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Chapter 1
Water Reuse in the Food Industry: Quality
of Original Wastewater Before Treatments

Abstract This chapter introduces one of the most important emergencies in the
world of food and non-food industries: the availability of clean and drinking water.
Water use has more than tripled globally since 1950: water quality and its scarcity
are increasingly recognised as one of the most important environmental threats to
humankind. In addition, the food and beverage processing industry requires copious
amounts of water. For these reasons, direct and indirect water reuse systems are
becoming more and more interesting and promising technologies. Different reuse
guidelines have been recently issued as the result of risk assessment and man-
agement approaches linked to health-based targets. Chemical and biological fea-
tures of wastewaters originated from different food processing environments have
to be carefully analysed and adequate countermeasures have to be taken on these
bases in relation to the specific food processing activity.

Keywords BOD/COD ratio � Fertiliser � Pesticide � Risk assessment � Suspended
solids � Wastewater � Water reuse

Abbreviations

BOD Biochemical oxygen demand
COD Chemical oxygen demand
FAO Food and Agriculture Organization
HACCP Hazard Analysis and Critical Control Point
SWW Slaughterhouses Wastewater
TSS Total suspended solids
UNICEF United Nations International Children’s Emergency Fund
US EPA United States Environmental Protection Agency
USA United States of America
WHO World Health Organization
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1.1 Food Industry and Generated Industrial Effluents:
An Overview

In most industrial processes, water is the most extensively used raw material for the
production of high-value products. Water use has more than tripled globally since
1950, and one out of every six persons does not have regular access to safe drinking
water. At present, more than 700 million people worldwide lack access to safe
water and sanitation affects the health of 1.2 billion people annually [1]. Water
quality and its scarcity are increasingly recognised as one of the most important
environmental threats to humankind [2]. In addition, steady economic development,
particularly in emerging market economies, has translated into demand for a more
varied diet, including meat and dairy products, putting additional pressure on water
resources [3]. The food and beverage processing industry requires copious amounts
of water; actually, this sector is the third largest industrial user of water [4]. In
general, 75% of water used is considered useful because of its drinking quality in
the food and beverage industrial sector as a whole [5]. More than two-thirds of all
freshwater abstraction worldwide (and up to 90% in some countries) go towards
food production: freshwater resources are depleted in many areas of the world.
Some estimation reports that 35% of the world’s population will live in countries
affected by water stress or scarcity by 2025 [6]. Therefore, the food industry must
address the future trends relating to this resource, in common with other industries,
and move towards increasing efficiency in water use. Water consumption in the
production and treatment of food and drink industry varies depending on different
factors, such as the diversity of each manufacturing subsector, the number of end
products, the capacity of the plant, the type of applied processes, employed
equipment, automation levels, systems used for cleaning operations. [7, 8].
Wastewater resulting from food industries, including the agro-industrial sector, is
obtained as one of the final products of human activities, which are associated with
processing, manufacturing and raw material handlings, generated from medium- to
large-scale industries. This wastewater arises from cooling, heating, extraction,
reaction of by-products, washing and quality control as a result of specification
products being rejected. The characteristic of these effluents depends on the quality
of water used by different types of industries, as well as the community and
treatment of such wastewater [9]. Industrial wastewater is difficult to characterise as
it varies according to processes, season and related products [10]. Generally, the
main contaminants are microorganisms, biodegradable organic material, sanitising
products, fertilisers, pesticides, metals, nutrients, organic and inorganic materials.
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1.2 Water and Wastewater Reutilisation

In urban areas, demand for water has been increasing steadily, owing to population
growth, industrial development and expansion of irrigated peri-urban agriculture.
As a consequence, an increment of the pollution of freshwater can be observed due
to the inadequate discharge of wastewater, especially in developing countries [11].
An increase in industrial activities, along with the discharge of high-strength
wastewater from various industries, results in challenges with regard to methods
that are used to remediate contaminants in the water in order to limit its environ-
mental impact.

At present, water management is conducting improper depletion of water
resources of surface and groundwater. For these reasons, reduced water availability
is already leading to attempts by the food industry to optimise its use. Reuse of
water in the food industry is extremely interesting due to the increasing cost of
water and water discharge and its treatment. Wastewater reuse potential in different
industries depends on waste volume, concentration and characteristics, best avail-
able treatment technologies, operation and maintenance costs, availability of raw
water and effluent standards. Radical changes in industrial wastewater reuse have to
take into consideration rapidly depleting resources, environmental degradation,
public attitude and health risks to workers and consumers.

Water quality requirements are a function of the type of food, processing con-
ditions and methods of final preparation in the home (cooked/uncooked products)
[12]. Water and wastewater reutilisation, costs of treatment and disposal guidelines
remain the most critical factors for the development of sustainable water use for
food and beverage industries, especially if access to water resources is required
continually and with notable amounts. Consequently, there is an urgent need to
improve the efficiency of water consumption and to augment the existing sources of
water with more sustainable alternatives.

There are modern and traditional approaches for efficiency improvements and
augmentation [7]. The move towards wastewater reuse is reflected in different
cleaner production approaches such as internal recycling, reuse of treated industrial
or municipal wastewater and reuse of treated effluents for other activities. Reusing
wastewater is an attractive economic alternative, and it can be a useful strategy
when speaking of essential preservation for future generations. A cautious use also
reduces the quantity of waste diverted to treatment facilities and further lowers
treatment costs.

Companies invest in wastewater treatment and reuse not just to comply with
effluent standards but because product recycling and raw material recovery benefit
in terms of reputation. In contrast to agriculture, a small fraction of industrial waters
only is actually consumed, and the most part is discharged as wastewater. The
ability to reuse water, regardless of whether the intent is to augment water supplies
or manage nutrients in treated effluent, has positive benefits that are also the key
motivators for implementing reuse programmes. These benefits include:
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(a) Improved agricultural production
(b) Reduced energy consumption associated with production, treatment and dis-

tribution of water
(c) Significant environmental benefits, such as reduced nutrient loads to receiving

waters due to reuse of the treated effluents [12].

Industrial wastewater treatment has taken place in a series of development
phases starting from direct discharge to recycling and reuse. This development has
been slow when considering the growing awareness of environmental degradation,
public pressure, implementation of increasingly stringent standards and industrial
interest in waste recycling. The declining supply and higher costs of raw water is
also forcing industry to implement recycling technologies. Many industries are now
concentrating on methods to cut down potable water intake and reduce discharge of
polluted effluents. In particular, wastewater reuse has become increasingly impor-
tant in water resource management for both environmental and economic reasons.

Wastewater reuse has a long history of applications, primarily in agriculture, and
additional application areas, including industrial, household and urban options, are
becoming more prevalent. However, this practice also has its risks and benefits,
which should be critically analysed before taking the decision to either use raw
wastewater directly or use them after treatment. This aspect should be analysed with
reference to local conditions and requirements as wastewater quality and water use
are different in individual countries and regions. Therefore, in order to optimise
water use and cost reduction potential, it is beneficial to analyse both the quality and
the quantity of source effluents against potential reuse applications and water
quality requirements. Appropriate technology and its availability should also be
taken into consideration. Moreover, the control and the continuous improvement of
existing practices have to be taken into account. The level of required treatments for
reclaimed water depends on the intended use [13].

