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Preface

Water is one of the most important resources for humans. In particular, freshwater is
extremely precious on the Earth, but it is heavily used for agricultural and industrial
purposes. It is estimated that water scarcity will be more prevalent in the poor countries in
view of population growth and environmental pollution. This problem will inevitably impact
economy and human health in future. Compared to freshwater, seawater is much more
abundant and numerous resources (e.g. seafood and minerals) can be found in the ocean.
Over the last few decades, however, marine pollution has been recognized as a global problem,
especially in the developing countries, due to rapid urbanization and industrialization.
Marine pollution can be caused by various sources, such as agricultural runoff, sewage
discharge from factories, oil spills in shipping industry and even atmospheric deposition of
pollutants. Given the high nutrient content in agricultural runoff, algal blooms are usually
triggered following eutrophication in coastal waters, culminating in mass mortality of
marine organisms and economic losses. Industrial sewage contains a variety of chemicals,
including heavy metals and organic pollutants, which can pose noxious effects on public
health and marine ecosystems due to their toxicity, persistence and bioavailability. The
biomagnification of toxic pollutants along the food chain can have serious repercussions
on marine ecosystems. It is noteworthy that marine pollution is not a local problem, but
regional problem due to the dispersal of pollutants via water current. As such, water quality
monitoring is indispensable to elucidate the potential impacts of pollutants on humans and
marine ecosystems. Apart from regular monitoring, water treatment technologies should
be applied to improve water quality and avoid the dispersal of pollutants so that water
resources, public health and marine ecosystems are protected. Despite the benefits of
these technologies, many developing counties cannot afford their high operating cost and
maintenance cost (e.g. sewage treatment plants using the most innovative technologies).
Green technology, such as phytoremediation, could be a possible option for these countries
to improve water quality. In this eBook, the water resource issues are generally addressed.
The technical details and procedures of how to conduct environmental monitoring and
risk assessment of pollutants are reviewed and illustrated by a case study. Regarding the
possible solutions to the issues, different water treatment technologies are discussed in
detail with respect to their principles, effectiveness and limitations. I hope that this eBook
can raise public awareness about the current issues of our water resources.

/JF\,

Thank you



{
C;eBooks
roup

About Editor

Jonathan Y.S. Leung earned his bachelor degree (BSc, 1st class honours) and master
degree (MPhil) at City University of Hong Kong. He was awarded International Postgraduate
Research Scholarship (IPRS) and Australian Postgraduate Award (APA), and then studied
for his doctorate degree (PhD) at the University of Adelaide, Australia. He is a marine
ecologist with broad research interests. In particular, he is interested in how environmental
factors, especially pollution and climate change, influence marine invertebrates from
physiological level to community level. Apart from marine ecology, he is collaborating
with Guangzhou University in China to study environmental chemistry and pollution
caused by anthropogenic activities. Over the last few years, his research areas have been
focusing on: (1) Impacts of hypoxia, ocean acidification and warming on the fitness and
survival of marine invertebrates (e.g. polychaetes and molluscs), (2) Ecological functions
of macrobenthic community in mangrove ecosystems following habitat modifications, (3)
Environmental monitoring and risk assessment of pollutants (e.g. heavy metals, PAHs,
PBDEs, etc.) in different environmental media, and (4) sewage treatment technology.

11



/
C;eBnoks
roup

Acknowledgement

I am thankful to Sara Williams for her assistance and patience throughout the publication
process, all authors who contributed to this eBook and the editorial term of OMICS
International for the technical support and publication of this eBook.



Y eBooks
Group

Sl No Content Page No

1  Environmental Monitoring and Risk Assessment of Contaminants 1-14
Water Quality in Urban Rivers: A Case Study for the Hawkesbury-

2 - - . 15-26
Nepean River System in Australia
Sewage Treatment Technology (E.G. Physical, Chemical and

3 . . 27-41
Biological Processes)
Water Treatment Technologies: Principles, Applications, Successes

4 |and Limitations of Bioremediation, Membrane Bioreactor and the 42-71
Advanced Oxidation Processes

5 Chemical pollutants in water and wastewater and related Ecotoxicity: 79-85

advanced developing technologies for organic degradation

VI




7
eBooks
oup

Environmental Monitoring and Risk
Assessment of Contaminants

Monika Goel and Mamta Baunthiyal*

Department of Biotechnology, GB Pant Engineering College, Ghurdauri, Pauri,
Uttarakhand, India

‘Corresponding author: Mamta Baunthiyal, Department of Biotechnology,
GB Pant Engineering College, Ghurdauri, Pauri, Uttarakhand, India, E-mail:
mamtabaunthiyal@yahoo.co.in

Introduction

Water is considered as one of the most important natural resource. Water is the most
essential asset of our day-to-day life as it is used for drinking, in agricultural and industrial
processes. Consequently, it plays a significant role in sustainable development processes.
It is considered that, in the world, the total volume of water available is constant and is
adequate to meet all the necessities of manhood, but its quantity and quality is uneven in
different parts of the world and thus causes the problems of scarcity and suitability. Today,
a number of factors are contributing to degradation of water quality. Key factors include
discharge of toxic chemicals and contamination of water bodies by substances that promote
to algal growth. On the other side, aquatic ecosystems are being threatened by a variety
of pollutants on a world-wide scale [1]. Enhancement of nutrients from various origins,
principally by domestic sewage, industrial and agricultural run-off, results into acceleration
of eutrophication. Surface water is being contaminated directly with metals discharged from
mining, industrial manufacturing and smelting. Likewise, when fossil fuels are burned, the
atmospheric moisture fuses with the gases produced and, falls as acid rain, and thus leads
to acidification of surface waters. In the time of the past few years, the human actions have
been increased dangerously, thus influencing the environment; and due to this, ecological
systems and the atmosphere are all critically affected.

Therefore, man is using and managing this scarce asset as judiciously and efficiently as
possible and for this task to be executed; we must have precise and satisfactory information
about the quality of water under constantly changing human activities. Water quality
monitoring is essential for protection of environment, management of waterways and in
identification of pollution events. Monitoring is done to provide information about water-
systems by taking measurements. This chapter begins with an introduction of water quality
which is followed by an explanation of what is environmental monitoring, a discussion of the
steps involved in water quality monitoring, and finally, the assessment of risk contaminants
with respect to human health and ecological systems has been discussed.

Water Quality

The term “water quality” is defined as “those physical, biological or chemical characteristics



of water by which the user assesses the appropriateness of water”. For example, limitations
are made on the concentrations of toxic substances for the purpose of drinking water, or
restrictions on pH and temperature ranges for invertebrate populations leaving in water.
Many factors, such as, turbidity, colour, odour, and taste of water, whether of natural or
other origin, affect consumer behavior and perceptions [2]. Industries such as irrigation,
paper, textiles and brewing, that use water, have their own particular water quality
requirements. For an instance, textile industry uses vast amount of water for cleaning the
raw material and to meet this requirement, we use water of low quality. To indicate the
quality of water, we determine the presence of contaminants as well as the characteristics
of water. The water quality indicators can be categorized as given in Table 1.

Physical Chemical Biological Radioactive Aesthetic

a) Colour

a) Turbidity and clarity b) pH

b) Temperature ) . a) Algae a) Odour

¢) Suspended solids © B{ologlcal Oxygen Demand b) Bacteria (E.coli and alphaz beta a_md gamma b) Colour
. ) d) Dissolved Oxygen . radiation emitters

d) Dissolved solids fecal coliform)

e) Organic and inorganic
compounds

Table 1: Different water quality indicators.

In order to determine whether water is suitable for use for which it is required and to
monitor the changes in water quality, these above indicators are measured. Suspended solids
are those solids which cannot be pass through a filter with a pore size of 2 micron(0.002cm)
. This includes algae, silt and clay particles, fine organic debris, and other particulate
matters.While, on the other hand, dissolved solids can be pass through a 2 micron filter and
it includes ions of chlorides, calcium, nitrate, sulphur, iron, phosphorous, etc. Designing of
water quality monitoring programs is a specialized field. The cost of a monitoring program
to assess all these indicators would be unaffordable; hence resources are typically focused
towards assessing those contaminants that are significant for the local environment or
else for a particular use of water. For example, for the purpose of drinking, we analyze
pH, odour, colour, turbidity and the presence of biological entities in the water. Human
interference has major effects on water quality [3]. More noticeable are the polluting actions,
such as the ejection of domestic, agricultural, industrial, urban and other wastewaters into
the watercourse. Water pollution is also caused by human faeces. Faecal pollution may take
place in underdeveloped and developing countries since there are no public facilities for
waste disposal, collection and management facilities are insufficient, or on-site sanitation
facilities drain into aquifers directly. Similarly, water quality is being affected by a wide
range of natural influences and the most significant of them are geological and climatic
influences, since these affect the quantity and the quality of water available [4]. Their impact
is usually greatest when water is available in low quantities and maximum use of it must be
made by the limited resources. For instance, high salinity of water is a recurrent problem
in coastal areas, but it is not feasible to desalinize sea-water or saline groundwater when
considering financial and technical resources. Natural happenings such as heavy rainfall
and storms lead to excessive erosion and landslides, resulting into the increase the content
of suspended solids in affected lakes and rivers. Fortunately, the use of water that has the
highest demands for quantity often requires the lowest demands for quality. For instance,
drinking water requires water with the highest quality but in comparatively small quantities.

Environmental Monitoring

Monitoring is defined by the International Organization for Standardization (ISO 5667)
as: “the programmed process of sampling, measurement and subsequent recording or
signaling, or both, of various water characteristics, often with the aim of assessing conformity
to specified objectives”. This common definition can be distinguished into three types of
monitoring activities as:
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* Monitoring is the long-term, homogeneous measurement and observation of the
environment in order to define status and developments.

* Surveys are the short-term, concentrated programmes to measure and notice the
quality of the environment for a definite purpose.

* Surveillance is continuous, definite measurement and surveillance for the purpose of
water quality management and functioning activities.

Water quality management is based on the foundation of water quality monitoring [5].
Monitoring delivers the information on the following matters:

a) Describe water resources.

b) Developing and applying water quality management programmes.

¢) Identification of real and developing problems of water pollution.

d) Construction of plans and setting importance for water quality management.

e) Evaluation of the usefulness of management activities.

Environmental Monitoring Strategy

The foundation of the whole water quality monitoring programme is the scoping and the
network designing step. Scoping and network designing of monitoring programme is based
on rich scientific understanding of monitoring objectives, related background information,
suitable methods and the characteristics of water systems. The key objective of the network
design should be to minimize the cost of environmental monitoring without surrendering
the desired data and statistics to the level of accuracy. It is also imperative that the planned
monitoring activities should be practicable so that the objectives of the programme will be
met. Because of economic and practical considerations; sampling frequencies, monitoring
network design and rate of laboratory analysis should be determined on the basis of the
requirement of the information [6]. Moreover, it is also imperative to improve the amount
of efforts required and its significance to achieve the set objectives. Hence, to execute this,
it is mandatory to prepare a study plan that consists of the objectives of the monitoring
programme and a complete explanation of the monitoring area. The study plan should
include the localities and sampling frequency and the variables required for analysis.The
key components of a study plan include a clear declaration of scopes and objectives, a
description of the concerned study area, an explanation of the sampling locations, a list of
the water quality variables which will be measured, recommended timing and frequency of
sampling, an estimation of the assets that are required to implement the network design,
and a proposal for quality control and quality assurance. The principal reason behind
the execution of water quality monitoring is to verify whether the observed water quality
is appropriate or not for proposed uses. However, monitoring is done toexamine how
the environment is being affected by the discharge of contaminants, by waste treatment
procedures or by human actions.

The monitoring and valuation of water quality is based primarily upon the fundamental
physical, biological and chemical properties of water [7]. On the other hand, water quality
monitoring and its assessment are a method of analysis, clarification and communication
of assets in context of human activity and use, and the safeguarding of the natural
environment. Although it is not a stable process, yet it is adapted for native, national or
international requirements. The absolute aim of this is to provide information which is
suitable for management. Depending upon institutions, assets and importance, strategies
of management varies.



Steps Involved in Water Quality Monitoring

Water quality monitoring objectives

It is imperative to have rich understanding on the monitoring objectives before
formulation of any monitoring programme [8]. Therefore, it is mandatory that every person
who is involved in the programme team have to be completely aware of the monitoring
objectives, methodology, quality control and assurance, and other aspects of the monitoring
programme. Moreover, environmental monitoring must have an important role as well as
a clear purpose in the procedure of risk assessment and in control of pollution. The most
significant objectives of water quality monitoring programs may be as follows:

a) To detect any signs of deterioration in water quality.

b) To identify any water-body that does not meet the necessities of desired water quality
criteria.

¢) To evaluate efficacy of pollution control efforts that are already in existence.

d) To recognize any zone that is contaminated.

e) To identify nature and magnitude of pollution control which is has to be required.

f) To identify the mass flow of contaminants.

g) To determine the degree and effects of particular waste discharges.

h) To evaluate the efficiency of a water quality management interference.

i) To formulate water quality guidelines as well as standards for particular water uses.

j) To develop water pollution control programme.

Evaluation of resource availability

After knowing the monitoring objectives, it is imperative to evaluate the availability
of resources required for monitoring. Hence, it is important to make sure that following
resources are available before designing water quality monitoring programme:

a) Laboratory amenities

b) Sampling tools

¢) Funds to carry out the procedure of monitoring and for maintenance of laboratory
d) Transportation facility for sampling

e) Ample number of trained manpower

f) Equipment required to study desired parameters

g) Chemicals,glassware and other appliances required for investigation of desired
parameters

Area exploration

A monitoring programme generally covers the water-course system of a catchment
area (i.e. a main river, lakes, ponds, canals or streams, etc.). Thus the catchment area is
defined as the area through which water runs to the water-course. A few days consumed
to go through all accessible reports and records regarding the water quality of all waste
discharges might save numerous days of field work as well as may avoid the collection of
unusable data. Hence, it is significant to make a survey of the river in the course of the
planning stage and to note all sources of wastes, all incoming rivers or streams that might
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be a source of a potential pollutant. This act will also include a survey of geography, land
use, topography, hydrology, climate, weather, hydrogeology, urbanization, industrialization
and agriculture of the water course system. This information will help in network designing
and in planning the schedule for taking sampling.

This survey will give an overview of the geographical location of the water body to be
monitored, its accessibility all kind of human influences to decide appropriate sampling
location and also appropriate number of sampling locations. The survey may include
acquisition of information about location map, background information on water body,
human activities around the water body, identification of potential polluting sources, water
abstraction-quantity and uses, water flow regulation - schedule, quantity etc.

Network designing

In network designing, it is significant to examine the ideal number of sampling locations
and sampling frequency to achieve the desired objectives.

Sampling frequency: The frequency of a sample is based on the level of dissimilarity in
quality of water of a water- course. If there are large variations in a short interval of time,
a more sampling frequency is compulsory, and, if there is minor variation in the quality of
water, repeated collection of water sample is not required.

Criteria for selection of sampling site: The selection of sampling site is usually related
with the objectives of water quality monitoring. For instance, to carry out the appropriateness
of water for drinking water source, then the site of monitoring should be nearby to the
intake point. Some common criteria for selecting suitable sampling sites are:

i.  Locations such as drinking water intake points, irrigation canal off-take points should
be considered for water quality monitoring.

ii. Sampling sites should be situated both at upstream and downstream of major
pollution outfalls; for instance, sewage drains of a particular city.

iii.  All water samples must have the identical value of determinants as the water body at
the specific place and time of sampling.

iv. It is crucial that all sampling stations should be sampled almost at the same time in
order to enable comparisons among different sampling stations. Thus, in the period
of two weeks, all sampling should be done.

v.  Sites for biological sampling and chemical sampling should be matched with each
other.

vi.  For the assessment of the oxygen exchange rate of a particular river, a measurement
of cross section is mandatory.

vii.  Select those sites that are easily accessible as the sampling team has to carry sampling
tools with them.

viii.  Avoid those sites where the collection of samples can be dangerous in bad weather
(such as high flow).

ix.  Accessibility of sampling facilities such as bridges, water-boats, and opportunities for
walking is essential criteria while selecting the sites for sampling.



x. It is impossible to monitor the quality of groundwater of a specific area entirely as
there is large variation in its quality.

Water Sampling

Planning for sampling

Checklist for sampling includes travel plan for the trip (route, locations which are to
be covered), Map of area and sampling site and other equipments e.g , Weighted bottle
sampler, BOD bottles, Sample preservatives etc. Labeling of the sample container should be
done accurately, by attaching an appropriately labeledtag. On the other hand, a water-proof
marker can be used to mark a bottle. Information on the sample container or the tag should
include information about code of sample number, source and type of sample, date and time
of sampling, and sampler’s name.

Preservation, transportation and contamination control of the sample

samples should be preserved at a temperature of 4°C or below for Biological Oxygen
Demand (BOD) and bacteriological analyses and in the dark as soon as possible after
sampling. This means, they are usually placed in an insulated box consists of ice packs
in the field. These insulated ice boxes are used for transportation of samples after proper
labeling and preservation. Samples must be transported to the concerned laboratory and
in the laboratory; they should be transferred to a refrigerator as soon as possible. Analysis
of bacteriological samples should be done within 24 hours of collection. For the analysis of
Chemical Oxygen Demand (COD), it should be analyzed on the same day as of collection,
and if it is not possible, then preserve the sample below pH 2 by the addition of concentrated
sulphuric acid. For the detection of the presence of metals, samples should be acidified to
pH below 2 through concentrated nitric acid. Global Positioning Systems (GPS) is being
used to obtain data regarding accurate sample position [9]. On the other hand, it is equally
important to give special attention for the minimization of contamination. Therefore, for this,
experiments must be carried out in sterilized conditions to avoid contaminations. Sampling
bottles must be autoclaved, pipette tips should be used once, etc.

Instruments

Instruments and equipment that play an important role in field analyses is a thermometer
(such as gas thermometer, liquid-crystal thermometer, infrared thermometer, mercury-
filled thermometer, thermocouple, etc.), a conductivity meter, and a pH meter. Observation
of colour, odour, temperature, pH, electrical conductivity and dissolved oxygen should be
done as soon as possible after collecting a particular sample. In the recent years, with the
development of biosensors, it has opened a great perspectives to the onsite, simplified and
cost-effective monitoring of water quality [10].

Colour

For the determination of the colour of a sample, pour an aliquot of about 10mL of the
sample into a glass test tube and observe the colour. Options for colour are: brown, dark
brown, green, dark green, light brown, light green or clear.

Odour

Determination of the odour should be done as soon as possible after collecting a sample
in the field. For this, pour an aliquot of approximately SmL of the sample into a glass test
tube and smell the odour. Odour may be of one of the following options: odour free, soapy,
rotten eggs,fishy, septic,chlorinous, aromatic,alcoholic or asunpleasant.



PH

The three different methods for pH measurement are; pH indicator paper, electronic
meters and liquid colorimetric indicators. The best accurate method for measuring water pH
is through electronic meter. These meters are capable of measuring pH to the nearest 0.05
of a pH unit by using a ‘glass’ and a ‘reference’ electrode. It is essential to calibrate the pH
meter before measuring. After the calibration, the pH meter can be used to measure the pH
by placing the electrodes in water sample. The electrodes should be rinsed each time with
distilled water while determining the pH.

Temperature

Temperature should be measured in °C (degree Celsius), using a glass thermometer
which is mercury-filled or a thermistor [11]. Every time, the temperature should be measured
directly by dipping the thermometer in the water. If it is not possible, take about 500 mL
of sample in a glass container and measure temperature by the thermometer. Record the
temperature in degrees Celsius with 1 digit after the decimal point, for e.g. 16.2 °C.

Electrical conductivity (EC)

The capability of water to conduct an electric current is known as electrical conductivity
or specific conductance and it depends upon the concentration of ions in a solution.
Conductivity is measured in millisiemens per metre. EC can be measured with a conductivity
meter. Before measuring conductivity, it is essential to calibrate the meter. After the
calibration, the conductivity can be measured by immersing electrode in a sample of water
immediately as it is taken. The reading must be taken after the stabilization.

Laboratory work

The in-charge of the laboratory should maintain a register forwork assignment. An
approximation of time required for performing the analyses (such as pH, EC, BOD, etc.)
should be entered in the register [12]. Each analyst should have his/her own specific
register, where all laboratory analyses and calculations should be entered. After the required
analysis and calculations; the results must be recorded in the register having sheets of data
record.

Laboratory analysis

It is the duty of laboratory staff to perform the laboratory analysis within the specified
time and with accuracy. Table 2 describes the different measurement techniques used to
analyze parameters in the laboratory.

Significant figures after

Parameters Unit Measurement Methods Decimal
Colour - Visual method
Odour - Manual
Temperature °C Thermometer 1
pH - pH meter 1
Electrical Conductivity pS/cm Conductivity meter 0
Dissolved Oxygen mg/L DO Meter or Winkler modified method 1
Turbidity NTU Nephelometer 1
Total Dissolved Solids mg/L Gravimetry 0
Ammonical Nitrogen (NH,-N) mgN/L Colorimetry 1
Nitrite + Nitrate-N mgN/L Colorimetry 1
Total Phosphate mg/L Colorimery 4
Orthophosphate mg/L Colorimetry 4



DO consumption in 3 days at

Biochemical Oxygen Demand (BOD) mg/L 27 °C 1
Chemical Oxygen Demand (COD) mg/L Potassium dichromate method 1
Sodium mg/L Flame photometry 1

Potassium mg/L Flame photometry 1

Calcium mgCaCO,/L EDTA Titrimetric 1

Magnesium mg CaCO,/L EDTA Titrimetric 1

Carbonate as CaCO, mg CaCO,/L Titrimetric 1
Bicarbonate, as CaCO, mg CaCO,/L Titrimetric 1
Chloride mg/L Argentometric titration 1

Sulphate mg/L Turbidimetry 1

Fluoride mg/L lon meter, Colorimetry 2

Boron mg/L lon meter, curcumin method 2

Total Coliform No./100MI MPN or MF method 0

Fecal Coliform No/100mL MPN or MF method 0

Arsenic pg/L Cold vapour AAS 1

Mercury pg/L Cold vapour AAS 1

All other heavy metals pg/L AAS 1
Pesticides and other organics pg/L GC, GC-MS 1

Source: www.cpcb.nic.in
Table 2: Measurement methods, units and significant figures for different parameters used in water quality monitoring.

Data Management and Quality Assurance

In the process of data management, data storage as well as data validation is done. Data
analysis and data interpretation are also carried out in this step of water quality monitoring.

Data storage

It comprises all the parameters that may be analysed in the water quality monitoring
programme.

