolved organic carbon

DOM Dissolved organic matter

ECs Emerging contaminants

EDCs Endocrine-disrupting compounds

Ego Electrical energy per order

FA Fulvic acid

Fe?*/H,0, Fenton

GAC Granular activated carbon

H,0, Hydrogen peroxide

HA Humic acid

IC Inorganic carbon

NOM Normal organic matter
05/H,0, Peroxone
05;/UV Ozonation

PPCPs Pharmaceuticals and personal care products
ROS Radical oxygen species

TCE Trichloroethylene

THMFP Trihalomethanes formation potential
TOC Total organic carbon

US Ultrasound

Uv254 Ultraviolet absorbance at 254 nm
UWW Urban wastewater

VCOCs Volatile chlorinated organic carbons
VUV Vacuum UV

1 Introduction

The treatment, reuse and disposal of polluted water originating from many different
sources, including agriculture, industrial processes and rapid urban development,
require the strengthening of advanced treatment systems that prevents the intro-
duction of contaminants to surface and groundwaters. The development of such

sys

tems is best addressed, from a technical and economical standpoint, through the
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development of treatment systems that are capable of handling relatively small
volumes of effluents containing toxic, persistent organics (xenobiotics, etc.), rather
than systems that focus on the decontamination of large volumes of water [1].

A large body of research and development in recent years has demonstrated that
advanced oxidation processes (AOPs) can effectively degrade a large variety of
micropollutants and microcontaminants via the production of hydroxyl and other
radical oxygen species (ROS). These species unselectively and through multistep
oxidative pathways may lead to the removal of water contaminants and to the
reduction of its toxicity [2].

AOPs include a range of advanced oxidative processes such as ozone (O3),
Fenton (Fe**/H,0,), electrolysis (electrodes with current), sonolysis (ultrasounds),
photolysis, photocatalysis (light with catalyst), photo-Fenton (Fenton reaction with
light).

The selection of the most effective AOP is highly dependent on the character-
istics of the wastewater such as the environmental matrix, the organic load, pH,
dissolved oxygen, dissolved organic matter, temperature and the target pollutants.
Wastewaters can be defined as complex environmental matrices often containing
dissolved organic matter (DOM), carbonate/bicarbonate, anions and many other
species, which collectively act as hydroxyl radical scavengers limiting the effi-
ciency of AOPs [3].

Natural organic matter (NOM) results from the decomposition of organic matter,
primarily from vegetation and plants. Its chemical composition contains a large
range of molecular size and is ubiquitous to all surface, ground and soil waters
[4]. It is an important component that interacts with metal ions and minerals in water
and soil forming complexes of widely differing chemical and biological nature. One
common approach for the characterization of NOM includes the fractionation of the
mixture into its hydrophobic and hydrophilic fractions. The hydrophobic fraction
includes humic substances such as fulvic acids (FA) and humic acid (HA) that
account for 50% of the total organic carbon (TOC) in water [5]. The hydrophilic
fraction contains high amount of aliphatic carbons and nitrogenous compounds, such
as carbohydrates, sugars and amino acids [4]. The amount, character and properties
of NOM vary considerably according to the origins of the water. In the last decade,
the amount of NOM in the environment has been continuously increasing, as a result
of global warming and/or changes in precipitation patterns [6]. In consequence, a
negative impact on drinking water has occurred, such as undesirable colour, taste and
odour. NOM also favours bacterial regrowth in water distribution systems which
represent a significant problem [7]. NOM is also a precursor for the formation of
disinfection by-products (DBPs) in water, such as trihalomethanes (THMFP) which
have been linked to an increase of the incidence of cancer in humans, low birth
weight and bird defects [8]. For these reasons, several treatment processes for the
removal of NOM have been considered and installed in water treatment plants, such
as ozonation [9], adsorption [10], coagulation [11], electrochemical treatment [12]
and AOPs.

This chapter reviews AOPs activated by photons used for the treatment of water
in the presence of NOM and contaminants of emerging concern. The fundamental
aspects of each AOPs and the efficiency of the radicals as oxidative species for the
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destruction of common pesticides, pharmaceuticals and emerging contaminants
will be presented. The impact of the water matrix components that have a deter-
mining role on the AOPs oxidative mechanism will be discussed in detail.

2 Advanced Oxidation Processes (AOPs)

AOPs are based on the generation of very powerful, non-selective radical oxidative
species (ROS) such as hydroxyl (*OH), peroxyl (*OHH), superoxide (¢O, ") radicals
and singlet oxygen (+O) that rapidly attack and oxidize a wide spectrum of organic
matter in water, unselectively [13]. Glaze and colleagues [13] were the first to
investigate the effectiveness of AOPs on the treatment of chlorinated organics in
contaminated groundwater. AOPs include heterogeneous and homogenous
photocatalysis, Fenton and Fenton-like processes, ozonation, ultrasound, micro-
wave and y-irradiation and electrochemical and wet oxidation processes.

Among chemical-driven AOPs, Fenton and Fenton-like processes involving the
use of Fe** or other metal species in combination with H,O, are in general pH
dependent and function within a narrow operating range, usually at acidic pH (<4.0).
These processes have found numerous applications for organic degradation such as
the removal of pharmaceuticals, pesticides and endocrine-disrupting chemicals.
Fenton processes present several advantages including the operation in the absence
of light and a very fast initial rate of reaction. However, the accumulation of iron
sludge at the end of treatment requires post-treatment and the cost of pH adjustment
on large volumes of water are major drawback. Fenton processes have been coupled
with a range of conventional water treatment processes such as coagulation, biolog-
ical oxidation and membrane filtration to achieve a higher degree of contaminant
degradation and mineralization [14, 15].

Peroxone, a mixture of Oz and H,0O,, is mostly applied for the removal of toxic
contaminants (hydrocarbons, pesticides) and micropollutants, frequently as a pretreatment
step before adsorption in granular activated carbon (GAC) beds. Peroxone is able to
reduce the concentration of micropollutants in the influent stream to the beds and prolongs
its lifetime. The energy requirement and the necessity of on-site production of O; are the
main limitations, although peroxone is known to provide an outstanding bactericidal
performance [16].

Sonochemical oxidation processes involve the use of ultrasound waves propa-
gating through the aqueous medium. They produce intense vibrations to the water
molecules that cause the production of hydroxyl radicals. In general, the production
of «OH radicals is localized near the sound emission source, decreasing exponen-
tially with distance, and this presents a significant limitation for the treatment of
large volumes of water. Thereby, it is more often applied in combination with other
oxidants such as H,O, and dioxygen or combined with UV radiation and other
AOPs (including Fenton reagent and Fenton-type reactions). Sonochemical pro-
cesses have found a variety of applications including the degradation of pesticides,
aromatic compounds, endocrine disrupters and pharmaceuticals and disinfection
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by-products [17-20]. Despite its technical potential for decontamination purposes,
most studies have been executed at laboratory scale, and industrial applications are
limited [21].

Electrochemical oxidation using direct electrochemistry (anodic oxidation) and
indirect electrochemistry (electro-Fenton) and their combination with sonochemical,
physicochemical and photochemical treatment methods have fulfilled many appli-
cations in water detoxification/decontamination including industrial, agricultural
and pharmaceutical treatment [21, 22]. Low-energy requirements, using small
amounts of chemical reagents and the capability of producing efficient mineraliza-
tion, make electrochemical oxidation a promising process for full-scale industrial
implementation in comparison to other AOPs. A detailed evaluation and a compar-
ison with other AOPs have been presented in a recent review paper [1].

Alongside chemical-driven AOPs, photon-driven AOPs have the advantage of
providing a simple, relatively inexpensive, clean and efficient treatment of contam-
inated water in terms of degradation, mineralization and total detoxification. Cou-
pling UV irradiation with various oxidants such as O3 and H,O, and photocatalysis
such as Fe** and semiconductor nanomaterials (e.g. TiO,) results in efficient
oxidative processes. Among various photon-driven AOPs, the photolysis of H,O,,
(H,0,/UV) and O3 (O3/UV), the photo-Fenton process (H202/Fez+ﬂJV) and het-
erogeneous photocatalysis (TiO,/UV) have attracted the utmost attention in the last
decades [1, 23]. The main mechanisms by which photon-driven AOPs degrade and
mineralize water contaminants also exhibiting a bactericidal effect include ROS
attack and the direct photochemical action of UV irradiation [24]. Among all of the
oxidative treatment, photocatalytic processes have received significant attention for
the treatment of water.

3 Photocatalysis

The word photocatalysis contains a prefix and a word, “photo” and “catalysis”.
Generally speaking, photocatalysis involves the activation of a photocatalytic
material or substance by light photons, which in turn increases the rate of a
chemical reaction without being consuming. The photocatalyst can be species
dissolved in the liquid phase (homogeneous photocatalysis) or can be solids
suspended in the liquid or immobilized on surfaces (heterogeneous photocatalysis).

3.1 Heterogeneous Photocatalysis

Heterogeneous photocatalysis makes use of semiconductor solid materials (e.g. ZnO,
TiO,, ZrO,, CdS, ZnS) which catalyse the production of ROS and the removal of
organic and inorganic contaminants when photoactivated by light photons. Among
many semiconductors, titanium dioxide (TiO,) has received significant attention in
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fundamental research and in practical applications, due to its favourable characteristics,
such as abundance and low cost, chemically inert and stable properties, low toxicity and
relatively high photoactivity compared to other semiconductor materials [25].

The energy gap between the valence and the conduction bands of TiO, (anatase)
is 3.2 eV, which implies that the absorption of photons of wavelength of less than
384 nm may photoactivate electrons (e~ ) from the valence band towards the
conduction band, leaving holes (k") in the valence band (Reaction 1) [26]. The
electrons and the holes can in turn drive reduction and oxidation reactions, respec-
tively. For example, in the presence of an oxygenated water solution, (e”) can
reduce adsorbed O, to form the superoxide radical («O,”) (Reaction 3), and the (A1)
can oxidize an electron acceptor such as water to form the hydroxyl radical (¢<OH)
(Reaction 3).

TiOy + hv — e, + hi,
0O, + e — 02._
HyO0,45 + hjb - OHz;ds + H*
0}~ + H' — HO;
HO; + HO; — H,0, + O,
H,0, + e, — HO® + HO™

(O8]

NN N N N N S
AN W
N 2NN NS AN NGNS AN AN

D+hfy =D 7
A+ey — A" 8
e, + iy, — TiO; + heat (9

Reactions 5 and 6 in the sequence above show the formation of hydrogen peroxide,
which is known to split into two hydroxyl radicals through aqueous photolysis or to accept
an electron (Reaction 6). Reactions 7 and 8 show how the hole (4*,;) can react directly
with an adsorbed organic electron donor (D) and how a conduction band hole (¢™,) can
reduce an adsorbed electron acceptor. The competing recombination of the two charge
carriers release heat (Reaction 9).

3.2 Homogenous Photocatalysis
3.2.1 Photo-Fenton Treatment

The Fenton process was discovered by Fenton in 1894 [27] during the oxidation of
maleic acid. The Fenton reaction involved the reaction between dissolved Fe** and
hydrogen peroxide (H,O,) which results in the formation of hydroxyl and peroxyl
radicals (Reactions 10 and 11).

Fe’ + H,0, — Fe’* + «OH + OH™ (10)
Fe’' + H,0, — Fe’ + «OOH + H" (11)
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The efficiency of the above reactions is improved by irradiation with near UV
and visible light [28], which drives the photoreduction of Fe* to Fe**, regenerating
the catalyst and simultaneously producing further «<OH (Reaction 12).

Fe'™ + H,O + hv — Fe*™ + H' + +OH (12)
In addition, Fe®* hydroxyl complexes under acidic condition (e.g. Fe(OH)>")
undergo photoreduction as reported in Reaction 13 [28].

Fe(OH)*" + hv — Fe** + «OH (13)

The Fenton reaction carried out in the presence of irradiation is known as photo-
Fenton. This reaction, of course, is wavelength dependent, and the quantum yields
of *OH and Fe®* ion formation decrease as the wavelength increases. The quantum
yield of «OH formation is 0.14 at 313 nm and 0.017 at 360 nm [29]. The basic
photo-Fenton process has found many applications for the degradation and miner-
alization of pesticides, dyes, chlorophenols and chlorinated compounds [28, 30].

3.2.2 Photocatalytic Ozonation (03/UV)

Ozone is a powerful oxidant with an oxidation potential of 2.07 eV that increases to
2.8 eV in the presence of irradiation. The AOP with ozone and UV irradiation is
initiated by the photolysis of ozone. The photodecomposition of ozone leads to two
hydroxyl radicals, which do not act if they recombine producing hydrogen
peroxide [31].

O3 + H,O + hv — H,0, + O, (14)

In this system, there are three components that are able to produce hydroxyl radicals:
UV radiation, ozone and hydrogen peroxide. Therefore, the reaction mechanisms
involving O3/H,0,, as well the combination UV/H,0,, are of great importance. O5/
UV has attracted great attention for the elimination of volatile chlorinated organic
carbons (VCOCs) such as CHCl3, CCly, trichloroethylene (TCE), tetrachloroethylene
and 1,1,2-trichloroethane [32]. Besides effluents containing pesticides, endocrine dis-
rupters, pharmaceutical compounds, antibiotics, surfactants, dyes and nitrobenzene
have been set as targets in different Os/UV applications.

3.2.3 Photolysis of Hydrogen Peroxide (UV/H,0,)

In this process, H,O, is split into two hydroxyl radicals by adsorption of UVC light.
The most accepted mechanism for the H,O, photolysis is the rupture of the O-O
bond by activation of ultraviolet light.
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H,0, + hv — 2°OH (15)

This reaction is pH dependent and becomes more efficient under alkaline
conditions, probably because at 253.7 nm the anion peroxide HO, ~ has a high
molar adsorption coefficient (240 vs 18.6 M~' cm™") [13]. The hydroxyl radical
formed can further attack hydrogen peroxide leading to the reactions sequence
(Reactions 16, 17, and 18):

H,0; + +OH — HO, + H,0 (16)
«OH + HO, — HO, + OH" (17)
H,0, + HO, — +OH + 0, + H,0 + +OH (18)

One of the pioneering studies in the field of UV/H,O, was the study by Eckenfelder
et al., which set the target on groundwater decontamination [33]. The H,O,/UV process
has been found to be efficient for the elimination of cyanides and other organic
pollutants, such as benzene, trichloroethylene and tetrachloroethylene [34].

3.2.4 Peroxone Process (03/H,0,)

The peroxone process was studied by Staehelin and Hoigné [35]. The decomposi-
tion of O3 into *OH radicals is accelerated by the presence of hydrogen peroxide
according to Reaction 19 [36].

H,0, +203 - 20OH+3 0, (19)

The main advantage of peroxone treatment is the short reaction time; in fact, due
the quick reaction, time is not necessary to use high doses of ozone to obtain faster
reactions with pollutants. Von Gunten [37, 38] reported a good review including
ozone-AOPs as drinking water treatment.