Water reuse applications can be designed for indirect or direct reuse. At present,
reclaimed water is more commonly used for non-drinking purposes, such as agri-
culture, landscape and park irrigation. Other major applications include greywater
for cooling towers, power plants and oil refineries, toilet flushing, dust control,
construction activities, concrete mixing and artificial lakes.

1.3 Direct Reuse

Direct reuse involves treated wastewaters as potable or process waters: it is a
technically feasible option for agricultural and some industrial purposes (recycled
water within the same industrial process), with or without treatment to meet specific
quality requirements. Some wastewater streams also contain useful materials, such
as organic carbon and nutrients like nitrogen and phosphorous. The use of
nutrient-rich water for agriculture and landscaping may lead to a reduction of
fertiliser applications. Estimations revealed an annual production of 30 million tons
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of wastewater in the world, and 70% of this amount is consumed as an agricultural
fertiliser and irrigation source [14]. This practice for crop production has gained a
certain acceptance worldwide [15] as an economic alternate that could substitute
nutrient needs [16, 17] and water requirement of crop plants.

For example, it has been reported that 73,000 ha were irrigated with wastewater
during early nineties in India, and presently the area under this irrigation techniques
is on the rise [18]. Should the quality be not suitable for direct use, wastewater
would necessarily be reclaimed with adequate treatment, or used after dilution with
clean water or other higher quality wastewater; indirect use is one of the water
recycling applications that has developed, largely as a result of advances in treat-
ment technology.

1.4 Indirect Reuse

Indirect reuse involves the reclamation and treatment of water from wastewater and
the eventual returning of it into the natural water cycle (creeks, rivers, lakes and
aquifers) or into a receiving body; therefore, this water may be re-treated for use
within a plant. The advantage of indirect reuse is essentially the possibility of
significant control measure for receiving waters (dilution), provided that contami-
nant levels in the receiving water are lower than those in the recycled water.

For the above-mentioned reasons, water quality requirements will need to be
tailored appropriately. Therefore, the minimisation of risks and the
creation/implementation of necessary control measures in place—e.g. water safety
plans and Hazard Analysis and Critical Control Point (HACCP) plans—are critical.
The purpose of monitoring is to demonstrate that the management system and
related treatments are functioning according to design and operating expectations.
Expectations should be specified in management systems, according to HACCP or
water safety plan approaches.

The Codex Alimentarius framework of risk analysis has been accepted and is
recommended as the basis on which this document might be used [19]. The risk
analysis process consists of three components: risk assessment, risk management
and risk communication. Risk assessment is dependent upon the correct identifi-
cation of the hazards, the quality of used data and the nature of assumptions made to
estimate risk levels. Risk communication should assure the continuous information
exchange among all involved parties throughout the entire process, while the
monitoring programme has to be written on available regulatory norms and should
permit requirements established for the system. This programme not only must
address those elements needed to verify the product water, but also must support
overall production efficiency and effectiveness.
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1.5 Wastewater Reuse Guidelines

The main purpose of reuse criteria is to protect the community and to minimise
environmental damages. Reuse guidelines have been issued in the USA, South
Africa, Australia, Japan, several Mediterranean basin countries and the European
Union. With relation to these documents, the most accepted guidelines appear those
published by the United States Environmental Protection Agency [20]. The World
Health Organization (WHO) guidelines, issued in 2006, propose a flexible approach
of risk assessment and risk management linked to health-based targets that can be
established at a realistic level under local conditions. The approach has to be backed
up by strict monitoring measures [21].

Wastewater may have both risks from pathogen agents and chemical contami-
nants from industrial discharges or storm water run-off. WHO guidelines provide
maximum tolerable soil concentrations of various toxic chemicals based on human
exposure through the food chain. For irrigation water quality, WHO refers to the
Food and Agriculture Organization (FAO) guidelines [22]. These guidelines do not
specifically address how to reduce chemical contaminants from wastewater for use
in irrigation.

Basically, exposure to untreated wastewater is a likely contributor to the burden
of diarrhoeal disease worldwide [23]. Epidemiological studies suggest that expo-
sure pathways to the use of wastewater in irrigation can lead to significant infection
risk for consumers or populations living near suspect wastewater irrigation sites.
These sites may be exposed to aerosols from untreated wastewater and at risk of
bacterial and viral infections: several epidemiological investigations have found
notable parasitic, diarrhoeal and skin infection risks in farmers and their families
living directly in contact with wastewater [21]. Also, excess diarrhoeal diseases and
cholera, typhoid and shigellosis outbreaks have been associated with the con-
sumption of wastewater-irrigated vegetables eaten uncooked [21].

1.6 Chemical and Physical Features of Wastewater
from Food-Related Activities

In general, the major types of food processing industries associated with high
consumption of freshwater are represented by meat-processing plants: the demand
of used water is reported to be 24% [24]. On the other hand, the so-called water
footprint is variegated in other food and beverage sectors, including the simple crop
production: with relation to this sub-group, the higher demand is reported for rice,
wheat and maize (21, 12 and 9%, respectively) on the total amount of needed water
for crop production worldwide [25].
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1.6.1 Slaughterhouses and Related Wastewater

Slaughterhouses Wastewater (SWW) has been considered as an industrial waste in
the category of agricultural and food industries and classified as one of the most
harmful wastewaters to the environment by the United States Environmental
Protection Agency (US EPA).

Slaughterhouses are part of a large industry, which is common to numerous
countries worldwide where meat is an important part of their diet. In fact, meat is
the first-choice source of animal protein for many people worldwide [25]. The total
estimated consumption of meat (chicken, turkey, veal, lamb, beef, pork) in the USA
was 101 kg−1 capita in the year 2007 [26]. In addition, the consumption of meat is
continuously increasing worldwide, particularly in developing countries [27, 28].
The global meat production was doubled in the last three decades, from 2002 to
2007, and the annual global production of beef was increased by 29% over eight
years [28]. Furthermore, the production of beef has been increasing continuously in
recent years, mostly in India and China, due to income increases and the shift
towards a western-like diet rich in proteins [29].

As a result, it can be inferred that the number of slaughterhouse facilities will
increase, resulting in a greater volume of high-strength wastewater to be treated.
The slaughterhouse industry is the major consumers of freshwater among food and
beverage processing facilities [24].

In meat processing, water is used primarily for carcass washing after hide
removal from cattle, calves and sheep or hair removal from hogs and again after
evisceration, for cleaning, and sanitising of equipment and facilities, and for cooling
of mechanical equipment such as compressors and pumps including carcass blood
washing, equipment sterilisation and work area clearing. A large water amount is
used for different operations such as hog scalding. The rate of water use and
wastewater generation can be highly variable often meat-processing facilities work
in two different moments: killing and processing shift, followed by cleaning
operations.