Data validation
Data validation is done to check the following things regarding the data obtained:
i.  Entry of data

ii. To check whether data is scientifically possible or not

iii. To check whether the data is within the estimated ranges for a parameter or not

iv.  To check whether the data is within the detection limits of a specific method or not
v.  To check how many significant digits have been reported

vi.  To check correlation between the different parameters

vii.  Checking of cation/anion balance

Data analysis and interpretation

Data analysis is a process of examining, altering and modelling data for discovering
useful information to propose conclusions and support decision-making [13]. The data can
also be concise in form of index. The data can be presented in different formats after the
analysis has been done. The data interpretation includes the understanding of chemistry,
biology and hydrology of water. Therefore, data is analyzed and interpreted in terms of
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quality of water, variations in water quality and their probable effects on ecosystem. For
this, a comparison is made with the predefined criteria that have been set for protection of
the ecosystem.

Graphical presentation of data

The data can be presented in the form of graphs. The different forms of graphs are: Time
Series Graphs, Histograms, Pie Charts, Profile Plots and Geographical Plots.

Quality assurance

According to ISO 9000, quality assurance is defined as the “part of quality management
focused on providing confidence that quality requirements will be fulfilled”. Quality
assurance is done to cross-check the different management procedures of the laboratory.
For the QA programme of a laboratory; it should contain a set of operating principles that
have been noted down and agreed by the organization.

Analytical quality control: This includes both Internal QC (IQC) and External QC
(EQC). Internal Quality Control (IQC) involves the operative techniques that are used for
continuous valuation of the quality results of distinct analytical procedures carried out by
the laboratory staff. Thus, the focus is given mainly on monitoring precision as well as on
accuracy. Hence, IQC stressesmainly on the specific method and examines its performance
against the set criteria of quality which is derived mathematically. On the other hand,
External Quality Control (EQC) is done to establish the accurateness of analytical methods
and techniques by comparing the results of analyses done in one laboratory with the results
of others that conduct the similar analysis on the identical material. Thus, EQC programmes
are considered to evaluate bias between the different laboratories.

Internal quality control (IQC)

Internal Quality Control (IQC) can be done with the help of control charts. Shewhart is
commonly used control chart in IQC.

Shewhart control chart

It is a graph of time (x-axis) versus the concentration of the variable in the reference
material (y-axis). Lines of target, warning and action should be marked parallel to the x-axis.
On a Shewhart Chart, data obtained from precision control using reference materials are
usually plotted. The target line is at the mean concentration of the variable for that specific
pool of material, warning lines are placed at either side of the target line with two standard
deviations and action lines are placed at either side of the target line with three standard
deviations. Result, which is outside the limits of action lines, leads to the rejection of the
data obtained during assay.

External quality control (EQC)
The key objectives of EQC programme are:

1. To examine probable unfairness in measurements in a laboratory.

2. To compare the results obtained in different laboratories in a mutual water quality
monitoring programme.

The main objectives of EQC are to evaluate the status of analytical facilities of
contributing laboratories, to improve the internal and external quality control of the
concerned laboratories, to provide essential support to the concerned laboratories so that
they overcome the short comings in the analysis of the parameters, and to promote the
scientific competency among the concerned laboratories for the better output.



Human Health Risk Assessment

In context to the risk assessment, EPA defines risk as “the chance of harmful effects
to human health or to ecological systems resulting from exposure to an environmental
stressor”. Any physical, chemical, or biological object that can cause a negative effect to
human health or to ecological system is called a stressor. Thus, whole ecosystems, such as
plants and animals, and the environment by which the stressors interact, are being affected
unfavorably. Risk assessment has been carried out to illustrate the nature and extent of
health risks to humans and ecological receptors from contaminants and other stressors
that may be present in the environment [14]. Risk assessment is performed principally into
two areas: Human Health and Ecological System.

The risk assessment procedure is usually initiated by collecting measurements that
illustrate the nature and extent of chemical contamination in the environment, as well as
information required to predict how the contaminants will act in the future. Based on this, the
occurrence and extent of human and ecological exposures that may occur as a consequence
of interaction with the contaminated medium, both now and in the future, is evaluated by
the risk assessor. This evaluation of exposure is then shared with information on the in-built
toxicity of the chemical to predict the possibility, nature and degree of the adverse health
effects that may occur. Thus, through the use of a comprehensive risk assessment and risk
management approach, we can consistently ensure the safety of a drinking - water supply
from catchment to consumer [15]. In actual life, information regarding key data, needed
for risk assessment calculations, is usually limited. This means that risk assessors have to
make estimations while carrying out risk calculations, and therefore all risk estimations are
undetermined to some extent.It is an iterative process to develop a risk assessment in which
researchers identify and fill data gaps to make a more sophisticated assessment of the risk.

A human health risk assessment is the procedure for estimation the type and probability
of harmful health effects in humans when they are exposed to stressors.

A human health risk assessment answers the many questions , for instance; What are
different types of health problems that may be caused by environmental stressors?; What
is the probability of causing health problems to people when they are exposed to different
levels of stressors?; To what level some chemicals cause a risk to human health?; What are
different stressors that are exposed to people and at what levels?; What are different factors,
such as where people work, where people play, etc., that are responsible for causing risk
when exposed to stressors?; etc. The patterns of human health, international health care,
and public health activities are being influenced fundamentally by environmental and social
changes [16].

Phases involved in human health risk assessment

Risk assessment of human health generally includes following 3 phases:

Documentation of hazards: To investigate whether an environmental stressor has the
possibility to cause harmful effects to human health.

Dose-response assessment: To study the statistical relationship between an exposure
and effects and to observe what we have known about the occurrence and levels of contact
with a specific stressor.

Risk depiction: To check how the data support results about the quality and degree of
the risk that are aroused due to exposure to stressors.

There are many environmental hazards; chemicals, radiation, biological, and physical.
The sources of environmental hazards are:

* Point sources (for instance, industrial effluents)
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* Non-point sources (for instance, agricultural runoff; exhaust from automobiles)
e Natural sources

These environmental hazards can be exposed to humans by a number of ways such as
through air, food, solid waste, soil, surface water or ground water, or by contact with skin,
by breathing, etc. Cancer, heart disease, liver disease and nerve disease are examples of
health effects that are caused due to these environmental hazards.

Documentation of hazards: To recognize the various types of harmful health effects that
are caused by exposing to few agents as well as to illustrate the value of data that support
this description. It is the procedure to determine if a stressor is exposed to a human, then
whether there is a possibility to cause harmful effects to the human health. In the process
of determining the harmful effects caused by chemical hazards, there is need to study
the data which is available scientifically for a particular given chemical and thus drawing
the relationship between the stressor and the negative effects caused by it. Exposure to a
chemical stressor can results in the formation of tumors and other many diseases causing
even death. Scientific studies performed on human beings yield the information regarding
the resulting effects caused by a stressor. However, due to many ethical concerns, these
studies are not available. Thus, experiments are being carried out on animals such as mice,
rats, etc., to obtain results regarding the harmful effects that may be caused by a specific
stressor.

Types of analysis that are used for identification of hazards are:

a. Toxicokinetics: It analyzes how the human body ingests, circulates, metabolizes and
excludes specific stressors.

b. Toxicodynamics: This study illustrates the mechanisms by which a stressor may
cause harmful effects to human health.

Dose-response assessment: To report the relationship between the dose exposed and
harmful effects caused and to calculate a numerical value of dose.

A dose-response assessment explains how the responses are related to the volume of the
dose provided. Generally, when the dose increases, it also increases the measured response.
However, at lower amount of doses, there may be no response generated. The response
generated by a dose depends upon a number of factors, such as, route of exposure, types
of pollutants; etc.There may be different kinds of responses that can be produced when
the doses are provided. The different types of responses may be weight loss or even death
in some cases. Therefore, it is impossible to investigate all possible assessments for all
available responses. It is a two-step process. In the first step, there is an evaluation of entire
data which is present or can be obtained by conducting the experiments. This is done to
draw the dose-response assessment for which the doses reported in the collected data. On
the other hand, in the second step, estimation of the level of risk below which it doesn’t
cause any harm to the human health is done.

Risk depiction: To compile and assimilate information from the previous steps so as to
make conclusions about risks. In this phase of human health risk assessment, judgment of
risk assessor conveys the quality of the risks. It also conveys whether the risk is present or
absent and the information regarding how the risk assessment has been done. Moreover, risk
depiction phase occurs in risk assessments of both human healths as well as in ecological
system. Each phase of the human health risk assessment has particular depiction of risks
having main findings; assumptions and limitations related to the risks and this information
provide a basis to compose an integrative analysis for risk depiction. Thus, particular risk
depiction and an integrative analysis are the main components of entire risk depiction
process.
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Ecological Risk Assessment

An ecological risk assessment is the procedure to determine how the environment may
be affected when exposing to environmental stressors [17]. Thus, ecological risk assessment
answer the many questions, such as, how the dams affect the aquatic environment or how
the fertilizers in the agricultural run-off affect the water bodies, etc.

Phases involved in ecological risk assessment: Ecological risk assessment includes
following three phases:

Problem designing: To determine which ecosystem is at risk and what are the
requirements to protect them.

Analysis: This phase determines which plants and animals are being exposed to
stressors and at what level.

Characterization of risks: It consists of estimation of risks and risk depiction.

Management of hazardous waste locations, industrial chemicals, and insecticides is
done through the risk assessment of ecological system.

Problem designing: This phase defines endpoint of assessment to decide which ecological
entity is crucial to protect. An ecological entity can be a species (e.g. Hooded merganser),
a functional group of species (e.g. carnivores), a community (for example: benthic micro-
invertebrates), an ecosystem (e.g. lake, river), a specific valued habitat (e.g. wetlands) and
another ecological entity of concern. After the identification of the identity, the next step
is to determine which specific attribute of the entity is at risk and essential to protect.
This information provides a basis for measurement in the assessment of risk. Professional
judgment based on preliminary surveys, site-specific information, or other available
information is required in determining ecological importance in specific cases. Ecological
importance is linked to nature and strength of effects, potential for recovery, spatial and
sequential scales of effects, level of organization possibly affected and the role of entity in
the ecosystem. It is hardly clear which of these ecosystem components are most valuable
or which are most critical to ecosystem function, and thus increases the task in choosing
which ecosystem component have to be protected. We can execute this task by following
three principal criteria i.e. by knowing ecological importance of the ecosystem components,
and by defining their relevance to management goals.

The main challenge is to find ecological values that are scientifically rigorous and are
also acknowledged as valuable by the risk managers as well as by the public. Possible
effective examples include endangered species or ecosystems, commercially or recreationally
important species, ecosystem functions or services such as food supply, flood control, or
nutrient cycling, aesthetic values such as clean air in national parks and existence of
charismatic species such as eagles or whales. Once endpoints of assessments are chosen,
a conceptual model is developed to provide a visual representation (a map, flow chart, or
schematic) of hypothesized relationships between ecological entities and the stressors to
which they may be exposed, accompanied by a written description of this process and of
the risk questions. These models include information about source, stressors, receptors,
potential exposure and predicted effects on an ecological entity.

Analysis: The main aim of this phase is to provide the components that are necessary for
determination or prediction of ecological responses to stressors under the circumstances of
exposure of interest. It is the examination of what type of plants and animals are exposed
and to what amount they are exposed to risks and to know whether that level of exposure
have the possibility to cause harmful ecological effects or not. These calculations may consist
of hazard quotient which equals to the ratio of concentration of chemical contaminant to a
particular screening benchmark; and numerous parameters used to determine the different
levels of exposure to a stressor by a designated receptor.
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Characterization of risks: It is the concluding phase of an ecological risk assessment
and in this; we make conclusions of all the work done during the previous phases. During
characterization of risk, in order to estimate the risk that can be posed to ecological entities,
the assessor uses the results of analysis done in the previous phase. After this, the assessor
explains the risk, indicates the degree of assurance in the risk estimation, summarizes
uncertainties, cites evidence that supports the risk estimation, and interprets the difficulty
of ecological effects. The key factors that are considered while estimating ecological risk
include whether the risk is acute or chronic, what is the time for which risks occurrence,
how many organisms are vulnerable to risk, whether the risk corresponds to one species or
many species, what is the harshness of ecological effects etc. Many approaches can be used
to answer these questions and to construct the estimate of risk that consists of surveys,
procedure simulations that depend on theoretical calculations of exposure and effects, and
comparisons between exposure and effects data.

Conclusion

Water is required for our existence on this planet. To do any activity we need water with
desired quality, for instance, for drinking we need potable water. But water with undesired
quality possesses a great impact on human health as well as threatens ecological systems.
Due to contaminated water by a number of factors, such as by discharge of chemical toxins
through mining or by inappropriate treatment of human faces, we are suffering from a
number of diseases like cholera, typhoid, etc. On the other hand, aquatic ecosystems are
also being affected due to various pollutants or by improper water management practices.
Water of good quality is crucial for social and economic development processes. Thus there
is an urgent need to monitor the various factors that contribute to water pollution and to
do risk assessments of those contaminants in order to study their effects on human health
as well as on ecological system at each level, starting from local to national level. Therefore,
government organizationsalong with local natives must take efforts for the preservation of
this valuable entity.
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Abstract

Rivers are the main water sources for drinking, irrigation, recreational and industrial
uses in many inland areas around the globe. Although river water accounts for only
0.0001% of the total water on earth, this is one of the main sources of fresh water for
human consumption. Rivers are major carriers of nutrients from catchments to sea. In
many countries around the globe, river water quality has been threatened by anthropogenic
activities (e.g. urbanisation, intensive agriculture and industrialisation) as well as by
the changes in climatic condition. A comprehensive assessment of river water quality is
essential to safeguard river health. In this chapter, water quality of the Hawkesbury Nepean
River System (HNRS) in New South Wales, Australia is investigated. The HNRS is one of the
most important river systems in Australia, which provides drinking water to over 4.8 million
people in Sydney. Water quality data from 9 monitoring stations are used in this study. It
is found that water quality at all the 9 stations fall under either ‘poor’ or ‘marginal’ states
based on the Canadian Water Quality Index (CWQI). None of the stations fall in the category
of ‘good quality’ water. Further studies are recommended to investigate the underlying
causes of the pollution and formulate management strategies to improve the water quality
of the HNRS in near future.

Keywords: Australia; Hawkesbury; Nepean River; Pollution; Urban River; Water Quality
Index

Introduction

River is regarded as an integral part of eco-system. It is the primary sources of water
for drinking, irrigation and industrial purposes for many localities around the globe. It also
supports various recreational activities such as boating and fishing and serves as inland
transport route. Rivers carry pollutants to the nearby sea, which affects sea ecology by
endangering sea plants, fish and other habitats. It supports the lives of many people living
in their catchments by providing fresh water. Rivers are ‘comfort of eyes’ and are regarded
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as holy by many societies. On the other hand, rivers sometimes cause devastating floods
resulting loss of human lives, livestock and crops.

Many rivers around the globe have been affected over the past decades by anthropogenic
activities (e.g. urbanisation, intensive agriculture and industrialisation) as well as by the
changes in climatic and natural conditions (e.g. changes in rainfall increase in droughts
and floods, and bank erosion) [1]. Quality of river water is being degraded continuously at
many locations around the globe, which has significant ecological, health and economic
implications. For example, over the past few decades, water quality in many Australian
peri-urban rivers (e.g. Mary River and Albert River in Queensland and Ord River in Western
Australia) has been degraded due to extensive urban and agricultural activities [2]. About
180 to 240 Million Australian Dollars (AUD) are spent every year to deal with algal blooms
in Australian rivers [3]. Therefore, a comprehensive assessment of river water quality is
essential to devise strategies for effective management of river health, and issuing short-
and long-term advisories to the stakeholders of a river system.

River water quality generally depends on various factors such as geologic, climatic,
catchment and land use characteristics, and greatly varies over space and time. Among
the factors, climate and land use characteristics are considered to be the key drivers of
water quality in a river system [4]. Several studies have assessed the land use impact on
river water quality and found that land use has a notable impact on river water quality
[e.g. 5-7]. In addition, various point sources related to industries and mining activities can
have significant impacts on a river system [8,9]. When water travels over the land to the
rivers, it picks up different residues/contaminants from the land which negatively affect
the water quality. For example, water from agricultural lands may contain nutrients and
sediments, and water from highly urban areas may contain rubber fragments and heavy
metals. Surface runoff during the first flush is also an important cause of water pollution
that is generally considered as nonpoint source pollution [10]. As there is a growing concern
of the impact of anthropogenic activities on water quality, an increasing awareness has
been noticed in recent years in different countries to assess the impacts of anthropogenic
activities on river water quantity and quality [11-13]. In addition, pollutant build up and
wash off in connection with urban catchments have become a focus of current research in
many countries [14-17].

Status of the physical (e.g. temperature and turbidity), biological (e.g. E.coli and coliform)
and chemical properties/conditions (e.g. pH, dissolved oxygen and nutrients) in the water
body generally represent the quality of a river. River water quality is assessed mainly based
on measurements of water quality variables. The observed data are compared against the
recommended guidelines/standards to benchmark a river [18]. Several guidelines have been
developed internationally to assess the health of freshwater for biotic species and humans;
for example, IUCN Global Freshwater Initiative (International Union for Conservation of
Nature and Natural Resources), Healthy Watershed Initiative in the US [19], Pressure,
State, Response model in Australia [20], EU Water Framework Directive in Europe [21] and
Australian and New Zealand guidelines for fresh and marine water quality [22].

Water quality monitoring programs have been established in many countries with the
primary aim to monitor and evaluate the river water quality [23-25]. These monitoring
programs generally collect water samples from the rivers and evaluate the physical,
chemical and bio-logical parameters to identify the states of river water quality. Having
reliable information on water quality is vital for effective and efficient river management, as
it provides important information regarding the states of a river and its adjacent landscapes,
as well as it provides the means to diagnose the causes of water quality degradation. This
information on water quality is useful to develop restoration plan, estimate the ecological
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risks associated with land use plans in a watershed and to select alternative development
plans to minimise overall degradation of a river.

This chapter presents a case study on the assessment of water quality in the Hawkesbury-
Nepean River System (HNRS) in Australia. The HNRS is one of the most important rivers in
Australia as it provides drinking water to over 4.8 million people in Sydney, the largest city
in Australia. This study uses measured water quality data, and water quality index method
to make a statement on the overall quality of the HNRS.

Water Quality Index

Water Quality Index (WQI) is a mathematical representation, adopted to transform a set
of large water quality data matrix into a single number [26], which provides a simple and
convenient tool for the water authorities and policy makers to evaluate the overall health
of a river [27]. The concept of WQI is based on the principle of comparing water quality
parameters with respective regulatory standards [28]. WQI has several benefits, such as it
improves the understanding of the state of water quality to the public and policy makers,
which is important in shaping public opinion on certain aspects of river water quality.
Furthermore, it assists evaluating the changes in water quality and identifying the spatial
and temporal trends in water quality. River water can be classified based on the identified
single value of WQI, which is useful to stakeholders e.g. farmers, water supply authorities,
environmentalists and government agencies.

The first study on WQI was done by Horton [29]; since then, several WQIs have been
developed based on different types and numbers of water quality parameters. The following
five WQI are commonly adopted to assess the river water quality [30]:

(a) US National Sanitation Foundation Water Quality Index, NSFWQI [31];
(b) Canadian Water Quality Index [32];

(c) British Columbia Water Quality Index, BCWQI [33];

(d) Oregon Water Quality Index, OWQI [34]; and

(e) Florida Stream Water Quality Index, FWQI [35].

Dede et al., [36] used 5 WQI methods (Oregon WQI, Aquatic toxicity index, overall
index of pollution, universal water quality index and CCME WQI) to evaluate surface water
quality, and concluded that CCME WQI was the only method that allowed utilization of
all the available parameters in the calculation of an overall index value. Based on the
recommendation of Dede et al., [36], Canadian Water Quality Index (CWQI) has been
adopted in this study to derive an overall and easily understood description of water quality
status in the HNRS. The index has been calculated based on three variables: exceedances,
frequency of exceedances and magnitude of exceedances of regulatory standards for specific
parameters. The variable “exceedances” is generally termed as “Scope (F))”, whereas the
other two variables “frequency of exceedances” and “magnitudes of exceedances” are termed
as “Frequency (F,)” and “Amplitude (F,)”, respectively. Table 1 presents the descriptions and
formulae for the scope, frequency and amplitude.
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Variable in WQl Variable description Equation

Total number of failed variables 100

Scope Number of variables not meeting the water Fl = :
(F) quality standards Tatal number of variables

Number of failed tests

: = x100
Frequency (F,) Number of times th:;? standards are not 2" Total number of variables
o= (—nse ) Where
0.01nzse + 0.01
) A t/deviation of th lit 1 .

Amplitude (F,) moun ev'ffo';ntﬁe st(:\r?c:l:r:ii parameters Zn failed test valu e)

1\ Objective,

nse =
Number of tests

Table 1: Definition for the scope, frequency and amplitude in water quality index.

The CWQI is calculated by Equation 1:

2 2 2
CWQ1=100—(F'+F2 + 1 J (1)

1.732
Factor 1.732 in Equation 1 scales the index from O to 100. The index is categorised into

five divisions (Table 2) to represent the overall water quality [37].

CwaQl Water Quality Description

Water quality is almost always threatened or impaired and conditions usually depart from natural or

0-44 Poor desirable levels

Water quality is frequently threatened or impaired and conditions often depart from natural or desirable

45 - 64 Marginal
levels

Water quality is usually protected, but occasionally threatened or impaired and conditions sometimes

65-79 Fair depart from natural or desirable levels

Water quality is protected with only a minor degree of threat or impairment and conditions rarely depart

80-94 Good from natural or desirable levels

Water quality is protected with a virtual absence of threat or impairment and conditions very close to
natural or pristine levels

Table 2: Five descriptive categories of CWQI [36].

95 - 100 Excellent

Hawkesbury-Nepean River System

Hawkesbury Nepean River System (HNRS) is the major source of fresh drinking water
supply to more than 4.8 million people living in and around Sydney, the largest city in
Australia. The HNRS system (shown in Figure 1) is a combination of two major rivers, the
Nepean River (155 km long) and the Hawkesbury River (145 km long) [38]. The average
annual discharge of the HNRS is 2,765,000 ML [39]. This river system has multiple geologic
and land use characteristics, the upper part contains poorly accessible gorges, the middle
part runs through irrigated farm lands, and the lower part has tidal slopes with deposited
soil pockets [40]. The middle part of the river is being continuously influenced by increasing
population growth, urbanization, industrialization and other anthropogenic activities,
which cause contamination of the river from different sources (e.g. sewage, stormwater,
runoff from disused mines, toxic forms of blue-green algae, and waste from domestic and
native animals). Land use in the HNRS catchment includes regions that are heavily peri-
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urbanised and industrialised. Agricultural runoff contributes approximately 40% to 50%
of phosphorus loads and 25 % of nitrate loads into the HNRS, which are believed to have
mainly originated from agricultural and animal farms [37].

Figure 1: Hawkesbury Nepean River System in Australia.