3.2.5 Vacuum Ultraviolet (VUYV)

The application of ultraviolet irradiation in water treatment can be distinguished as
UV-A (380-315 nm), UV-B (315-280 nm), UV-C (280-200 nm), V-UV (200-100 nm)
and extreme UV (100-1) [39]. Photolysis of water at 185 nm is a highly efficient process
for the generation of hydroxyl radicals. At this wavelength, the homolysis and photo-
chemical ionization of water lead to the formation of *OH with quantum yields of 0.33
and 0.045, respectively [40].

hv (185 nm

0 ™Mooy 4 Y @ =033 (20)
1,0 "™ oH 4+ HY @ = 0.045 (21)
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The problem connected with the VUV treatment is the formation of by-products,
especially nitrite, which occurs from the photolysis of nitrate in the water.

Among the photochemical reactions described above, the photo-Fenton process
and heterogeneous photocatalysis have been reported to provide superior oxidation
conditions compared to H,O, and O; photolysis processes, although the latter have
been commercialized. Solar-driven photo-Fenton and heterogeneous photocatalysis
have drawn significant interest due to the potential use of solar radiation (solar
photocatalytic processes) and have been investigated in numerous studies, from
bench to pilot and to industrial scale.

4 Photocatalysis Treatment for Contaminant Removal

In the last decade, various AOPs have been evaluated for their efficacy and econom-
ical feasibility for the removal of water and wastewater contaminants. The literature
data presented in this chapter focuses primarily on the photocatalytic treatment and
its effectiveness in degrading emerging contaminants such as pesticides, pharma-
ceuticals and endocrine-disrupting compounds (EDCs) and for the control of taste
and odour.

4.1 Photocatalytic NOM Removal

The characterization of NOM in the contaminated water is essential prior to the
design and optimization of an AOP treatment, to determine the potential of the
water for the formation of DBPs and other toxic by-products. Further characteri-
zation of the water effluent is also required after AOPs treatment, to determine the
possible formation of DBPs and toxic degradation products, which may determine
the suitability of an AOP treatment for the reduction of NOM. The reactions of «OH
radicals with NOM proceed through three different ways: (1) by the addition of
*OH radicals to double bonds; (2) by H-atom abstraction, which yields carbon-
centred radicals; and (3) by a reaction mechanism in which the OH radical accept
electron from an organic substituent [2].

The degradation of NOM is much more rapid compared to total DOC minerali-
zation; thereby, the reduction in the absorbance at 254 (UV254) nm may indicate the
degradation of organics, while the reduction in DOC may take much longer time. A
rapid reduction in UV254 could indicate the presence of NOM with high molecular
mass, such as aromatic rings and their breakdown into lower molecular mass
by-products presenting negligible UV absorbance. These by-products may be less
prone to oxidation by *OH radical and may act as a barrier against total mineraliza-
tion. As the degradation of NOM fractions continue upon *OH radical attack, the
by-products formed may display several hydrophilic/hydrophobic properties com-
pared to its parent compound. In consequence, fractionation studies represent good
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manuals for unravelling the possible reactions and prevailing mechanisms occurring
during the photocatalytic oxidation of NOM species [41, 42].

The shift of the molecular weight distribution towards lower values during
oxidation has been reported in numerous literature findings but most frequently
with the UV/H,0, process [42—45]. Further studies are now focusing on the identi-
fication of DBPs and other by-products during the photocatalytic oxidation of NOM
[4]. Current investigations in the field of AOPs have already extended their vision by
setting simultaneous objectives on the removal of DBPs, NOM, mineralization and
toxicity in the water. This multidisciplinary approach is essential for determining the
most effective AOP capable of producing a safe effluent.

Traditional treatment processes, such as filtration, physical or chemical disin-
fection processes, biological processes alone or combined with other processes,
have shown several limitations in terms of removing complex organic matter, the
bacterial content and/or other recalcitrant contaminants in the aqueous matrix
[46]. The determination of the desired treatment goals are essential factors for the
proper AOP choice and design. These goals could include biodegradability
enhancement, the total mineralization of organic compounds or the desired level
of water detoxification. Any of these scenarios necessitate the optimization of the
process conditions considering the type, fractional distribution and amount of
organic matter present in the water. The alkalinity and pH of the water also play
a major role on the photocatalytic oxidation of NOM. NOM is less efficiently
adsorbed onto the surface of photocatalysts at elevated pH with a decisive decline
between pH 5-10 [47]. Concurrently at alkaline pH, carbonate or bicarbonate
species act as efficient ROS scavengers that actively decrease the rates of degrada-
tion of the target pollutants, as shown for the degradation of pharmaceuticals in
alkaline secondary treated urban wastewater (UWW) effluents [47].

Biologically treated urban wastewater contains trace and bulk organics such as
humic acids and other low molecular organic acids with a wide range of molecular
size distribution, which would act as a strict barrier against the oxidative conditions
of a photocatalytic process. In most of the scenarios, these defined factors act as
unavoidable radical scavengers, which favour surface charge recombination in
TiO, photocatalysis.

In order to make a proper comparison of the efficiency of AOPs and most
adequate choice of a pretreatment, it is necessary to consider simultaneously the
degradation/mineralization performance of the process and the energetic require-
ments of the treatment processes.

4.2 Pesticides

The European Water Framework Directive 2000/60/EC [48] established that 33 pri-
ority substances present high toxicity, high environmental persistence, endocrine-
disrupting capabilities and bioaccumulation potential. Among these hazardous
chemicals, there are also pesticides, such as atrazine, alachlor, isoproturon,
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pentachlorophenol and chlorfenvinphos. These recalcitrant compounds and their
metabolites (e.g. glyphosate AMPA) have been detected in groundwater and drink-
ing wells of various EU countries, for example, Italy [49], Hungary [50], Spain [51]
and the UK [52]. Table 1 summarizes the representative AOP treatment of common
pesticides.

4.3 Pharmaceuticals and Personal Care Products (PPCPs)

Pharmaceuticals and personal care products (PPCPs) are a wide group of emerging
environmental contaminants. Increasing number of studies have confirmed the presence
of various PPCPs in several environmental matrices such as groundwater [65], surface
water and within the water distribution system (e.g. at the tap) [66]. Nowadays, it is
known that some antibiotics may cause long-term and irreversible change to the
microorganism genome even at trace concentrations. Some PPCPs have also been
demonstrated to disrupt the human endocrine system, and hence, their presence in
aquatic systems has been a source of concern [67]. In addition to their potential negative
effect on human and wildlife, pharmaceuticals and personal care products are often
resistant to biological degradation processes [68]. The class and range of molecules
studied are vast. Table 2 reports selected representative AOP studies for the degradation
of three commonly investigated pharmaceuticals detected in water.

5 Efficiency of AOPs

This section evaluates the efficiency of AOPs on the basis of effluent toxicity and the
energy consumption. Comparison is not trivial due to the different processes involved in
the production of radicals. Furthermore, for the case of AOPs and oxidative treatment,
water matrix constituents which may become target for non-selective oxidants (most
pronounced the *OH) has to be paid the utmost attention.

5.1 AOP Efficiency Based on Toxicity

Several bioassays have been used to measure the response of organisms exposed to
target compounds and complex water matrices such as surface water, groundwater,
wastewater or seawater. Standard bioassays are best developed through the use of a
battery of organisms such as plants and algae, invertebrates, microorganisms and
fishes. The most common toxicity tests used to evaluate the effectiveness of AOP
treatment are Daphnia magna [69], Vibrio fischeri [70], lettuce seeds [71] and
zebrafish [72]. Wastewater from several sources (industrial, hospital or domestic)
necessitates choice of proper methodology for toxicity evaluation.
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Table 2 Representative AOP treatment for widely used pharmaceutical compounds

PCPPs AOPs Experimental conditions Reference
Carbamazepine UV/H,0, Surface river water; [74,75]
(CBZ) [CBZ] = 240-710 pg/l;
UV = 254 nm;
[H,0,] = 10 mg/l
UV/H,0, Water; solar

photodegradation; vol-
ume = 500 ml,
[CBZ] = 0.5 mmol,

TiO, P25 photocatalysis; Surface lake water; irradia- [76]
TiO, Hombikat UV tion = simulation solar light;
100 photocatalysis [catalyst] = various;
[CBZ] = various
UV-AOP *(UV/PS, UV lamp = 75 W (253.7 nm); |[77]
UV/H,0,, UV/PMS) [CBZ] = 21.16 pM,
[oxidant] = 0.5-5 mM,
pH = 3-11
UVC and VUV Pure water, Lampl = 254 nm; | [78]
Lamp2 = 254 and 185 nm
Diclofenac (DCF) | Sunlight Surface lake water; [79]

[DCF] = 1 pg/l, vol-
ume = 30 ml, irradiation = full

sunlight for 2and 4 h
TiO,/solar light solar photo- | Freshwater; solar irradiation; [80]
Fenton [DCF] = 50 mg/l; vol-

ume = 351 (22 I irradiated);
[H,0,] = 200-400 mg/l;
[TiO,] = 0.2 g/1; [Fe

(II)] = various

Ozonation, photolysis, pho- | Water and wastewater; vol- [81]
tolytic ozonation, ume = 250 ml;
photocatalysis and [DCF] = 0.1 mM;
photocatalytic ozonation [O3] = 50 g/nm?; UV = mer-
cury vapour lamp;
[TiO,] = 0.5 g/l
Sulfamethoxazole | TiO,/UV-A UVA: 324 < 1 <400 nm; [82]
[SMX] [SMX] = 100 pM;

[TiO,] = 0.1 g/I; pH = vari-
ous; [NOM] = 0-20 mg/l;
[NaHCO3] = 0-100 mM
Hydrolysis, photolysis, Distillate and seawater; [83]
solar photo-Fenton [SMZ] = 50 mg/l; intensity
=250 W/m?; [Fe(ID)] = 2.6,
5.2 and 10.4 mg/l;

[H,0,] = 30 to 210 mg/l; vol-
ume = 39 1; pH = 2.5-2.8
03; 03/H,0,; UV/H,0, Milli-Q and surface lake [84]
waters; T = 5-25°C; pH vari-
ous; [SMX] = 1 pM; LP-UV;
[O5] = 20-200 pM
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Brienza and co-workers [73] reported that for a specific domestic wastewater effluent,
among the four standard bioassays (Vibrio fischeri, Daphnia magna, Pseudokirchneriella
subcapitata and Brachionus calyciflorus), the most sensitive to the variation of contam-
inant concentrations was Pseudokirchneriella subcapitata. The oxidative processes eval-
uated through specific estrogenic assays [endocrine-disrupting substances were measured
with cell lines expressing oestrogen receptor alpha (ERo) based on human cell] were able
to remove emerging contaminants and the detected oestrogenic activity.

Heringa and co-workers [85] demonstrated through a UV/H,0, treatment pro-
cess that water matrices’ effects must be considered and that hydroxyl radicals were
not solely responsible for the increase in toxicity.

The EU Water Framework Directive requires the achievement of a “good chem-
ical and biological status” of all water bodies by 2015 [48]. In order to obtain water
bodies that meet both standards/characteristics, assessment of tertiary treatment
efficiency should be supplemented by proper toxicity evaluation. In Table 3, the
effect of selected AOPs on final toxicity of water solution is summarized.

5.2 AOPs Efficiency Based on Energy Consumption

There is increasing attention on developing cost and energy-efficient AOPs espe-
cially in the municipal water sector for the treatment of the so-called emerging
contaminants (ECs) [90]. In addition to AOPs, other technologies that can be applied
for the removal of ECs include ozonation, activated carbon or membrane technolo-
gies (reverse osmosis) which have relatively high capital and operating costs.

The major operating cost in AOPs is electrical energy consumption. The most
common way to compare AOPs based on their electrical energy efficiency is to use
the parameter of electrical energy per order (Ego). The Ego is the electric energy in
kilowatt hours (kWh) required to reduce the concentration of a target contaminant
by one order of magnitude (90% removal) in 1 m° of contaminated water [91]. Exo
can be calculated using the following equations:

1,000P
Ego = ————~ Batch operation (22)
Vlog (g—:)
P
FEgo = ———~ Continuous operation (23)
Flog (%)

where P is the electrical power input in the processes [kW], V' is the volume [1] of
water treated, c; and cf correspond to the initial and final the concentration after one
order of magnitude reduction (mol 1_1) and F is the flow rate [m3/h] in continuous
flow system [91].

Ego can be also used to estimate if the treatment is economically acceptable for
commercial applications as suggested by Arslan-Altan [92]; in fact, in the last
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Table 3 Toxic evaluation of AOP treatment

M. Brienza et al.

Emerging contaminants

AOP

Toxicity
test

Comment

Reference

Cyanide

Phenol

TiO,/UV-
A

V. fischeri

Fern
spore
bioassay

*  ECsq values was signifi-
cantly different for V. fischeri
commercial kit, V. fischeri
lab culture and Polystichum
setiferum fern spore

» In all test, the toxicity
decrease in correspondence
of cyanide or phenol
degradation

[86]

Mepanipyrim

Os/Hg-
uv

V. fischeri

e Toxic unit (TU) increase
from 2.22 to 16.66 at 120 min
e At 120 min, formation of
main photoproducts was
observed

» TU decrease rapidly from
120 to 180 min

[87]

Five pesticides (ala-
chlor, atrazine,
chlorfenvinphos, diuron,
isoproturon)

Photo-
Fenton

V. fischeri

» Decrease in the beginning
of the treatment

» Followed stable toxic
level during the rest of the
photo-Fenton treatment

[88]

4-
Methylaminoantipyrine

4-
Formylaminoantipyrine

4-
Acetylaminoantipyrine

Solar
irradiation

D. magna

» Increasing of acute and
chronic toxicity from
27-55% to 60-85%, respec-
tively

» Target compounds were
totally removed; the toxicity
on D. magna was made up by
formation of intermediate
product

[89]

decades, several researches have used EEO to evaluate their investigation of AOPs
for contaminant degradation.
Mehrjouei and co-workers [93] determined the Egp for economic comparative
studies of three heterogeneous advanced oxidation treatments for removing oxalic
acid and dichloroacetic acid. The treatments involved in this study were catalytic
ozonation (TiO,/O3), photocatalytic oxidation (TiO,/UVA) and photocatalytic
ozonation (TiO,/O3/UVA). The catalytic ozonation has been the most energy effi-
cient with EEO values of 0.017 and 0.050 kWh/mM per order for oxalic acid and
dichloroacetic acid, respectively. The equivalent values for the TiO,/UVA/O; and
the TiO,/UVA/O, processes were 0.017 and 0.063 kWh/mM for oxalic acid degra-
dation and 0.050 and 0.35 kWh/mM for dichloroacetic acid degradation [93].
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In another study, a comparison of AOPs was made among ozone and Fenton
processes combined with UV and H,O, for the treatment of water [94]. The param-
eters considered were COD and colour removal rates and electrical energy per order.
This interesting work reported that the most efficient treatment able to remove 100%
colour and COD with less energy consumption of 0.01 kWh/m? order! was O5/UV/
Fe?*/H,0,. Hence, this process can be suitable for the treatment of industrial or
highly organic effluents.