Elevated consumption of high-quality water, which is an important element of
food safety, is often characteristic of the meat-processing industry. SWW compo-
sition varies significantly depending on the diverse industrial processes and specific
water demand [24, 31]. Abattoir industries produce significant volumes of
wastewater due to slaughtering and cleaning of slaughterhouse facilities and
meat-processing plants. In particular, the meat-processing industry uses 24% of the
total freshwater consumed by the food and beverage industry and up to 29% of that
consumed by the agricultural sector worldwide [24, 27, 32].

SWW from the slaughtering process is considered detrimental worldwide due to
its complex composition of fats, proteins and fibres [33]. Abattoir wastewater
contains high amounts of organic material and consequently high biochemical
oxygen demand (BOD) and chemical oxygen demand (COD) values due to the
presence of blood, tallow and mucosa.
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Meat industry wastewater may also have a high content of nitrogen (from blood)
and phosphorus, total suspended solids (TSS) [31, 34]; consequently, SWW dis-
charge may cause deoxygenation of rivers and contamination of groundwater [11].
Further, detergents and disinfectants used for cleaning activities have to be con-
sidered because of the presence of pathogenic and non-pathogenic microorganisms
and parasite eggs [35]. Meat-processing wastewaters also contain a variety of
mineral elements, some of which are present in the water that is used for processing
meat. Manure—especially hog manure—may be a significant source of copper,
arsenic and zinc, because these constituents are commonly added to hog feed. Due
to the presence of manure in meat-processing wastewaters, microbial loads ascribed
to total coliforms, faecal coliforms and faecal streptococci are generally found as
several million colony forming units per 100 mL. Although members of these
groups of microorganisms generally are not pathogenic, they do indicate the pos-
sible presence of pathogens of enteric origin such as Salmonella spp., Escherichia
coli O157:H7, Shigella spp. and Campylobacter jejuni. They also indicate the
possible presence of gastrointestinal parasites including Ascaris sp., Giardia lam-
blia, Cryptosporidium parvum and enteric viruses. In addition to the presence of
pathogenic microorganisms, antibiotics used to control pathogens and ensure
livestock weight advancement and disease prevention can be found: these sub-
stances are released during the evisceration process [36].

1.6.2 Beverage Industries and Related Wastewater

The beverage industry, and important subcategory of the food sector, supplies a
range of products from alcoholic (winery, vinasses, molasses and spirits) and
brewery to non-alcoholic (fruit juices, vegetable juice, mineral water, sparkling
water, flavoured water and soft drinks) beverages [37, 38]. As the global con-
sumption of soft drinks continues to grow (687 billion L in 2013), the global value
reaches 830 billion $ [38]. Beverage industry’s wastewater could be originated
from different individual processes such as bottle washing, product filling, heating
or cooling and ‘cleaning-in-place’ systems, beverage manufacturing, sanitising
floors including work cells, cleaning of zones and piping networks [37, 39].

One basic cause of freshwater wastage is the reuse of glass bottles which requires
a huge expense of water as rinsing and cleansing agent, before containers are
refilled. This treatment has to be necessarily conducted with the aim of removing
microorganisms and chemicals to render bottles safe for the human health. Also,
different chemicals used for washing of bottles may include sodium hydroxide,
detergents and chlorine solution. Washing of bottles is usually done in different
stages: pre-rinse, pre-wash, caustic wash and final rinsing. It should be considered
that 50% of the total wastewater produced by the beverage industry comes from
bottle washing process [37, 40]. In general, critical values for beverage industry
wastewater parameters—COD, BOD, TSS, total dissolved solids and total
Kjeldahl-determined nitrogen—are normally high [39]. The amount of total
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nitrogen, total phosphorus and pH can vary depending on used chemicals (nitric
acid, phosphoric acid and caustic soda) [41].

1.6.3 Alcoholic Beverages Industries and Related
Wastewater

Distilleries, wineries and breweries produce alcoholic beverages. They have strong
similarities in terms of manufacturing processes, fermentation and separation
operations [42]. As a result, they are high consumers of freshwater and thus produce
high volumes of wastewater. The disposal of the untreated wastewater from dis-
tillery, winery and brewery industries is considered an environmental hazard
worldwide: should the wastewater be discharged into the environment without
treatment, salination and eutrophication of freshwater resources would be observed.

1.6.4 Distillery Companies and Related Wastewater

Distillery wastewater refers to wastewater, which is generated from alcohol distil-
leries. On average, 8–15 L of wastewater is generated for every litre of produced
alcohol [45, 46]. Distillery wastewater, generated from the distillation of fermented
mash, is dark brown in colour; it contains acidic high organic matter, and with
unpleasant odours. The amount of pollution produced from distillery wastewaters
depends on the quality of molasses, feedstock, location, characteristics of the dis-
tillery manufacturing process and the distillation process that is used to produce
ethanol [45]. The BOD/COD ratio of distillery wastewater is considered to be high
if >0.6 [42].

1.6.5 Winery Companies and Related Wastewater

Wine production is one of the most important agricultural activities at present [47].
The wine industry can be separated into two sub-categories depending on the
specific activity: production of winery wastewater and by-products, and recycling
of winery by-products within wine distilleries [42]. Wine production requires a
considerable amount of resources such as water, energy, fertilisers and organic
amendments; on the other side, it produces a large wastewater amount [48]. This
wastewater is one of the final results, in brief, of a number of activities that include:
cleaning of tanks, washing of floors and equipment, rinsing of transfer lines, barrel
cleaning, off wine and product losses, bottling facilities, filtration units and rain-
water diverted into, or captured in the wastewater management system [49].
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Each winery is unique with regard to the volume of wastewater generated. In
fact, many factors—the working period (i.e. vintage, racking, bottling), the wine
making process and the technology applied for red and/or white wine production,
etc.—have to be taken into account [50, 51]. In general, it may be affirmed that a
winery produces 1.3–1.5 kg of residues per litre of produced wine and 75% of this
amount is winery wastewater [52]; on the other side, the generation of winery
wastewater is seasonal [42]. Winery effluents are generally biodegradable;
BOD/COD ratio tends to be higher during the ‘vintage’ period because of the
presence of molecules such as sugars and ethanol [53].

The environmental impact of wastewater from the wine industry is notable (i.e.
pollution of water, eutrophication, degradation of soil and damage to vegetation
arising from wastewater disposal practices, odours and air emissions resulting from
the management of wastewater), mainly due to the high organic load and large
produced volumes [54].

1.6.6 Non-alcoholic Beverages Production and Related
Wastewater

The non-alcoholic beverage industry generates wastewater composed of various
blends of chemicals1 [37, 40]. Syrups are reported to be the main pollutants in the
non-alcoholic beverage industry wastewater [40] because of the production of
pollutants rich in sucrose and often derived from different operations (juice pro-
duction, cleaning of zones and pipes).