Unlike other natural rivers where flow is dominated by rainfall events, flow of the HNRS
is highly regulated by impoundments and treated effluent discharge from multiple sewage
treatment plants. There are some 22 dams and 15 weirs situated along the HNRS. The major
dam on this river is at Warragamba, which holds about 2.057 x 109 m?® of water captured
from a 9,000 km? catchment area [41]. There are 18 sewage treatment plants along the
HNRS discharging significant volumes of treated municipal wastewater into the river. Table
3 presents the discharge volumes from the Sewage Treatment Plants (STP) to the HNRS.

STP location Treatment level Discharge (ML/day)
Picton Tertiary (includes additional Phosphorus removal and disinfection) 1.5
West Camden Tertiary (includes additional Phosphorus removal and disinfection) 10.7
Wallacia Tertiary (includes additional Phosphorus and nitrogen removal and disinfection) 0.8
Penrith Tertiary (includes additional Phosphorus and Nitrogen removal and disinfection) 22.4
St. Marys Tertiary (includes ultrafiltration, reverse osmosis, de-carbonation, additional 335

- Mary Phosphorous and Nitrogen removal and disinfection) ’
Winmalee Tertiary(includes additional Phosphorus and nitrogen removal and disinfection) 16.5
North Richmond Tertiary (includes additional Phosphorus removal and disinfection) 0.9
Riverstone Tertiary(includes additional Phosphorus removal and disinfection) 1.8
Quakers Hill Tertiary (includes additional Phosphorus and Nitrogen removal and disinfection) 311
. Tertiary (includes additional Phosphorus and Nitrogen removal and disinfection)
Rouse Hill . ) Lo - 15.3
also includes ultra-violet irradiation and super-chlorination for reuse water

Castle Hill Tertiary (includes additional Phosphorus removal and disinfection) 6.5

Table 3: Sewage Treatment Plants (STP) along the HNRS.

Water Quality Assessment in the Hawkesbury-Nepean River System

Water quality data, collected fortnightly, from 9 sampling stations (N14, N21, N35, N42,
N44, N57, N67, N75 and N92), as shown in Figure 2 along the HNRS during the last 21
years (1993 to 2014) were used to identify changes in water quality at different sampling
stations over time, and for comparisons of the water quality status among the stations in
the HNRS. A schematic diagram of the monitoring stations along the HNRS with different
inflows is presented in Figure 3.
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Figure 2: Nine sampling locations along the HNRS.

Warrsgamba River CattaiCresk
Pictan STP Mallar i STE s Worogaribe Grose River {Rouse Hill STP + Castle Hill STP)

Matshil Creek Boundary creek South Creek Lolg River
(West CamdenSTP) Penrith STP (St. Marys STP + Quakers Hill ST
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Figure 3: Schematic diagrams of the monitoring stations along the HNRS with the land use details.
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This study provides a measure of the overall state of water quality in the HNRS against
the Australian and New Zealand water quality guidelines, which is known as ANZECC 2000
[22]. Table 4 presents the descriptive statistics of 12 water quality parameters in the HNRS
considering the 9 sampling stations, and their respective ANZECC trigger values for safe use
of river water. In the “ANZECC trigger values” column (Table 4) represents the recommended
value corresponding to ‘good water condition’; for example, pH value should remain in
between 6 to 8 and iron total should be less than 0.3 in the river system to satisfy acceptable
water quality status. Some 12 water quality parameters were selected according to the
availability of water quality data; all the parameters were considered equally important in
deriving the CWQIL. The bold marked values in Table 4 represent the non-compliance of
the ANZECC 2000 recommended thresholds for the average value of a parameter. As can
be seen that average values of 3 parameters (Chlorophyll-a, Alkalinity and Nitrogen Total)
are above the ANZECC 2000 limit, indicating that the river water is not in ‘good condition’
with respect to these 3 parameters. However, the other 9 parameters have been found to
be within the recommended range including parameters such as pH, colour, turbidity and
suspended solids. To get the overall water quality status of an individual sampling station,
CWQI has been calculated for all the stations, and the stations are then ranked based on
the derived CWQI values.

Water quality parameter Unit Min Max Median ANZECC trigger value
pH 5.78 9.94 7.63 6<pH<8

Iron Total mg/L 0.04 5.62 0.29 <0.3
Chlorophyll-a ug/L 0.20 253.10 5.10 <5
True Colour 1.00 93.00 11.00 <15

Nitrogen Total mg/L 0.08 5.90 0.45 <0.35
Turbidity NTU -0.60 380.00 3.85 <20
Alkalinity mgCaCO3/L 1.00 298.00 40.00 <20
Aluminium Total mg/L 0.01 3.97 0.08 <0.2
Dissolved Oxygen mg/L 1.50 16.20 9.10 >5

Phosphorus Total mg/L 0.01 0.18 0.01 <0.05
Suspended Solids mg/L 1.00 105.00 3.00 <20

Conductivity Field mS/cm 0.01 48.40 0.30 <0.35

Table 4: Descriptive statistics of water quality parameters and ANZECC trigger values.

Scope, frequency and amplitude values at 9 monitoring stations were calculated based
on the equations shown in Table 1. The calculated values are presented in Figure 4, where it
can be seen that the scope values were within the range of 66% to 88% indicating a notable
percentage of water quality values falling byound the recommend values by the ANZECC
2000 guideline. The mean frequency and amplitude values were found to be around 36%,
which indicates that around 36% of time, the variables were failed, and the failed deviation
was also around 36%. Among all the 9 stations, the scope and frequency values were
found to be the highest for the station, N35, which indicated that most of the water quality
values for N35 were beyond the guidelines and the deviation was the highest among all the
selected stations. The obtained results are not surprising as the upstream of the station
N35 is affected by quality and magnitude of flows coming from the South Creek (which
carries discharge from St Marys Sewage Treatment Plant (STP), Riverstone STP, Quakers
Hill STP, McGraths Hill STP and South Windsor STP) and North Richmond STP). Moreover,
the dominant land use in this part of the catchment includes rural, grazing, commercial
gardening, intensive agriculture and scattered urban and industrial activities.
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Figure 4: Scope, frequency and amplitude values at 9 monitoring stations in the HNRS during 1993 to 2014.

From the calculated CWQI values (Table 5) for all the 9 stations, it can be seen that the
CWQI values were in the range of 33 to 57, indicating that the quality of the HNRS water
falls under the category of ‘poor’ and ‘marginal’ based on the categorisation in Table 2.
Water quality status at the stations N21, N42, N44, N57 and N92 were found to be marginal,
which demonstrated that the water of these stations are subject to frequent threatening,
whereas water quality at the stations N14, N35, N67 and N75 are always under threat as
their water quality was categorised as poor based on the calculated

Water quality monitoring station in the HNRS Average CWQI value
N14 33.37
N21 45.02
N35 35.27
N42 56.77
N44 51.12
N57 53.73
N67 44.21
N75 43.41
N92 53.09

Table 5: Average CWQI for 9 sampling stations in the HNRS.

CQWI. Among the 9 sampling stations, station N14 showed the poorest water quality as
CWQI was found to be the lowest, which was mainly due to the higher scope and amplitude

values.
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Figure 5: Percentage of failed tests of the water quality parameters at station N14 in HNRS.
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As station N14 exhibited the most deteriorated water quality condition, further data
exploration was undertaken to identify the water quality parameters which contributed to
the overall water quality deterioration at this station. Figure 5 presents the details of average
percentage failed tests for different water quality parameter at station N14. It can be seen
in Figure 5 that percentage of failed tests of the Nitrogen, Chlorophyll-a, Iron, Aluminium,
Alkalinity and Conductivity were found to be relatively higher compared with the other
parameters indicating that these parameters were mainly responsible for the poor water
quality at station N14.Nitrogen concentrations in rivers and streams generally increase due
to factors such as discharge of sewage water, pollutant wash off from urban and agricultural
land, and atmospheric deposition. Increased nitrogen may result in overgrowth of algae,
which can decrease the dissolved oxygen content of the water, thereby harming or killing
fish and other aquatic species. The HNRS has seen a number of episodes of algal blooms in
the past causing public concern and serious threat to Sydney water supply. For examples,
the shallow mid Nepean River section was affected heavily by aquatic weed Egeria Densa
[42], and the Berowra Creek estuarine section of the river was infested by toxic dinoflagellate
algal blooms [43]. When considering the median values of Chlorophyll-a (Figure 6), there
are 6 stations (out of 9) where values have exceeded the ANZECC trigger threshold value.
The high Chlorophyll-a level at many stations warrants further investigation to identify
the underlying reasons and to recommend necessary controlling measures. The long-term
persistence of elevated levels of Chlorophyll-a is a major concern to water authorities. An
excessive growth often leads to poor water quality, noxious odours, oxygen depletion, and
human health problems. It may also be linked to harmful (toxic) algal blooms. Observed
increases in the concentrations of chlorophyll may be related to increased nutrient
concentrations, decreased flow/changed hydrodynamics (increased residence times) and/
or decreased turbidity.
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Figure 6: Median values of Chlorophyll-a along the HNRS.

Figure 6: Median values of Chlorophyll-a along the HNRS.

If the alkalinity level is too high, the water can be cloudy, which inhibits the growth of
underwater plants. A higher alkalinity may raise the pH level, which in turn can harm or kill
fish and other aquatic organisms, which are too sensitive to higher pH level. High alkalinity
may result from the presence of the bicarbonate ion, which is derived from the dissolution
of carbonates by carbonic acids due to factors such as weathering of limestone and dolomite
rocks mainly composed of calcite.

There are number of factors that can lead to high conductivity level. For examples,
streams that run through clay catchments may have higher conductivity level as the
presence of clay particles that ionize when enter into the river system. Groundwater inflows
can have the same effects if it contains clay particles. An underperforming sewage treatment
plant could raise the conductivity level in the effluent because of the presence of chloride,
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phosphate and nitrate. Further studies are recommended to identify the causes of poor
water quality identified in this study and devise strategies to improve the overall water
quality of the HNRS in future.

Conclusion

In this chapter, water quality of the Hawkesbury Nepean River System (HNRS) in New
South Wales, Australia has been investigated. It is found that water quality at 9 stations fall
under either poor or marginal category based on the Canadian Water Quality Index (CWQI)
categorisation where the CWQI values are found to be in the range of 33 to 57. Marginal
water quality is found for 5 stations, and poor water quality is found for the remaining 4
stations. None of the stations is found to have good quality water as per CWQI criteria.
Stations N14 and N35 are found to be the most polluted stations in the HNRS among the 9
selected stations. With detailed investigation at the station N14, it is found that the higher
values of water quality parameters: Nitrogen, Chlorophyll-a, Iron, Aluminium, Alkalinity
and Conductivity have contributed to the poor water quality condition at N14. Further
studies are recommended to investigate the underlying causes of the elevated pollution and
to formulate management strategies to improve the overall water quality of the HNRS in
near future.
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Pollution of the aquatic environment and ubiquitous water quality deterioration is of major
concern. Modern wastewater treatment systems include a complex of different physical,
chemical and biological processes, which allow not just minimizing deterioration of water
quality, but can also make possible the water reuse. Pollutants removal from wastewater
can be achieved using different conventional treatment processes such as coagulation-
flocculation, adsorption, ion exchange, precipitation, etc. However, in recent years biological
methods of wastewater treatment have become increasingly popular. In the present chapter,
the physical, chemical and biological techniques widely applied in wastewater treatment are
discussed. Their advantages and limitations in application are also evaluated.

Introduction

The quality of the life is largely determined by the quality of the water. Today, in the
epoch of the rapid industrialization and urbanizations, every day thousands of different
chemicals are introduced in bodies of water. Natural water pollution is primarily caused
by the discharge of insufficient treated or untreated industrial, domestic, and agricultural
wastewater, which contain different inorganic, organic substances, solid suspended particles
and microorganisms. Almost all countries worldwide have elaborated law and regulations
for wastewater treatment in order to prevent natural water pollution and environmental
damage. These legislative documents determine the maximal permissible concentration for
different groups of specific chemicals. Unfortunately, current laws do not cover the entire
spectrum of harmful substances as their quantities grow day to day. To remove pollutants
from wastewater different physical, chemical and biological techniques are applied. Some
of these methods have a wide application while other are applicable just for certain
type of wastewater. The degree of wastewater treatment must be enough not just for its
discharge in water body, but also for preparation of potable water and its repeated use in
industrial processes. The correct combination of methods allows reducing the concentration
of pollutants in treated wastewater to ug/L or mg/L. The common applied methods for
wastewater treatment include coagulation-flocculation, adsorption, ion exchange, chemical
precipitation, electrochemical treatment technologies membrane filtration, etc. The special
place belongs to biological processes of wastewater treatment, as they are cost effective in
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terms of energy consumption and chemical usage. The objective of the chapter is to provide
an overview of physical, chemical and biological techniques widely applied for wastewater
treatment.

Coagulation-Flocculation

Coagulation-flocculation is a well-known and widely applied method of removing
particles, inorganic and organic matter, from wastewater [1,2]. The process can be divided in
two distinct procedures: coagulation and flocculation. The process of coagulation consists of
the introduction of a coagulant in water, which neutralizes the surface charge of suspended
particles or colloidal systems, and facilitates particle aggregation and precipitation [3].
Coagulation is a short process, which occurs in period of about 120s [4]. The most commonly
used coagulants are alum Al,(SO,),-14H,0 and ferric chloride (FeCl,-6H,0) [1,4,5]. Their
effectiveness is determined by the ability to form multi-charged polynuclear complexes
with good adsorption characteristics. Colloidal, finely divided and suspended particles are
adsorbed on the flocculated surface and form precipitates.

AL,(SO,), + 6H,0 — 2Al(OH), + 3H,S0,
FeCl, + 3H,0 — Fe(OH),, + 3HCI
FeSO, + 2H,0— Fe(OH), +H,SO,

In order to reduce the consumption of coagulants coagulation process should be carried
out in the range of optimal pH. The optimal pH value for Al(OH),- is 4.5-7 and 8-10 for
Fe(OH),. The amount of coagulant necessary for the realization of a process depends also
of coagulant type, wastewater composition and required level of wastewater purification.
All this parameters are usually determined experimentally. Wide application of metal
coagulants can be explained by relatively low cost and simple application route [4]. At
the same time metal coagulant have a number of disadvantages, such as the need for pH
control, the sensitivity to temperature changes, excessive sludge production, necessity of
acid neutralization, and increasing of mineralization of treated wastewater [4,6]. At the
low pH value mainly the colloidal substances with negative charges can be coagulated, for
effective metal cations removal the pH need to be increased, however at high pH values the
turbidity removal decreases [6] Nowadays, traditional inorganic agents have been largely
replaced by organic coagulants, such as polyaluminum chloride, polyaluminium sulfates,
polyaluminum sulfate chloride and forms of polyaluminum chloride with organic polimers
[1,2,4].

The second sub-process flocculation involves the addition of floc-forming chemical
reagents usually after coagulation to agglomerate non-settable and slow-settling colloidal
solids, which thereby forms large agglomerates in the presence of polymeric materials, that
can be easily separated through gravity settling [3,4]. In contrast to coagulation, flocculation
occurs over a period of 20 to 45 min [4].

In dependence of polar group composition flocculants can be divided in:

- non-ionic — polymers, containing non-ionic groups: - OH, >CO (starch, hydroxyethyl
cellulose, etc);

- anionic - polymers, containing anionic groups: -COOH, -SO,H, OSO,H (sodium
polyacrylate, sodium alginate, ect);

- cationic - polymers, containing cationic groups: -NH,, =NH (polyethylene imine, etc);

- amfoteric, containing both anionic and cationic groups (proteins, polyacrylamide,
ect.) [7].

According to their origin, flocculants can be classified into two main categories: natural
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and synthetic polymers. Natural polymers (biopolymers) have long been used as flocculants.
Typical examples of bioflocculants are starch derivatives, guar gums, tannins, chitosan
and the alginates. Despite the fact that bioflocculants are non-toxic flocculants, synthetic
polymers have been found to be more widely applicable. Their applicability can be explained
by their low price and the possibility of controlling their properties, such as the number and
type of charged units and the molecular weight [4]. The continuous search of new materials
with better characteristics compared to that of conventional coagulants and flocculants has
led to the production of hybrid materials, with combined properties. Application of these
materials allows conducting wastewater treatment with the addition of one chemical in one
procedure instead of two-step conventional coagulation—-flocculation process [3].

Adsorption

Adsorption is recognized as a cost effective and efficient method for wastewater treatment
[8,9]. The process of adsorption can be described in three steps; (1) the transport of the
pollutant from the bulk solution to the sorbent surface; (2) adsorption on the particle
surface; (3) transport within the sorbent particle [8,10,11]. Adsorption can be of two types:
physical and chemical. Physical adsorption appears due to relatively weak Van der Waal’s
forces. It is a reversible process, which take place on all sorbent surfaces and adsorption
energy usually does not exceed 80 kJ/mol. Chemical adsorption (chemisorption) occurs by
the way of chemical interaction of sorbent molecules and sorbate. It is irreversible, highly
selective, single-layer process. In comparison to physical sorption chemisorption is localized,
i.e. adsorbate molecule cannot move over the surface of the adsorbent. Since chemisorption
is the chemical process it requires the activation energy of the order of 40 - 120 kJ/mol.
Physical and chemical adsorption may occur on the surface at the same time [12].

Sorbents usually have a complex porous structure that consists of pores of different sizes
and shapes. According to pores width they can be classified in three groups: micropores
(< 2 nm), mesopores (2 -50 nm), and macropores (= 50 nm) [13]. The adsorbent may be
of mineral, organic or biological origin. Activated carbon is one of the commonly used
sorbents for removing a wide variety of pollutants from wastewater due to its large surface
area and high adsorption capacity [14-16]. However, wide application of activated carbon
produced on industrial scale is limited by its high price [10]. Agricultural wastes are one
of the richest sources of relatively inexpensive sorbents [9,11]. Some studies have shown
that activated carbon produced from agricultural wastes can be efficiently applied for the
removal of pollutants from wastewater [9,17,18]. Frequently agricultural wastes can be used
as biosorbents directly without any pretreatment [10,19,20]. Beside agricultural waste, an
interesting and attractive alternative as adsorbents represent the biopolymers as starch,
chitin, chitosan, etc. [8]. Furthermore, it is important to understand that during adsorption
of the organic substances, they are simply transferred from one phase to another without
destruction. It is therefore better to combine adsorption with biological treatment [15]. In
case of heavy metals, they can be removed through the adsorption process and then further
regeneration of the sorbent is necessary.

Ion-exchange

Ion exchange is another method, which is successfully used for removing pollutants
such as metals, phosphate, nitrate, ammonia from wastewater. lon exchange includes two
stages: saturation and regeneration. During the first stage, wastewater passes through the
column and the effluent free of the polluting ion is withdrawn at the column outlet. During
this process the interchange of ions between a solution and an insoluble solid, which can be
of natural or synthetic origin, takes place. The saturation is considered complete after the
concentration of the pollutants in the outlet solution exceeds allowable concentration. Ion
exchange is a reversible process and therefore after saturation, the resins can be regenerated
by replacing the retained ions with ions of the regenerant [11,21].
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In ion exchange systems, polymeric resins are usually employed, capable of exchanging
either cation or anion forms of pollutants. Ion-exchanging resins can be generally divided
in four groups: strongly acidic (-SO,H), weakly acidic (-COOH), strongly basic (-N'R,) and
weakly basic (amine -N"R,H and -N'RH,) [22]. The performance of the cation exchange resins
IRN77 and SKN1 in removing chromium from wastewater was investigated by Rengaraj et
al., [23]. Obtained results have shown that IRN77 and SKN1 were capable of removing
100 mg/L chromium from aqueous solution to the extent of 98%. Two ion exchange resins
Duolite ES 467 and a chelating ion-exchange resin (containing hydroxamic acid functional
groups) were used for treatment of wastewater containing lead and iron [24]. Extraction of
Cr (III) from a model solution and from a tannery waste solution was studied by ion exchange
using Indion 790 resin, which is a macro-porous strongly acidic cation exchange resin
of sulfonated polystyrene group [25]. Beside synthetic resins, natural materials (zeolites,
clay, and soil humus) also can be used as ion-exchanger. The most frequently applied ion-
exchangers are zeolites, which are naturally occurring hydrated aluminosilicate minerals.
They have shown to have high affinity for several heavy metals such as lead, cadmium [26],
copper, cobalt, zinc, manganese [27], and chromium [28].

The advantages of ion exchange processes are the low: process and regenerate cost,
energy requirement, volume of sludge [23]. There are, however, a number of limitations
as mechanical and chemical durability of the exchanger material, formation of highly
concentrated sludge, which requires careful disposal and presence of competitive ions
requiring more frequent resins regeneration [11,24].

Precipitation

Chemical precipitation is widely used and proven technique to remove heavy metals from
wastewater. Metals can be removed by precipitation as metal oxides, hydroxides, sulfides,
carbonates, and phosphates. Hydroxide treatment is based on reaction between the metal
cations and alkaline reagents (CaO, Ca(OH),, Mg(OH),, NaOH, NH,OH) [29-31] resulting in
the formation of insoluble hydroxides [6]. The reaction takes place through the following
mechanism:

M2* + 20H -M(OH), |

Viadero and co-authors [31] have shown that is more cost effective touse NaOH and NH,OH
for metal precipitation, which form soluble by-products and further recovery of metals is
possible. Since use of Ca(OH), for acidic effluents leads to the formation of CaSO,-2H,O, the
quantity of sludge and the cost of their disposal is increased [30]. Hydroxide precipitation
does not allow decreasing of the concentration of all metals presented in wastewater to the
permissible levels because they do not precipitate at the same pH. Sulfide precipitation
in contrast to hydroxide treatment offers some advantages, among them lower residual
metal concentrations, high selectivity, and possibility of metal recovery. The process can be
described by the reaction:

M?> + S2">MS|

As precipitating agent substances like Na,S, NaHS, H,S, and FeS can be used.
Disadvantages of this method can include the possibility of H,S formation, high price
of the process, and necessity of water pre- and post-treatment. In some studies sodium
phosphate was used as precipitating agent but use of phosphate salts lead to the increase
of the residual phosphorus concentration in the treated wastewater [6,32]. To improve the
quality of wastewater treatment a two-step precipitation process can be applied. On the first
stage as precipitating agent hydroxides are used followed by sulfide precipitation and solid
sludge removal by physical methods. Marchioretto and co-workers [29] have shown that
the addition of NaOH as first precipitating agent reduced the addition of Na,S by almost
200 times. The process of pollutant precipitation in some cases can be facilitated by the
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addition of coagulants, which gather the insoluble metal compound particles into flocs that
can settle rapidly by gravity. The drawbacks of all types of chemical precipitation processes
can be considered to be the high amount of used chemicals and their cost, formation of
a large volume of sludge, waste disposal, high cost of the equipment, work with corrosive
chemicals, and increasing operator safety concerns [6,29,30].