The treatment costs with AOPs and their combination with ultrasound (US) are
relatively higher for hydrophilic pollutants such as reactive azo dyes and phenol
than that of hydrophobic contaminants such as trichloroethylene [95]. It has been
also pointed out that high costs of ultrasonic waste treatment reported in the
literature so far is the expected result of very high densities used in treatability
studies with single ultrasonic irradiation. To get to the energy efficiency standpoint,
the mechanism of degradation plays the key role in this kind of situation.

In the case of phenol degradation, among UV (254 nm), US (300 kHz) and O;
(2 mg/1) and TiO, photocatalysis and their combination, US was found to be the least
energy-efficient process alternative. Energy efficiency can be improved by proper
combination of AOPs; significant reduction in process duration can be established by
the use of ultrasonic irradiation combined with AOP technologies [95].

For the case of azo-dye degradation, US-coupled H,O, process was found to be ten
times more energy efficient compared to US/UV alternative, while UV/O; was found to
be ten times more energy efficient compared to US/UV and US/O; alternatives.
Adequate use of H,O, with ultrasound and/or UV cavitation may promote oxidative
capacity of a well-known reaction. From the reduced total process time and energy
requirement standpoint, sono-photocatalysis was defined as an adequate option for
oxidative degradation of pollutants that have less complex organic structure [95].

6 Conclusions

Advanced oxidation processes are effective treatments for the purification of water
and reuse. Heterogeneous and homogenous processes are able to destroy emerging
contaminants including pesticides, pharmaceuticals and personal care products,
hormones, etc. On one hand, the complex mechanisms that are involved during
oxidative processes affects the range of their applications, and the major research is
focused to determine by-products and to understand the potential toxicity. In
addition, the requirement of energy for the pre- and/or post-treatment of water is
the main limit of AOP applications. On the other hand, the concern about water
scarcity and its contamination brings a growing demand for AOPs. So, there is a
need to focus more research to the development of these technologies and their
application in treating water.
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Abstract Polluted surface water and groundwater represent a significant human
health risk as it is a vehicle for a number of diseases derived from the exposition to
untreated drinking water. Historically, chlorination became a great advance on
reducing the impact of many pathogens associated with polluted drinking water
in developed countries, with the consequent benefits to societies growing and
welfare. Nevertheless, other treatments have been investigated during the last
decades with the aim of increasing their capability for treating water and overcom-
ing the limitations of chlorination and other conventional technologies including
UVC radiation and ozone. Fenton and photo-Fenton process have been demon-
strated to be a good option as alternative water disinfection process during the last
years. The aim of this chapter is to briefly describe the fundamentals of this process
with special focus on particular aspects related to pathogens inactivation in water.
Moreover, the most recent scientific contributions on the application of Fenton and
photo-Fenton for water disinfection are discussed.
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Water disinfection

Contents

1 Background of Fenton and Photo-Fenton Reaction ..................oooiiiiiiiiit 156

2 Fundamental Aspects and Parameters .............oooiiiiiiiiiiiiiiiiiiiiiiiaee e 157
2.1 Effect of Water pH .....ooiiiiii 157

M.I Polo-Lépez (P<0) and S. Nahim-Granados
Plataforma Solar de Almeria — CIEMAT, Almeria, Spain
e-mail: mpolo@psa.es; snahim@psa.es

P. Fernandez-Ibafiez

Nanotechnology and Integrated BioEngineering Centre, School of Engineering, University of
Ulster, Newtownabbey, Northern Ireland

e-mail: p.fernandez@ulster.ac.uk

A. Gil et al. (eds.), Applications of Advanced Oxidation Processes (AOPs) in Drinking 155
Water Treatment, Hdb Env Chem (2019) 67: 155178, DOI 10.1007/698_2017_129,
© Springer International Publishing AG 2018, Published online: 25 February 2018


http://crossmark.crossref.org/dialog/?doi=10.1007/698_2017_129&domain=pdf
mailto:mpolo@psa.es
mailto:snahim@psa.es
mailto:p.fernandez@ulster.ac.uk

156 M.I. Polo-Lépez et al.

2.2 Effect of Inorganic Compounds ..............eeeteiimiiiiiiee et 158
2.3 Effect of Natural Organic Matter (NOM) ...ttt 159
3 Microbial Contamination of Groundwater and Surface Water ............................ 159
4 Inactivation Mechanisms of Fenton and Photo-Fenton Process ........................... 161
5 Fenton Process: Examples of Application .............ooouieiiiiiiiiiiiiiiiiiii i 163
6 Solar Driven Photo-Fenton Process: Examples of Application ............................ 165
7 Concluding Remarks ..........oooiiiii e 173
RETETENCES . ... 174
Abbreviations
AOP Advanced oxidation process
ARB Antibiotic-resistant bacteria
ARG Antibiotic-resistant gene
CPC Compound parabolic collector
DOM Dissolved organic matter
MWWE  Municipal wastewater effluent
NOM Natural organic matter
PS Persulfate
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1 Background of Fenton and Photo-Fenton Reaction

Currently, photo-Fenton process constitutes one of the most powerful water treat-
ments belonging to the so-called advanced oxidation processes (AOPs). It takes the
advantage of using solar light as source of photons and generates a high rate of
hydroxyl radicals (HO"). Historically, the first report on Fenton reactions was done
by Henry J. Fenton, where iron(Il) salt activation by H,O, could oxidize tartaric
acid [1]. Later, in 1934, the hydroxyl radical, the second most powerful oxidant
(E° =2.73 V) after fluoride, was proposed as the main responsible for the oxidative
capacity of the Fenton reaction [2]. During the 1950s, a number of reactions that
today still describe the classical thermal Fenton reactions were reported [3—5]. The
main reactions involving the decomposition of H,O, in dark and pure acid solutions
are:

Fe’' + H,0, — Fe’* + OH™ + HO" (K~ 70 M 's™") (1)
Fe'" + H,0, — Fe’' +HO; +H' (K=1-2x107>M's™") (2)
HO® +H,0, — HO; + H,0 (K=17-25x 10" M 's™") (3)
HO® +Fe*™ — Fe’™ + OH™ (K =32 x 10°M™'s7") (4)
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Fe'' + HO; — Fe’" + 0, +H' (K =12x 10°M s ') pH3  (5)
Fe’* + HO; + H" — Fe’t + H,0, (K =13 x 10° M~ 's™") pH3  (6)
HO; + HO; — H,0, (7)

Reaction 2 is extremely slow as compared with Reaction 1, which limits the
whole process of HO' generation. Later, in the 1990s, the strong acceleration of this
reaction in the presence of radiation started to be investigated as novel process for
water treatment [6]. This photo-assisted Fenton reaction, so-called photo-Fenton,
leads to much faster HO" generation rates and therefore a higher degree of oxidation
than the Fenton (dark) reaction. Briefly, the efficiency of the process increases when
the system is irradiated at wavelengths below 580 nm due to the light absorption of
the Fe** aquo complexes generated by Reaction 2 to be reduced to Fe** complexes
(Reaction 8), generating an extra HO" and enabling the iron cycle to restart [7].

Fe'*(L), +hv — Fe’*(L),_; + L, (8)

Since the first application of the Fenton reaction as oxidative process to degrade
toxic organic compounds in water in the middle of the 1960s [8], the interest of
researchers on the fundamental knowledge and practical application of Fenton and
photo-Fenton process to treat polluted water has increased tremendously. Never-
theless, the application of this process to disinfect water, i.e., to inactivate water-
borne pathogens, was initiated in the last decade. The first demonstration of the
capacity of photo-Fenton to disinfect water was reported by Rincon and Pulgarin in
2006. These authors demonstrated that the use of low reagent concentrations
(0.3 mg L' Fe and 10 mg L! H,0,) enhanced markedly the inactivation kinetics
of E. coli cells in water [9]. Since then, other pathogens, chemical and biological
parameters related to the iron chemistry, and the efficiency of the treatment in
several types of surface waters have been investigated.

2 Fundamental Aspects and Parameters

2.1 Effect of Water pH

It is very well known that pH affects strongly the speciation and therefore the
solubility of iron in water, establishing the optimum for Fenton or photo-Fenton
reaction a pH < 3. The three fractions of iron(II) species found in water as a
function of the water pH are Fe(H,0)¢>* or Fe**, which appears as predominant at
acid conditions; Fe(H,0),(OH), or Fe(OH), at alkaline conditions; and Fe
(H,0)s(OH)* or FeOH" coexisting at pH lower than 5 [7].

However, the speciation of iron(Ill) differs from the iron(Il), and in strongly
acidic solution, the main specie is the hexaaqua ion, Fe(H,0)s>" [7]. When pH
increases, the hydrolysis of Fe(H,0)s>* occurs depending on several water param-
eters including the ionic strength and the total iron concentration. Consequently,
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this ion precipitates as amorphous ferric oxyhydroxides [10], which are consider-
ably less active. Therefore, the reaction of ferrous ion and H,O, will lead to the
precipitation of iron when Fe(IIl) oxyhydroxides are formed (Reaction 1) when pH
is higher than 3.

Recently, the research trend is to investigate the naturally occurring or artifi-
cially prepared iron oxides (like magnetite, goethite, hematite, etc.) formed after the
oxidation of ferric oxyhydroxides at near-neutral pH; quelates of iron such as
citrate, EDDS, etc. are also under investigation. These Fe complexes are investi-
gated from the point of view of their capability for promoting efficient Fenton or
photo-Fenton reactions for water and wastewater treatment at near-neutral pH.

2.2 Effect of Inorganic Compounds

Iron chemistry and Fenton reactivity are negatively affected by the presence of
several inorganic chemical compounds in water. They mainly produce precipitation
of iron, scavenging of radicals, and/or less reactive Fe complex formation. One of
the most negative effects is produced by the presence of carbonates (CO5”") and
bicarbonates (HCO5 ). These anions may react with HO", scavenging it and ending
in a reduction of their availability to oxidize the target pollutants [7, 11, 12]. The
reactions involved include:

HO' +HCO; — CO; " + H,0 9)
HO" + CO3™ — CO; " + H,0 (10)

Therefore, for the treatment of any kind of water by Fenton or photo-Fenton, the
oxidation of pollutants in presence of CO5>~ will be in direct competition with the
oxidation by HO", and if CO5; " formation rate exceeds the hydroxyl radical
formation, the balance of the process will be negative from the point of view of
capacity to treat contaminated waters [12]. On the other hand, CO5; " is also a
radical with a wide range of reactivity with organic molecules, but with slower
reactions than those of HO®, while the main known scavengers of both (CO;™ " and
HO") are the dissolved natural organic matter and, if present, HyO,. In addition
and regarding water disinfection, it has been also described by some authors that
HCO;™ may protect microorganisms from sunlight as it is photo absorptive and
therefore acts as a screen of light [13, 14].

On the other hand, phosphate ions have been shown to have an important
detrimental role during Fenton reactions because they react with iron and
coprecipitate as stable complex at neutral and acidic conditions as well as they
scavenge hydroxyl radicals [7, 15]. Other anions present in natural waters, includ-
ing sulfates, nitrates, and chlorides, may also react with iron, H,O,, or other ROS,
limiting the capability of Fenton or photo-Fenton to oxidize organic chemical and
biological pollutants due to the reduction of the HO" generated [11, 14-16].
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Table 1 Main oxidative reactions occurring during photo-Fenton in the presence of NOM

Reference
Pathway Reactions (equation)
Classical photo-Fenton Fe?* + H,0, — Fe** + OH™ + HO" 1)
reactions (main reactions) | Fe3+(L) + hv — Fe?t(L) e ®)
n n— 0X
Direct oxidation of DOM | DOM + hv'DOM*DOM* 11)
by sunlight and "DOM* [ 3pOM* +0, — DOM +'0, (12)

energy transfer

Complexation of iron with | Fe’* — (DOM), + hvFe*" — (DOM), ;) +DOM, | (13)
DOM

DOM reaction with O, DOM + O; + hv — DOM{, + O, ~ (14)

2.3 Effect of Natural Organic Matter (NOM)

In contrast to inorganic compounds, the presence of NOM in water has been
reported to have both a positive and negative effect during Fenton or photo-Fenton
reaction. The natural organic compounds present in any water source include humic
and non-humic substances. In general, humic composition is the fraction including
aromatic and aliphatic compounds, carboxylic, phenolic-OH, amino and quinone
groups, etc. However, the humic composition that may differ significantly from one
to another water sources due to their composition is the result of many random
environmental transformations (microbiological, chemical, and photochemical
reactions) of biological rests [14, 15, 17]. Therefore, and due to the high variability
of NOM in water sources, the presence of humic substances may be a limiting
factor [18] or not [19-21] for the Fenton processes. Briefly, the most significant
oxidative reactions of NOM during photo-Fenton are summarized in Table 1.

On the other hand, NOM may react with free radicals, including HO" (Reaction
15). This reaction was reported as a second-order rate kinetics with a kinetic
constant value of ~2 x 10*s™! (mgC/L)71 [22].

DOM + HO" — DOM;, + OH™ (15)

In summary, the oxidative capability of photo-Fenton in the presence of NOM
will depend on several reasons including the iron complexation generated in the
specific water source, the iron (Fe**/Fe*) transformation, and the types of oxida-
tive radicals generated during the process [23].

3 Microbial Contamination of Groundwater and Surface
Water

Traditionally, groundwater has been considered a microbe-free water source, espe-
cially in deep and confined aquifers. Nevertheless, the presence of indicator bacte-
ria or human pathogens has been widely detected in the last years in many



160 M.I. Polo-Lépez et al.

groundwater sources. Their pollution has been attributed to a nearby connection
with contaminated surface waters and environment, including a leaking from a
waste lagoon, septic tanks, sewer line, old or improperly designed landfill, etc.
Obviously, surface water shows higher microbial contamination load than ground-
water, like rivers, lagoon, dams, and bacterial “hot spots” like municipal wastewa-
ter treatment plants.

From a realistic point of view, it is impossible to monitor every possible
pathogen present in a contaminated surface water source due to each type of
pathogen requires a specific test, which is time-consuming and would be prohibitive
in terms of cost. Therefore, microbial indicators of water quality have been
established as model of pathogens for water guidelines and regulations, and there-
fore they have been also studied for research purposes. They include E. coli (the
most widely investigated bacterium in water) as an indicator of fecal contamination
or some specific phages (MS2) as indicator of the presence of viral contamination.
However, the wide spectrum of naturally occurring microorganisms in surface
waters is not well represented by these strains, as many other groups of pathogenic
species may be present, including bacteria, viruses, fungi, protozoa, and parasites.
Moreover, E. coli shows the lowest resistance to be inactivated by any disinfection
treatment [24], including photo-Fenton as it is clearly observed in Fig. 1.