1.6.7 Dairy Industry and Related Wastewater

The dairy industry is one of the main sources of industrial effluent generation in
Europe [55]. This sector is based on processing and manufacturing operations of
raw milk into products such as yoghurt, ice cream, butter, cheese and various types
of desserts by means of different processes, such as pasteurisation, coagulation,
filtration, centrifugation, chilling [56]. The dairy industry need for water is huge: in
fact, water is used throughout all steps such as sanitisation, heating, cooling milk
processing, cleaning, packaging and cleaning of milk tankers.

The dairy industry is subdivided into several sectors associated to the production
of contaminated wastewaters. These effluents have different features, depending on

1These substances include fructose, glutose, sucrose, lactose, artificial sweeteners, fruit juice
concentrates, flavouring agents, dissolved carbon dioxide/carbonic acid, bicarbonates, flavourings,
colouring additives (caramel and synthetic dye-stuff), preservatives (phosphoric acid and tartaric
acid) and mineral salts that are used during production.
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final products; the generated volume is quite variable depending on the different
types of industry, techniques, processes used in the manufacturing plant and
equipment products [57]. Most of the wastewater volume generated in the dairy
industry results from clearing of transport lines and equipment between production
cycles, cleaning of tank trucks and washing of milk silos [58]. Dairy wastewaters
are also characterised by wide fluctuations in flow rates, related to discontinuity in
the production cycles of different products [59].

The dairy industry generates huge wastewater amounts, approximately 0.2–10 L
of waste per litre of processed milk [60]. In general, the composition of these
wastewaters is correlated with high BOD and COD values representing the high
organic content2 [61]. Cheese effluents represent a significant environmental impact
in the dairy industry because of their physicochemical features: these effluents
exhibit BOD/COD ratio (index of biodegradability) values typically in the range
0.4–0.8 leading to high dissolved oxygen consumption in water bodies.

Lactose and fat contents can be considered as the main responsible for COD and
BOD high values. In industrial dairy wastewaters, nitrogen originates mainly from
milk proteins, and it is present in various forms: either an organic nitrogen (pro-
teins, urea, nucleic acids) or as ions such as ammonium nitrate and nitrite ions.
Phosphorus is found mainly in inorganic forms, as orthophosphate and polyphos-
phate compounds, as well as organic forms [62, 63].

Waste control is an important aspect of resource management control and an
essential part of dairy food plant operations [64]. With their notable concentration
of organic matter, these effluents may create serious problems of organic burden on
the local municipal sewage treatment systems. Because to the total nitrogen and
phosphorus high contents, cheese effluents pose a considerable risk of eutrophi-
cation in receiving waters, particularly in lakes and slow-moving rivers [64].

1.6.8 Agro-industrial Wastewater

In the last few years, the need to increase agricultural productivity of the
ever-increasing population worldwide has constantly increased. The intensification
of agricultural practices leads adverse side effects on critical status of the envi-
ronment through land usage and soil degradation, water consumption, eutrophica-
tion and water pollution, monocultures that cause biodiversity loss and introduction
of hazardous chemicals through synthetic pesticides and mineral fertilisers and
pesticides. Agriculture is the main user of limited freshwater resources in the world.

On a global scale, 80 ± 10% of all freshwater withdrawals (from lakes, rivers,
underground aquifers, etc.) are used in agriculture. More than 40% of the food

2These values are justified because of the presence of carbohydrates, mainly lactose, as well as less
biodegradable proteins, lipids, minerals, high concentrations of suspended solids, suspended oils
and grease easily degradable.
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production comes from irrigated land; as a result, 70% of freshwaters taken from
rivers and groundwater are used for irrigation [65]. It may be forecasted that an
additional amount of food products (+60%) will be needed between 2016 and 2050
with the aim of satisfying the demand of an eventual population exceeding
nine billion people.

The clear result is that agricultural water use is increasing the severity of water
scarcity in some areas and causing water scarcity even in areas that are relatively
well endowed with water resources [3, 4]. In this contest, a serious point-source
contamination of natural water resources is constituted by fruit/vegetable-packaging
plants. Large volumes of effluents and solid waste derive from industrial fresh
packing and processing of fruits and vegetables; the demand for water occurs in
very specific, relatively short temporal periods. The seasonal nature of processed
products can explain the remarkable difference in pollution loads that are eliminated
throughout the year.

The special case history is represented by ‘Fourth Range’ (minimally processed)
products. These foods consist of vegetables having been cleaned, are peeled,
washed, cut, packed in bags or trays and sold as ready to use fresh foods. The entire
treatment and packaging cycle relies on the use of water. The amount of freshwater
is huge in relation to the weight of final product. It is in any case a high volume of
fresh drinking water, which is at the end of the processing cycle considered
wastewater.

Moreover, it has to be considered that wastewaters from the fruit-packaging
industry represent an important source of contamination by pesticides. In the
absence of effective depuration methods, these fluids are discharged in municipal
wastewater treatment plants (alternatively, they can be found in lands) [66].
Pesticides like thiabendazole, imazalil, ortho-phenylphenol or antioxidants such as
diphenylamine and ethoxyquin are used to minimise production losses due to
fungal infestations or physiological disorders during storage [67, 68].

Postharvest treatments of fruits result in the production of large wastewater
volumes which are characterised by low BOD/COD values, but high concentrations
of pesticides should advise the preliminary detoxification prior to environmental
release [69].
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Chapter 2
Wastewater Treatments for the Food
Industry: Physical–Chemical Systems

Abstract This chapter provides a general overview of physical–chemical
wastewater remediation systems in the food industry. Water reuse systems are
becoming more and more interesting and promising technologies, depending on
merely quantitative estimations, physical and chemical features of pollutants and
the variability of these characteristics, week after week. Different systems are
available for the food industry, depending on the final destination or water effluents
and peculiar chemical–physical and biological features of the fluids before treat-
ment. Several of these remediation systems can be subdivided into different groups,
depending on the desired amount of gross removed matters, or into four categories
depending on the peculiar removal operation (physical, chemical, thermal or bio-
logical procedures). This chapter is dedicated to the description of physical–
chemical wastewater remediation systems only. Biological procedures are not
considered here, while physical–chemical techniques are discussed with the pos-
sibility of ‘hybrid’ solutions including biological treatments, if applicable.

Keywords Centrifugation � Evaporation � Filtration � Membrane technology �
Remediation � Separation � Wastewater

Abbreviations

BOD Biochemical oxygen demand
COD Chemical oxygen demand
FAO Food and Agriculture Organization of the United Nations

2.1 Introduction to Chemical Wastewater Remediation
in the Food Industry. Objectives and Conditions

At present, it may be admitted that water sources are the main concern in several
economic areas. Surely, the truthfulness of this affirmation can be observed when
speaking of water supplies for food/beverage production and packaging lines.
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For this reason at least, water reuse systems are becoming more and more interesting
and promising technologies: generally, discharged water from processing plants can
be reused by means of innovative and advanced treatments. However, the final goal
can be obtained by means of different strategies, depending on merely quantitative
estimations (volumes of wastewaters), chemical features of pollutants (oils, etc.),
physical–chemical parameters (biological oxygen demand, solid or liquid pollutants,
etc.) and the variability of these characteristics, week after week. On these bases,
different systems can be now available for the food industry. Anyway, the right
strategy has to be decided on the basis of chemical and biological tests carried out on
initial wastewater; the final use of waters is also crucial. Moreover, different
chemical systems can be used when speaking of wastewater from food industries for
subsequent non-food reuses. Because of the presence of different classes of resistant
pollutants, many treatments require often a preliminary adsorption stage.