Electrochemical methods

Various electrochemical methods such as electrocoagulation, electroflotation,
electrochemicaloxidation,electrochemicalreduction,electrodepositionandelectrodisinfection
can be used for removal of pollutants from wastewater. In electrochemical methods the main
role belongs to the electron. Electrochemical methods possess several benefits including
environmental compatibility, adaptability, energy efficiency, safety, selectivity, possibility of
complete automation, and cost effectiveness, less retention time, rapid sedimentation of the
electrogenerated flocculants, less sludge production, and smaller space requirements and
capital costs [33-36]. The main drawbacks of these methods are their high operating cost
due to high-energy consumption, necessity of electrolyte addition in case of sewage with low
conductivity, and the possibility of the formation of chlorine organic substances [37].

Electrocoagulation

Electrocoagulation is the process of colloidal system coagulation due to the action of
direct current, which causes electrolytic dissociation of salts present in the system [33,38].
The metal ion generation takes place at the anode; hydrogen gas and hydroxide ions as well
hydrogen gas are released from the cathode.

The electrocoagulation process includes three main stages:

(i) Formation of coagulants by electrolytic oxidation of the electrode;

(ii) Destabilization of the contaminant;

(i) Flocs formation [34].

As an example the process on aluminum electrode can be seen in the following equations:
AloAl® + 3e (anode)

3H,0+3e«1.5H,+30H" (catode) [33]

Aluminum ions and hydroxide ions form aluminum hydroxide flocs, which have large
surface area and contribute to rapid sorption of organic/inorganic pollutants and colloidal
particles [39].

Al>*+30H—AI(OH), |

The hydrogen gas helps to remove the aluminum hydroxide flocs. The electrocoagulation
is highly dependent on the sewage parameters as conductivity, pH, particle size, and
pollutants concentration [38].

Electroflotation

Electroflotation is a process in which pollutants float to the surface of wastewater by
bubbles generated from wastewater electrolysis according to the following reactions:

Anode reaction: water oxidation
2H,0 —» O, + 4H" +4e
* Cathode reaction: water reduction

2H,0 + 2¢" — H, +20H- [40,41]
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Electrooxidation

Electrochemical oxidation of pollutants can take place through direct or indirect oxidation
and can lead to the conversion of organic pollutants to CO,, HO and other inorganic
components. Direct oxidation occurs at anodes through the generation of physically
adsorbed “active oxygen” and usually includes two steps (i) diffusion of pollutants from
the bulk solution to the anode surface and (ii) the oxidation of pollutants at the anode
surface [37,42,43]. Indirect electrochemical oxidation consists in the generation of a strong
oxidizing agent at the anode surface followed by the destruction of the pollutants. The most
used electrochemical oxidant is chlorine formed by the oxidation of chloride at the anode.
In addition to chlorine, peroxide, Fenton’s reagent, Cl,, hypochlorite, peroxodisulfate and
ozone can be used as oxidizing agents [37,42]. A key element of this technology is the
anode material. In scientific reports the use of anode materials Pt, PbO,, IrO, and SnO, has
been reported. At the present, an attractive anode material for electrooxidation process is
considered to be boron-doped diamond [43].

Electrodisinfection

Electrochemical wastewater disinfection is a process of eradication of microorganisms by
using an electric current passed through the wastewater under treatment. Microorganisms
can be electrochemically inactivated either directly or via the generation of active chemical
species, such as "OH radicals or OCI ions. In many cases is difficult to distinguish this
processes, as both of them play significant role in microorganisms inactivation. Direct
inactivation consists in the electrosorption of bacteria on the electrode surface and their
subsequent destruction. The process can be applied for disease-related microorganism
removal and prevention of infection-related problems [42,44]. Between processes
with participation of active chemical species, the most popular is electrochlorination,
characterized by on-site generation of disinfectants. The active chlorine species responsible
for microorganisms inactivating can be produced by the following reactions:

2CI' -Cl, + 2e°
Cl,+ 20H — H,0 +OCI + CI
Cl, + 4H,0 — 2CIO, + 8H" + 8¢

Together with electrochlorination high disinfecting power possesses reactive oxygen
species: hydroxyl radical, atomic oxygen, hydrogen peroxide, and ozone, which can be
generated in the following way:

HO—-'OH+H"+e

‘OH—'0O + H* + e

2'0 -0,

2'OH — H,0,

O, +'0 — O, [42,44]

Efficiency of the disinfection process is strongly dependent of electrode material. Anode
materials include platinised titanium or niobium, tantalum, graphite, carbon, metal oxides,
silver, copper, and nickel, etc. [44]. In comparison with other electrode materials, conductive-
diamond has shown a higher chemical and electrochemical stability, and also a higher
current efficiency in many oxidative processes [45]. As material for cathode mainly stainless
steel, copper, graphite, and carbon are used [44]. The main mechanisms of microorganism
inactivation can be considered: oxidative stress caused by electrochemically generated

oxidants, permeabilization of cell membranes and oxidation of vital cellular constituents
due to exposure to electric current [44].
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Membrane Processes

Reverse osmosis, ultrafiltration, microfiltration, and nanofiltration are the most
commonly applied membrane techniques for wastewater treatment.

Reverse osmosis

In comparison with traditional techniques, reverse osmosis is considered as highly
efficient technique for pollutants removal [46]. The principle of reverse osmosis consists of
the separation of solutions with different concentrations by a semipermeable membrane
at high pressures (2,000-10,000 kPa). Pressure is applied on the side of the concentrated
solution to reverse the natural osmotic flow. Membranes used in reverse osmosis are
semipermeable allowing fluid that is being purified to pass through them and preventing
the passage of solutes (such as salt ions) [46-48]. The retention of ions is typically in the
range 95-99.9% depending on the ions and the membrane. The reverse osmosis process is
used for the production of pure water for industrial, medical and pharmaceutical purposes.
The reverse osmosis technique is applicable for separation, concentration and fractionation
of organic as well as or inorganic substances [46,49]. However, reverse osmosis systems
have some limitations. The operating range of reverse osmosis falls in the order of a
nanometer and method is not very efficient for solutions of high contaminant concentration.
A polyamide thin-film composite membrane TW30-181 2-50 has been showed to be efficient
for Cu(NO,),, CuSO,, ZnSO, and Ni(NO,), removal [48]. Reverse osmosis membrane modules
(Module no. 1 and Module no.2) were applied for rejection of all forms of arsenic present in
the feedwater [49]. A thin film composite spiral wound type membrane was studied for its
ability to reject the Cu?" and Ni** from single-salt and mixed-salt systems. The experimental
results indicated that due to larger ionic size Cu?" removal from the model solutions was
more than Ni?*. Addition of chelating agent disodium salt ethylene diamine tetraacetic acid
(Na,EDTA) significantly increased the ions rejection efficiency in the removal process by the
used membrane [46]. Ultra-low pressure reverse osmosis membrane (ES20) was applied for
divalent and hexavalent heavy metals ions extraction from solution at different operating
parameters: pressure, feed concentration, pH, and effect of other ions. The rejection of
heavy metal found to be greater than 95% for the tested membrane [50]. In Ujang et al.,
work [51] the efficiency of Zn?* and Cu? removal by low-pressure composite membranes
achieved up to 99% removal.

Nanofiltration

In nanofiltration process, solute separation through membranes takes place mainly
due to electro-static interaction of membrane and solutes on the membrane surface and
size exclusion [52]. In comparison with reverse osmosis, nanofiltration membranes are
operated at lower pressure values 700-3,000 kPa. Pores of size 2-5 nm lead monovalent
ions and low-molecular-weight organic molecules to pass through the membrane [47].
A series of experiments was carried out for the separation of hexavalent chromium by
nanofiltration membranes by adding cationic, anionic and non-ionic surfactants. Results
showed enhancement in the separation of chromium from 97 to 99.5%, even with a very
low concentration of cationic surfactant additions and no change in the permeate flux
was observed for anionic and non-ionic surfactants [53]. Retention of five metal solutions
(Cd(1), As(IIl), Cu(Il), Mn(Il), Pb(Il)) was investigated using the nanofiltration membrane
NF270 by Al-Rashdi et al., [54]. The effect of the pressure, initial metal concentration
and pH was studied. The NF270 membrane rejected almost 100% of copper ions at low
copper concentrations in solution. However, with the increase of copper concentrations in
solution the membrane rejection effectiveness decreased. For cadmium, manganese and
lead at their concentrations in solution 1000 mg/L degree of purification was 99%, 89%
and 74%, respectively. The lowest removal efficiency for the NF270 membrane was shown
to be for arsenic. Reverse osmosis and nanofiltration technologies were applied for copper
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and cadmium removal from wastewater [55]. Comparison of two techniques showed that
reverse osmosis was more efficient for the studied metals removal. Beside single-metal
systems, studied techniques can be applied for complex systems as well. The degree of
sewage purification in case of reverse osmosis achieved 99.4% removal of pollutants, and
for nanofiltration it was 97%.

Ultrafiltration

Ultrafiltration allows for the separation of macromolecules and suspended solids
with molecular weights from 1000 to 100,000 Da from solutions using membranes with
pores sizes of 1 to 100 nm [47,52]. During the process of utrafiltration, lower-molecular-
weight compounds and water pass through the membrane while higher-molecular-weight
compounds remain on the membrane. The copolymer of maleic acid and acrylic acid
(PMA-100), combined with a Polyvinyl Butyral (PVB) hollow fiber ultrafiltration membrane
was applied in a complexation—ultrafiltration process for the removal of heavy metal ions
Cu?', Zn?*", Ni** and Mn?*, from an aqueous solution [56]. For the solution with metal ion
concentrations of 10 mg/L, at pH 6.0, a dosage of 60-70 mg/L with the copolymer could
ensure removal efficiency above 98.8%.

Polyethersulfone (FUS 0181) was used as an ultrafiltration membrane and carboxy methyl
cellulose as a metal complexing agent for the removal of Cu (II), Ni(Il), and Cr III) ions from
synthetic wastewater solutions in a study by Barakat and E. Schmidt [57]. It was found that
the complexation and filtration processes are pH dependent; the metal rejection was more
efficient at neutral and alkaline conditions than at acidic ones. The metal rejection efficiency
values, with initial metal ion concentration of 10 mg/L, were 97.6, 99.5 and 99.1% for Cu
(I), Cr (III), and Ni (II), ions, respectively at pH 7. The membrane had worked efficiently on a
wide range of concentrations up to 100 mg/L for both Cu (II) and Cr (III) ions, while the Ni
(IT) ions’ rejection efficiency decreased to 57%.

In a study by Vieira et al., [58], metal removal from pulp and paper industry wastewater
was conducted by coupling complexation with water-soluble polymeric ligands and
an ultrafiltration process. Metal retention was not significant when only ultrafiltration
(polyvinilidene fluoride membrane) was used. To increase the efficiency of the process,
polyethyleneimine and polyvinylalcohol were used as water-soluble polymeric macroligands.

Microfiltration

Microfiltration is the membrane process, which is more comparable to both ultrafiltration
and conventional coarse filtration. The pore size of a microfiltration membranes ranges
between 0.02 and 10 um. [47,59]. Microfiltration is applied when pollutant removal by
sedimentation, centrifugation, and/or depth filtration is difficult or not cost efficient.
Herzberg et al., [60] showed what microfiltration could be used as pretreatment step to
reduce the fouling of reverse osmosis membranes due to the removal of particulate/colloidal
matter. The microfiltration process using ceramic membrane (a-Al,O,) with pore size 50 nm
was successfully applied for the oily wastewater treatment by Hua et al., [61]. The influence
of parameters such as transmembrane pressure, cross-flow velocity, oil concentration in
feed, as well as pH and salt concentrations on separation behaviors were studied. The high
degree of sewage purification was achieved under high trans membrane pressure and cross-
flow velocity and low oil concentration.

Zeolite microfiltration membranes NaA/a-Al,O, with pore sizes of 1.2 ym, 0.4 um and 0.2
pm were applied for the oily water treatment. Better than 99% oil rejection was obtained for
oil-in-water emulsion containing 100 mg/L oil using membranes with pore sizes of 1.2 pm
and 0.4 pm [62].
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Advanced oxidation

Advanced oxidation is a process of hydroxyl radical generation for the oxidation of
chemicals presented in wastewater. Hydroxyl radicals are; very reactive short-lived oxidants
with an oxidation potential of 2.33V, able to oxidize pollutants into mineral products, and
yield CO, and inorganic ions [63,64]. Hydroxyl radicals react mostly with organic and
partially with inorganic solutes with high rate constants, and have been shown to be more
effective than oxidizing agents such as ozone and hydrogen peroxide [65].

Hydroxyl radicals (OH’) may be produced in systems using: cavitation, photochemical
initiation (homogenous photochemical degradation, Fenton-based reactions, titanium
dioxide/ultraviolet radiation) [63,65]. Cavitation is the phenomena of the formation, growth
and subsequent “clapping” of microbubbles occurring in an extremely small interval of time
(milliseconds), and subsequently releasing large magnitudes of energy [65]. In the clapping
moment, several processes take place: electric discharge, particle ionization and chemical
bond breakage. The size of bubbles is between 1-10 py, when its surface is covered with
surfactant [7]. There is practically no water in the nature without such bubbles. The photo-
activated chemical reactions are based on the interaction of photons of a proper energy
level with the molecules of chemicals presented in sewage, in the presence or absence of
a catalyst. The radicals can be easily produced using UV radiation by the homogenous
photochemical degradation of oxidizing compounds like hydrogen peroxide and ozone.

H,0,+ h" — 2'OH
The rate of H,0, photolysis is pH dependent and increases in alkaline conditions [64].

Free radicals can be obtained by heterogeneous photocatalysis, and can be accelerated
by the action of a catalyst like TiO,. Light irradiation of the catalyst leads to transition of
electrons from the valence to the conduction band. In particular, both migrating electrons
and the holes created in the valence band can participate in redox reactions with compounds
absorbed on the photocatalyst [64].

TiO, — TiO,* + e, [0, ]

The use of Fenton’s reagent (hydrogen peroxide in the presence of a ferrous salt) allows for
the obtainment of reactive oxidizing species, which possess the ability to destroy pollutants
from sewage [65].

FeOH2" +h" —Fe?" + OH
FeOR? +h" —Fe?" + RO [7]

Advanced oxidation processes are more efficient, cheap, and ecofriendly in the degradation
of any kind of toxic pollutants and can be used in the pre- and/or post-treatment of biological
systems. In general, all conventional methods of pollutants removal suffer from a few major
disadvantages such as high-energy requirements, generation of toxic sludge, incomplete
metal removal and low efficiency at pollutant concentrations less than 10-100 mg/L. There
is thereby a growing interest in biological methods of wastewater treatment, which require
less energy and are considered environmentally friendly.

Biological Methods

Biological methods are an important and integral part of any wastewater treatment
plant and can be divided into aerobic and anaerobic ones. There are multitudes of aerobic
and anaerobic biological treatment processes mainly applied for organic substances
mineralization. The most used installation for aerobic wastewater treatment are aeration
tanks. Aeration tank represents a reservoir equipped with aeration device where wastewater
is mixed with activated sludge. Aeration is carried out with the scope to saturate wastewater
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with oxygen necessary for active sludge microorganisms activity. The activated sludge of
the aeration basin of a wastewater treatment plant is a complex ecosystem of competing
organisms (actinomycetes, alga, viruses and other aerobic microorganisms) [7,66]. In aeration
tank, the bacteria or other microorganisms are concentrated in the flocculent material of
the activated sludge. The flocs of porous structure are formed from aggregates of organic
polymers which are supposed to be secreted by bacteria. The microorganisms are adsorbed
on to the internal and external surfaces of the floc. Immediately after the wastewater enters
the aeration tank the fine particulates, colloidal particles and large molecules, are adsorbed
on the floc material [67]. The efficiency of wastewater treatment is mainly determined by the
microorganism’s type. The main role in wastewater treatment is played by bacteria. During
the microbial degradation, pollutants are transformed to non-toxic or less toxic compounds
since microorganisms use organic compounds as source of nutrients and energy [68,69].
Mono- di- and tri-atomic alcohols, organic acids, hydrocarbons, aldehydes are easily
subjected to biochemical oxidation, more difficult aromatic compounds and surfactants [7].
However, in case of some substances, for example polycyclic aromatic hydrocarbons they
could be transformed into compounds that are more toxic. The biodegradation is a complex
process, which depends on the organic compounds’ chemical structure, physical state, and
toxicity. With the time activated sludge becomes used to environmental conditions and
wastewater composition, and change of parameters as: decrease of oxygen concentration,
high amount of toxic compounds, and lack in nitrogen and phosphorus lead to the
sludge disease and the need of sludge replacement arises. Usually the time of wastewater
contact with activated sludge is 12-24 h [7]. Anaerobic wastewater treatment is an energy-
efficient process that is typically utilized to treat wastewaters with high concentrations of
biodegradable organic matter. In contrast to aerobic treatment, anaerobic treatment does
not require oxygen input and is characterized by generation of small amount of sludge [70],
which can be used as fertilizer.

Anaerobic wastewater treatment includes three stages:
- Hydrolysis of organic compounds;

- Acetogenesis and acids formation — formation of organic acids, alcohols, aldehides,
etc.;

- Methanogenesis -fermentation of organic compounds, resulting in methane
production.

CH,COOH—CH,+CO, [7,71].

During the fermentation process, energy-rich organic compounds are oxidized while
other organic and inorganic compounds are used as the electron acceptors. Despite the high
efficiency of organic pollutants biodegradation the anaerobic water treatment process has
some disadvantages such as low rate of microorganisms growth, formation of ammonium
ion and hydrogen sulfide, need of purified effluents aerobic post-treatment [71]. For this
reason is better to use multi-unit anaerobic-aerobic systems for wastewater treatment.

Biological methods are often applied for purification of wastewater containing nitrogen
compounds by mean of nitrification and dynitrification. Usually nitrogen is presented in the
wastewater in the form of ammonium and organic compounds, containing nitrogen in the
ratio 1:5.

Nitrification is the aerobic biological process of ammonia conversion to nitrite and
then to nitrate. Nitrification can be achieved at low organic loadings and where suitable
environmental conditions are provided: temperature,C:N:P ratio, oxygen supply, pH.
Microbial strains Nitrosomonas and Nitrobacter are responsible for nitrification process,
which can be described by the following reactions:
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NH,*+ 1.50,-NO, + 2H* +H,0 (I)
NO, +0.50,— NO," (II) [7,72]

Under anaerobic conditions, microbiological reduction of nitrates take place via
denitrification process. For denitrification process very important is the presence of
biodegradable carbon in the medium.

NO, + CH,OH— N, + CO, + H,0 [7,72]

Depending of the level of wastewater pollution with nitrogen compounds different
installations are used for its purification [7]. In case of metal removal from wastewater
using biological objects the special emphasis is given to biosorption and bioaccumulation
processes.

Biosorption

Biosorption is relatively rapid, simple, cost-efficient and environmentally friendly
technique for pollutant removal, especially from diluted solutions, and carries the possibility
of metal recovery. The principle of method consists of the interaction of metal ions with
functional groups present on the cell surface (biosorbent). As biosorbents naturally
abundant biomass, residual biomass of different industry or biomass grown on the cheap
cultivation media can be used. Use of different techniques, especially FT-IR spectroscopy,
have shown that carboxyl, hydroxyl, sulfate, sulfhydryl (thiol), phosphate, amino, amide,
imine, thioether, phenol, carbonyl (ketone), imidazole, phosphonate groups are the main
site of metal binding on the microbial surface [73-75]. The process of biosorption is
strongly influenced by temperature, type and concentration, and oxidation state of metal,
composition and pH of sewage, type of microorganisms and mechanism of metal removal,
concentration of biosorbent, etc. Metal ions capture in biosorption processes can take place
through several mechanisms, such as: adsorption, ion exchange; metal ion complexation
with biomass components, electrostatic attraction or microprecipitation. Biosorption is a
metabolically-passive process and can be carried out using dead biomass [68,74].

Bioaccumulation

Bioaccumulation is the irreversible process of pollutant uptake by living biomass
and the subsequent incorporation of the pollutants within the inner cellular structures.
Bioaccumulation can be described as two-step process. In the first stage, pollutants are
bound to the functional groups on the cell surface. The second stage consists of pollutants
penetrating inside the cell [74,76]. Microorganisms have developed several mechanisms
of resistance to pollutant action, such as: metal enzymatic reduction to less toxic forms;
excretion of organic acids and proteins with the ability of pollutants immobilization;
micropreciptation, and intracellular chelation by metallothionein proteins and glutathione-
derived-peptides called phytochelatins. An important role in the bioaccumulation process
plays low molecular weight proteins, called metallothioneins, which are rich in thiol groups.
These molecules can exclude metals from metabolic reactions though binding them in non-
biologically active forms [77]. As well as biosorption, bioaccumulation process depends on
many factors, which include: temperature, pollutant form and concentration, characteristics
of the organism, and substrate composition [68,74].Bioaccumulation processes require
high expenditure for the maintenance of the microorganism’s vitality during the contact
with pollutants, thus for large-scale applications, it is more preferable to use biosorption
processes.

Conclusion

The wastewater treatment is a complex process. There is no unique technique that
can be used for pollutants removal. Some methods like precipitation, ion exchange are
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applicable for metal removal while other e.g. biological methods are more suitable for organic
compounds biodegradation. For highly polluted wastewater, it is recommended to use
coagulation—flocculation, precipitation techniques and biological purification. Ion exchange
and adsorption techniques show the best efficacy at pollutants concentration in the range
of <10-100 mg/L. High cost techniques such as advance oxidation, electrochemical and
membrane methods are suitable for special technological tasks. Considering the energy
consumption and cost of physical and chemical methods recently a growing interest
represents biological methods of wastewater treatment.
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Abstract

The release and accumulation of organic and inorganic pollutants in the environment
by natural and anthropogenic sources have led to serious environmental problems; this
subsequently results to adverse effects on human health and wildlife. Therefore, to prevent
the harmful effects of environmental contaminants, the development of newer and/or
combined technologies for the remediation of contaminated water and wastewaters has
been of great importance. This chapter presents bioremediation, membrane bioreactor
and the Advanced Oxidation Processes (AOPs) as other forms of water and wastewater
treatment technologies. Bioremediation and membrane bioreactor are ecofriendly, effective
and cheap methods of detoxification. The AOPs have also emerged as a set of versatile
water and wastewater treatment techniques. AOPs have been widely applied for the removal
of a wide range of contaminants including pharmaceuticals, dyes, surfactants, pesticides,
herbicides, disinfection by-products, endocrine disrupting chemicals etc. However, there
are still ongoing investigation on the impact of the oxidants used, nanoparticles/catalysts,
and resultant metabolites on human health and the environment.