Today the advanced analytical methods in molecular biology include genetic
tools as quantitative PCR (Polymerase Chain Reaction) and metagenomics analysis
are transforming this area of research. However, culture-based methodologies
are still being the most used technique for monitoring and quantification of
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Fig. 1 Resistance of several microbial groups of bacteria, viruses, and spores of fungi and bacteria
using solar photo-Fenton (natural pH, 10-20 mg L~" of Fe** and H,0,) in secondary effluents
(Reprinted from [15], with permission from Elsevier)
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Table 2 Summary of priority pathogen list reported by the WHO (Publication date: 27 February
2017) (http://www.who.int/medicines/publications/global-priority-list-antibiotic-resistant-bacteria/en/)

Microorganism Antibiotic resistance Priority
Acinetobacter baumannii Carbapenem Critical®
Pseudomonas aeruginosa Carbapenem Critical®
Enterobacteriaceae® Carbapenem and third-generation cephalosporin Critical®
Enterococcus faecium Vancomycin High
Staphylococcus aureus Methicillin, vancomycin intermediate and resistant High
Helicobacter pylori Clarithromycin High
Campylobacter Fluoroquinolone High
Salmonella spp. Fluoroquinolone High
Neisseria gonorrhoeae Third-generation cephalosporin, fluoroquinolone High
Streptococcus pneumoniae Penicillin-non-susceptible Medium
Haemophilus influenzae Ampicillin Medium
Shigella spp. Fluoroquinolone Medium

“Mycobacteria (including Mycobacterium tuberculosis) was not included as it is already a globally
established priority for innovative new treatments

Klebsiella pneumonia, Escherichia coli, Enterobacter spp., Serratia spp., Proteus spp.,
Providencia spp., and Morganella spp.

microbiological contamination of water sources [25]. The use of gPCR for micro-
bial monitoring in wastewater and groundwater sources has made possible to detect
the presence of the so-called antibiotic-resistant bacteria (ARB), which currently is
becoming one of the most important concerns for public health. In relation to water
issues, ARB are an environmental water health issue associated with municipal
wastewater treatment plants and hospital wastewater [26]. Their spread in the
aquatic environment favors also the spread of genetic resistance material that can
be introduced in food chains resulting in a reduction of the antibiotics’ efficacy
against animal and human diseases. To date, methicillin-resistant Staphylococcus
aureus and vancomycin-resistant Enterococcus spp. are the most investigated ARB
[27]. Very recently (Feb. 2017), the World Health Organization (WHO) reported a
list of “priority pathogens list for R&D of new antibiotics” highlighting the
importance of this type of pathogens on research and the implementation of new
water treatments (Table 2).

4 Inactivation Mechanisms of Fenton and Photo-Fenton
Process

The inactivation of any microbial agent means the loss of their growth capability,
and the objective of any water disinfection process is to effectively inactivate
waterborne pathogens. To obtain a successful inactivation, the chemical or physical
agent applied must generate injuries in key biological structures (mainly proteins,
lipids or DNA) that leads to functionality losses ending in the cells’ inactivation or
death. In Fenton and photo-Fenton process, as it has been explained before, the
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generation of reactive oxygen species (ROS), and mainly hydroxyl radicals, is
considered the main responsible inactivation agents. ROS may react with proteins
and lipids at cell membrane site altering their functionality directly as well as
initiating the lipid peroxidation chains inside the cells increasing cell permeability
and leading to final inactivation [28, 29]. On the other hand, ROS may also react
with internal cells’ components, including DNA. In this case, the attack occurs at
the DNA bases or sugars leading to strand breakage and base release, generating
mutations and other genetic alterations [30].

The proposed mechanisms to explain the inactivation of microorganisms by
ROS and HO" generation during Fenton and photo-Fenton process are shown in
Fig. 2. It is accepted that generated HO" (via Reactions 1-8) attacks mainly the
external cell membrane leading its degradation and resulting in microorganism
death. This degradation will depend on the reaction rate of HO" generation, and
considering the short living of this radical, the attacks will occur only locally, at cell
membrane level, and therefore, diffusion to inside cells cannot be considered.
However, other reactions may take place at internal cell level which may also be
considered as source of oxidative damage, especially in the case of photo-Fenton
driven at near-neutral pH, where the reaction rate of external HO® generation is
reduced compared with those occurring at acid solutions [14]. Briefly, the main
reactions that may occur inside cells are summarized as follows:

1. Near UVA light may inactivate enzymes, including catalase (CAT) or super
oxygen dismutase (SOD). Their inactivation will lead to increased intracellular

Classical reaction External Photo-Fenton reactions
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Fig. 2 Summary of the main reactions pathways involved during bacterial inactivation by photo-
Fenton
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concentrations of HyO, and O, as they are responsible for the elimination of
these metabolic generated ROS [31]. Moreover, other protein like ferritin may
be also damaged, which will determine an increase release of Fe®* [31)].

. Some intracellular photosensitizers may absorb photons in the UVA and visible

spectrum and attack biomolecules or react with O, generating ROS such as HO",
H,0,, '0,, and O, . Another source of intracellular ROS increment can be
generated by the oxidation of flavoproteins (FADH,). As a consequence, intra-
cellular iron-sulfur clusters [4Fe-4S] may be oxidized leading other proteins,
release of Fe** and generation of H,O,.

. Fenton and photo-Fenton intracellular reactions by diffusion of added H,O, and

Fe?*. The diffusion may occur as H,O, is relatively stable and uncharged (unlike
HO" and O,"") and Fe?* may freely diffuse favored by osmotic forces into the
cells.

. Fe** (with a higher charge density than Fe?*) can be adsorbed on specific

membrane-binding proteins, leading the deposition of iron on the external cell
membrane and the formation of Fe>*-bacteria exciplexes. Therefore, this means
a possible way of direct oxidation over the cell membrane (proteins and lipids)
by HO" generation, and the subsequent regeneration of Fe**.

. Iron oxides including magnetite, goethite, lepidocrocite, or feroxyhyte can be

generated after precipitation of iron at near-neutral pH as oxyhydroxides and
further oxidation [32]. Iron oxides can be adsorbed onto bacterial surfaces, and if
H>0, and light are present, they can act as semiconductors and/or heterogeneous
catalysts.

S Fenton Process: Examples of Application

The application of “classical” Fenton process for water disinfection has not been
widely extended or intended for real applications due to several practical reasons:

1.

The limitations of HO® generation by the low kinetic rate of Reaction 2;
meanwhile, the opposite trend occurs in the case of classical photo-Fenton, as
the irradiation of the system strongly increase the oxidative capacity of the
process. This is clearly observed in many works in the literature where the
efficiency of Fenton and photo-Fenton applications for water treatment is com-
pared, for example, the inactivation of F. solani spores using solar photo-Fenton
(Fig. 3).

. The higher amount of iron is needed to obtain good disinfection rates, consid-

ering that reagents are one of the most important costs for real or industrial
application. In line with this, the development of modified Fenton reagents to
increase the oxidative capacity of the system will be also a disadvantage as
advanced and costly techniques are required to obtain doped or modified iron
oxides. Nevertheless, several recent contributions on this area have been
reported in literature. A recent study on modified Fenton system including
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Fig. 3 F. solani microconidia concentrations in simulated municipal wastewater effluents
(SMWWE) for 5 h dark Fenton (at pH 3) (a) and solar photo-Fenton (at pH 3 (filled triangle),
pH 4 (filled square), pH 5 (filled diamond), and pH 8 (filled circle) as function of solar cumulative
irradiance (Qyy)) (b) with 5 mg L~ ! Fe** and 10 mg L~ ! H,0,. Temperature and pH are shown
with dashed lines (Reprinted from [33], with permission from Elsevier)
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ascorbic acid and prooxidants for the inactivation of Cryptosporidium-contam-
inated drinking water samples has been published. In this work, the higher
efficiency on Cryptosporidium viability decrease (0% after 5 min of exposure
time) was obtained with 80 mg L' of iron(II), 30 mg L~ ! of ascorbic acid,
30 mmol of H,O,, and 25 mg L™" of prooxidants [34]. Castro-Rios et al.
investigated the capability of heterogeneous Fenton, using pillared clay prepared
by ultrasound and microwave in a semi-batch reactor for the inactivation of total
coliforms and E. coli in natural water from Pasto River [35]. Relative good
inactivation efficiencies were obtained in this work, between 42 and 75% in
180-240 min of treatment and where best operational conditions found were
pH3.7,0.5 g L' of catalyst load, and 0.12-0.18 mg L' of H,0, concentration
[35]. The inactivation of Ascaris lumbricoides eggs through a Fenton reaction
has been also investigated recently. In this study, maximum degradation (91.2%)
was achieved with 500 mg L~" dose of H,0, and a 3:1 (H202/Fe2+) molar ratio
at pH 6 [36]. The inactivation of Ascaris eggs with FeOx/C nanocatalyst and
H,0, and further modification procedure using iron oxide nanocatalyst
supported on activated carbon has been also investigated [37, 38]. In all these
works, in spite of the efficiency obtained, the amount of iron or modified iron
needed was very high which, from the economic point of view, is a clear
disadvantage.

6 Solar Driven Photo-Fenton Process: Examples
of Application

One of the driving forces on the progress of solar photo-Fenton process for water
disinfection has been their application using the solar Compound Parabolic Collec-
tor (CPC) reactors (Fig. 4) [39]. This static system consists on a cylindrical photo-

Fig. 4 View of several solar CPC pilot plants located at Plataforma Solar de Almeria, The Solar
Research Centre in Spain
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reactor placed on the linear focus of a parabolic reflective surface. This configura-
tion enhanced the collection of photons due to the reflector (mirror) geometry that
reflects indirect light onto the photo-reactor (receiver tube). Briefly, the main
advantages of this technology are collecting both direct and diffuse solar radiation,
the use of non-imaging concentration optics with diffuse focus, complete and
homogeneous distribution of photons at the absorber wall, and constant concentra-
tion factor (CF: 1) for all values of sun zenith angle within the acceptance angle
limit of 90° [39]. The CPC mirror made of anodized aluminum has the advantage of
a high reflectivity in the UVA range (87-90%) and 90% for the visible and infrared
fraction of the solar spectrum, with high resistance to the environmental conditions.
Typically, this reactor is operated by water recirculation; therefore centrifugal
pumps are used to permit a flow rate enough to guarantee a turbulent regime that
favors the homogenization of the sample.

The application of solar photo-Fenton for wastewater and surface water disin-
fection using CPC has been deeply investigated during the last years. A summary of
those works reporting experimental results of this technology to date are shown in
Table 3.

Since the first study reported by Moncayo-Lasso et al. [40] that demonstrated the
efficiency of solar photo-Fenton for surface water disinfection, a number of con-
tributions have investigated other aspects related to this process. A great part of the
research carried out by Pulgarin’s group has been focused on the use of this process
at very low levels of iron, H,O,, and near-neutral pH with the aim of disinfecting
drinking water. The treatment for drinking purposes requires obviously very mild
reaction conditions. In line with this, there are a number of articles investigating the
lethal effectiveness of low amounts of H,O, under sunlight for inactivating a
variety of pathogens for drinking also at pilot scale [45, 47, 53]. The effectiveness
of this process is also attributed to photo-Fenton mechanisms at intracellular level
[57, 58]. On the other hand, disinfection of wastewater involves a number of
chemical and biological complex reactions which determine the use of photo-
Fenton under strongest conditions, i.e., higher concentrations of Fe and H,O,, to
guarantee the quality of the treated water for disposal or reuse [52].

Recently, significant research has been done to show the most important findings
related to the effect of fundamental parameters as described below:

1. Type of pathogen: different microbial or waterborne pathogens have been
evaluated, ranging from the very well-known Escherichia coli to the high-
resistant spores of Clostridium sp. and human viruses [59]. In 2013, Agull-
6-Barcel6 et al. [43] reported an experimental work investigating, among other
solar processes, the efficiency of solar photo-Fenton for secondary effluents
disinfection focusing on the inactivation of several groups of naturally occurring
pathogens. Figure 5 shows the influence of the type of microorganism on the
inactivation efficiency at acidic (optimal for photo-Fenton) and neutral
pH. These results clearly show that monitoring a single pathogen may not be
sufficient to assure a low microbial risk of the water. Moreover, the influence of
the pH on the processes was investigated, demonstrating the benefits of acidic
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Table 3 Chronology experimental contributions on surface and wastewater disinfection by solar
photo-Fenton at acid and near-neutral pH in CPC reactors

Water
volume | [Fe**]:[H,0,]*
Water source | Microbial target (L) (mg L’l) Reference
River E. coli 20 0.6:10 [40]
SE Total coliforms 80 5.58-Fe,(S0y) | [41]
* 4+ 71.5-
EDDS:50
SE Antibiotic resistant (ofloxacin and tri- | 250 5:75 [42]
methoprim) Enterococci sp.
SE E. coli, Spores of sulfite reducing 10 10:20 [43]
clostridia, somatic coliphages,
F-specific RNA bacteriophages
Synthetic SE | E. faecalis 7 20:50 [44]
Well Total coliforms, E. coli, Salmonella 25 0.01-natural [45]
spp- Fe:10; 0.23-Fe
oxides: 10
Real and E. coli and E. faecalis 20 10:50 [46]
synthetic SE
Well Total coliforms, E. coli, Salmonella 25 0.01-natural [47]
spp- Fe:10
SE Wild enteric E. coli and total coliform |7 20:50 [48]
SE Antibiotic resistant (clarithromycin 60 5.02-Fe**:160 [49]
and sulfamethoxazole) Enterococci (pH 4)
sp.
SE and syn- | Fusarium sp. No inactivation at natu- | 60 5:60 [50]
thetic SE ral pH
SE Clostridium sp. 60 10:50 [51]
SE Multidrug resistant E. coli to ampicil- | 8.5 5.02:10 [52]
lin, ciprofloxacin, and tetracycline
Alkaline Wild total coliforms, E. coli, Salmo- 25 0.10-total Fe: [53]
surface nella spp. 10
SE Bacillus sp. and Clostridium sp. 60 10:80 (pH 3) [54]
SE Curvularia sp. 60 10:20 (pH 3) [55]
Groundwater | E. coli and Klebsiella pneumoniae Natural iron- [56]
0.3:10

Modified from [15] and updated

SE secondary effluents from municipal wastewater treatment plant

“Reagent concentrations leading faster inactivation kinetics

conditions against neutral pH. This work also confirmed that solar photo-Fenton
at pilot plant scale is capable to strongly reduce the microbial load on secondary
effluents achieving the required levels established in different national and
international guidelines for wastewater reuse [43]. Recently, the presence of
antibiotic-resistant bacteria (ARB) has attracted the interest of research, and the
efficiency of Fenton and photo-Fenton for reduction of both ARB and ARG are
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Fig. 5 Inactivation of naturally occurring E. coli (filled square); SRC, sulfite reducing clostridia
(filled inverted triangle); SOMCPH, somatic coliphages (filled circle); and FRNA, F-specific
RNA bacteriophages (filled triangle) in secondary effluents by solar photo-Fenton with 10 mg L™!
of Fe*? and 20 mg L~! of H,0, at pH 3 (a) and natural pH (b). UVA irradiance (dashed line) and
temperature (dashed line) (Reprinted from [43], with permission from Elsevier)

also found in literature [49, 60]. Ferro et al. [52] investigated at pilot scale the
capability of solar photo-Fenton on the inactivation of a multidrug resistant
E. coli to ampicillin, ciprofloxacin, and tetracycline. In this work, performed at
pH 4, best inactivation rate was attained with 0.090/0.294 mM of Fe2+/HzOz. In
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addition, the antibiotic resistance of the survived colonies was analyzed by
Kirby-Bauer disk diffusion method. These results demonstrated that the antibi-
otic resistance did not decrease the ARB quality by this solar process, therefore
other processes with a higher oxidative capacity may be found to combat this
issue in water [52].