Actually, the discussion about water reuse systems should take into account a
peculiar distinction between technologies designed for the reduction of wastewater
and methods/procedures able to reduce the contamination level of existing
wastewaters. This distinction has to be taken into account as a preliminary concept
or operative definition for wastewater-related treatments [1].

The first category involves preventive measures against the augment of existing
wastewaters. Interestingly, these systems are relatively inexpensive (if compared
with other treatments) and can easily be put in place in virtually all possible
food/beverage plants without size limitations [1]. Our attention is focused on the
second group of treatments, also named ‘wastewater remediation’ systems.
However, it should be considered that these treatments may be further subdivided in
two different categories depending on the peculiar liquid which should be treated. In
fact, waters in the food and beverage industries can be either reused in different
sections or subsections of the same plant (before of the final exit to the external
sewage) and eliminated as wastewater (this water is directed to publicly owned
treatment works) [1]. For this basic reason, the destination of wastewaters defines
the best treatment, depending also on the peculiar chemical–physical and biological
features of the fluids before treatment.

By a general viewpoint, food wastewaters are the best type of contaminated
water when speaking of industrial activities because of the low amount of toxic
compounds normally related to the industry of metals or intermediate chemicals
(petroleum, plastics, etc.) [1, 2]. However, these fluids have their ‘problems’
because of their high levels of selected contaminants (minerals, ammonia salts, fats,
oils, sugars, starch, etc.). Because of their notable amount of organic matters,
wastewaters are also classified on the basis of two different indexes: chemical
oxygen demand (COD) and biochemical oxygen demand (BOD). These parameters
can give an approximate but correct idea of the state of wastewaters in terms of
general contamination. Consequently, input data for wastewaters are often
expressed as BOD and COD values, and the same thing is true for output generated
data (in terms of BOD and COD values for ‘remediated’ waters before treatment).
The choice of the best remediation treatment should take into account COD and
BOD values for the entering wastewater, the level of desired removal (in terms of
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gross removed matters), plant costs and the desired level of BOD and COD values
(with pH, close to neutrality, and analytical results for minerals and other analytes)
for exiting waters [1]. With relation to the desired amount of gross removed matters,
there is a simple classification which subdivides all processes in three basic
categories:

(1) Primary processes. These systems are basically the separation of suspended
solids from wastewaters. The aim should be an effluent with notable organic
matters and remarkable BOD values

(2) Secondary treatments. These procedures aim to reduce organic loads and the
remaining suspended materials in wastewaters from primary processes. As a
result, average BOD values should be relatively low for effluents (not more than
30 mg/l) and similar values should be obtained when speaking of suspended
solids. In general, secondary processes are based on the biological activity and
degradation of pollutants

(3) Tertiary processes. These systems, also defined ‘advanced treatments’, aim to
enhance the chemical and biological quality of effluents to a high-standard
values. In other terms, the objective is to obtain water effluents with BOD
values and other parameters very low if compared with waters obtained by
secondary processes only.

Anyhow, the easier classification of remediation techniques may be offered
when speaking of the meaning of the peculiar removal operation. Consequently,
remediation systems may be subdivided in [3, 4]:

(a) Physical removal (e.g. filtration). This is a primary process
(b) Chemical systems (e.g. oxidation, coagulation)
(c) Thermal procedures (e.g. oxidation, drying)
(d) Biological removal (e.g. biomass fermentation). Basically, these systems are

‘secondary treatments’.

The main difference between biological systems and the other strategies (with
the exclusion of separation/concentration, other technologies are substantially
‘advanced’ or ‘tertiary’ systems), is based on the degradation of contaminants by
microorganisms in the first situation. Soluble and non-soluble pollutants and
nutrients based on nitrogen and/or phosphorus are biologically degraded and
converted in different and less hazardous compounds.

This chapter is dedicated to the description of physical–chemical wastewater
remediation systems only. For this reason, biological procedures are not considered
here, while physical–chemical techniques are discussed with the possibility of
‘hybrid’ solutions including biological treatments, if applicable.
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2.2 Physical–Chemical Remediation Systems

The main technologies of wastewater remediation chemical systems in the food
industry are generally listed as follows. The subsequent sections give a brief
description of each system.

2.2.1 Gravity Separation or Concentration

Basically, these techniques aim to separate solid and semi-solid compounds and
materials from wastewaters [1]. In general, this process can be performed by means
of bar screens (screening system) and/or with the use of sedimentation basins
(mechanical processes) [4]. The key is the density of pollutants (oils and grease are
lighter than water; suspended solids are agglomerated on the bottom of basins).
Chemical treatments may be also used. Anyway, the aim is to eliminate 50% or
more of the total suspended solids [5], more than 60% of oils and grease, with the
consequent reduction of BOD values after five testing days (also named BOD5).
Unfortunately, this treatment cannot remove colloidal and dissolved compounds,
while nitrogen- and phosphorus-associated organic molecules and heavy metals can
be notably reduced [5]. It should be noted that certain primary processes can be
coupled with chemical and also biological treatments: in the last situation, the
obtained sludge is digested anaerobically with methane production and recovery.
Other solutions are also possible [5].

2.2.2 Evaporation

This process is a typical concentration process: it can be considered when speaking
of wastewaters with inorganic salts in notable amounts. Basically, salts and other
compounds including heavy metals are concentrated and recovered for other uses
while distilled water is normally obtained with very good chemical and physical
features, and consequently reusable. Different evaporation machines (mechanical
equipment, evaporator ponds, with vertical or horizontal geometry or with forced
circulation of fluids) can be used; costs may be high depending on the amount of
treated fluids [1]. Anyway, these systems may require some maintenance and
additional treatment systems because of possible defects (fouling is only one of
possible examples).
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2.2.3 Centrifugation

This separation process is useful when speaking of wastewaters with notable oil
amounts and/or particle sizes under 5000 lm [1]. Basically, it is only a simple
centrifugation process with different machines and costs (depending on the
geometry and the amount of treated fluids). It has to be noted that wastewaters with
particle sizes exceeding 5000 lm may be treated with this system on condition that
high-sized bodies and compounds are previously separated.

In the sector of ‘Fourth Range’ (minimally processed) products various methods
of water treatment systems are used in order to obtain less pollution: machinery is
dealing with automatic spin dryer (such as cyclones), blowing washed and cascade
washing systems.

2.2.4 Filtration and Flotation

Filtration, considered as a pre-treatment or a ‘tertiary’ process in certain situations,
is performed by means of different filters (e.g. cartridges, membrane systems,
generally used as a pre-treatment step or a final wastewater ‘polishing’ step before
discharge. Several different types of filters exist, including granular-media, cartridge
and pre-coated filters with diatomaceous earth). This system, very used in the food
industry (e.g. filtration of brine solutions for cheeses), is useful on condition that
particle sizes are >1 lm [1].