Keywords: Advanced Oxidation Processes; Bioremediation; Catalysis; Membrane
Bioreactor; Nanotechnology; Phytoremediation; Sonolysis

Introduction

In the last three decades, concerns about environmental pollution have increased around
the world and this has resulted in the promulgation of more restrictive environmental laws.
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With the development of more advanced analytical techniques for the identification and
quantification of pollutants, there is the tendency to continue expanding those restrictions
to protect the environment with special focus on the regulation of toxic substances,
mutagens and carcinogenic precursors and carcinogenic substances. Especially important
are the regulations placed on water from water purification plants, industrial and municipal
wastewater/sewage treatment plants. Recently, there has been an increased concern about
the quality of water discharged from industrial/sewage plants and from water purification
plants as certain recalcitrant xenobiotic organic compounds have been detected in surface
water, ground water systems, and in drinking water. A vast number of pharmaceuticals
and Endocrine Disrupting Chemicals (EDCs) have been detected in effluents from sewage
treatment plants [1], surface water [2,3] and less frequently in drinking water [4]. These
pharmaceuticals range from simple antibiotics to anticonvulsants, beta-blockers, cytostatic
drugs and x-ray contrasting media [5,6]. The intrinsic design of these chemicals prevents
their attack by the microbes used in the biological treatment of municipal sewage and
therefore they persist in the effluent during discharge of treated wastewater. Natural water
and treated wastewater represent the most significant exposure pathways for EDCs to biota
as they are only partially removed by wastewater treatment processes [7]. A review of their
potential environmental impact has been presented [8,9]. Xenobiotic end products such as
dyes [10], pesticides, herbicides and insecticides [11], and other precursor chemicals such
as nitro- and chloro- benzenes [12] have also been detected in water samples.

From the foregoing, it is apparent that the present conventional techniques such as
flocculation, coagulation, adsorption on activated carbon, biological treatment and
membrane processes for the purification of drinking water and the treatment of wastewater
are ineffective for the removal of certain recalcitrant organics in water [13]. One major
disadvantage of some of these techniques is the concentration of pollutant on a secondary
medium or in solution and hence the generation of sludge which is more concentrated and
more acutely toxic than the individual pollutant. The proper disposal of this secondary
generated pollutant therefore offers another problem. At present, membrane waste sludge
which contains several stabilized xenobiotic compounds [14] is emptied into sewers and
surface waters where they pose further environmental threat [15]. Also, while adsorption
on activated carbon shows promise for removal of organics, reports on application in real
wastewater revealed that adsorption of certain organics was reduced by as much as 1000
times when compared to results from laboratory scale experiments [16]. Coupled with this
fact is that the reuse of activated carbon is limited to a specific number of cycles [17], and
the generated spent carbon requires proper treatment. This poses a major disadvantage
to this technology. Biological degradation and photo-degradation are few of the major
technologies applied for removal of toxic chemicals such as chlorinated phenols, aromatics
and pesticides [18]. However, in the context of remediation described by the European
Commission Joint Center [19], these conventional technologies have been regarded as
unsatisfactory for treatment of industrial wastewater since many of the organics present are
resistant to biological treatment. Arguably, some of these techniques including adsorption
when carried out in the biosorption mode utilize inexpensive adsorbents and as such the
reduction in running cost may become an advantage. Presently, there is still no report of a
single material capable of total pollutants removal from wastewater.

Thus, this chapter presents bioremediation, membrane bioreactor and the Advanced
Oxidation Processes (AOPs) as other forms of water and wastewater treatment technologies.
The basic principles, applications, successes and limitations of these treatment technologies
were presented and discussed.

Bioremediation

Bioremediation involves the use of living organisms such as microorganisms, fungi, algae,
enzymes and plants to degrade/breakdown complex materials (pollutants) into simple end
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products. It can also be described as the addition of biological materials to contaminated
environments to cause an acceleration of the natural biodegradation processes [20], the
addition of terminal electron acceptor/donor or control of moisture and temperature
conditions to establish microbial consortia [21]. It is a proficient technique of removing
contaminants from water and wastewater. It is a simple and inexpensive method of water
and wastewater treatment which results to nontoxic by-product.

There are two main approaches to bioremediation:

Bio augmentation: This is the process in which microbes are added to supplement the
existing microbial population.

Bio stimulation: It involves the addition of nutrients or other growth-limiting co-
substrates to stimulate the growth of indigenous degraders.

Some microbes and fungi that are commonly used in bioremediation include Pseudomonas
sp, Bacillus sp, Klebsiella sp, Pandoraea sp, Phanerochaete chrysosporium, Mycobacterium
sp, Agrocybe semiorbicularis, Auricularia auricula, Coriolus versicolor, Dichomitus squalens,
Flammulina velupites, Hypholoma fasciculare, Pleurotus ostreatus, Stereum hirsutum, and
Avatha discolor, the genera Flavobacterium, Arthrobacter, Azotobacter and Burkholderia
are the most commonly used bacterial species, while P. putida theortical oxygen demand
enzyme and fungal enzymes oxidoreductases, laccase and peroxidases have been reported
to have prominent application in the removal of contaminants in the environment [22,23].

Recent studies have shown that bioremediation using algae can increase biomass by
utilizing waste as nutrients and can help in solving problems created by effluents [24,25].
Hence, microalgae cultures have been applied by several authors for the treatment of
contaminated soils, water and wastewater [25]. Chekroun et al., [26] gave an overview of
the mechanisms used by microalgae for the bioremediation of organic pollutants in aquatic
ecosystems and the impact of genetically modified microalgae on xenobiotic degradation
to minimize their impact on the environment. Chekroun et al., [26] concluded that the
application of microalgae in biomonitoring and restoration of aquatic systems favour the
phytoextraction and biodegradation of organic pollutants, however, there are still some
persistent organic pollutants that are difficult to break down by microalgae. They opined
that genetic engineering can be employed to improve the absorption and bioremediation of
many organic pollutants and increase microalgal tolerance to these pollutants. In Egypt,
the bioremediation of Al-Sayyadin lagoon polluted water using wild and mutant strains
of microalgae (Chlamydomonas reinhardtii CC1021 and Parachlorella kessleri PC) was
assessed by Zayadan et al, [25]. They reported that the wild and mutant strains of P.
kessleri had higher efficiency in phytoremediation than the wild and mutant strains of C.
reinhardtii CC1021, and that the mutant algae of P kessleri PC exhibited higher growth rate
and removal efficiency than the wild type.

Sheela and Khasim [27] carried out a detailed review of the bioremediation of ammonia
from polluted waste waters. They discussed the biological processes for ammonia-nitrogen
removal; which includes nitrification/denitrification, simultaneous nitrification and
denitrification, autotrophic nitrification/denitrification, nitrification/denitrification via
nitrite pathway, anammox process, and partial nitrification /anammox. The factors affecting
the efficiency of ammonia bioremediation were also discussed. Finally, they argue that the
anammox system was found to be feasible and extremely suitable for the treatment of
high concentrated ammonia containing industrial effluents, and that the major drawbacks
for anammox bacteria are their isolation in pure form and slow growth rate. Olawale [28]
investigated the bioremediation potential of Pseudomonas aeruginosa (a common Gram-
negative bacterium) in removing heavy metals from industrial efluent wastewater. Olawale
reported that the wastewater treated with P. aeruginosa shows that the concentrations of
Pb, Se, As and Cd degraded by 96.43%, 99.94%, 99.80% and 90.38%, respectively, at the
end of fifteen experimental days.
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In addition, bioremediation has been reported as a new method of oil spill clean-up that
is more effective than chemical and mechanical methods [28].

Phytoremediation

Phytoremediation is a promising technology that uses green plants to assimilate or
detoxify organic and inorganic pollutants from contaminated soils, water and wastewater.
Plants possess a natural ability to eliminate, detoxify or immobilize environmental
contaminants in a growth matrix by means of various biological processes [22], thus
phytoremediation can be applied to a broad range of contaminants, including: heavy metals,
radionuclides, chemicals, organics etc. This technology conserves the environment in a
natural state, improves soil quality, it is relatively cheap and harmless, the plants can be
monitored, and valuable contaminants can easily be recovered and re-used. However, it is
limited to the following: surface area and depth occupied by the roots, slow plant growth
and several growing seasons required to achieve the desired level of decontamination,
leaching of contaminants into groundwater which may not be totally prevented, toxicity
of the contaminated land and the general condition of the soil that affects the survival of
the plants, and bio-accumulation of contaminants which may pass into the food chain.
Thus, the plant species used in phytoremediation are selected based on ability to extract or
degrade the contaminants of concern, adaptation to local climates, high biomass, depth root
structure, compatibility with soils, growth rate, ease of planting and maintenance, and the
ability of the plant to take up large quantities of water through the roots (http://www.epa.
gov/superfund/accomp/news/phyto.htm). Moreover, the efficiency of phytoremediation is
determined by the biomass production and the bioconcentration factor. The bioconcentration
factor is a measure of the ability of a plant to take up and transport contaminants to the
shoots, which are the plant parts that can be easily harvested [29].

Mechanism of phytoremediation

Pirzadah et al, [22] and Favas et al.,, [30] presented the mechanisms and factors affecting
phytoremediation. These essential mechanisms (Figure 1) include: phytoextraction,
phytostabilisation, phytodegradation (phytotransformation), phytostimulation,
phytovolatilization and rhizofiltration.

Phytovolatilization

® Phytodegradation
Phytostabilization

Figure 1: Mechanism of phytoremediation [30].
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Phytoextraction: This is the process by which plants (hyperaccumulators) actively
eliminate contaminants from soil or water, and translocate them to higher tissues where
they are accumulated. Plants are thus harvested as required and managed accordingly
i.e. the plants could be incinerated, composted or used as firewood, etc. Proper disposal
is essential for the plant biomass that accumulates the contaminants, whereas, ash must
be disposed of in hazardous waste landfill if the plants are incinerated. For a successful
phytoextraction, the contaminant needs to dissolve into what the plant roots can absorb,
the plant roots need to absorb and transport the contaminants, the plant should be able
to safely store the contaminants, and lastly, the plant must adjust to any damages the
contaminants might have caused during transportation and storage.

Phytostabilisation: This is the interaction between the plants’ rhizosphere, the
contaminants and the substrate in order to reduce the mobility of contaminants in the
environment. This process is used to restrain contaminants in the soil and groundwater
through absorption, adsorption and accumulation by the roots, or precipitation within the
rhizosphere (a process in which plant roots release plant exudates such as phosphate, which
may result to the formation of insoluble precipitate of the contaminants, thus removing the
contaminant from solution without having it taken up into the plant). Phytostabilisation
minimizes the mobility of contaminants, prevents movement to the groundwater or air, and
also decreases bioavailability for entry into the food chain.

Phytodegradation or phytotransformation: The phenomenon by which the plants
metabolize or transform the contaminants to less harmful products through the effect of
enzymes produced by the plants. The contaminants are broken down into simpler molecules
and are integrated into the plant tissues to aid the plants rapid growth.

Phytostimulation or rhizosphere degradation: This is the enhancement of soil
microbial activity for the degradation of contaminants, typically by organisms that associate
with roots. Rhizosphere degradation occurs mainly in soil, yet, stimulation of microbial
activities in the root zone of aquatic plants could possibly occur.

Phytovolatilization: The use of plants to take up contaminants from soil, water or
wastewater and translocate them into the shoots, where the contaminants or a modified
form of the contaminants may be volatilized.

Rhizofiltration: This is the filtration of water through a mass of roots to remove
toxic substances or excess nutrients. The pollutants remain absorbed in or adsorbed
to the roots. Examples of plants known to remove pollutants through rhizofiltration are
duckweed, water spinach, calamus etc. Ndimele et al., [31] reported the ability of water
hyacinth (Eichhornia crassipes (Mart) Solms.) to absorb and translocate Fe and Cu.
Their investigation revealed that Cu had better translocation capacity than Fe, while the
accumulation potential of Fe by water hyacinth is higher than Cu. They concluded that
Eichhornia crassipes can be effectively utilized for the phytoremediation and adequate for
biomonitoring programmes for contaminated water. Syuhaida et al., [32] carried out the
comparison of the phytoremediation abilities of water mimosa (Neptunia oleracea) and
Eichhornia crassipes. Their results indicated that Neptunia oleracea has lower heavy metals
uptake and bioconcentration factor value compared to Eichhornia crassipes. However, it
was reported that both plants accumulate high heavy metals in the roots compared to
stems and leaves and that both plants use rhizofiltration process to remove heavy metals.
Pedro et al.,[33] evaluated the capacity of Salicornia ramosissima (S. ramosissima) on
Cd phytoremediation under different salinities and Cd concentrations in a greenhouse
experiment. They reported that the highest Cd accumulation was detected in the roots, and
decreased with increase salinity and Cd concentration. They suggested S. ramosissima as a
potential candidate for Cd phytoremediation at salinities close to O and that the ability of S.
ramosissima in Cd phytoaccumulation and phytostabilization was found to be remarkable.
The phytoremediation of water polluted by thallium, cadmium, zinc, and lead with the use
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of Callitriche cophocarpa (C. cophocarpa) was reported by Augustynowicz et al., [34]. After a
10-day incubation period, shoots of C. cophocarpa were found to effectively biofiltrated the
water so that it met (for Cd, Zn and Pb) appropriate quality standards. They reported that
the C. cophocarpa significantly eradicated polluted water toxicity according to the Microtox
bioassay and that C. cophocarpa exposed to metallic pollution did not exhibit significant
changes in its physiological status compared with the control. Marrugo-Negrete et al., [35]
investigated the the phytoremediation of mercury-contaminated soils by Jatropha curcas (J.
curcas). The authors assessed the growth behavior, mercury accumulation, translocation
and bioconcentration factors of J. curcas and reported that the different tissues in J. curcas
was in order of decreasing accumulation Hg as: roots > leaves > stems, and that J. curcas
species showed high bioconcentration factor and low translocation factor, and their use
could be a promising approach to remediating mercury-contaminated soils. The uptake
and biotransformation of Trichloroethylene (TCE) by hybrid poplars in artificial aquifer was
reported by Newman et al., [36]. They reported that nearly one to two percent of the applied
TCE was completely mineralized to carbon dioxide by the poplar cell cultures and that
unaltered TCE and TCE metabolites (trichloroethanol, trichloroacetic acid, dichloroacetic
acid and reductive dechlorination products) were detected in the aboveground portion of
the hybrid poplars.

Membrane bioreactors

Membrane Bioreactors (MBRs) are systems integrating biological degradation of pollutants
with membrane filtration (Figure 2). MBR is an emerging advanced wastewater treatment
technology that has been successfully applied in municipal and industrial wastewater
treatment, groundwater and drinking water abatement, solid waste digestion and odor
control. Cicek [37] presented a critical review of MBRs and their potential application in
agricultural wastewater treatment. Studies have also shown that certain configurations
of MBRs would retain, concentrate, and consequently break down hormones, industrial
chemicals, pesticides, herbicides, pharmaceuticals etc. without requiring sophisticated
tertiary treatment processes.
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Figure 2: A simple schematic description of Membrane Bioreactor.
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Figure 3: Membrane bioreactor configuration.

The membrane unit can either be constructed side stream (external or cross flow) or
submerged in the bioreactor (Figure 3). The submerged is the most common type of MBR
due to its compactness and low energy requirement. In the submerged MBR, the membrane
segments are directly installed in the activated sludge reactor vessel, with the effluent
sucked out of the membrane segments by the aid of a permeate pump and the suspended
solids fall back into the basin. In the sidestream MBR, the membrane segments are located
outside the reactor basin, thus, the mixed liquor from the reactor is pumped into the
external membrane segments. This makes the sidestream MBR configuration to consume
more energy and it also requires additional space. However, it should be noted that the
choice of any of the configurations depends on application requirements.

The major advantages of MBRs water and wastewater treatments include high quality
effluent free of bacteria and pathogens, good control of the biological activity, smaller
plant size and higher organic loading rates. However, high capital costs due to expensive
membrane units and high energy costs, membrane fouling, and sludge disposal problems
constitute major setbacks. Furthermore, contaminants accumulating in the bioreactor can
reach concentration levels that can be detrimental to the microbial population or membrane
structure [37].

Advanced Oxidation Processes

AOPs were defined in 1987 by Glaze [38] as “near ambient temperature and pressure
treatment processes which involve the generation of hydroxyl radicals in sufficient quantities
to effect water purification”. Hydroxyl radical is traditionally thought to be the active species
responsible for the destruction of pollutants. In the light of recent evidence, this definition
may require a revision as several publications have reported the use of other radicals such
as the sulfate radical [39-41] and azide radical [39] generated in-situ for the degradation
of organic pollutants in wastewater. The use of the AOPs also referred to as the Advanced
Oxidation Technologies (AOTs) have been reported to bring about complete mineralization
of toxic xenobiotic organics frequently detected in water and wastewater. AOPs have also
been successfully applied to the removal of disease causing pathogens in water [42].
Several workers have reported the use of AOPs for removal of pharmaceuticals [43,44],
endocrine disruptors [45], pesticides [46-48], surfactants [49] and a wide range of other
industrial toxicants such as phenols [50,51], humic acids and benzene derivatives [52,53]
commonly detected in surface, ground and wastewaters. These techniques are superior to
the conventional chlorination of water as they can be optimized to also oxidize disinfection
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by-products such as the halomethanes and haloacetic acids associated with chlorination of
water [54]. Since the end products of complete mineralization are carbon dioxide and water,
the AOPs offer another significant advantage in avoiding the production of a secondary
pollutant encountered when using other conventional techniques. Furthermore, the AOPs
have been applied to several real waste scenarios such as dye effluents from dye industry
[55], pulp mill effluents high in phenolics [56,57], land fill leachates [58] and drinking water
[59,60]. These have shown better treatment efficiency when compared with conventional
processes. In combined mode with other techniques, they have also been used as pre-
treatment or post-treatment unit operations as part of the multiple barrier approach for
water purification [55,61, 62]. The possible application of AOPs in hybrid water treatment
processes based on adsorption and catalytic wet air oxidation has recently been proposed
[63].

Although the AOPs use different reagent systems, which include photochemical
degradation processes (UV/O,, UV/H,0,), photo-catalysis (TiO,/UV, photo-Fenton), and
chemical oxidation processes (O, O,/H,0,, H,0,/Fe**, H,0,/Fe*), they all produce hydroxyl
radicals (OH") which are highly reactive and non-selective [64,65]. Sulphate radicals (SO,")
produced using oxone is more selective than hydroxyl radical [40]. A schematic classification
of the advanced oxidation processes is presented in Figure 4.
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Figure 4: A schematic classification of the advanced oxidation processes. Abbreviations: O, ozonation; H,0, peroxide; AC
activated carbon; UV ultraviolet; TiO, titanium oxide; WO wet oxidation; WPO wet peroxide oxidation; SCWO supercritical
wet oxidation.

These AOPs summarized in Figure 4 may be classified as homogeneous or heterogeneous
[66]. The major distinguishing factor between these two broad classes is the absence of a
solid phase catalyst or promoter in the homogeneous process. In homogeneous processes,
reagents such as H,0,, soluble O, and/or aqueous metals are used to generate OH radicals
in aqueous phase for oxidizing dissolved organics. Energy sources such as solar, microwave,
thermal and others presented in figure 4 are not considered as a separate phase from the
aqueous medium. On the other hand, heterogeneous processes utilize a solid catalyst phase
or surface upon which radicals are generated. The generation of radicals by UV generated
holes on TiO, solids dispersed in an aqueous medium is a typical example. Others such as
O, break down on solid metal oxides may be specifically regarded as catalytic processes
and are broadly classified under heterogeneous processes. Homogeneous processes can be
further subdivided into processes that are driven by external energy and processes that do
not operate on external energy sources. These energy sources include UV light, solar energy,
electrochemical, ultrasonic (sonolysis), microwave, thermal and gamma radiation.
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Homogeneous Aops without Energy

Ozonation in alkaline medium

Ozone is unstable in aqueous medium, decomposing spontaneously by a complex
mechanism that involves the generation of hydroxyl radicals. The degradation of organic
compounds occur through the action of O, itself as well as through the radicals generated
in alkaline medium. The scheme for the radical generation has been extensively argued
[67]. Hoigne [67] showed that ozone decomposition in aqueous solution proceeds via the
formation of hydroxyl radicals as shown in the Equations 1-8. In the reaction mechanism,
hydroxyl ion (OH") has the role of initiator.

OH +0, > 0, +HO, (1)
HO; +H" = H,0, (acidic medium) (2)
HO, +0, > HO, +0;" (3)
HO, =H" +0; 4)
O, +0, >0, +0;" (5)
O, +H" — HO; (6)
HO; - HO" +0, (7)
HO; >HO +0, (8)
HO +0, > HO, +0, (9)

The mechanism also elucidates the role exerted by H,O, since it is formed during the
decomposition of ozone as shown in Equation 2. It is therefore clear that the addition of
H,O, to O, aqueous solution would enhance the O, decomposition, with the formation of
OH radicals. This forms the basis for the use of another process based on O, and H,O,: the
peroxone process (O,/H,0,). A less complex scheme for decomposition of O, to radicals was
proposed by Alaton and co-workers [68]. The use of ozonation has been extensively applied
for the decomposition of organics in water and wastewater. The effluents from pulp and
paper industry contain a number of toxic compounds especially phenols and its chlorinated
derivatives. The paper making process utilizes a large amount of water and their effluents
laden with xenobiotic organics are directly discharged into surface water streams, posing
deleterious effects to aquatic life. Catalkaya and Kargi [56] utilized the ozonation process as
a pretreatment operation for effluents from a pulp mill in Turkey. The method was regarded
as effective for the removal of colour from the effluent. Chelme-Ayala and co-workers utilized
the ozonation process for the treatment of pesticides present in a membrane concentrate
from a membrane plant in Alberta, Canada [69]. The workers recorded removal efficiency
of 87% for bromoxynil and 63% for trifluralin from the concentrates. A good number of
articles published on the application of ozonation for the treatment of various organics in
wastewater can be found in the literature [70-75]. The major limitation to the use of O, for
water treatment lies with the operational cost of the process itself. O, is an unstable gas with
a lifetime spanning only a few minutes when in water. It therefore has to be produced in-situ
when required. Also, its application requires well-designed gas-liquid contacting devices to
bring about effective mass transfer of O, from the gas phase to liquid phase.