2. Type of water matrix and influence of natural organic matter: this is a critical
parameter, where the majority of the studies conducted at pilot scale show a
negative effect or a reduced effect produced by the presence of NOM on the
photo-Fenton efficiency. Ortega-Gomez et al. [61] demonstrated the competitive
role of NOM (using resorcinol as a model of organic matter) in clean water for
the oxidant species (HO") against bacteria (Enterococcus faecalis) when a photo-
oxidation and photo-disinfection processes are occurring simultaneously. These
authors confirmed this negative effect at high resorcinol concentrations (20, 30,
and 40 mg L™") and for different photo-Fenton reagent concentrations (Fe**/
H,0,: 2.5/5, 5/10 and 10/20 mg LY. For high concentrations of NOM, the
photo-Fenton might be worked at stronger oxidative conditions.

As previously mentioned, secondary effluents from a wastewater treatment plant
represent a challenging condition, due to it contains not only a high complexity of
ions and organic matter but also the presence of a rich consortium of microorgan-
isms which makes this water harder to purify. Recent contributions have demon-
strated the important influence of complex wastewater on the efficiency of photo-
Fenton for disinfection using real secondary effluents in a solar pilot reactor
[46, 50]. As an example, Fig. 6 shows a comparison between the inactivation of
spores of Curvularia spp. (a phytopathogenic fungi) by solar photo-Fenton at pilot
scale and near-neutral pH in distilled water and in real secondary effluents [55]. The
high difference of both graphs clearly demonstrated that under similar operational
conditions, the significant effect of the water matrix plays an important role on the
efficiency of the process.

In addition, the very well-known effect of hydroxyl radical scavenging by
inorganic compounds such as carbonate/bicarbonate has been also investigated in
secondary effluents. Ortega-Gomez et al. [48] reported the influence of reducing the
amount of bicarbonate from secondary effluents in the inactivation rate of naturally
occurring total coliforms and E. coli by solar photo-Fenton in CPC reactors (Fig. 7).
They concluded that although reducing the concentration of bicarbonate in water
may enhance the inactivation rates of bacteria, when an excess of hydroxyl radical
is not generated, the negative effect of bicarbonate is attenuated.

3. Optimization of operational conditions: process optimization can be done via
reagents concentrations and pH, which is very important and desirable to remain
close to neutral for either drinking of wastewater reuse. Most of contributions on
this demonstrate that the addition of low concentrations of iron and H,O, lead to
high log removal of water pathogens (4—6 log reduction value, LRV), although
the treatment times to achieve these values are still longer (30 min to few hours)
than conventional disinfection methods, chlorination, UVC, and ozone. When
the process is run without the interference of other pathogens, NOM, or ions, the
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Fig. 6 Inactivation of Curvularia sp. by solar photo-Fenton at pilot scale reactor using several
reagents’ concentration in (a) distilled water at near-neutral pH and (b) real secondary effluents at
acid and near-neutral pH (Reprinted from [55], with permission from Elsevier)

behavior of disinfection at higher reagents concentrations did not show a clear
enhancement, as observed in Fig. 6a, where Curvularia spp. is inactivated in
distilled water [55]. Similar results have been reported for other pathogens

[33, 50, 62].
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Fig. 7 Influence of bicarbonate concentration on the inactivation of total coliform (open
circle) and E. coli (open diamond) in secondary effluent by solar photo-Fenton (20/50 mg L™
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HCO;™ =250 £ 12 mg Lt (Reprinted from [48], with permission from Elsevier)

On the contrary, it has been also reported that when the concentration of iron is
high enough (>10 mg L"), the negative effect of iron precipitates due to light
screening makes the disinfection process slower. Rodriguez-Chueca et al. [46]
investigated the influence of the presence of precipitated iron in the efficiency of
solar photo-Fenton under natural sunlight for the inactivation of E. coli and
E. faecalis. The precipitated formed at pH 5 with 10 mg L™" of iron added to the
sample negatively affected the inactivation results as compared with the samples
without iron precipitated and only in the presence of the little solved iron (below
0.1 mg L™"); this was especially clear in the case of E. faecalis (Fig. 8). In these
experiments, the lower efficiency in the presence of iron precipitates was attributed
to light screening of these suspended particles which induced higher turbidity in the
sample, reducing therefore the overall capability of the oxidative process. Mean-
while, this effect was not so significant in the case of E. coli, probably because
E. coli is a more sensitive bacterium as compared to E. faecalis, and the limited
oxidative action produced by this process in the presence of precipitated iron still
produced enough injuries in this higher sensitive bacteria, leading to complete
inactivation without differences between the presence or not of precipitated iron
(Fig. 8).

The modification of the classical photo-Fenton reactions is also actively
investigated for water disinfection with the aim of increasing the microbial inactiva-
tion rate by performing the process at natural water pH. In this sense, the
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main modifications on water disinfection by solar photo-Fenton are summarized as

follows:

1. Heterogeneous Fenton-like processes catalyzed by iron (hydr)oxide particles.

Nieto-Juarez and Kohn reported the removal by absorption and inactivation of
MS?2 coliphage at near-neutral pH, with 200 mg L™' of commercial hematite
(a-Fe,03), goethite (a-FeOOH), magnetite (Fe;O4), and amorphous iron(iii)
hydroxide (Fe(OH)3). In general, all particles exhibited a similar virus adsorp-
tion capacity and inactivation, although their exposition to sunlight and H,O,
drastically enhanced the inactivation rate [63]. Recently, hematite (a-Fe,O3),
goethite (a-FeOOH), wiistite (FeO), and magnetite (Fe;O,4) at concentration of
0.6 mg L' Fe** with and without addition of 10 mg L~! H,0, under solar
radiation were also investigated for bacterial inactivation at neutral pH. It was
demonstrated that all the semiconductor iron (hydr)oxides showed photoactivity
under sunlight with the exception of magnetite which was the only one that
needs H,0, as electron acceptor [64].

2. H,0; versus persulfate (PS). To date, sulfate radical (SO, ™) has been increas-

ingly applied as an efficient oxidant for water treatment. A recent contribution
has demonstrated an E. coli O157:H7 inactivation five times faster via persulfate
(S,04°7) activation using Fe?* than HO". This capacity was attributed to the
highly selective reactivity of SO4°~ with electron-rich moieties present on the
cell membrane of E. coli [65]. Garkusheva et al. [66] also have reported about
the feasibility of the solar/PS/Fe** system for removal of herbicide atrazine
(4 mg L~') and inactivation of E. coli (10° CFU mL ') in several water matrixes
(milliQ, lake, and diluted wastewater) [66]. Another interesting application of
this process was performed for the treatment of ballast water using PS activated
with zerovalent iron (Fe®) as a chemical biocide against two species of
marine phytoplankton, Pseudonitzshia delicatissima (a diatom) and Dunaliella
tertiolecta (green alga) [67].
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3. Iron chelates. The complexation of iron with several chelates to make it soluble
for longer periods has been widely investigated during the last years. Many
examples of the investigation of complexes with polycarboxylate ligands
like ethylenediaminetetraacetic acid (EDTA), citric acid and oxalic acid,
nitrilotriacetic acid, tartaric acid, and humic acids are found in literature
[15]. Recently the use of natural and/or artificial but biodegradable substances
like (S,S5)-ethylenediamine-N,N'-disuccinic acid (EDDS), an structural isomer of
EDTA. Regarding water disinfection, the first approach of the use of EDDS was
performed by Klamert et al. in 2012. These authors reported a slight increased
efficiency on the reduction of total coliforms (>3-log in 120 min) with 0.1 mM
of iron, 0.2 mM of EDDS, and 50 mg L' of H,0, in secondary effluents at
neutral pH [41]. Recently, Bianco et al. [68] reported on Fe/EDDS complex
activation by H,0, and persulfate ions for water disinfection. This work con-
cluded that HO" seems to be more effective on the E. faecalis inactivation than
sulfate radical. Moreover, it is also discussed the dual role that EDDS concen-
tration plays on the final efficiencys, as it kept iron in dissolution at neutral pH but
also may act trapping generated radicals. And, the latter effect may overpass the
benefits of using EDDS and affect negatively the efficiency of the process if the
concentration of EDDS is not well selected [68].

7 Concluding Remarks

Fenton and photo-Fenton reactions have widely demonstrated their capability to
treat and disinfect different types of water sources. In the last years, especially solar
photo-Fenton driven by natural sunlight has gained great attention due to its high
efficiency for disinfection of secondary effluents (wastewater).

The chemical composition of secondary effluents plays a very important role on
the efficiency of photo-Fenton for water disinfection. The presence of organic
matter is considered as the main competitor for hydroxyl radicals against bacteria;
nevertheless, other parameters like inorganic compounds and natural occurring
pathogens also play a competition for HO" and, therefore reducing the efficiency
of the process.

As for other disinfection techniques, the biological nature of the waterborne
pathogens is also a key parameter on the photo-Fenton efficiency, with the following
gradient of susceptibilities: non-forming spore bacteria < fungi < viruses < forming
spore bacteria < helminths < protozoa. When using photo-Fenton for disinfection of
secondary wastewater effluents, the presence of different groups of pathogens and the
composition in terms of organic matter make the scenario quite complex, which may
require additional investigation to assure the final microbial quality of the treated
effluent and low health microbial risk when considering reclaimed wastewater.

Up to date, there is no commercial application of this process for water disin-
fection yet; nevertheless, the scaling up of the process from laboratory to pilot plant
scale (dozens of liters) has been widely demonstrated. In line with this, the use of
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solar CPC reactors has been demonstrated to be a good technological option for
solar photo-Fenton application as a tertiary treatment for secondary wastewater
effluents disinfection.

The current trend on photo-Fenton research is to increase the process efficiency
at near-neutral pH. Nevertheless, many aspects related to microbial inactivation in
water by iron chelates and iron oxides under solar radiation are unknown, and new
findings are expected to increase the knowledge in this area.
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Abstract The production of drinking water with good quality including the chem-
ical, microbiological, and aesthetic characteristics remains one of the main con-
temporary challenges for drinking water industry. As the most predominant and
problematic earthy-musty taste and odor (T&O) compounds are recalcitrant to
conventional water treatment, advanced oxidation processes (AOPs) have been
recently studied and employed in drinking water treatment for taste and odor
control. In the light of recent developments, the present chapter reviews the
effectiveness of various AOPs for T&O compounds removal from aqueous
media. More specifically, an overview of the recent research studies dealing with
AOPs for the removal of geosmin, 2-methylisoborneol, 2,4,6-trichloroanisole,
2-isopropyl-3-methoxypyrazine, and 2-isobutyl-3-methoxypyrazine from water
reservoirs and drinking water, is presented. The fundamentals and experimental
setup involved in relative technologies and the effectiveness of each process are
further discussed. Special attention was also given to the degradation products and
mechanisms that have been proposed for all the compounds in interest. Future
research directions regarding the application of AOPs for T&O control and recom-
mendations for further development are also highlighted.
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1 Introduction

Taste and odor (T&O) are two important aesthetic characteristics of the drinking
water and problems associated with both of them are of growing interest. Various
compounds causing taste and odor problems have been identified up to now in
source water and in distribution systems. The majority of them can be perceived at
very low concentrations in the ng L' range and can be assessed directly with
human senses [1-3]. Although T&O compounds usually do not pose a health risk in
commonly detected concentrations, their presence has been associated with its
quality and safety, resulting in general decreased consumer acceptability and
consequently in an increase of bottled-water consumption [4]. Changes in aesthetic
properties of drinking water can also impart major costs to the drinking water
industry, whereas important T&O episodes can affect treatment plant operation and
even cause severe drinking water shortage, as well [3].

Numerous compounds have been identified during T&O events in drinking
water including p-ionone, p-cyclocitral, cis-3-hexen-1-ol, 1-penten-3-one, various
aldehydes [5—7], sulfur-containing compounds such as hydrogen sulfide, mercap-
tans and organic sulfides often emitted from sewage and wastewater treatment
plants [8], benzothiazole and its derivatives [9], chlorophenols, bromophenols
[10], and trihalomethanes [11]. The most reported compounds in literature that
cause unpleasant taste and odor in ng L~ levels (Table 1) are the geosmin (GSM),
2-methylisoborneol (2-MIB), 2,4,6-trichloroanisole (TCA), 2-isopropyl-3-
methoxypyrazine (IPMP), and 2-isobutyl-3-methoxypyrazine (IBMP) [12-
14]. The basic physicochemical properties of T&O of interest are summarized in
Table 2 [15-20].

In view of the global concern about the aesthetic characteristics, a drinking water
taste and odor wheel was developed by Suffet et al. [22] and identifies the main
tastes and odors in water. According to Fig. 1, the eight major odor categories are
earthy-musty, chlorinous, grassy, sulfurous/septic, fragrant/vegetable, fishy/rancid,
medicinal, and chemical [22-24]. Specific descriptors for each odor category are
also given.

Compounds giving rise to taste and odor in water can be derived by both natural
and anthropogenic sources (Fig. 2), and the corresponding episodes may be devel-
oped from either one or the other or a combination of both. They are mainly produced
by numerous benthic and pelagic aquatic microorganisms, such as cyanobacteria and
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Table 1 Chemical structure and odor/taste threshold of the selected T&O compounds [1, 21]

Odor threshold Taste threshold
Compound Structure (ng L’l) (ng L’l)
Geosmin 4 7.5
OH
2-Methylisoborneol (2-MIB) 15 2.5
/ 7\OH
2-Isopropyl-3- 0.2 9.9
methoxypyrazine (IPMP)
_ | XN
2-Isobutyl-3- 1 0.4
methoxypyrazine (IBMP)
(¢)
- | X
N~
2,4,6-Trichloroanisole - 0.03 25
(TCA) o
cl cl
Cl

actinomycetes that emerged in eutrophic surface waters. In addition, odorous com-
pounds can be formed as by-products during oxidation and disinfection of drinking
water as well as in the distribution systems through leaching from the polyethylene

pipes [23].