In some processes, such as in the production of Fourth Range foods, the inter-
mediate processing system based on the utilisation of clean water could be treated
following natural methods, like a filtration on natural sand beds. Using the equa-
tions of Darcy the flow speed and related time of transit of the fluids can be
calculated in order to obtain water free from contaminants.

Another separation treatment uses the adherence of oils and grease to gas
bubbles when pumped in wastewaters (dissolved or induced air flotation systems);
superficial agglomerations may be eliminated by skimming [1].

2.2.5 Membrane Technologies

Actually, these systems are an emerging technology in the broader ambit of fil-
tration treatments. Different membranes (materials: polymeric compounds such as
polyamides, polycarbonates.) are used depending on the size of pollutants. In
general, microfiltration is recommended if particle sizes are <10 mm (target com-
pounds. colloidal compounds, microbial agglomerations). Ultrafiltration systems

2.2 Physica–Chemical Remediation Systems 21



are recommended when particle sizes are <100 nm (the process is a simple diffu-
sion method): obtained effluents are recovered, while concentrated substances are
removed or incinerated [1]. Target molecules are usually colloids, proteins and
different emulsions.

Should pollutant sizes be <10 nm, nanofiltration would be recommended.
Naturally, this situation is expensive: with relation to wastewaters, the removal of
antibiotic substances or the demineralisation of treated waters could be suggested.
Finally, reverse osmosis is recommended only when particle sizes are <1 nm, and
electrodialysis is used if pure water has to be obtained [1]. Naturally, exigencies of
food and beverage industries cannot contemplate all these solutions.
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Chapter 3
Wastewater Treatments for the Food
Industry: Biological Systems

Abstract This chapter provides a general overview of biological wastewater
remediation systems in the food industry. Water reuse systems are becoming more
and more interesting and promising technologies, depending on merely quantitative
estimations, physical and chemical features of pollutants and the variability of these
characteristics, week after week. Different systems are available for the food
industry. Several of these remediation systems may be subdivided into four cate-
gories depending on the peculiar removal operation, including biological systems.
Biological techniques aim to reduce organic loads and the remaining suspended
materials in wastewaters from primary processes (after a preliminary removal of
oils and solids) by means of aerobic, anaerobic or hybrid solutions. Soluble and
non-soluble pollutants and nutrients based on nitrogen and/or phosphorus are
biologically degraded and converted in different and less hazardous compounds.

Keywords Aerobic metabolism � Anaerobic metabolism � BOD � COD �
Oxidation � Separation � Wastewater

Abbreviations

BOD Biochemical oxygen demand
COD Chemical oxygen demand

3.1 Introduction to Wastewater Bioremediation
in the Food Industry: Objectives and Conditions

Water sources are the main concern in several economic areas. Surely, the truth-
fulness of this affirmation can be observed when speaking of water supplies for
food/beverage production and packaging lines. For this reason at least, water reuse
systems are becoming more and more interesting and promising technologies:
generally, discharged water from processing plants can be reused by means of
innovative and advanced treatments. However, the final goal can be obtained by
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means of different strategies, depending on merely quantitative estimations (vol-
umes of wastewaters), chemical features of pollutants, physical–chemical parame-
ters and the variability of these characteristics, week after week. On these bases,
different systems can be now available for the food industry. Anyway, the right
strategy has to be decided on the basis of chemical and biological tests carried out
on initial wastewater; the final use of waters is also crucial. Moreover, different
chemical systems can be used when speaking of wastewater from food industries
for subsequent non-food reuses. Because of the presence of different classes of
resistant pollutants, many treatments require often a preliminary adsorption stage.

A preliminary distinction between technologies designed for the reduction of
wastewater and methods/procedures able to reduce the contamination level of
existing wastewaters has been mentioned briefly in Chap. 2. This distinction has to
be taken into account as a preliminary concept or operative definition for
wastewater-related treatments [1]. The first category involves preventive measures
against the augment of existing wastewaters. Interestingly, these treatments can
easily be put in place in virtually all possible food/beverage plants without size
limitations [1]. The second category, ‘wastewater remediation’ system, may be
further subdivided into two different categories depending on the treated fluid and
the final destination of effluents. The destination of wastewaters defines the best
treatment, depending also on the peculiar chemical–physical and biological features
of the fluids before treatment.

By a general viewpoint, food wastewaters are classified on the basis of two
different indexes: chemical oxygen demand (COD) and biochemical oxygen
demand (BOD). Consequently, input data for wastewaters are often expressed as
BOD and COD values, and the same thing is true for output generated data (in
terms of BOD and COD values for ‘remediated’ waters before treatment). The
choice of the best remediation treatment should take into account COD and BOD
values for the entering wastewater, the level of desired removal, plant costs and the
desired level of BOD and COD values for exiting waters [1].

In addition, there is a simple classification which subdivides all processes in
three basic categories depending on the desired amount of gross removed matters
(Sects. 2.1):

(1) Primary processes. These systems are basically the separation of suspended
solids from wastewaters. The aim should be an effluent with notable organic
matters and remarkable BOD values

(2) Secondary treatments. These procedures aim to reduce organic loads and the
remaining suspended materials in wastewaters from primary processes. As a
result, average BOD values should be relatively low for effluents (not more than
30 mg/l) and similar performances should be obtained when speaking of sus-
pended solids. In general, secondary processes are based on the biological
activity and degradation of pollutants

(3) Tertiary or advanced treatments (for high-standard effluent waters).
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Bioremediation systems are substantially secondary processes [2, 3]: the main
difference between biological systems and other strategies is based on the degra-
dation of contaminants by microorganisms in the first situation. Soluble and
non-soluble pollutants and nutrients based on nitrogen and/or phosphorus are
biologically degraded and converted in different and less hazardous compounds.

This chapter is dedicated to the brief description of bio-based wastewater
remediation systems only. For this reason, physical–chemical and mechanical
techniques are not considered here.

3.2 Preliminary Removal of Oils and Solids

Basically, biological remediation of wastewaters involves the use of bioreactors
containing a specific group of active life forms. These active microorganisms may
be suspended in the culture media or attached to physical supports [1]. Anyway, the
result of biological activity on wastewaters entering bioreactors is the production of
carbon dioxide and other catabolites from pollutants bioconversion via aerobic or
anaerobic metabolism.

However, the correct performance of such a process (or processes) depends on
the ‘quality’ of entering wastewaters. Consequently, the ‘lighter’ the fluid into the
bioreactor, the better the quality of effluents (in terms of BOD values, pH, absence
of specific pollutants, with the exclusion of living microorganisms which should be
eliminated in a subsequent step). For this reason, a preliminary or ‘primary’ step is
required with the aim of removing too viscous or rheologically incompatible
matters if compared with waters: these materials can really disturb the process [4].
In general, these matters are oils and grease [5]: as an example, a good technical
treatment is represented by sedimentation or filtration systems (Sects. 2.2.1 and
2.2.4), although other separation treatments are possible. The aim is to eliminate
50% or more of the total suspended solids and, more than 60% of oils and grease,
with the consequent reduction of BOD values after five testing days. Unfortunately,
this treatment cannot remove colloidal and dissolved compounds, while nitrogen-
and phosphorus-associated organic molecules and heavy metals can be notably
reduced.