Oxidation using H,0,

Oxidation by peroxide (H,O,) alone is not regarded as an AOP because H,O, is not a
radical. It is stable in water and oxidation is based on the intrinsic oxidative power of the
peroxide molecule being a natural oxidizing agent. However, in practical applications, H,O,
undergoes solar photolysis, providing radicals in a way similar to UV photolysis of H,0, and
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as such the participation of the OH" during H,O, oxidation cannot be ruled out. The process
of H,0O, breakdown without a catalyst is slow and has been largely regarded as ineffective
for the treatment of organics in wastewater. In a study by Coca et al., [76], peroxide alone
added to brown coloured molasses obtained from a fermentation factory in Spain, did not
bring about any change in colour of the wastewater even after 18 hr of contact. Continued
stepwise addition of peroxide (0.02 M) up until 23 hr also did not lead to a significant
change in the brown colour of the syrupy wastewater. The use of UV combined separately
with chlorine and H,O, as a novel AOP for the treatment of trichloroethylene in drinking
water was evaluated by Wang et al.,, [77]. In their study, the rate of trichloroethylene decay
by UV, UV/chlorine and UV/H,O, at different pH values were studied and compared. They
reported that the UV/chlorine process was more efficient than the UV/H,O, process at pH
5, but in the neutral and alkaline pH range, the UV/H,O, process became more efficient.
An earlier article published by Prado and Esplugas [78] had shown that the formation of
hydroxyl radical by hydrogen peroxide in the absence of UV light was only favorable at high
pH. They reported the effect of varying pH on the oxidation of atrazine (a pesticide) by H,O,,.
At pH 4.8 and 6.8, atrazine removal of 4% and 9% (respectively) was observed over a 24 hr
period. However, at higher basic pH (11.4), a 100% removal of the pesticide was achieved
within 180 min. The mechanism of generation of the radicals suspected to be involved in
the oxidation process at high pH has however not been investigated. In another study, Yasar
and co-workers in Pakistan [42] studied the use of H,0, (a well-known disinfectant) for
the immobilization of pathogens in industrial effluents. Results obtained under optimized
oxidant dose of 170 mg/L showed that the oxidant was capable of removing 99% of the
pathogens present in the wastewater. As a drawback to its use the authors highlighted that
pathogens immobilized by H,O, were reactivated after an incubation period, which varied
depending on the reaction condition. This problem was overcome when H,0, was used in
combination with other processes such as UV and O,. Base on the findings of the referenced
literature, we may infer that the use of H,O, for water treatment is significantly affected by
pH and only effective at alkaline pH. Also, when applied as a disinfectant for living cells
(pathogens), colony regrowth is only suppressed when H,O, is used in conjunction with
other processes. Another disadvantage of this process is the presence of residual peroxide,
which may require further attention after the water treatment itself. Some other researchers
have reported the use of peroxide as an oxidant for organics [53,79].

Fenton and fenton-like processes

More than a century ago, HJ Fenton described the oxidation power of H,O, on certain
organic molecules in which OH radicals are produced from H,O, in the presence of Fe(ll) as
catalyst. Later on, a reaction mechanism was proposed by Walling [80] and is illustrated by
Equations 10-12.

Fe** +H,0,— Fe'" +OH™ +OH" (10)
Fe’* +H,0, > Fe** +H" + HOO' (11)
Fe** +OH > Fe* +OH" (12)

The renewed interest of researchers for this classic old reactive system is today underscored
by a significant number of investigations devoted to its application in wastewater treatment.
Due to its simplicity (requiring neither special apparatus nor reactants), the Fenton process
is one of the most widely applied and researched processes for treatment of recalcitrant
compounds. Mandal et al., [62] investigated the use of Fenton reagent for the degradation
of wastewater collected from industrial effluent plants in India. They investigated the effect
of operating variables such as pH, temperature, peroxide and Fe(Il) dose for the reduction
of Chemical Oxygen Demand (COD) in the wastewater sample. The Fenton process requires
strict pH control and several published data places optimum pH for the process in the
range: 2.5-3.5. The authors observed that at optimized conditions of pH 3, Fe(Il) 6 mg/L,
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and peroxide dose of 220 mg/L, the COD removal after 30 min was 90%. Extending the time
to 24 hr only increased the COD removal by an additional 5%. It was therefore suggested
that the process be used in combination with biological treatments for total removal of
organics in the wastewater, as it was ineffective for low concentrations of the organic in
their study. Chen et al., [81] also utilized the Fenton process for the degradation of model
pollutant (salicyclic acid) in aqueous solution. Salicyclic acid removal efficiency under
optimized conditions was 96% after 150 min, and COD reduction was 80%. As shown by the
results, the Fenton process was effective for the degradation of salicyclic acid. The complete
mineralization was however not as efficient as the degradation of the pollutant. Several
other reports concerned with the application of Fenton process for the amelioration of
organics in wastewater abound in the literature [15,82-85]. All processes which involve the
use of Fe®* ions (either as hydroxyl complexes or as oxalate complexes) or oxidizing metals
such as manganese (as permanganate) are referred to as Fenton-like processes. Especially
important amongst them is the ferrioxalate complex which has a strong absorption at
wavelengths above 400 nm and therefore undergoes reactions that can be photo-catalyzed
by visible light. The photo degradation of hydroxyl and oxalate complexes of Fe(IIl) generate
Fe** ions which catalyses the decomposition of H,0, to OH radicals. Equations 12-16 shows
the participation of Fe as oxalate in the production of hydroxyl radical.

Fe(OH)2+ +hv— Fe** +OH' (13)
Fe(C,0,)+H,0,—>Fe(C,0,) +OH +OH" (14)
Fe(C,0,), +hv—>Fe™ +2C,0, +C,0,” (15)
Fe(C,0,). +C,0," — Fe*" +3C,0,> +2CO0, (16)
C,0,” »CO, +CO; (17)

Additionally, other free radicals and active species are generated as shown by Equation
16. A significant advantage of the Fenton-like process is the avoidance of Fe®' sludge
associated with the classical Fenton process.

Ozone/H,0, (peroxone) process

H,O, in an aqueous solution is partially dissociated to hydro-peroxide ion (H 0 ), which
reacts with ozone giving rise to a series of chain reactions involving OH radicals [86].
Equations 17 and 18 illustrate the direct attack of O, by H,O, and hydro-peroxide ion to
give OH radicals and HO, radicals, respectively. The efficiency of the peroxone process is
based on the generation of these radicals.

H,0, +20,— 20H" +30, (18)
HO, +0, > HO, +0; (19)

The hydro-peroxide ion produced by the decomposition of H,O, reversibly recombines
with hydrogen ions in solution to give H,0, (Equation 18)

HO, + H"+= H,0, (20)

Indeed the decomposition of ozone at high pH also produces the hydro-peroxide ion
which reversibly produces peroxide as shown by Equation 2. The external addition of H,O,
to aqueous solution of ozone would therefore enhance the decomposition of ozone to give OH
radicals according to the Le’ Chatelier principle. The influence of pH is also evident since in
the ozone decomposition mechanism the active species is the conjugate base OH, whose
concentration is strictly dependent on pH. An increase in pH and addition of H,O, to an
aqueous solution of ozone would thus result in higher hydroxyl radical production and the
attainment of a higher steady state concentration of OH in the radical chain decomposition
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process. It is worthy to note that the adoption of this AOP does not bring about a significant
change in the apparatus or industrial reactor since it is only necessary to add an H,O,
dosing system. Cortez and co-workers applied the peroxone system for the treatment of
landfill leachates in Portugal with the aim of increasing the biodegradability of the treated
leachate in a combined chemical/biological process [58]. While both ozonation and peroxone
process significantly improved the Biochemical and Chemical Oxygen Demand Ratios
(BOD/COD), implying improved biodegradability, the peroxone process presented higher
ratios and hence higher biodegradability of the treated leachates. The application of one
process over the other would therefore depend on the running cost of chemicals weighed
against the desired quality of effluent required for subsequent biological treatment. The
use of ozone in combination with H,0, has been widely accepted to increase the generation
of the non-selective OH* during ozonation, leading to improved elimination of refractory
organic compounds [60,76,87].

Homogeneous Aops Using UV

Homogeneous AOPs using UV radiation are generally applied for the degradation of
compounds that adsorb UV radiation. These are usually dyes and aromatic hydrocarbons
capable of absorbing UV energy. As previously mentioned, the UV is not considered a
separate phase from the aqueous medium to which it is applied.

UV/ozone

AOPs using ozone and UV proceeds via the photolysis of aqueous ozone to produce
hydroxyl radicals as shown by the reaction presented in the Equations 20-21. The aqueous
solution is irradiated with UV light at a wavelength of 254 nm for ozone absorption. At this
wavelength, the extinction coefficient of ozone is 177 times greater than that of peroxide.

H,0+0,+UV — 20H +0O, (21)
20H — H,0, (22)

This method has been used for the degradation of phenol [88]. Results were compared
with processes run without the use of UV radiation. The comparison showed the effect of
UV radiation on the oxidation process. The UV/O, process was capable of 99.2% removal of
dissolved organic carbon as compared to O, alone (58.2%). Some researchers have equally
applied this method for the degradation of carbamazepine, clofibric acid, diazepam and
diclofenae, and monitored the degradation products by Liquid Chromatography-Mass
Spectrometry (LC-MS) [89]. They reported a complete removal (100%) of these recalcitrant
pharmaceuticals (except for diazepam) under optimized conditions of ozonation by UV
photolysis. Haloacetic acid and trihalomethanes are a major group of disinfection by-
products and have been identified as carcinogens. The UV/O, was reported to have been
suitable for the mineralization of trichloro- and dichloroacetic acids [90] which are classical
haloacetic acids produced during disinfection of water by chlorination.

UV/ H,0,

The use of UV to bring about photolysis of hydrogen peroxide has also been adopted
for the treatment of wastewater contaminated with a wide range of organics. This process
entails the photolytic symmetrical splitting of a molecule of peroxide to give two hydroxyl
radicals as shown by Equation 22. Typical UV absorption of H,O, is 257 nm.

H,0, +UV — 20H (23)

UV/H,0, system can totally mineralize any organic compound reducing it to CO, and
water. However, in real-life scenarios, such a drastic process is not necessary. The toxicity
of oxidation products is not a problem since they are easily biodegraded [91]. The major
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drawback of this process is the smaller extinction coefficient of H,0, which is 18.6 M'cm!
at 257 nm, thus only a relatively small fraction of the incident UV light is exploited for AOP.
Nevertheless, several studies have been carried out to optimize this process for purification
of water. This is justified by the relative ease of handling H,O, and the cost of chemicals. The
use of UV/H,0, for the detoxification of raw textile wastewater prior to biological treatment
with dehydrogenase has been reported [92]. The decrease in inhibitory effect from 30%
when UV was used alone to 26% for UV/ H,O, was attributed to the synergistic effect of
the combined treatment. The raw wastewater inhibited the enzyme activity by 47%. They
concluded that the AOP was an effective method for detoxification of textile wastewater.
The positive impact has been demonstrated by a significant decrease of inhibitory action of
microbial growth on activated sludge during subsequent biodegradation. Kestioglu and co-
workers have applied the UV/ H,O, process for the treatment of raw effluent from an olive
mill treatment plant in Turkey [93]. The effluent was characterized by a very low pH (<2),
high COD (10, 240 mg/L) and total phenol (975 mg/L). Treatment periods of 400 and 1440
min reduced the COD to 3060 and 3650 mg/L, respectively. The total phenol for optimized
peroxide dose was also reduced to 22 and 10 mg/L, respectively, accounting for 99% of
COD and phenol removal. The use of this method as an AOP for treating contaminant in
wastewater has also been reported in other studies [94-97].

UV/fenton process (Fe*'/UV/ H,0,)

The rate of degradation of an organic pollutant with Fenton-Fenton like reagents is
strongly accelerated by irradiation with UV-vis light [94,98-99]. This is an extension of the
Fenton process which takes advantage of energy derived from photons in UV-vis irradiation
at wavelength values higher than 300 nm. In these conditions, the photolysis of iron (III)
hydroxide complex, that is, the product of Fenton process (Equation 12) allows for the
regeneration of Fe?' as given by Equation 23.

Fe(OH )" 55 Fe* +oH" (24)

In this scheme using UV radiation, Fe?* acts as a real catalyst as it is regenerated and
recycled during the production of radicals after reaction with H,0,. Another advantage of
this process is the reduction in the formation of Fe®" sludge which is associated with the
conventional Fenton process. Despite the great deal of work devoted by researchers to these
processes, scanty indications have been found about their industrial application. This is
not surprising since the application of the Fenton processes requires strict pH control.
Generally, pH range between 2.5 and 3.0 are regarded as the best for this system. Huang
et al., [100] studied the oxidation of dye-reactive black-B using the UV/Fenton process and
compared the results with experiments run for the Fenton and an electro-Fenton process.
UV light source was from a UV-A lamp, wavelength 365 nm, with dye concentration 10,000
mg/L. Optimum pH for the process was established as 2.5 and mineralization was found to
be 98%. The synergistic effect of the UV light was apparent when compared to the Fenton
process which brought about a 78% mineralization. They also identified two degradation
intermediates i.e. oxalic acid and formic acid. While the process readily mineralized the
formic acid, the oxalic acid intermediate was more persistent to the chemical treatment.
The degradation mechanism of carbofuran (2, 3-dihydro-2, 2-dimethylbenzofuran-7-yl
methylcarbamate), a frequently used carbamate derivative pesticide considered to be a
priority pollutant, using the UV/Fenton process, was reported by Javier Benitez and co-
workers [84]. The carbamate concentration was 4.52 x 10* M, temperature 20°C and pH 3.
At H,0, and Fe*" concentrations 50 x 10* and 5 x 10*M, respectively, the process brought
about a complete mineralization of carbofuran in 5 min, with a rate constant 30 times higher
than a similar experiment conducted in the absence of UV radiation. The authors concluded
that the synergic effect observed in the photo-Fenton system was due to the generation of
OH radicals in several reactions and to the catalytic character of the Fenton’s reaction in
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the presence of UV radiation. Other relevant discussions on the use of this process are well
presented in the literature [56, 101-104].

Homogeneous AOP using ultrasound (Sonolysis)

The formation of OH radicals when ultrasounds are used is caused by high temperature
and pressure conditions that are reached inside the bubbles generated by the ultrasounds.
The process is based on the ‘hot-spot’ theory (localized generation of extreme conditions of
temperature and pressure). According to the theory, sonolysis causes liquid cavitation given
rise to energy bubble which collapse generating radicals. In the case of reactions where
the controlling mechanism is the radical attack, the use of hydrogen peroxide and ozone
enhances the degradation due to generation of additional free radicals. Generally, this type
of AOP reduces cost since no radiation is needed, and can be readily combined with other
methods. Sonolysis has been reported to be safe, sludge free and without the generation
of secondary pollutant. It has the ability to penetrate cloudy waters and presents better
energy conservation schemes. Despite its advantages, there are technical and economic
challenges limiting the scale-up and adoption of this technology for industrial wastewater
treatment. The technology necessary is still in its budding stage, and not well developed as
other options.

The reactions that occur in the presence of ozone and ultrasound (represented as 9))) are
shown in the Equations 24-31 [105].
HzOmH‘JrOH‘ (25)
O, 2 o, +0 (26)
O+H,0— 20H" (27)
O, +OH —0, +HO, (28)
O,+H — HO, (29)
O, +HO, = 20, +OH" (30)
OH" +OH —H,0, (31)
HO, +OH — H,0+0, (32)

He et al, [105] used this ultrasound method to achieve effective degradation of
p-aminophenol, an intermediate in the production of paracetamol. For an initial
p-aminophenol concentration of 10 mmol/L, a degradation efficiency of 99% was achieved
within 30 min. Mineralization of the p-aminophenol was 77% at this time. Ozone dose was
at 5.3 g/h at 25°C with a pH of 11 and an ultrasonic energy density of 0.3 W/mL. It was
observed that the degradation was influenced by the pH, temperature and ozone dose, but
unaffected by an increase in energy density per unit volume of the ultrasound energy. By
combining ultrasounds and H,O,, it was possible to achieve the formation of free radicals in
gaseous phase of the cavitation bubbles formed during the sonication. Proposed mechanism
for the production of free radicals was given by Shemer and Narkis [106] and is shown in
Equations 32-34.

)

H,0,—-O0OH +OH’ (33)
)

H,0, +0,—>2HO, (34)

H,0,+0OH — HO, +H,0 (35)
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Homogeneous process using solar energy

The current trend in energy management is to develop technologies that run on renewable
energies. Especially important in this regard are those that run on the universally abundant
solar energy. The radiant energy from the sun consists of a wide band of energized photons
capable of generating hydroxyl radicals via the photolysis of peroxide in a manner similar
to the use of UV-vis light source. The non-selective radical generated then degrades the
organics. The use of solar energy as source of energy to drive the photolytic cleavage of H,0,
and the Fenton process was adopted by Muruganandham and Swaminathan [107] for the
de-colorization of reactive yellow-14 (dye) in heterogeneous and homogeneous media. The
experiments were carried out under sunny conditions in borosilicate glass tubes with solar
irradiation out in open air condition. Solar intensity was measured every 30 min using a LT
Lutron LX-10/A (digital Lux meter) and the average light intensity over the duration of the
experiment was calculated. They reported that the use of solar irradiation in the presence
of H,0, enhanced the de-colorization of the dye solution resulting in an increase in the
percentage removal from 12.7% to 71.2%. The reaction has been more favorable at lower pH.
The percentage removal of the dye using the Fenton process in the presence of solar energy
also rose from 73.7% to 80.3%. In another experiment using solar energy and TiO,, the dye
removal after 80 min was 82.1%. In a solar/TiO, process, TiO, utilizes UV part of the solar
spectrum (wavelength shorter than 380 nm) to produce e- and h*. The highly oxidative h*
(E° = 2.7 eV) directly reacts with the surface adsorbed dye molecule or directly oxidizes the
organic compounds via formation of OH radical. Studies on the effect of solar light intensity
on the de-colorization showed that an increase of the solar light intensity from 700 to 1250
Lux increases the decolorization from 73.2% to 91.25, 85.3 to 93.4% and 28.7 to 42.1% for
solar/TiO,, solar/H,0O,/Fe* and solar/H,O, processes, respectively. The enhancement of
removal rate is due to increase in hydroxyl radical production. Light intensity determines
the amount of photons adsorbed by the catalyst. With the increase in the solar power,
the catalyst absorbs more photons and produces more hydroxyl radicals. The removal of
p-nitroaniline from aqueous solution using solar/Fenton process was studied by Sun and
coworkers [85]. Solar experiments were carried out on sunny days in water cooled double
glass cylindrical jacket reactors. The results for degradation of p-nitroaniline in water
showed that p-nitroaniline is hardly decomposed by solar/H,0,. However, in both Fenton
and solar/Fenton process, p-nitroaniline could be degraded effectively with degradation
efficiency of 90.72 and 99.59%, respectively.

Wet oxidation process using thermal energy

The Wet Oxidation (WO) also referred to as Wet-Air Oxidation (WAO) or subcritical
oxidation process is another effective method extensively used in industrial oxidation to treat
hazardous waste and heavily polluted effluents. The process was pioneered by Strehlenert
in 1911 [108]. It differs from the rest of the other conventional AOPs not only in terms of
operating conditions but also in the concentration of the pollutant present in the wastewater.
They are mainly used for concentrated wastewaters in order to allow auto-thermal operation
and thus reduction in operating cost. The basic idea of WO is the oxygenation of organic and/
or oxidizable inorganic-containing matters in fluid phase to inorganic or smaller molecular
organic matter using air or pure oxygen as oxidant at upper temperatures (125-350°C) and
pressures (0.5-20 MPa). In WO processes, elevated temperatures and pressure increase the
concentration of dissolved oxygen and enhance the contact between molecular oxygen and
organic matter [109] and thus the oxidation rate. Although the degree of oxidation in the
process is dependent on the process conditions, retention time and feed composition, WO
can treat varieties of organic waste, domestic sludge, and even those produced by various
branches of industrial activity.

The process can be coupled with a biological treatment facility, and unlike incineration,
is not handicapped by a bad ecological image. The technique, however, requires a high first
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investment capital, but the operating cost is moderate as compared to other AOPs. Other
variants of this technique are the Supercritical Water Oxidation (SCWO), which operates
at T 2 375°C and P = 22.1 MPa, and the Wet Peroxide Oxidation (WPO) which substitutes
hydrogen peroxide for oxygen as the active oxidant, efficiently reducing the running cost.
Hydroxyl radicals are formed when hydrogen peroxide decomposes on heterogeneous surface
of the reactor or on other heterogeneous species present. Garcia-Molina et al., [110] applied
the wet peroxide oxidation for the treatment of solutions containing 4-Chlorophenol (4-CP)
and 2,4-Dichlorophenol (2,4-DCP). At the three tested temperatures of 100, 130 and 160°C,
the percentage removal of 4-CP was 100% using 2.5 mL and 5 mL of H,0, in 200 mL solution
of 4-CP (1000 mg/L). The total mineralization was however not complete as TOC values for
4-CP were as low as 70%. 2,4-DCP was tested at two temperatures (100 and 130°C) owing
to its volatility to the gas phase at 160°C. At 5 mL H,O,, again a complete removal (100%)
was reported with TOC values of 72.1 and 75.5% for the two temperatures, respectively.
Lower concentrations of H,0, had TOC values as low as 58.5%. Identified intermediates
include phenol, hydroquinone and benzoquinone. Kusvuran et al., [108] also employed the
WO process for decolorization of a solution of reactive red-120 (azo dye) in aqueous solution.
Reactor operating temperature was varied between 200 and 300°C with a constant pressure
of 17 bar. The degradation of the dye was markedly improved by increasing temperature
from 200 to 300 °C. At 250°C and 17 bar, the substrate was completely removed after 20
min treatment. The temperature had the major effect on the reaction rate and the half-life
of the organics.

Oxidation using microwave energy

Microwave technology has emerged as a promising technique based on physical, chemical
and biological methods for the treatment of wastewater and waste activated sludge. When
applied as an energy source for AOPs, the microwave radiation provides not only a heat
source (the thermal effect) but also a specific effect (the non-thermal effect). Marken and
co-workers [111] suggested that this effect leads to an enhanced photo-assisted degradation
of several substrates. The non-thermal effect can lead to an increased number of charge on
a metal oxide such ad TiO,, as well as induce formation of traps that can prolong carrier
lifetimes and lead to additional quantities of OH'* produced in TiO, photo-assisted oxidations
in water. This secondary non-thermal effect of microwave on nanoparticles would prove
useful in the fields of environmental management and pollution control.

In order to investigate the non-thermal effect of microwave in AOP, Horikoshi and co-
workers [112] developed and applied a Microwave Discharge Electrodeless Lamp (MDEL)
an AOP for the degradation of 0.05 M 2,4-dichlorophenoxyacetic acid (a herbicide: 2,4-
D). Degradation of the herbicide was monitored spectrophotometrically by the loss of UV
absorption at 204 nm and also by reduction in Total Organic Carbon (TOC). Efficiency of
the MDEL was compared with those for Conventional Microwave (MW) energy source and
UV lamp (Hg source). The authors observed That Microwave Discharge Electrodeless Lamp
(MDEL) gave superior results when compared to the conventional UV lamp or the microwave
source. The workers identified lamp proximity to substrate solution as an important variable
for the reaction process. This is expected since heat transfer from the lamp (thermal effect)
would be greatly reduced with increasing distance of the lamp from the reactor setup. TiO,
was also tested with success as a potential catalyst for sequestering microwave energy
generated from the MDEL. They went on to conclude that the MDEL electrodeless lamp
introduced a non-thermal effect into the microwave technique which would prove to be
an attractive innovative when developed for attenuation and disposal of environmental
contaminants.