Conventional technologies such as adsorption with the use of granular activated
carbon (GAC), powered activated carbon (PAC), alum coagulation, and sand
filtration [25, 26] have been used to remove T&O from the water. Although
adsorption is widely applied for the control of taste and odor, extremely high
dosages of the adsorbent are required many times, whereas the presence of natural



M. Antonopoulou and I. Konstantinou

182

0vc 01 X €T 6'81 16°¢ 001 LY'11T OfID°H"D (VD) S10SIUBOIO[YILL-9}'T
98—¢€8 o0 X Iy 61 [7%4 0'v€01 TT991 O°N"'"H®D (dINgD?uIzeikdAxotow-¢-[K1nqos]-g
STI-0T1 6 0L X I'E TLI 1T 0°8€HC 61TS1 ONC'H®D | (dIANdD) @urzeikdAxoypow-¢-[fdoxdos]-g
L6l ¢ 01 X 68 0c €r'e Sv6l1 8C'891 0%H'"D (dIIN-7) 109u10qOsTIAION-T
91 ¢ 01 XTI 8'1¢C L'e 0°LST 1€°C81 O%H*'D UIsosny
Do | fowr . une (o o QT | moy o[ | 3w Aiiqniog JyStom e[NWIOJ punodwo)
jurtod Suriog | JueIsuod me[ s AUy | ANfIqezirejod Ie[NO[O]A Ie[NOOA

[0Z—S1] 1s21a1ut Jo spunodwiod 29, Jo senrodoid [eorwoyooorsAyd orseg g Jqe],



AOPs Methods for the Removal of Taste and Odor Compounds 183

o W

_ Model airplane glue

” Sweet solvent al .
B S\iet organic chemie@!| e rsical /

urine rbon
tic a) Hydroca -
eth eet (m?fq‘v‘jw‘v Miscellaneou
" 11 3-div Sweet (tutty-!
é%\'E.‘gyé:Adi“l;\ﬂr"yV\" e oo polish
p-Ethyl-5.5
-pentadiene -
1.3-Pent@ dan -
Unknown -
«Alkyl benzenes

* SWimming ooy
~Ozonoys [RENCANINS

JoUe 1Aueydiq -
Jeuzosq
Jousyd [AUON-p

L|BUBIPBUOU-9-S10-Z-SUBIL -

Fig. 1 The drinking water taste and odor wheel (reproduced from (Suffet et al. 1999) [22] with
permission from the copyright holders, IWA Publishing)

organic matter (NOM) usually leads to reduced adsorption capacity and simulta-
neously requires additional steps for the regeneration of the used adsorbent
[13, 27]. Common chemical oxidants such as chlorine, chlorine dioxide, or potas-
sium permanganate have also been applied mainly for the removal of earthy and
musty odor compounds, GSM and 2-MIB [1, 28]. Nonetheless, reduced removal
efficiency was often exhibited due to the resistance of the tertiary alcohols like
GSM and 2-MIB toward oxidation [29]. Rate constants for the reactions of both
aforementioned compounds with different oxidants are summarized in Table 3.
Chlorine dioxide, a selective oxidant which mainly reacts with activated aromatic
systems and deprotonated amines, has shown relatively low rate constants. Similar
low reactivity was exhibited for permanganate, which reacts predominantly with
olefins and phenols.

Other conventional water treatment methods such as thermal oxidation and
biofiltration involve high operating costs and could generate toxic secondary



184 M. Antonopoulou and I. Konstantinou

Anthropogenic Sources
Pog Natural Sources

Landfill
\ TASTE

Agricultural Activities NOM

Algae
Actinomycetes — Surface Water ——>
Cyanobacteria ODOR
Municipal Wastewater Protozea \
Crustacea....
A
Industrial Wastewater /'
Leakages and Direct
discharge
| Drinking Water Treatment Plant \
|
| Oxidation-Disinfection by- by L
k products ) > Distribution System

Fig. 2 Origins and sources of T&O compounds in the aquatic environment

Table 3 Second-order rate constants for the reaction of selected T&O compounds with common
oxidants M~!s™h [5, 30, 31]

Compound O3 HO’ Cl0O, KMnO,
Geosmin (GSM) 0.1 7.8 x 10° <1 <0.01
2-Isopropyl-3-methoxypyrazine (IPMP) 50 49 x 10° <10 <1
2-Methylisoborneol(2-MIB) 0.4 5.1 x 10° <1 <0.01
2,4,6-Trichloroanisole(TCA) 0.06 5.1 x 10° <107? <1

pollutants [8]. As conventional water treatment processes presented significant
weaknesses in order to act as a reliable barrier toward T&O control, the scientific
community puts the focus on the development of more efficient technologies for the
treatment and removal of T&O compounds [1, 32].

Among different alternative treatment options, AOPs have been proven as
emerging technologies with significant importance in environmental remediation
applications. In the last two decades, research activities have centered on AOPs for
the destruction of various categories of organic contaminants and especially
nonbiodegradable compounds [1, 14, 33]. More recently, AOPs have been applied
increasingly for the removal of T&O compounds, and until now numerous studies
have been devoted to the treatment of mainly five compounds, i.e., geosmin (GSM),
2-methylisoborneol (2-MIB), 2,4,6-trichloroanisole (TCA), 2-isopropyl-3-
methoxypyrazine (IPMP), and 2-isobutyl-3-methoxypyrazine (IBMP) [1, 14].

AOPs can be broadly defined as aqueous-phase oxidation methods based on the
formation of highly reactive species. Hydroxyl radicals (HO"), with oxidation
potential equal to 2.8 V, are the primary oxidants in AOPs, while other radical
and active oxygen species such as superoxide radical anions (O,"), hydroperoxyl
radicals (HOQ"), singlet oxygen (102), and holes (h*) are also involved. A number
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of systems can be termed as AOPs, and typical AOP systems can be divided into
chemical, photochemical, and electrochemical processes, as depicted in Fig. 3.
Most of them use a combination of strong oxidizing agents (e.g., HO,, O3) with
catalysts (e.g., transition metal ions) and irradiation (e.g., ultraviolet, visible) and
have considerable similarities due to the participation of hydroxyl radicals which
enhance the degradation process. In most cases, the complete mineralization of the
target pollutant into CO,, H,0, and mineral acids is achieved [1, 33, 34]. Hydroxyl
radicals are short-lived, simply produced, powerful electrophiles and unselective
oxidants [34] which have shown high rate constants with T&O compounds
(Table 3). Ozone has also been found to be a relatively good oxidant for T&O
compounds removal [5].

Even though the study of T&O compounds removal by AOPs has attracted the
scientific research quite recently, many scientific studies have already been
published as presented in a recent review on the evaluation and comparison of
various AOPs for the treatment of T&O compounds. The efficiency of the applied
process, reaction kinetics, effect of operational parameters and water quality,
identity of intermediate, and the possible transformation pathways have been
presented [1].

This chapter aims to give an overview of the most recent progresses and
achievements of various AOPs for the control of five T&O compounds in aqueous
media together with possible future challenges that should be addressed. Geosmin,
2-methylisoborneol, 2,4,6-trichloroanisole, 2-isopropyl-3-methoxypyrazine, and
2-isobutyl-3-methoxypyrazine are reviewed herein as: (1) they were identified to

ADVANCED OXIDATION

PROCESSES
CHEMICAL PHOTOCHEMICAL ELECTROCHEMICAL
Ozone treatment: O, UV/Vis light/ TiO,, ZnO, ete. Electro-Oxidation
HO-, HO,", HO;', 0, Oy’ HO+, 1*, 0, e-, '0,, HOY HO*
i 'S Electro-Fenton
0,/H,0, UV/H,0,/TiO, | system o
HO=, ;- Oy HO-, b*, 0, e-, '0,, HO,
UV/0,/TiO, system Electro-Peroxone
Fenton processes: HO- k', 0,7, e-, '0,, HO, HO-, O,
H,0,/Fe?* 2
HO+, HO," V-UV (3.< 190nm)
HO», H', e,

Ultrasonic treatment
HO-, He UV/Q,, UV/H,0, and UV/O,/H,0,
HO-, HO," 0,", Oy

Photo-Fenton processes
HO-»

Fig. 3 Types and classifications of main advanced oxidation processes
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be the major T&O compounds with extremely low taste and odor thresholds,
frequently detected in aquatic systems; (2) adequate data concerning their removal
with the application of AOPs are existing up to now in the literature. An extensive
presentation of the recent literature published in the past 4 years concerning the
removal of the selected T&O compounds using various AOPs is provided to gain
up-to-date information on the degree of degradation, reaction kinetics, identifica-
tion of transformation by-products, and possible degradation pathways. Further-
more, special attention is devoted to present important gaps that still need to be
investigated by the scientific community, giving the most important research
directions. In general, special emphasis is given to provide an updated integrated
picture of the current status and trends prevailing in the specific field.

2  Geosmin (GSM) and 2-Methylisoborneol (2-MIB)

Geosmin (GSM) (trans-1,10-dimethyl-trans-9-decalol) and 2-methylisoborneol
(2-MIB) are semi-volatile alicyclic alcohols and the most frequent and undesirable
earthy-musty T&O compounds detected in drinking water [35, 36]. Both com-
pounds are secondary metabolites produced by various microorganisms such as
cyanobacteria, actinomycetes, protozoa, molds, and fungi, causing major concern
for the drinking water industry [35]. GSM and 2-MIB are highly potent (detectable
to humans at <10 ng L™") and extremely stable, resisting natural degradation and
conventional treatment processes, as well [3].

Besides their frequent occurrence in water bodies, the concentration of these
T&O compounds in drinking water is not regulated in many countries, as they have
no known toxicological effects in environmental relevant concentrations toward
humans and most aquatic organisms. However, for satisfactory quality of drinking
water, a guideline level of 20 ng L™ in South Korea and 10 ng L™ in Japan and
China was established [36].

Several chemical and photochemical AOPs in both homogeneous and heteroge-
neous phase have been studied for the removal of GSM and 2-MIB. Ozonation and
associated oxidation processes (O3/H,0,, UV/O3, UV/O3/H,0,), Fenton (Fe>*/
H,0,) and photo-Fenton process (UVC/Fe**/H,0,, UVA/Fe**/H,0,, solar/Fe**/
H,0,), UV/H,0, oxidation, heterogeneous photocatalysis using various catalysts,
and irradiation sources as well as ultra-sonication have been applied with promising
results [1]. The feasibility of a number of AOPs was tested at low initial concen-
trations relevant to those found in environmental matrices. The efficiency of the
aforementioned processes was based on the formation of HO" radicals, resulting in
final concentrations lower than the human taste threshold. However, it was worth
mentioning that undesired transformation products (TPs) have been formed in some
cases, pointing out that simultaneous with the parent compound removal, the
overall abatement of T&O is vitally important. The presence of organic matter
[e.g., humic acids (HA) and/or fulvic acids (FA)] or inorganic ions (e.g., carbonate
and bicarbonate) in real waters was acknowledged as a limitation factor because
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they can act as scavengers of HO' radicals leading to slower degradation kinetics.
2-MIB was found to be more resistant to the removal by different AOPs than GSM,
due to the greater steric hindrance in its chemical structure [1].

Current research on the removal of GSM and 2-MIB by various AOPs in water
has been compiled in Tables 4 and 5, considering only the works published in the
last 4 years. Detailed experimental conditions, and water matrix, applied for each
treatment process, as well as results expressed as the observed degradation effi-
ciency, are presented.

UV/H,0, process showed promising results for the removal of GSM and 2-MIB
in both pilot and laboratory scales [37, 38, 45]. The efficiency of this process is
based on the formation of HO" radicals produced via photolysis of H,O, according
to the reactions 1-5 [48, 49]:

H,0, + hv — 2HO' k = Qppopla (1)

H,0, + HO" — HO, + H,0 k=27 x 10" M 's™! 2)
HO, + HO; — H,0, + 0, k=8.3x10° M 's™! (3)
H,0, + HO, — HO + 0, + H,0 k=3.0M 's”! (4)
HO +HO — Hy0,k=55x%x10° M~ 's™! (5)

where M is molarity (mol dm™ ), @H202 1s the quantum yield for photodissociation
of H,0,, I, (M s™') is the intensity of absorbed light, and k (M~" s™') is the rate
constant.

Optimal conditions during the UV/H,O, process were assessed using 300 ng L™
and 275 ng L' of GSM and 2-MIB as initial concentrations, respectively, and an
efficiency higher than 96% was achieved [37, 45]. The process is influenced by
many factors (e.g., parent compound concentration, pH, H,O, concentration, UV
intensity), and the removal by UV/H,0, was enhanced with an increase in H,O,
concentration and UV intensity. In contrast, removal efficiency decreased with
increasing parent compound concentration [37] and pH values [38]. Besides the
investigation of UV/H,O, process, UV/chlorine AOP for the destruction of both
compounds was also studied by Wang et al. [38]. This process is based on the
formation of both HO" and chlorine radicals ('Cl) produced from photolysis of
HOCI/OCI ™ at wavelengths less than 400 nm via Eqgs. (6)—(8) [50]:

HOCI + hv — HO" + CI (6)
OCl™ +hv — O~ +CI' (7)
0~ +H,0 — HO +HO~ (8)

The UV/chlorine process exhibited comparable efficiency at pH 7.5 and 8.5 with
the UV/hydrogen peroxide (UV/H,0,) process under parallel conditions but showed
higher efficiency at pH 6.5 [38]. The higher performance of UV/chlorine process was
attributed to the following factors: (a) at lower pH values, HOCI absorbs UV light
about 2.3 times more efficiently than H,O, producing more HO"; (b) HOCI reacts
more slowly with HO" than H,O, (rate constant with HO" for HOCI, 8.46 x 10* M~
s vs. 2.7 x 107 M™! s7! for H,O,) [38, 50-52]. A possible disadvantage of
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Table 4 Summary of AOPs removal performance for GSM

Initial
concentration

Matrix scale

AOP features

Removal
efficiency

References

514ng L™

Raw water (from drinking
water treatment plant)

UV/H,0, (laboratory scale)

Low-pressure UV lamp (254 nm)

[H,0,]: 1.93 mg L'

UV intensity: 86 mJem >

99.03%

[37]

300 ng L'

Raw water (from drinking
water treatment plant)

UV/H,0; (pilot scale)

UV system (low-pressure UV lamps /
254 nm)

[H20,]: 7.5 mg L'

UV intensity: 400 mJem 2

97.14%

[37]

~350 ng L™!