After the primary treatment, entering wastewaters have to be turned into a
good-quality water mass after biological remediation. Basically, aerobic and
anaerobic microorganisms are used in this step and related processes are named in
the same way, although ‘hybrid’ processes can be also used and with notable results
in certain situations.
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3.3 Aerobic Treatments

These systems are well known because of their efficiency and related results: the
final products of aerobic activity correspond to inorganic molecules, basically car-
bon dioxide and water, with the concomitant augment of living microorganisms [5].

This simplified description does not express all possible variation of the general
aerobic treatment. Several variables have to be considered, including:

(a) The different supply technology of oxygen
(b) The different rapidity of aerobic metabolism (in other terms, the rapidity of

microbial spreading into bioreactors)
(c) The dimension of bioreactors and the concomitant (inversely proportional)

amount of active aerobic microorganisms. High-rate processes are carried out
into ‘little’ reactors, but with a notable amount of active life forms.

On these bases, three different aerobic treatments are known and used at
present [5]:

(1) The so-called activated sludge technique. This discontinuous system is basi-
cally performed by means of a container (the bioreactor) with the wastewater
and microorganisms in suspension and a continuous supply of gaseous oxygen
(aeration devices are present). As a result, effluents are of acceptable quality,
while microorganisms are removed by sedimentation and partially recycled for
another process

(2) Biofiltering systems. This approach is based on the use of peculiar surfaces
(stones, plastic materials, wood) impregnated with living microorganisms. The
resulting active biofilm can ‘work’ on the wastewater which is continuously or
discontinuously supplied (air is also needed). Exiting waters are clarified two
times, and the second clarification should give a good-quality water (a part of
this effluent is also recycled in the process)

(3) Rotating biological contactors. This technique is based on the same concept of
biofilters, but supports for biofilms are rotating discs with a slow speed rate.

With relation to predictable results, biofilm-based systems give better perfor-
mances than activated sludge. Unfortunately, these systems cannot be able to
remove nitrogen, phosphorus-based molecules and non-biodegradable compounds.
In general, 70 ± 30 mg per litre of residual chemicals remains (they can be pes-
ticides, artificial chemicals, normal biological catabolites, etc.) [3]. For these reason,
the synergy with non-biological techniques is always recommended [5].
Alternatively, more drastic chemical treatments are needed: one of the most known
examples in this ambit is represented by oxidation systems [3].

At the end of the process, the mass of living microorganisms has to be roughly
removed from the effluent by means of simple sedimentation techniques. This mass
generally named biological sludge may be reused by addition to the mass obtained
before secondary treatment (at the preliminary stage) and subsequent processing, if
required [5].
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3.4 Anaerobic Treatments

In contrast with aerobic digestion, anaerobic treatments are substantially based on
the biodecomposition of organic pollutants in absence of oxygen with production of
the so-called biogas (methane and carbon dioxide). In this ambit, three peculiar
bacteria types have been recognised to be useful when speaking of anaerobic
digestion of wastewaters [6]:

(a) Fermenting microorganisms. The involved fermentative pathways produce
simple organic molecules such as alcohols, carbon dioxide and ammonia

(b) Acetic acid bacteria. These gram-negative life forms can turn carbohydrates or
ethyl alcohol into acetic acid (by-products are molecular hydrogen and carbon
dioxide)

(c) Methane-producing microorganisms. These extremely important bacteria turn
molecular hydrogen and carbon dioxide into methane. Alternatively, acetate ion
may be metabolised instead of carbon dioxide.

Consequently, the anaerobic treatment should be seen as a three-stage process:
the third stage produces the final reduction product (methane) in high amounts,
while the first steps need to be performed because of the evident lack of carbon
dioxide (or acetate) and molecular hydrogen. Because of the complexity of
involved processes, different solutions exist at present, including high-rate reactors
with the following technologies: fluidised bed, anaerobic filter and up-flow anaer-
obic sludge blanket processes [6].

The reason of the success of anaerobic treatments in comparison with aerobic
systems is apparently related to the notable conversion performances of insoluble
pollutants at high temperatures and concentrations. Aerobic systems are generally
recommended when speaking of soluble pollutants. On the other side, it should be
noted that anaerobic life forms need more time than aerobic microorganisms when
speaking of conversion speed (the low rapidity of growth is correlated with low
speed). Consequently, anaerobic treatment needs to allow a long contact time
between target pollutants and involved microorganisms. In addition, attached
bioactive microorganisms seem to work better than other solutions, when speaking
of anaerobic life forms [6].

3.5 Hybrid Solutions

Because of the different results obtained with aerobic and anaerobic systems and the
necessity of ancillary treatments, the ‘pure’ biological treatment does not exist as a
complete remediation process. For these reasons, different chemical systems may be
coupled with biological strategies.

As a single example, one of these solutions for ‘difficult’ wastewaters is the
coupling of conventional biological digestion with advanced oxidation techniques
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and other chemical systems such as chlorination [7, 8]. Interestingly, the oxidation
of complex compounds with the production or a more biodegradable mass of
pollutants can be applied before biological systems (as a pre-treatment) with good
results. On the other hand, advanced chemical oxidation processes—ozonation,
Fenton-assisted or photo-assisted membrane processes, etc.—could be performed
after biological treatments with the aim of destroying persistent compounds (tertiary
processes) in different ambits, including food industries. However, more research is
needed at present because of the lack of sufficient information concerning toxi-
cology and biodegradability aspects in coupled strategies; also, economic efficiency
should be carefully evaluated [7]. Otherwise, the management of water effluents
could be a real problem when speaking of reuse in food industries at least. In fact,
food products are already forced to suffer irreversible changes according to the
Parisi’s Law of Food Degradation [9], and the introduction of potentially con-
taminated waters in the processing cycle could complicate the production of safe
and durable foods.
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Chapter 4
Quality Standards for Recycled Water:
Opuntia ficus-indica as Sorbent Material

Abstract In recent years, increased industrial and agricultural activities and the
correlated population growth led to overexploitation of natural resources and the
increased generation of various types of pollutants. For these reasons, the hazardous
pollution of wastewater is one of the most important environmental problems
worldwide. A wide range of wastewater treatment technologies are available;
however, some disadvantages are often reported. Hence, there is a constant need to
search for an efficient, low-cost and alternative wastewater treatment. Recently,
several biosolids have been considered for pollutant removal from wastewaters,
including Opuntia ficus-indica. This chapter focuses on wastewater treatment
strategies involving material parts in sewage containing high levels of chemical
oxygen demand and turbidity, heavy metals and pesticides.