In another experiment utilizing the microwave technique, Wang and co-workers [113]
applied the microwave-H,0, AOP for the pretreatment of sewage sludge obtained from
Gaobeidian municipal sludge process plant in Beijing, China. The effect of catalase on the
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efficiency of the process was investigated. Catalase present as a biological component of
the sludge is a terminal respiratory enzyme which attacks H,O,, breaking it to molecular
O, and 2 electrons [114-115]. By monitoring the reduction of residual H,0, with increasing
temperatures, the workers were able to establish that the activity of the catalyst was
significantly reduced above 45°C. Compared to control experiments, a considerable increase
in sludge solubilization with increasing temperatures was also observed. The degree of sludge
solubilization was strongly affected by H,O, ratios with increasing amounts of soluble COD
and TOC been released into the supernatant as H,0O, dosing ration increased. Although the
AOP (microwave/H,0,) was effective for sludge pretreatment in the study, there were still
high concentrations of residual H,0, in the sludge, ranging 436-18773 mg H,0,/L. The
higher the H,0,/TCOD dosing ratio was, the lesser the amount of consumed H,0, that was
consumed by the process. The proper evaluation of residual H,0O, would therefore prove
crucial in the practical application of this AOP.

Heterogeneous Catalytic Oxidation

In recent years, there has been an enormous amount of research and development in the
area of heterogeneous catalytic and photo-catalytic water purification processes due to their
effectiveness in degrading and mineralizing recalcitrant organic compounds as well as the
possibility of utilizing solar, UV and visible spectrum. Applied catalysts include activated
carbon, tempered metals, and metal oxide nanoparticles [116]. Several research projects
have been directed at advancing the synthesis and functionality of various sizes and shapes
of semi-conductor and metal nanoparticles. The objectives of these projects are mainly to
improve the performance and utilization of nanoparticles in various applications which
include the AOPs. While the mechanism of mineralization using activated carbon in AOP is
by adsorption on the carbon surface followed by rapid oxidation of concentrated pollutant
on the carbon interface, the mechanism for metals and nanoparticles in AOP is by complex
photo- or thermal- initiated redox reactions which lead either to direct mineralization of the
organics or the generation of free radicals with subsequent mineralization. Heterogeneous
catalyst utilized in AOP may be applied in one of three modes. (1) as hetero-catalyst at
ambient temperatures and pressure to catalyze an optimized AOP such as ozonation,
Fenton or peroxone processes; (2) as hetero-catalyst at elevated temperatures to catalyze
wet oxidation processes and (3) as catalyst applied in photo-processes to bring about photo-
catalytic degradation of an organic substrate (when used alone with UV light) or with other
AOP such as UV/ozonation or UV/Fenton.

Heterogeneous catalysis at ambient conditions

Materials applied as catalyst at ambient conditions include Activated Carbon (GAC),
metals supported on metal oxide surfaces (TiO,, Al,O,, ZrO,, CeO,, FeOOH, MnO,, Cu-Al,0O,,
and Cu-TiO,) or supported on activated carbon. The catalyst support serves to increase the
surface area of the catalyst, decrease sintering and improve hydrophobicity as well as the
thermal and chemical stability of the material [117]. Heterogeneous catalytic ozonation is an
AOP in which the oxidative property of ozone is improved by adding solid catalytic materials.
The process is potentially a low cost AOP which has been operated successfully at ambient
conditions by several workers and may be relatively easier to apply in a water treatment
plant [118]. It has been demonstrated that GAC can enhance ozone transformation into
OH radicals [87,118-120]. Electrons in the graphenic layers and basic surface groups on
GAC are the main factors responsible for the decomposition of O, into OH* [119,121-122].
These generated hydroxyl radicals are responsible for the oxidation of organics using O,/
GAC process. Besides the catalytic role, GAC also serves as an important adsorbent for
the organics been treated and would be effective for the removal of hydrophobic micro-
pollutants that cannot be oxidized by ozone. Sanchez-Polo et al., [87] applied the O,/GAC
AOP for the treatment of para-chlorobenzoate (pCBA) and compared the efficiency of this
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process with the conventional homogeneous ozonation in alkaline medium (pH 7 and 9) and
peroxone processes (O,/H,0,). pCBA was selected for the study because of its low reactivity
with O, (K,,= 0.15 M''s!) and slow adsorption kinetics on GAC. Their report showed that
the O,/GAC system was inferior to the homogeneous processes. Radical generation in the
heterogeneous system involved the adsorption of ozone onto the activated carbon and its
subsequent breakdown to radicals. Since this process requires more than one phase, it is
therefore more slower compared to the system where O, and the species (OH, H,O, or soluble
metals) initiating its breakdown are in the same phase. Despite this disadvantage, the use
of heterogeneous catalyst for ozone breakdown is gathering interest. This is because the
possibility of catalyst regeneration and reuse out ways the inefficiency of the heterogeneous
process. More so, the use of metals in homogeneous process poses another problem as
these metals whether toxic or not would require removal after the treatment process.

In a recent work, Oputu and co-workers applied FeOOH as potential catalyst for removal
of 4-chlorophenol from aqueous medium. While the catalyst showed potential, reducing
reaction time by one-third, the possibility of metal leaching was of concern. Further work by
the group was centered on supporting the catalyst on support NiO to eliminate the catalyst
breakdown and increase possibility of reuse. The uses of catalyst supports have become the
trend of heterogeneous catalysis.

Heterogeneous wet oxidation

The application of heterogeneous catalyst to either the wet air oxidation (WAO,
subsequently referred to as Catalytic Wet Air Oxidation, CWAOQO) or the Wet Peroxide (WPO,
subsequently referred to as catalytic wet peroxide oxidation, CWPO) AOP (both described in
section 5.5), have been reported [123-129]. The application of proper catalysts for CWAO,
not only reduces the severity of the reaction conditions but also more easily decomposes
even refractory pollutants, thereby reducing capital and operational cost [130-131].
Heterogeneous catalysts applied in these processes possess high temperature, physical,
chemical and mechanical stability. They would also possess a high resistance to attrition
over a wide pressure and temperature range.

Catalytic Wet Air Oxidation

Various heterogeneous catalyst including noble metals, metal oxides and mixed metal
oxides have been extensively studied to enhance the efficiency of CWAO. In the three phase
CWAO process, organic pollutants are oxidized by activated O, species in the presence of a
solid catalyst, forming biodegradable intermediates (such as low molecular weight carboxylic
acids), or are mineralized to CO,, water and associated inorganic salts. Several recently
developed heterogeneous catalysts, including transition metal oxides and noble metals
deposited on different supports, have shown good catalytic activity in CWAO of organic
pollutants present in drinking and wastewater [132-134]. The use of mixed metal oxides for
CWADO of phenol in water was reported [123]. Batch experiments were run using varying
combinations of copper, zinc and aluminum oxides in an autoclave and a paar reactor. The
effect of operating variables such as catalyst loading, catalyst composition, temperature,
oxygen partial pressure, initial phenol concentration and stirring speed was reported. The
time required for total phenol conversion ranged from 0.5-2 hr and was dependent on the
experimental conditions. When the reaction between oxygen species and phenol was started
from room temperature, the degradation was observed to proceed via two regimes. Firstly,
an induction period, after which there was a transition to a much higher activity regime.
However, when the phenol was introduced after a preheating period of a solution saturated
with oxygen, no induction period was observed.

An overview of the catalytic pattern of homogeneous (Cu?', Fe*, Mn?') and ceria-
supported (CuCeO_, MnCeO ) transition metals in the CWAO of phenol has been reported
[124]. Catalyst test were carried out at 150°C and 1.4 MPa using a PTF-lined autoclave
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containing 0.25 mL, 1000 mg/L phenol and operated in a semi-batch mode. The catalytic
homogeneous wet air oxidations were observed to proceed via an unselective autocatalytic
free-radical path leading to refractory C1-C2 acids, while the CWAO on heterogeneous
ceria gave superior efficiency and was accounted for by the Langmuir-Hinshekwood (L-H)
mechanism. In a recent study, Yu and co-workers applied Ru supported on y-Al,0, and
Ce/y-Al,O, for CWAO of isopropyl alcohol, phenol, acetic acid and N,N- dimethylformamide
[128]. The efficiency of the catalyst was observed to increase with increasing temperature.
The Ru-Ce/y-AlL,O, catalyst produced superior removal efficiency compared to the Ru-y-Al,O,
for all the substrates studied and ascribed to the better dispersion of the Ru particles on the
Ce/y-Al O, surface as well as increase in number of effectively active sites on the cluster-
derived catalyst surface. The efficiency of Platinum (Pt) supported on activated carbon and
on multi-walled Carbon Nano-Tubes (CNT), as heterogeneous catalyst in CWAO of selected
pharmaceuticals was investigated by Benitez and coworkers [125]. Supported platinum
catalyst has been reported to be highly effective in the oxidation of organic compounds [135-
136]. Operating variables such as catalyst type, dose, temperature (120-140°C), and oxygen
pressure (20-40 bar) were considered. There was significant enhancement in the removal of
the pharmaceuticals using CWAO relative to WAO. Pt supported on activated carbon gave
greater removal efficiency compared to Pt supported on CNT under the same conditions,
reflecting the contribution of adsorption effects in addition to oxidation pathways for the
removal of the pharmaceuticals under study.

A recent review by Kim and Ihm [50] summarizes heterogeneous catalysts applied in wet
air oxidation systems for the removal of refractory organic pollutants in industrial wastewater.
The review covers earlier application of CWAO to pollutants such as phenol and phenolic
compounds, carboxylic acids, dyes, ammonia, and industrial waters. Also discussed in the
review are reaction mechanisms and kinetics of CWAO and catalyst deactivation processes.
Catalyst metals covered in the review include noble metals such as Ru, Rh, Pd, Ir and Pt as
well as oxides of Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo and Ce.

Catalytic wet peroxide oxidation

The mechanistic pathway for the generation of hydroxyl radicals from the decomposition
of hydrogen peroxide proposed by Li et al., [137] involves the initiation of a chain reaction by
the reaction of hydrogen peroxide with homogeneous or heterogeneous species present in
the reactor system. According to this suggested pathway, one way of improving the efficiency
and yield of hydroxyl radicals, and thus lowering operating cost would be to introduce
a heterogeneous catalyst into the reactor system. In view of this, several workers have
applied various catalysts to WPO processes. Doocey and Sharratt [126] applied iron-loaded
zeolite for the removal of chlorinated phenolic waste from aqueous waste. The efficient use
of generated hydroxyl radicals is sustained by selective adsorption of the phenolic waste
onto the iron-loaded zeolite followed, by in-situ Fenton oxidation by the hydroxyl radicals
on the catalyst surface. This Fenton-type oxidation using iron supported on alumina and
activated carbon has also been reported for the CWPO of halogenated organic compounds
in ground water [127]. Over the last decade, hydrotalcite-like compounds (HT), otherwise
referred to as Layered Double Hydroxide (LDHs) have received increasing attention owing
to their diverse application especially in catalysis [138-139]. These compounds based on
the mineral hydrotalcite have been synthesized and employed as catalyst in WPO processes
[140-142]. The CWPO of phenol by Cu-Ni-Al hydrotalcite was recently reported [143]. There
was a synergistic effect when the catalyst was applied in the presence of hydrogen peroxide,
bringing about a complete (100%) removal of phenol within 2 hr when the system was
operated at 30°C. When applied alone, the metal HT and hydrogen peroxide only brought
about 15.7% and 39.7% removal of phenol, respectively. The effect of operating variables
such as catalyst dose, temperature and oxidant/phenol ratio was also reported.
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Heterogeneous Photocatalysis

The most common nanoparticle applied as a heterogeneous photo-catalyst in AOP is
TiO,. To this end, a vast number of articles have been devoted to studies of the application
of this oxide to various pollutants, and in combination with other processes such as the
ozonation and ultrasound-assisted-photolytic processes [96,108,144-150,151-152]. Others
heterogeneous catalyst applied in AOP include: ZnO, SnO,, Al,O,, In,0,, ZnS, Fe,0,, CeO,,
ZrO,, Si0,, CuO, MnO, and CdS [50,123,146-148]. While the physical, chemical and catalytic
properties of these catalysts vary markedly, the principle of operation as photo-catalysts
remains the same. The adsorption of electromagnetic energy (in the UV or visible region)
by electrons on the surface of a photo-catalyst brings about an excitation of these surface
electrons. When the energy absorbed is greater than the band-gap energy (AE), the excited
electrons move from the valence-band to the conduction-band. This mechanism generates
active species which promotes redox reactions. The absorption of photons with energy lower
than AE or longer wavelengths usually causes energy dissipation in the forms of heat. A
good schematic diagram illustrating the principle of TiO, photo-catalysis leading to the
formation of a positive hole (h*) in the valence band and an electron (e7) in the conduction
band has been described by Ahmed and co-authors [146-147].

Photo-catalytic oxidation

Early applications of photo-catalyst include coating of self-cleaning windows and
windshields, and floor-tiles which have been used in hospitals to reduce the density of
colonies of microorganisms in hospital walls and floors. They have also been applied in
architectural constructions, producing deodorizing, mold-preventing and self-cleaning
surfaces [149]. In recent times, the application has extended to water purification for
removal of organics in water. The use of UV/TiO, for the treatment of dye solutions and
other refractory organic pollutants in water has been reported [96,108,151-152]. Mascolo
and co-workers [152] applied the UV/TiO, process for the removal of Methyl-Tert-Butyl-
Ether (MTBE) from (I) laboratory prepared solutions containing MTBE and (II) ground
water samples containing MTBE collected from a petrochemical site in Southern Italy. The
workers reported that the process was most suitable for the simulated wastewater and
recommended that particular care should be taken when extrapolating organic degradation
results obtained from synthetic aqueous solutions.

Saritha and co-workers [104] applied the UV/TiO, process for the removal of 4-chloro-2-
nitrophenol, a USEPA listed pollutant, widely available in bulk drug and pesticide wastes.
Under similar operating conditions, results for the UV/TiO, process were superior to the
UV/H,0,, Fenton, peroxide and UV processes. The UV/TiO, process brought about an 85%
mineralization of the pollutant in 120 min. In the absence of TiO,, UV mineralization was very
slow because 4-chloro-2-nitrophenol undergoes light absorptions which do not contribute
to the removal of the compound. Due to surface are limitations and poor adsorption
capacity of TiO, (resulting from its non-porous nature), present research is directed towards
incorporating photo-catalysts on porous supports which would absorb target environmental
pollutants more efficiently prior to subsequent oxidation by the photo-catalyst [153-155].

Recently, Chen and co-workers prepared and successfully applied TiO, co-pillared
with SiO, on montmorillonite for the adsorption and photo-catalytic degradation of
2,4,6-trichlorophenol in water [156]. The application of TiO, on sepiolite for the degradation
of pollutants has also been reported [157]. A recent review highlights the roles of titanium
and ion-doped titanium oxide on photo-catalytic degradation of pollutants in aqueous
solutions [158]. Other reviews covering a wide range of catalyst including ZnO, TiO,, SnO,,
and doped metal oxides which incorporate noble and precious metals such as Au, Ag, Pt and
Zr have been recently published [146,147].
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Photo-catalytic ozonation

The basic mechanism of photo-catalytic ozonation may be represented by Equations
35-38;

TiO, ——> —>h" + ¢ (36)
O,+e — O (37)
0, —>0,+ O (38)
H,0+O — OH + OH’ (39)

Even though the actual mechanism may be more complicated [159], the principle has
been widely applied for the treatment of environmental pollutants in water [160-166]. The
UV/TiO, /O, process was reported to be superior to O,, UV/O,, and UV/TiO,/O, process
for the degradation of neonicotinoid insecticide in water [162]. The synergistic effect of O,
on TiO, was evident at neutral and acidic pH. At basic pH, decomposition of O, by reaction
with OH- was the prevailing mechanism for OH radical production [162,164]|. A similar
synergistic effect was also reported for the photo-catalytic ozonation of dimethyl phthalate
using laboratory prepared TiO, [163]. The rate constants for the UV/TiO,/O, process was
2.5(5.2) times more than that in UV/TiO,/O, (UV/O,) process. The TOC removal of the
photo-catalytic ozonation process increased with increasing ozone dosage and was describe
by the Langmuir-Hinshelwood model.

Conclusion

Protecting the integrity of our water resources is one of the most essential environmental
issues of the 21t century. With the continued persistence of several toxic recalcitrant
contaminants in ground and drinking water systems, it is evident that the currently employed
treatment technologies are inadequate for removing certain contaminants currently detected
in water. Nevertheless, bioremediation, MBRs and the AOPs treatment technologies have
been reported to bring about commendable removal.

Bioremediation employ the use of microorganisms, fungi, algae, and enzymes to
degrade or detoxify substances hazardous to human health or environment [165-167,168].
Phytoremediation is a specific type of bioremediation technology in which accumulator plants
effective for the uptake of target pollutants are applied to the remediation of contaminated
soil, water and wastewater. In bioremediation, microorganisms with the ability to transform
toxic matters in their normal biological activities to yield non-toxic by-products are used.
Thus, attention is currently drawn towards genetically engineered microorganisms to
increase their ability to metabolize specific pollutants. The use of plants and microbes
to detoxify and clean up contaminated sites is safe, cost-effective, less intrusive to the
contaminated site, and more environmental friendly in terms of its end products.

MBRs, a combination of membrane technology (microfiltration or ultrafiltration) and
biological treatment process have also proven very effective in removing organic, inorganic
and biological contaminants from wastewater.

The AOP treatments in some cases have been reported to bring about complete
mineralization of xenobiotic organic pollutants in water. AOPs have emerged as versatile
technologies for the treatment of contaminated water and wastewater, however, many
articles have only reported the efficiency of AOPs without necessarily identifying the reaction
intermediates or characterizing the final end products left in solution. It is important to note
that the complete removal of a pollutant from matrix may not bring about a cleaner water
stream as the end product water may contain more toxic organics which are resistant to
the applied AOP. It is therefore recommended that analytical techniques for determinations
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be combined with other methods to monitor the complete mineralization of pollutants and
their intermediates. More work is also needed to be done in the area of catalyst development
in photolytic systems with interest being on visible light application, and in developing
catalysts capable of operating at near ambient conditions in wet oxidation processes. Also
the application of AOP to composite mixture of pollutants requires further study as rates
and mechanisms for single and mixed systems would vary markedly. Furthermore, the
development and application of catalysts to ozonation processes which would improve
efficiency of the process or limit restrictions from operating variables such as pH would also
be of interest.

In conclusion, many of the applications of water and wastewater treatment technologies
reported to date are usually limited to single modeled pollutants. A few other articles have
extended developed methods to real wastewater scenarios. While it is impractical to monitor
all the pollutants individually/simultaneously in a real wastewater, it is important to study
the effect these technologies have on groups of chemicals which are found together in real
contaminated water and wastewater.
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Abstract

Environmental issues nowadays include the presence of contaminants in waters that
are increasing in numbers and classes of chemicals. The environmental and human
health will always depend on the protection of the air, waters, and soil. The industrial
activities are as important as agriculture but a more clean production is imperative.
The subject of this chapter is to discuss the xenobiotics contaminants in water and
wastewaters and their related toxicity. A second issue is to show some data related
to new possible technologies, under development, and their potency for decomposition
of organic contaminants. Acute toxicity results evidenced the importance of this tool
for assessing the impacts of toxins to living organisms and here they were used for
the evaluation of proposed technologies for wastewater improvement. Three treatment
technology options were presented (advanced oxidative processes, AOPs; photolysis by
UV radiation, also including the Photo-Fenton processes and Ultra-sound; a special
biomidia used as an additive effort to enhance biomass in order to treat landifill leachate
in a sewage mixture). The last technique and Integrated Fixed-Film Activated Sludge
(IFAS) was assessed for also for toxicity removals. Daphnia similis water flea and Vibrio
fischeri bacteria were the target organisms for the evaluation of these processes. Acute
effects removal > 20% was achieved for fluoxetine irradiated at 5 kGy. ATZ acute effects
were efficiently removed after 60 min of exposure to UV radiation and the combined IFAS
processes were the most effective process for toxicity removal.
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Introduction

One given pollutant may be considered as a substance or effect that adversely alters the
environment by changing the growth rate of species, interferes with the food chain or with
health at environment. Once we know the ability of aquatic organisms to adsorb variety of
chemicals from water, sediments and food, it is ideal to use such a type of aquatic organisms
using the concepts of Ecotoxicology. Pharmaceutical compounds have been reported as
emerging pollutants. Are pharmaceuticals in the environment a growing problem? According
to Lyons, 2014, a global review of pharmaceuticals in the environment, commissioned by
Germany’s environment ministry, they found that of the 713 pharmaceuticals tested for,
631 were found above their detection limits (mainly in surface waters, such as lakes and
rivers, but also in groundwater, soil, manure and even drinking water) [1].

Some chemicals may be found only at low levels in various tissues, whereas others may
builds up to significant concentrations. Accumulation of chemicals by organisms in the
aquatic environment is based on the interactions of a variety of physical, chemical and
biological characteristics and processes [2]. Pesticides degradation and toxicity were also
studied (sulfonimides).

The presence of a myriad of pharmaceuticals such as antibiotics in the aquatic
environment continues to be a matter of concern since these compounds may favor the
selection of antibiotic-resistant bacteria and in some cases cause toxic and endocrine-
disrupting effects to humans and other living organisms [3,4]. Conventional biological
and physicochemical treatments processes show limited success for the destruction of
antibiotics. On the contrary, AOPs usually show higher rates of removal for these emerging
pollutants from water matrices; among AOPs, ultrasonic (US) degradation is growing
quickly in interest. In this case powerful oxidizing species such as hydroxyl radicals (*OH)
are generated by pyrolysis of water molecules during cavitation [5]. Nevertheless, the use of
high-frequency US for the treatment of water contaminated by sulfonamides still deserves
further investigation.

Electron beam irradiation as an alternative to reduce whole toxicity in effluents

In Brazil ecotoxicity of pharmaceuticals have been determined on different living
organisms. Fluoxetine hydrochloride, Prozac’s active substance, is taken as an example of a
high toxic substance that was decomposed by Electron Beam Irradiation, as an alternative
treatment (EBI). When talking about high contaminated samples it is common to use
ecotoxicity for measuring acute effects on living organisms, before discharging wastewater
to the environment [6]. Water fleas are commonly applied for effluents assessments and risk
analysis. Daphnia magna is commonly used in Europe, due to the high hardness of water,
while Daphnia similis are growing in a hardness range between 20 to 50 ppm (CaCo,). For
common toxicity assay the immobility is the end point for daphnia water flea and the EC_,
value means the average concentration of chemical (or effluent) which immobilized 50% of
daphnids after exposition (usually 48 hours), Figures 1 and 2.