Water (from water purifi-
cation plant)

UV/chlorine

MP UV reactors

[Chlorine]: 10 mg Lt

UV dose: 2000 + 150 mJ cm >

pH: 6.5

>90%

[38]

~350 ng L'

Water (from water purifi-
cation plant)

UV/H,0,

MP UV reactors

[H,0,]: 4.8 mg L'

UV dose: 2000 + 150 mJ cm ™2

pH: 6.5

~85%

[38]

100ng L~!

Distilled water

UV/H,0,

Low-pressure mercury UV-C lamp (254 nm)

UV fluence = 3,348 mJ cm 2

[H205]: 20 mg/L

pH: 4.1-5.0

38.28%

[36]

100 ng L™

Distilled water

Fenton

[FeID], 2 mg L~ s [H,0,], 20mg L

pH: 4.1-5.0

<20%

[36]

100 ng L™!

Distilled water

Photo-Fenton

Low-pressure mercury UV-C lamp (254 nm)

UV fluence: 5,022 mJ cm 2

[Fe(ID], 2 mg L™ "; [H,0,], 20 mg L™~ "

pH: 3

78.86%

[36]

50ng L~!

River water

Photo-Fenton

Low-pressure mercury UV-C lamp (254 nm)

UV fluence: 3,348 mJ cm 2

[Fe(ID], 2 mg L~'; [H,0,], 20 mg L™

pH: 7.2-7.4

Final concen-
tration
<20 ng/L

[36]

40 pgL7!

Milli-Q water

UV/persulfate (PDS)

6 W low-pressure Hg UV lamp (254 nm/
1.79 mW cm?)

Io/V: 126 yuEs~' L™!

2 mM phosphate buffer

[PDS],, 10 uM; pH, 7.0

600 s reaction time

94.5%

[32]

40pgL7!

Reservoir water

UV/persulfate (PDS)

6 W low-pressure Hg UV lamp (254 nm/
1.79 mW cm )

Io/V:126 pEs ' L7!

[PDS]y = 100 pM, 20 °C

1,200 s reaction time

>95%

[32]

40 pgL7!

River water

UV/persulfate (PDS)

6 W low-pressure Hg UV lamp (254 nm/
1.79 mW cmfz)

Io/V: 126 yEs~' L'

[PDS], = 100 pM, 20 °C

1,200 s reaction time

>95%

[32]

(continued)
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Initial
concentration

Matrix scale

AOP features

Removal
efficiency

References

ImgL™"

Milli-Q water

UV-A (315-400 nm)/TiO,

F15 W/T8 black light tubes (max. emission
~365 nm; I, 71.7 mW cm™?)

[TiO,]: 200 mg L~

~100%
(in 30 min)

[39]

ImgL™!

Milli-Q water

UV-A (315-400 nm)/SiW 504"~

F15 W/T8 black light tubes (max. emission
~365 nm; I, 71.7 mW cm™?)

[SiW1,040%7]: 200 mg L™!

~100%
(in 120 min)

[39]

100 ng L™

Milli-Q water

UV-A/TiO,-USY zeolite composite coatings

UV-A lamps (Hitachi, FL8BL-B, 8 W
wavelength, 320-4,000 nm)

TiO,~USY zeolite composite coatings (6 mg
of zeolite +4 mg of TiO,)

99%
(in 120 min)

[40]

100 ng L™

Milli-Q water

UV/TiO; pellets

Bed reactor-UVB lamps (100 W; spectral
output, 280-330 nm)

Hombikat K01/C TiO, pellets (22 kg)

96%

[41]

18.5ng ™!

Fish farm water

UV/TiO, pellets

Bed reactor-UVB lamps (100 W; spectral
output, 280-330 nm)

Hombikat K01/C TiO, pellets (22 kg)

91%

[41]

50ng L'

Distilled water

UV-A/immobilized TiO,

GE black light blue bulbs (8 W; spectral
range, 350-400 nm)

Immobilized TiO, (0.25 mg/cmz)

~80%

[42]

50ng L™

Tainted water (from a
recirculating aquaculture
system)

UV-A/immobilized TiO,

GE black light blue bulbs (8 W; spectral
range, 350400 nm)

Immobilized TiO, (0.25 mg sz)

~60%

[42]

ITpgL™!

Milli-Q water

Simulated solar light (SSL)/Pd/WO5

Simulated solar lamp

Light intensity:0.6 mWcm /0.8 mWem 2

[Pd/WO3):150 mg L™"

>99%
(in 20 min)

[43]

~10pg L7!

Surface water

Ozonation

pH: 7.9-8.1

T:23+£1°C

O; dose: 2 mg O3/mg DOC

45% (reaction
time, 40 min)

[13]

~10pg L7!

Surface water

Electro-peroxone process

Electrodes: anode was a Pt plate/cathode
was a carbon-polytetrafluorethylene (car-
bon-PTFE)

pH: 7.9-8.1

T:23+£1°C

O; dose: 2 mg O3/mg DOC

Current: 40 mA

54% (reaction
time, 5 min)

[13]

4ngL™!

Ultrapure water

Electrochemical oxidation (EO)/persulfate

Boron-doped diamond (BDD) electrode

Current density: 5.0 mA cm 2

[Na,SO4], 30 mM; pH, 2.0

Reaction time: 15 min (undivided cell)

~100%

[44]
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UV/chlorine AOP which needs attention is related with the potential formation of
chlorination by-products (DBPs), especially with the usage of high chlorine dose.
However, this limitation can be overcome by the careful management of chlorate
formation using low doses of free chlorine, promoting further research and potential
applications of the UV/chlorine process for the T&O control [38].

Photo-Fenton process, a combination of UV-vis irradiation with the so-called
Fenton’s reagent, consisting of a mixture of H,O, and Fe2*, has also been used for
T&O control. Photo-Fenton process was found to enhance the degradation of GSM
and 2-MIB compared to Fenton and UV/H,0, processes, by generating more HO’
radicals according to the following reactions (9—11) [36]:

Fe’* + H,0, — Fe*" + OH™ + HO' 9)
Fe*™ 4 H,0, + hv — Fe** + HO' + H* (10)
H,0, 4 hv — 2HO' (11)

The comparative study shows that the degradation followed the decreasing
order: photo-Fenton > UV/H,0, > UV > Fenton. The degradation was enhanced
by decreasing the pH, concentration of organic matter, and initial concentration of
the parent compound. However, the presence of organic matter (NOM, HA, and
FA) had only a slight influence on the degradation of T&O compounds, due to
sufficient UV fluence during the photo-Fenton process. The rates were found to be
dependent upon organic matter molecular size. The degradation efficiencies in the
presence of NOM increased with decreasing molecular size and followed the order:
NOM < HA < FA [36].

In real river water supplying a drinking water treatment plant (DWTP), a slightly
reduced degradation efficiency of both compounds was observed. Nevertheless,
with the application of photo-Fenton process, the guideline level in South Korea of
both GSM and 2-MIB was reached using initial concentrations under 30-50ng L.
The toxicity of the treated solutions was evaluated using D. magna, and the results
revealed the formation of nontoxic intermediates. During the photo-Fenton process,
dehydration and open-ring pathways were the main common degradation pathways.
For GSM, six aliphatic compounds were identified, i.e., nonanoic acid, isobutyl
isobutyrate, butyl butyrate, methyl isobutyrate, methyl methacrylate, and methyl
propionate [36]. 2-Methylenebornane, 2-methyl-2-bornene, camphor, 2-ethyl-1-
hexanol, nonanal, and isooctyl alcohol were identified during the treatment of
2-MIB by photo-Fenton process showing that 2-MIB degradation proceeds through
C—C dissociation and subsequent skeleton rearrangement as well [36].

In recent years, UV/persulfate process has proved to be an effective method for
organic compounds degradation, including GSM and 2-MIB [32]. This process is
based on the formation of sulfate radical (SO, "), a strong one-electron oxidant
with high-standard redox potential [E = 2.60 V vs. normal hydrogen electrode
(NHE)] [12, 53, 54], according to the following Eq. 12:
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8,07 +hv — 280, e=21.1M 'em™',¢p = 0.7 mol Einstein "' (12)

HO’ is simultaneously formed from the reaction of water and hydroxyl ions with
SO, [32, 55-57]:

SO,™ +$,0} < $,04” +S0;” k=55x10° M 's7! (
HO +$,0; < S0, +HO™ k=14x10" M 's™! (
SO, +H,0 — HSO; + HO" k=83 M 's! (
SO,” +HO™ — SO;” +HO k=65x10" M 's™! (

Second-order rate constants for 2-MIB and GSM reacting with SO, were
calculated to be 4.2 £ 0.6 x 10° M™' s™' and 7.6 £ 0.6 x 10° M ' s7',
respectively, at a pH of 7.0 [32]:

SO, + GSM — Oxidation products k = 7.6 + 0.6 x 10° M~'s™! (17)
HO' + GSM — Oxidation products k = 5.7 + 0.2 x 10° M~'s™! (18)
S0, + 2 — MIB — Oxidation products k = 4.2+ 0.6 x 10> M 's™!  (19)
HO" +2 — MIB — Oxidation products k = 4.3 0.6 x 10° M~'s™'  (20)

At neutral pH, HO’ contribution was found to be more significant than SO,"~ for
2-MIB and GSM in ultrapure water. Critical operating parameter dictating process
performance was found to be the dosage of persulfate. Although pH did not affect
the degradation directly, faster degradations of both compounds were observed in
acidic media using phosphate buffer. This trend was connected with the different
scavenging effects of hydrogen phosphate and dihydrogen phosphate species in the
aqueous media. The degradation rate was appreciably reduced in the presence of
bicarbonate and natural organic matter (NOM) acting as HO® and SO, radical
scavengers and directly affecting process efficiency.

The process was also effective in removing 2-MIB and GSM in real waters,
showing, however, slower degradation kinetics [32].

Heterogeneous photocatalysis, a process combining semiconducting materials
with various activating irradiation sources, can be characterized as the most studied
photochemical AOPs for the removal of GSM and 2-MIB. From a mechanistic
point of view, the reactions that take place, generating various species that can
oxidize water or organic compounds, are described below [35]:

TiO; + hv — ecg + hig (21)
Iy + H,0 — HO +H' (22)
02 +ecp = 0, (23)

0,” +H" — HO, (24)
HO, + HO, — H,0, + 0, (25)
H,0, + ecy — HO + OH™ (26)
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The most employed catalyst as clearly seen in Tables 4 and 5 is TiO, in different
forms (powder, pellets, films) [39, 41, 42]. Except this semiconductor, Pd
nanoparticle-modified WO3 (Pd/WO3) catalysts [43] and polyoxometalates [39]
have also been used for the photocatalytic degradation of 2-MIB and GSM. The
available studies showed that the degradation rates of both compounds are highly
influenced by the catalyst concentration. Other parameters that affect performance
are the light wavelength and intensity, the solution pH, the initial concentration of
the parent compound, dissolved oxygen (DO), and the water matrix (i.e., the
presence of humic substances, bicarbonates). Photocatalytic reactions usually
obey to Langmuir-Hinshelwood kinetic model which is reduced mainly to pseudo
first-order kinetics for pg L™" to ng L™ concentration ranges [39, 41, 42]. The
photocatalytic degradation and mineralization of GSM and 2-MIB in water were
studied and compared using SiW1204O47 (POM) and TiO,. Both photocatalysts
were found to be effective in degradation of target compounds. However, the
degradation of both compounds was slightly slower in the presence of POM.
Degradation pathway is proposed for target compounds during their photocatalytic
treatment. Quite similar intermediates have been identified, using either POM or
TiO, with HO" radical attack to be mainly responsible for the mechanism [39].

In the case of GSM, the majority of the primary identified intermediates were
cyclic ketones, whereas linear saturated and unsaturated products were produced as
a consequence of ring opening. During 2-MIB photocatalytic degradation, alcohol-,
ketone-, and diketone- derivatives of 2-MIB, oxygenated cyclic compounds, and
open-chain aliphatic compounds were identified [39].

As the use of catalyst in slurry form requires an additional treatment step to
remove them from the treated aqueous media, Hombikat K01/C titanium dioxide
pellets, immobilized TiO,, films consisting of N-TiO,/PDMS-coated SiO,, and stable
TiO,-USY zeolite composite coatings have also been used [40-42, 46]. All the
materials showed significant potential for the removal of extremely low GSM and
2-MIB concentrations in ultrapure and real water.

Heterogeneous photocatalysis is likely to benefit from the use of renewable
energy sources, thus the use of novel semiconductor materials with photo response
to visible light is also necessary. Xue et al. [43] studied the photocatalytic removal
of GSM in the presence of Pd/WOj3, and high removal percentages were achieved.
This catalyst also exhibited a superior reuse performance. 8a-Hydroxy-4a-methyl-
octahydro-naphthalen-2-one,  8,8a-dimethyl-decahydro-naphthalen-1-ol,  and
2-ethyl-cyclohexanone were identified as intermediate products [43].

In addition, E-peroxone process is an emerging technology which has been recently
used for the treatment of GSM and 2-MIB and combines conventional ozonation with
an electrolysis process according to the following reactions 27 and 28 [13]:

H,0,+ 03 - HO +0,” +H" + 0, (27)
0, +2H" 4+ 2¢~ — H,0, (28)

E-peroxone process typically involves the electrochemical conversion of O, in
the reactor (sparkled with O,/O5 gas mixture) to H,O,. The process presented great
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potential for the treatment of 2-MIB and GSM with significantly lower bromate
formation compared to conventional ozonation, for a given specific ozone dose
[13]. The efficiency of the process was attributed to the higher HO" production than
in conventional ozonation, thus enhancing the removal of the parent compounds
during water treatment. One more advantage of the applied technology was the in
situ formation of H,O, that could eliminate the problems associated with the use
and storage of concentrated H,O, [13].

However, it should be pointed out that the E-peroxone process may lead to a
reduced disinfection efficiency during water treatment, due to enhanced O3 decom-
position in the presence of H,O, [58]. Moreover, a posttreatment step is required for
the removal of residual H,O, [13].

Electrochemical oxidation, which uses boron-doped diamond (BDD) electrodes
in the presence of a suitable electrolyte, is a relatively new process in water
treatment and, therefore, less studied than other AOPs, for the control of T&O in
water [44].

Two mechanisms can be considered for electrochemical degradation of the
organic contaminants, (a) oxidation by the adsorbed HO® formed at the anode
surface, and (b) indirect oxidation in the liquid bulk by the oxidants that are formed
electrochemically in the presence of inorganic ions such as chloride, sulfate, or
phosphate [44, 59].