Another application of toxicity assays have been the confirmation if the new techniques
for treating wastewater are effective for removing toxicity. It is a way to confirm that the
degradation process is not generating more toxic byproducts.

The use of electron beam accelerator for the decomposition of organics is related to the
absorbed dose of radiation for a given amount/volume of material. This transferred energy
is defined as the absorbed dose. Absorbed dose is reported as Gray, (Gy), according to SI
unit (absorbed dose is joule per kilogram (J/kg)). The yield of chemical products produced
by ionizing radiation is expressed as the quantity of product obtained divided by the dose,
or G value [7].
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Figure 1: Immobility of Daphnia similis exposed to several concentration of fluoxetine hydrocholoride (48 hours) — average
effective concentration = 1.37 + 0.31 ppm. A typical dose response curve obtained during toxicity measurements.
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Figure 2: Example of living-organisms commonly used for toxicity assessments in Brazil.

The water radiolysis is an important mechanism to introduce the oxidative species into the
water or wastewater while EB irradiation is applied. In the book Environmental Applications
of Ionizing Radiation a lot of information was organized on the basic of radiation chemistry
and possible uses of radiation for environment applications.

Accelerators are machines designed for industrial technology and material processing,
as well as for radiotherapy. Several needs have grown the interest in dedicated and small
machines for environmental benefits [8]. Other studies evidenced the potency of radiation for
microbial reduction at 1 kGy (coliforms in secondary treated sewage) but the degradation of
organic compounds in wastewater is the relevant interest concerning industrial wastewaters
and pharmaceuticals into waters [9,10].

An alternative radiation source is the cobalt-60, if accelerators are not available for such
a type of research [11]. Electron beam machines may be classified according to the energy
of machine, what is a relevant parameter for the penetration of electrons into material.
The studies presented here were based on a Dynamitron type accelerator with a 1.5 MeV
and current up to 25 mA. During this irradiation a 4 mm thick of sample was used and
controlled by the volume of samples displayed in the vessels, (Figure 3).
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Figure 3: Electron beam scanning system, used during irradiation of liquid samples for pollutant abatement. RD Inc
accelerator, fixed energy at 1.4MeV; variable electric current according to required dose (IPEN/CTR).

The mains reactive species obtained through the interaction of radiation into the water are
very important for organic compound degradation and even for killing the microorganisms,
which means that radiation technology may reduce both organics and microorganisms at
the same time. H,0, H, e, "OH and H ions are first reactive species introduced into water

system by irradiation. The yields of them are presented at Table 1.

PH e H . on H, . HO,
Liquid Water

3-11 2.63 0.55 2.72 0.45 0.68

0.46 0 3.65 2.90 0.40 0.78

Table 1: Water radiolysis: radical and molecular product yields formed by the irradiation of water after100eV transferred energy,
according to pH range.

Hidrochloride fluoxetine decomposition by EB irradiation: from different radiation doses
applied for fluoxetine degradation 2.5 kGy was enough for an important decomposition. On
the other hand, using fluoxetine in water solution > 80% acute effects were reduced by 0.5
kGy, D. similis exposed for 48 hours, see (Figure 4).
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Figure 4: UV-Vis absorption spectrum of fluoxetine versus radiation (226 nm) [9].

When the same experiment was carried out in the presence of raw sewage (50% in
volume) 5 kGy was required to get the same efficacy. Lower efficacy was obtained for V.
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fischeri, from 17% up to 21% at 5 kGy. As recommended by Rand (1995), it was noticed the
importance of different classes of living organisms be applied for effluents and treatment
processes evaluations [2]. Organic acids were detected after irradiation of pharmaceuticals,
reducing slightly the samples pH [10].

Pesticides and pharmaceutical as emerging pollutants and photolysis as an AOP

Pesticides have been detected in surface waters and ground water all around the
world. They have been included amongst Persistent Organic Pollutants (POPs) due to their
resistance to natural degradation processes and to the risks they have to human health
as well as for the environment. Pesticides can reach surface waters through discharge of
industrial synthesis processes and agro-industry wastewaters, from spray equipment and
pesticide containers, spills due to improper handling and disposal, agricultural runoff, etc.
[12-15].

Silva et al., (2014) studied the removal of atrazine (ATZ) from water by photolysis [16].
ATZ is one of the most commonly used herbicides in the world, a possible human carcinogen
and endocrine disruptor [16,17]. The authors discussed the effects of the photon emission
rate and ATZ initial concentration on the herbicide photolytic degradation rate, under 254
nm-UV radiation.

The stability of ATZ in aqueous solution in the absence of light, regardless of pH, was
confirmed through hydrolysis experiments. Photolysis experiments were performed in a
tubular photochemical reactor equipped with a concentric low-pressure mercury vapor
lamp, using four different photon emission rates on a per unit reactor volume basis (E, ),
namely 3.6x10'8, 1.9x10'8, 1.1x10'8, and 8.7x10'" photons L s! (Figure 5). ATZ removal
by photolysis was shown to follow apparent first-order decays during the first 10 minutes
(Figures 5c and 5d) and high percent ATZ removals were achieved after 30 min of irradiation,
with more than 80% and 65% removals for [ATZ], = 5 mg L'! and 20 mg L', respectively.
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Figure 5: Atrazine (ATZ) degradation during photolysis for different initial concentrations and photon emission rates (
3.6x10" photons L' s*'; % 1.9x10'€ photons L' s'; —*— 1.1x10'8 photons L' s and —e- 8.7x10'” photons L' s'). (a) and
(c) [ATZ], = 5 mg L. (b) and (d) [ATZ], = 20 mg L (Silva et al., 2014).

It was noted that the higher the initial ATZ concentration, the lower the values of the



apparent first-order photolysis rate constants k, the higher the pesticide half-lives and the
lower the percent removals after 30 minutes of irradiation. Silva et al., (2014) assigned
the dependence of the amount of substrate destroyed and apparent rate first-order rate
constants with [ATZ], by the fact that the higher the ATZ initial concentration, the higher
the amount of degradation products formed, therefore competition by incident photons
increase.

A direct relationship between ATZ degradation and the photon emission rate was
observed, with proportionality constants of 0.085 and 0.056 for 5 mg L' and 20 mg L'
respectively. Dechlorination was the dominant mechanism during the initial steps of ATZ
photolysis, as shown in Figure 6 by the comparison between the release of chloride ions
in solution and ATZ photolytic degradation. The difference between the amount of Cl
released and the amount of ATZ degraded suggest the persistence of very small amounts of
chlorinated degradation products. Moreover, no appreciable carbon removal was observed
after 60 minutes of ATZ photolysis owing to the presence of persistent degradation products
[16].
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Figure 6: Comparison between the release of chloride ions in solution and ATZ photolytic degradation. [ATZ]; = 5 mg L-1 and
E,, = 3.6x10" photons L' s™'. —# [ATZ]; -©-amount of CI" released; -&- amount of ATZ degraded (Silva et al., 2014).

Based on the experiment with the best performance for ATZ removal during photolysis,
despite the presence of persistent degradation products, acute toxicity to Daphnia similis
was efficiently removed after 60 minutes of exposure to UV radiation. Finally, by means of
additional experiments in the presence of a suppressor of singlet oxygen, using a radical
scavenger and by varying the amount of dissolved oxygen in reaction medium, the authors
pointed out reactive oxygen species (hydroxyl radicals and singlet oxygen) as important
actors during the photolytic degradation of atrazine.

Regarding treatment technologies possibilities, Lastre-Acosta et al., (2015) investigated
the degradation of sulfadiazine (SDZ) (25 mg L'!) in aqueous solution by high frequency
ultrasonic treatment (580, 862, and 1142 kHz) [17]. In this study, the effects of a radical
scavenger and the incorporation of Fenton reagent (sono-Fenton) were analyzed. With this
aim, an ultrasound multifrequency generator (MeinhardtUltraschalltechnik), operating
in continuous mode at high frequency greater than 100 kHz and variable electric power
output, was connected to a stainless steel transducer (E 805/T/M) placed directly inside
solution and used in sonication experiments. The authors observed higher SDZ percent
removals and removal rates for the lowest operating frequency (580 kHz), higher dissipated
power and lower pH. The addition of n-butanol (22-fold molar concentration of n-butanol
to sulfadiazine) considerably reduced SDZ degradation, with only 16% SDZ removal after
120 minutes and a pseudo-first order rate constant of 1.7x10° min"!, therefore confirming
that the attack of *OH radicals to SDZ at the interface of collapsing bubbles is an important
mechanism involved in antibiotic degradation. The corresponding values in the absence of
n-butanol were 71.5% and 10.1x10® min‘!, respectively [17].
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In the range of operating conditions studied, the addition of hydrogen peroxide showed
detrimental effects on SDZ degradation rate in comparison with the performance of the
ultrasound-driven process alone. On the contrary, the Fenton chemistry combined with
US treatment remarkably improved sulfadiazine removal rate. Therefore the sono-Fenton
process seems to be more efficient for the removal of the antibiotic than sonolysis alone, as
shown in (Figure 7). In fact, the extent of SDZ degradation was higher for the US/Fe(Il)/H,0,
process as compared to H,O, alone, Fe(ll)/H,0,, US/H,0,, US and US/Fe(ll). In this case,
the synergistic effect is clearly demonstrated.
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Figure 7: SDZ degradation by different processes (580 kHz, 22 W, [SDZ] =25 mg L, 30 °C; H,0,:SDZ=180 mol/mol for US/
H,O, and H,O, processes; H,0,:SDZ=198 mol/mol for US/Fe(ll)/H,O, and Fenton processes). (white square) H,0,, (black
triangle) Fe(ll)/H,0,, (white circle) US/H,0O,, (black diamond) US, (white triangle) US/Fe(ll), and (black square) US/Fe(l1)/H,0,
(Lastre-Acosta et al., 2015).

Electrophilic addition of hydroxyl radicals (HOe*) offers the possibility to degrade
sulfonamides in aqueous solutions due to the existence of rt electrons in their molecules.
Among the different processes available for generating HOe radicals [18]. UV-based
technologies are considered efficient in aqueous treatment containing recalcitrant
sulfonamides [19-22]. These technologies include the photo-excitation of Fe(IIl)-complexes,
the photo-Fenton processes, photo-induced processes, and photo-initiated oxidation
processes.

Photo-Excitation of Fe (III)-Complexes

Photo-excitation of Fe(Ill)-complexes induces reduction of ferric (Fe*) to ferrous (Fe*)
ions and formation of HOe radicals. Reactions involving Fe(Ill)-complexes are important
in surface water and can promote the degradation of contaminants in aqueous solutions.
The presence of diverse organic ligands in Fe(lll)-complexes leads to sulfonamides
degradation at different reaction rates [23]. Hydrogen peroxide (H,0,) can be generated from
the photolysis of Fe(lll)-oxalate which react with Fe?* to produce HOe. Furthermore, the
oxidation of organic ligands in Fe(Ill)-complexes generates organic radicals that may reduce
dissolved oxygen (O,) to yield radical species such as the superoxide radical anion, O,"[24].
During photolysis of Fe(Ill)-oxalate (Figure 8a), the oxidation of the oxalate ligand generates
carboxylate radical anions (CO,") which, in the absence of O,, react with Fe(Ill)-oxalate to
form Fe?* ions. In aerated systems, CO," reduces O, giving O,". Similarly, the photolysis of
Fe(Ill)-citrate produces Fe?* ions and also the 3-hydroxyglutarate anion radical (3-GHA%),
which generates both the 3-oxoglutarate (3-OGA?*) ion and O, after reaction with O,, with
fast generation of unstable acetone and carbon dioxide as byproducts (Figure 8b).
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Figure 8: Scheme of photolysis of Fe(lll)-complexes: (a) Fe(lll)-oxalate and (b) Fe(lll)-citrate.

Fe(Ill)-oxalate was shown to be more effective to sulfonamides degradation than Fe(IIl)-
citrate using UV irradiation. The remaining carbon from Fe(Ill)-citrate photolysis was
shown to be disadvantageous toward sulfonamides degradation. A significant increase in
sulfonamides degradation rate was reported using sunlight irradiation in the presence of
Fe(Ill)-oxalate [19].

Photo-Fenton Processes

Among UV-based technologies, photo-Fenton processes may be a suitable technology
for the degradation of sulfonamides in aqueous solution. Based on the electron transfer
from ferric/ferrous ions system, the decomposition of H,O, is catalyzed by Fe*', making UV
absorption by hydrogen peroxide (H,0,) not essential for the generation of HO* radicals.
However, the highly acidic solution needed to avoid the formation of hydroxylated iron
species, the complexation of iron ions by sulfonamide molecules (or their byproducts) which
hinder Fe®" photoreduction, and the regulation regarding the maximum concentration of
iron.

Studies of sulfonamides degradation performed at low initial concentration (< 0.1 mmol
L1/25 mg L!) resulted in such good efficacy that Solid Phase Extraction (SPE) techniques
were required for increasing the sensitivity of the analytical method [15].

SPE technique was conducted at low pH using the Strata-X Phenomenex cartridge since
neutral or protonated sulfonamide molecules have good extraction recoveries for hydrophilic
sorbent.

Photo-induced and photo-initiated oxidation processes

The use of UV-driven technologies has enhanced the efficiency of oxidation processes
including photo-induced and photo-initiated oxidation in circumneutral solution. Photo-
induced oxidation of organic compounds has been investigated and shown to be an important
process for the removal of sulfonamides from natural waters [25,26]. The formation of
sulfonamides in the triplet excited state is an important phenomenon during the photo-
induced oxidation processes and is related to the generation of reactive species [20,27]. The
phenomena induced by the interactions between UV radiation and sulfonamide molecules
can promote degradation from reaction with singlet oxygen and radical species during
photosensitized processes occurring simultaneously with direct photolysis. The singlet
excited state of the sulfamethazine molecule ('C,,H ,N,0,S*) may undergo intersystem
crossing to a triplet excited state_(°*C,,H ,N,0,S*) to produce reactive oxygen species (ROS)
via electron/energy transfer to dissolved molecular oxygen (*0,). The ROS were able to
oxidize SMT molecules at relatively higher initial concentration (= 0.1 mmol L'!) compared to
that found in natural waters.
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Photo-initiated oxidation processes involve absorption of photons by auxiliary oxidants,
such as hydrogen peroxide, to generate HOe radicals. For example, sulfamethazine
degradation was evaluated by photo-induced and photo-initiated oxidation under 254
nm-UV radiation. Slow degradation rates were reported for the photo-induced oxidation
of sulfamethazine under low-pressure UV radiation. Besides, relevant improvement of
sulfamethazine degradation was observed in the presence of auxiliary oxidants. The pH
of sulfamethazine solutions decreased during oxidation, suggesting the presence of acidic
transformation products formed from the oxidative cleavage of hydroxylated aromatic rings
[21].

Integrated Fixed-film Activated Sludge (IFAS) As a Co-treatment
of Landifill Leachate in the Presence of Sewage Using an Integrated
Biological System

The solid waste management is one of the important issues in megacities. Considerable
costs are involved for the correct disposal of solid wastes. One of the technologies is the
landfills, from which water percolates through waste. It promotes and assists the process
of decomposition by microorganisms. Nonetheless the biological decomposition is the most
significant path for waters cleaning and even when talking about solids residues at landfills.
These processes in turn release chemical by-products and rapidly use up any available
oxygen, creating an anoxic environment. As a result of an increasing temperature and
actively decomposing waste, the changes in pH rises, interfering in the solubilization of
metals, many metal ions that are relatively insoluble at neutral may become dissolved in
the developing leachate [28,29].

The physical appearance of leachate when it emerges from a typical landfill site is a
strongly odoured black-, yellow- or orange-coloured cloudy liquid. The smell is acidic and
offensive and may be very pervasive because of hydrogen-, nitrogen- and sulfur-rich organic
species such as mercaptans [30,31]. The decomposition processes themselves release more
water, which adds to the volume of leachate. The residues released in the leachate may also
form a large component of the landfill gas.

On the other hand, how to treat the tons of liters of landfill leachate? The limitation
for carbon biological degradation and general pollutants is that many designed biological
systems were not suitable for decomposition leachate (from landfill), same for the pesticides,
pharmaceuticals and biocides.

Once the biological treatment is based on microorganisms decomposition, such type of
residues (from leachate) may often act as source of toxins, damaging the sludge activity. In
Brazil many biological systems for municipal Wastewater Plant (WWTP) receive the landfill
leachate for treatment into the biological system. How may a hard mixture of chemicals
affect the activated sludge? Considering the possible mixture of sewage and landfill leachate
the ratio for the combination is quite important. Toxicity data was obtained to assess those
values as well as to evaluate the application of an auxiliary midia for the improvement of the
biological decomposition of organic matter.

In a landfill that receives a mixture of municipal, commercial, and mixed industrial
waste, landfill leachate may be characterized as a water-based solution of four groups of
contaminants: dissolved organic matter (alcohols, acids, aldehydes, short chain sugars
etc.), inorganic macro components (common cations and anions including sulfate, chloride,
iron, aluminium, zinc and ammonia), heavy metals (Pb, Ni, Cu, Hg), and xenobiotic organic
compounds such as halogenated organics, polychlorinated biphenyl, PCBs and also
pharmaceutical residues [29,31,32].

An Integrated fixed-film activated sludge was studied as one of the technologies for
treatment of such leachates and the system was designed for treating a mixture of landfill
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leachate and raw sewage, applying a new media as support of microorganisms, called as
Integrated Fixed-Film Activated Sludge (IFAS).

Parameters 1:550;3') 2(: (s):/(:;) 3("2::2!;)
COD total (mgO, L") 510 500 610
BOD, ,, total (mg0, L) 220 220 290
TOC (mgC.L") 59 71 84
TKN (mgN.L") 110 160 230
NH,*-N (mgN-NH,* .L") 60 110 120
Alcalinity (mgCaCO,.L"") 200 400 600

Table 2: Chemical characterization according to the percentage of landfill leachate into the sewage influent mixture (steps 1, 2
and 3).

A biological reactor was used during the treatement process for the domestic sewage
and landfill leachate mixture. Hibrid system was constructeded on a pilot scale at Sao
Paulo Univesity, Centro Tecnolégico de Hidraulica (CTH/EPUSP), Departamento de
Engenharia Hidraulica e Ambiental. The biomidia applied during the conjugated process
was presented as (Figure 9).

]

Figure 9: The small and clean biomidia applied for the biofilm improvement and the dirty used biomidias (Anox Kaldnes®),
obviously related to the exposure of the biomidia to the effluent, during the treatment proposed studied.

The reactor material was acrylic, designed in two parts: 270 liters for the first anoxic
chamber for pre-denitrification. The second part for 800 liters, in an oxigenated chamber
and 4 difusors, installed at the bottom of the system. The compressor/difusors introduced
air into the system in order to achieve from 3.0 up to 4.0 mg.L! of dissolved oxygen. The
second part of the system was a circular secondary decantador, receiving 2 m*.d! of the
mixture. Sludge recirculation was 0,5. The biomidia Anox Kaldnes® was applied for both
systems. The filling volume was 70% of total volume to aeration tank and 50% for the anoxic
chamber (Figure 10).
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Figure 10: The designed system included biomidia Anox Kaldnes® , aeration tank, secondary clarifier and measurements
apparatus.
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The toxicity was an important parameter for the evaluation of the efficacy of proposed
treatment as well as to evaluate the toxic charge (EC,, X volume of influent) of the influent
of IFAS system. Vibrio fischeri bacteria and Daphnia similis crustacean were the biological
indicators used for toxicity assessment and the samples applied during the IFAS in a
ratio of 5%, 10% and 20% of landfill leachate in raw sewage, reported as influent. One
of the most important questions was the amount of leachate is feasible into an activated
biological treatment system? Peristaltic pump injected leachate into the system, followed
by characterization and organic matter. The toxicity assessment was carried out for the
mixture content for different percentage of landfill leachate (5, 10 and 20% of the total
volume).

Taking operational conditions into account and the characteristics of influent (Table 2)
the application of organic charge and nitrogen charge (in volume) varried from 0.4 up to
0.9 kgBOD.m?®.d! and 0.32 up to 0.7 kgN.m3.d"!. It was possible to note the contribution of
leachate addition in different parameters, such as Total Nitrogen (TN), amoniacal nitrogen
(NH,"-N) and alcalinity, higher after 10% and 20% of landifil leachate. The volatile solids
content into the reactor varried according to the literature database (2000 a 5000 mg.L}),
(Figure 11).
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Figure 11: a) Volatile Suspended Solids, (VSS), versus time, at aeration tank and at sludge return - operation period; b) The
influence of treatment into SSV as a function of biofilm adhered to the biomidia and time (Campos, F., 2014).

The fixed biomass decreased in the 3o0. Step of the process - Kaldnes® (K1), 300 m2.m?,
reaching 8 gSSV.m™? as adhered biofilm. The SSV biofilm is about 15 gSSV.m™ [33,34].

The main objective of any WWTP is to remove organic mater and nitrogen. Another
important issue is the solids which contain relevant chemical and biological contaminants
such as parasite eggs, coliforms, virus etc. In this developed system, under stable operational
conditions the efficacy of the three steps (including 5/10 and 20% of leachate) the accounted
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for 85% of BOD, ,, and 90% as COD removal. Regarding nitrogen, 90% was the TNK and
NH,* for the two firs steps and 80% for the last one. As the WWTP receive leachate to be
treated with the sewage more studies are necessary for achieving a safe treatment condition

such as controlable toxic charge, sludge quality and treated sewage controling and quality
[35].

The proposed IFAS was quite effective for BOD and amonia removal, resulting also in
less toxic effluents, specially for the step 3, where 20% of landifill leachate was added to
the sewage. 72% of whole toxicity was achieved for Vibrio fischeri bacteria for 15 minutes
exposure (Figure 12).
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Figure 12: Efficacy of the combined processes onto the acute toxicity (V.fischeri) at different amount of landfill
leachate in the mixture.

Regarding to acute ecotoxicity data, the highest percentual of leachate received from the
landifill was 20% in the sewage mixture, keeping the same efficiency for organic matter and
nitrogen. Nonetheless the residual toxicity was detected for Vibrio fischery (measured by
Microtox®). The D.similis crustacean was less sensitive than the vibrio bacteria. These data
reinforce the needs for toxicity assessment involving more than one biological class of living
organisms for the evaluation of wastewater and their treatments, chronic effects assays are
also recommended, before discharge of treated wastewater into the rivers.

Concluding remarks: Why treatment technologies are important? These examples
were chosen due to the relevance of chemical classes of contaminants and developing
technologies. And how Ecotoxicology can contribute to this proposed subject and to reduce
contamination? These ecotoxicity assays are also used for fixing standard limits and for
assuring safety discharges to the environment, our further actions for preservation. From
this chapter it was possible to confirm the efforts that have been carried out to reduce the
presence of pharmaceuticals and other chemicals in waters. There is no other way to protect
environment if not education, collaboration, safety and technologies.
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