The relatively high removal efficiency of 2-MIB and GSM at BDD electrodes in
sulfate solution can be attributed to the formation of persulfate according the
reactions 29-31 [44]:

BDD + H,0 — BDD(HO ) + H" + ¢~ (29)
2HSO, —2¢~ — S,03 +2H" (30)
2803 —2¢” — 28,03 (31)

Other reactive species (e.g., superoxide and singlet oxygen) can also be gener-
ated in the EO, participating in the degradation process [44]:

2HO' + S,02” (BDD) — 2S0O2™+'0, + 2H* (32)
4HO' + S,0% (BDD) — 2802~ 420, +4H" (33)

High-current density and low-solution pH were found to be favorable for 2-MIB
and GSM degradation. In contrast, NOM acting as a scavenger of the generated
reactive species could reduce the removal efficiency. 2-MIB and GSM electro-
chemical degradation proceeded mainly through dehydration, b-scission ring open-
ing, and oxidation reactions [44].

Ultrasonic irradiation, an attractive AOP, has been considered as alternative for
2-MIB and GSM removal [28]. Although the formation of reactive species (e.g., H’
and HO") takes place through water sonolysis, according to the reactions 34—43
[60], the degradation of both compounds was found to proceed via pyrolysis, upon
cavitational collapse:
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H,0+))))) - H +HO’ (34)
0,+))))) =0 +0 (35)
0" +H,0 — 2HO" (36)

O +HO — HO, (37)

H + 0, — HO, (38)
2HO — H,0, (39)
2HO — H,0 + O (40)
H +HO — H,0O (41)
2H02 — H,0, + O, (42)
2H — H, (43)

A summary of transformation pathways of GSM and 2-MIB degradation apply-
ing various AOPs is presented in Figs. 4 and 5, respectively.

3 2,4,6-Trichloroanisole (TCA)

2,4,6-Trichloroanisole (TCA) is a typical T&O compound, which can cause
unpleasant taste and odor even at ng L' levels in drinking water [12]. Three
main routes can be considered for its occurrence in aquatic systems:
(a) biomethylation of the parent halophenols by actinomycetes [65] and fungi
[66] during the biological treatment process of wastewater or in water distribution
systems, (b) biotransformation of the parent phenolic compound by biofilm in
waterworks [67, 68], and (c) the leaching from the polyethylene pipes in the
distribution system [69]. In contrast to other T&O compounds, TCA has been
reported to cause cancer and potential genetic damages in human cells [12]. Several
methods have been investigated to remove TCA in different phases [70-72]. Based
on literature data, TCA is extremely resistant to removal by the conventional
treatment processes including coagulation and sand filtration [71]. Although, up
to now limited publications have been devoted to the removal of TCA from water
by advanced oxidation processes, the results are promising.

Ozonation and catalytic ozonation processes showed significant efficacy to
destroying TCA. Catalytic ozonation by various solid catalysts exhibited significant
removal efficiency for TCA in drinking water compared with the sole ozonation
[71,72]. It was proposed that HO" radicals produced during decomposition of ozone
contributed significantly to TCA degradation compared with molecular ozone
[5, 71, 72]. A possible reaction mechanism for catalytic ozonation of TCA has
been proposed by Qi and co-workers [71] and includes (1) chemisorption of ozone
on the catalyst surface leading to the formation of active species (HO") that could
oxidize TCA, (2) chemisorption of TCA molecules on the catalyst surface and their
further oxidation by gaseous or aqueous ozone, and (3) reaction between both
chemisorbed species of ozone and TCA. The factors which may affect TCA
removal are mainly the catalyst and ozone dosage. Ozonation-based processes
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may be also affected by the presence of natural organic matter and the pH of the
aqueous media [71, 72].

UV/persulfate process was also an effective method for the removal of TCA
[12].The second-order rate constant of TCA reaction with sulfate radical (SO,")
was determined to be 3.72 £ 0.1 x 10° M~ ! s~ ! [12].

SO,~ 4+ TCA — Oxidation products k = 3.72 + 0.1 x 10° M~'s7' [12] (44)
HO" + TCA — Oxidation products k = 5.1 x 10° M~'s7' [5]  (45)

As expected, increasing dosage of persulfate increased the observed pseudo first-
order rate constant for TCA degradation. The effects of water matrix [i.e., NOM,
pH, carbonate/bicarbonate (HCO37/CO327), and chloride ions (Cl7)] were also
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evaluated. Degradation rate of TCA decreased with pH increase from 4.0 to 9.0,
which could be explained by the lower radical scavenging effect of dihydrogen
phosphate than hydrogen phosphate in acidic condition (pH < 6). An inhibitory
effect of NOM on TCA degradation was observed that could be attributed to the
ability of NOM to act: (a) as an inner filter hindering the photolysis of persulfate
and (b) as scavenger of the generated radicals [12]. The presence of CO;2"/HCO;~
significantly decreased the efficiency, whereas a slight decrease of TCA degrada-
tion rate constant was observed in the presence of 10 mM CI .

The degradation mechanism of TCA was also investigated, and four oxidation
products [i.e., 2,4,6-trichlorophenol (TCP), 2,6-dichloro-1,4-benzoquinone, and
two aromatic ring-opening products] were detected (Fig. 6). According to the
literature data, TCA degradation is initiated by an electron abstraction of the
aromatic ring by SO, radicals and the consequent formation of a cation radical
(Fig. 6). Sequential reaction of the cation radical with H,O and O, produces an
organic peroxy radical, with subsequent elimination of methanol and superoxide
radical-generating TCP. Further hydroxylation and Cl™ release from TCP formed
the corresponding hydroquinone which is converted to 2,6-dichloro-1,4-benzoqui-
none by two-electron oxidation (Fig. 6). Subsequent oxidation of the identified
aromatic intermediates leads to ring cleavage and formation of aliphatic
products [12].

4 2-Isopropyl-3-Methoxypyrazine (IPMP) and 2-Isobutyl-
3-Methoxypyrazine (IBMP)

2-Isopropyl-3-methoxypyrazine (IPMP) and 2-isobutyl-3-methoxypyrazine
(IBMP) are two main taste and odor compounds found in aquatic systems and
drinking water. They cause a rotten vegetable odor and have been frequently
detected in water reservoir systems worldwide in concentrations ranging from
10 to 65 ng L! [14, 20, 73, 74]. Up to now ozonation, catalytic ozonation, and
heterogeneous photocatalysis have been studied for the removal of IPMP [14, 75,
76]. In general ozonation was found to be efficient for the degradation of IPMP in
aqueous solution with initial concentration in ng L' level [14]. The removal
efficiency of IPMP increased in alkaline pH and decreased with the increase of
initial concentrations of the parent compound. In comparative studies between
ozonation and catalytic ozonation, the latter was reported to be more efficient
[76]. However, in both processes the significant participation of HO" radicals was
proved [14, 76]. During ozonation, the TPs of IPMP were identified by GC/MS
techniques and  included  2-isopropyl-3-methylpyrazine,  2-hydroxy-3-
methylbutyric acid methyl ester, 3-methyl-2-oxobutanoic acid methyl ester,
4-methyl-2-oxovaleric acid, 2-methylpropanoic acid, 3-methyl-2-oxobutanoic
acid, and 3-methylbutanoic acid [14]. Qi et al. [76] found that the major interme-
diate by-products of IPMP in catalytic ozonation by y-AIOOH were aliphatic
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amines, i.e., methylamine, ethylamine, dimethylamine, n-propylamine,
n-methylethylamine, and diethylamine.

The photocatalytic degradation of IPMP has been also investigated using TiO,
Degussa P25 as catalyst in ultrapure water [75]. Under the studied conditions
(C=10mgL™", Crioo = 100 mg L™!, and I = 600 W m™~?), 95% of IPMP was
removed within 20 min of irradiation. The major transformation products of TiO,
photocatalysis of IPMP have been characterized by accurate mass measurements,
and the transformation was found to proceed through hydroxylation, oxidation, and
demethylation pathways. HO" radicals were found to be the most significant reactive
species during the photocatalytic process. The contribution of O,"~ and h* was also
confirmed. Based on the identified TPs during the applied AOPs (ozonation, catalytic
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ozonation, and heterogeneous photocatalysis) for the degradation of IPMP, the
transformation pathways are presented in Fig. 7.

Finally, the oxidation of IBMP in aquatic samples by ozone has been recently
reported [14]. At pH 6.8 the removal efficiency of IBMP (100 ng L") reached over
90% within 15 min of ozonation. Five intermediates have been identified by
GC-MS, i.e., 2-isobutyl-3-methylpyrazine, 1-(3-methoxy-2-pyrazinyl)-2-methyl-
1-propanol, 4-methyl-2-oxovaleric acid, 1-(3-methoxy-2-pyrazinyl)-2-methyl-1-
propanone, 5-methylcaproic acid, and 4-methyl-2-oxovaleric acid, and the possible
degradation pathway of IBMP by ozonation is depicted in Fig. 8.

5 Coupling AOPs with Other Treatment Processes

Despite that AOPs are effective processes for the removal of numerous organic
pollutants, their major limitation is related with their cost compared with other
conventional treatments [77]. The coupling of AOPs with conventional processes
has gained a lot of attention over the past several years for the treatment of water
and wastewater. In particular, a combination of both processes is expected to lead to
the highest efficiency and simultaneously reduce the overall treatment costs
[78]. These hybrid methods are also becoming popular for T&O control, as they
can generate complementary oxidation conditions and overcome the limitations of
the individual conventional methods.

UV/H,0, in pilot scale has been employed in combination with GAC adsorption
for the removal of GSM and 2-MIB during the bloom season (September to
November) [79]. The authors pointed out the benefits of the integration of processes
for the removal of emerging cyanobacterial metabolites, as well as the need for
further investigation of the process performance under extreme environmental
conditions [79].

Conventional water treatment processes integrated with ozonation for the T&O
control have also been recently studied at a drinking water treatment plant (DWTP).
GSM and 2-MIB were not removed effectively during the drinking water treatment
process and even seem to be increasing in the drinking water due to cell lyses and
re-circulation of filter backwash water. However, optimization of the process can
lead to the effective oxidation of T&O compounds [80].

Other configurations, like biologically active carbon (BAC) filters, have also
been combined with ozonation achieving high removal efficiency for GSM and
2-MIB. Simultaneously, bromate formation was controlled by lowering the pH less
than 7 [81]. A water treatment plant adopting O3-BAC process was evaluated by
Guo et al. [2], for the removal of multiple odorants causing different types of odor.
The combined process has exhibited high efficiency in the simultaneous removal of
GSM and 2-MIB, causing musty odor, and bis(2-chloroisopropyl) ether and the
thioethers, diethyl disulfide and dimethyl disulfide, causing septic odor. However,
for complete removal of the septic odorants, further treatment by sand filtration and
chlorination was required. It is worth pointing out that careful management of
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sedimentation process should be considered in order to avoid the release of odorants

in this treatment stage [2].



204 M. Antonopoulou and I. Konstantinou

(T

N
IBMP

aN
o tiﬂn

Q o}
MOH )\/H\H/ B )\/U\H/OH
© o}
Fig. 8 Proposed transformation pathways and main TPs of IBMP using ozonation (based on the
study [14])

Investigations in pilot scale for the removal of 2-MIB with a low- or medium-
pressure ultraviolet-based advanced oxidation process (AOP) were performed in a
water treatment plant (WTP) located in South Korea using flocculation/coagulation
followed by sedimentation, sand filtration, and final chlorination as the final step.
The comparison of the different experimental setup showed that low-pressure UV
AOP can provide higher removal rates with lower electrical energy demand com-
pared to medium-pressure systems [82].

An integrated process including coagulation, ozonation, ceramic membrane
ultrafiltration, and activated carbon filtration was investigated for the removal of
different pollutants including 2-MIB and GSM from micro-polluted source water.
The removal efficiencies were enhanced in the combined system reaching the
values of 96% for GSM and 88% for 2-MIB [83].

From a practical point of view, the integration of processes may be technically
and economically feasible. The possibility to minimize the dose of the oxidant
agent usually contributes significantly in the lower cost of the chemical process and
followed also by a lower cost of conventional process that can reduce the overall
cost while improving the overall removal.
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6 Conclusions

The number of studies dedicated to T&O control with the application of AOPs
follows an increasing trend during the recent years. Investigations on advanced
oxidation methods for degradation of T&O compounds are mainly referred to
ultrapure, river, and reservoir water in lab and pilot scale. With the application of
various AOPs, high removal percentages were achieved for the T&O compounds of
interest in ultrapure and real water samples. Percentages from ~60 to 100% of GSM
and 2-MIB and 95% of IPMP were removed by heterogeneous photocatalysis using
different catalysts and experimental conditions. UV/persulfate process led to the
removal higher than about 95%, 80%, and 90% for GSM, 2-MIB, and 2,4,6-TCA,
respectively. The removal of 2-MIB was approximately in the range of
~52-99.99% for UV/H,0, and up to 100% for photo-Fenton in acidic pH. In case
of GSM, ~38.28-99%, >90%, and 79% degradation were achieved with the
application of UV/H,0,, UV/chlorine, and photo-Fenton (pH = 3), respectively.
Large variations in compounds degradation from 27.5 to 90% were observed by
03-based processes (o0zonation, catalytic ozonation, and electro-peroxone process),
depending on the studied compound and the applied experimental conditions.

The water quality parameters like pH, NOM, and inorganic species played a
significant role in the whole processes. The presence of inorganic and organic water
constituents often inhibited the degradation of target pollutants through radical
scavenging mechanisms. The majority of the studies are focused mainly on the
investigation of the operational parameters and kinetics, while the identification of
the TPs formed during the processes is less frequently studied. Elucidation of
chemical structures of by-products to evaluate the degradation pathways is an
important demand. Data regarding the T&O potency of the TPs are limited up to
now, as well. T&O assessment of TPs is of great importance and should be included
in the various studies. Structure characterization of by-products and their simulta-
neous assessment of their possible taste and odor properties are closely related
topics of interest that need to be addressed and will give useful insights for the
applicability of a process on a practical level under real conditions. Additionally,
the existing studies are generally performed for individual compounds at concen-
trations close to those found in the environment and limited studies addressing the
degradation of mixtures of compounds.

The main conclusion arrived from the overall assessment of the literature is that
despite the current extensive research in T&O removal, significant knowledge gaps
remain. Overall, while there are promising results in removing T&O compounds
using AOPs under laboratory conditions and pilot scale, more intensive research is
needed before these methods can be considered as economically feasible and
practically sustainable alternatives in water treatment facilities. In order to promote
the feasibility of AOPs in the future, several aspects have to be more extensively
addressed. Thus, more work needs to be done (1) on the elucidation of the structure
of the products generated during the treatment, (2) on the study of the formation of
potential T&O intermediate products, (3) on the performance of complete
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economic studies for the estimation of the overall costs, (4) on the application of
integrated or hybrid systems for enhanced removal, and (5) on the assessment of the
processes for the degradation of mixtures of compounds. Moreover, a lot more is
needed from engineering design and modeling, related to their industrial develop-
ment and process scaling-up.
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