Keywords Coagulation � Flocculation � Heavy metal � Opuntia ficus-indica �
Pesticide � Turbidity � Wastewater

Abbreviations

BOD Biochemical oxygen demand
COD Chemical oxygen demand
DDT Dichloro-diphenyl-trichloroethane
ΔH Enthalpy change
FeCl3 Ferric chloride
FT-IR Fourier-transform infrared
ΔG Gibbs free energy change
OFI Opuntia ficus-indica
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4.1 Removal of Pollutants in Wastewaters and New
Strategies. Opuntia ficus-indica as Sorbent Material

In recent years, increased industrial and agricultural activities and the correlated
population growth led to overexploitation of natural resources [1]; the production of
large volumes of sewage has inevitably resulted in the increased generation of
various types of pollutants [2]. One of the consequences of this rapid growth is
represented by environmental disorders; the demand for clean and safe water has
increased tremendously in different sectors [3]. For these reasons, the hazardous
pollution of wastewater is one of the most important environmental problems
worldwide.

A wide range of treatment technologies are available at present as remediation
techniques for wastewaters, in addition to remediation systems mentioned in
Chap. 2 [4–6]:

• Chemical precipitation.
• Ion-exchange systems.
• Electrochemical treatments.
• Solvent extraction.
• Coagulation/flocculation methods.1

• Adsorption (with activated carbon and zeolites as adsorbents).

Despite the existence of several strategies, these technologies may often show
some disadvantages including high sludge volume generation, unsatisfactory
removal of pollutants (low concentration), high initial costs, process complexity,
high chemical consumption and high maintenance and operation costs [6]. Hence,
there is a constant need of efficient, low-cost and alternative wastewater
treatments [7].

Recently, the possible use of certain natural substances as removal agents against
pollutants in wastewaters in specific sectors—agriculture or food processing—in-
stead of known water and wastewater treatments has been observed. Interestingly,
similar options could be very useful when speaking of reuse by-products [8]. A vast
amount of biosolid matters have been examined for pollutant removal from
wastewaters: one of these possible materials, named Opuntia ficus-indica (OFI), has
been studied by several authors as biosorbent and coagulant/flocculant agent.
Several researchers report the efficient and effective removal of pollutants by OFI in
its raw form and as physically or chemically treated material [8, 9]. In particular,
OFI cladodes can be used as fresh plant parts or dry powdered materials. This
chapter focuses on wastewater treatment strategies involving raw OFI plant parts in
sewage containing high chemical oxygen demand (COD) and turbidity values, and
notable amounts of heavy metals and pesticides.

1The following chemicals can be used as coagulation agents: aluminium, ferrous sulphate and
ferric chloride. In addition, polyaluminium chloride, polyferric sulphate and polyacrylamide can be
considered as flocculants.
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4.2 Diffusion and Use of Opuntia ficus-indica

The Opuntia genus belongs to the Cactaceae family with more than 360 species.
OFI is a tropical or subtropical plant (Opuntia spp.) native to the USA, Mexico and
South America, but it grows well in other areas, including Africa, Australia and the
Mediterranean region [10]. With relation to the Mediterranean basin, some Opuntia
species (mainly OFI) were introduced five centuries ago from original areas. These
plants have a remarkable resistance during prolonged drought periods due to their
adaptive features. OFI grows wild in arid or semi-arid countries and is widely
cultivated all over the world [11]. This plant represents an important potential
source of food and feed in many desert areas. OFI can be used as food thickener
[12], food emulsifier [13] and biocoagulant or bioflocculants; other options are
known in the pharmaceutical and cosmetic sectors [14]. Moreover, OFI fibres are
suitable for low-cost papermaking applications [15] and are also employed in the
traditional medicine of several countries [16].

4.3 Opuntia ficus-indica—Chemical Features

Opuntia cladodes are well known because of the production of mucilage. This
matter is a complex polymeric substance (mixture of carbohydrates) with a reported
molecular weight of 2.3 � 104–4.3 � 106 Da [17] and a highly branched structure
[18] with variable proportions of L-arabinose, D-galactose, L-rhamnose and D-
xylose, as well as galacturonic acid in different proportions according to several
authors [19–22]. These molecules are the active components responsible for large
adsorption attitude of Opuntia cactus. Mucilage also increases osmotic pressure
with enhanced water retention capacity [17].

Aside from the above-mentioned main compounds, polygalacturonic acid
(Fig. 4.1) is also present. This polymeric substance, derived from galacturonic
monomers, has been reported to be the main component responsible for Opuntia
coagulation activity [8]. In addition, sugars such as L-arabinose and D-galactose
(Fig. 4.2), L-rhamnose and D-xylose are relevant compounds, ranging from 74.6 to
92.0% of the total amount of OFI mucilage (Fig. 4.2).

According to the hypothetical structure of mucilage produced by OFI [20],
branches of the main chain are formed by three D-galactose units joined to residues

Fig. 4.1 Structure of a
polymeric compound found in
OFI: poly-a-(1,4)-D-
galacturonic acid
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of arabinose and D-xylose. Therefore, L-arabinose is the most abundant sugar in the
chemical structure of mucilages. Functional groups of arabinose and D-xylose are
well localised spatially when speaking of favoured interactions in an intermolecular
form. The observed viscosity could probably be higher under these conditions on
condition that mucilage is exposed to water [17].

4.4 FT-IR Characterisation of OFI Cladodes

The Fourier-transform infrared (FT-IR) technique has been used with the aim of
exploring the nature of functional groups at the surface of the biosorbent agent.

FT-IR spectroscopy is an important analytical technique able to detect vibration
characteristics of chemical functional groups. FT-IR spectra provide a ‘chemical
fingerprint’ of materials by means of the correlation of observed absorption fre-
quencies in the sample with known absorption frequencies for certain bonds (these
values are available in dedicated infrared absorption frequency libraries) [23].
Several authors reported peculiar FT-IR spectra of dried prickly pear cactus
cladodes in the range of 400–4000 cm−1. With reference to OFI, strong and
superimposed bands have been observed in the 3600–3200 cm−1 range (overlap-
ping of O–H and N–H stretching vibrations) [17, 24]. Absorption bands at 2921 and
2850 cm−1 are indicative of asymmetric stretching vibration for –CH2 groups in
carboxylic acids [25] and the symmetric stretching vibration of –CH3 groups in
aliphatic acids, respectively [26]. Observed peaks between 1730 and 1710 cm−1

may be ascribed to stretching vibration of carbonyl bonds (due to non-ionic car-
boxyl groups –COOH and –COOCH3) and could be also assigned to hydrogen
bonding between carboxylic acids or their esters [27]. Stretching vibration bands at
1650 and 1658 cm−1 are due to asymmetric stretching of carboxylic and amidic

Fig. 4.2 General structure of two sugars commonly found in OFI mucilage: galactose and
arabinose. These molecules—L-arabinose and D-galactose—may reach 44.1–45.6% of the total
amount of OFI mucilage. In general, the quantity of sugars may range from 74.6 to 92.0% of the
total amount of OFI mucilage, including these molecules, L-rhamnose and D-xylose [19–22]
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groups, respectively [11, 28]. Moreover, peaks observed at 1370 cm−1 can be
assigned to the stretching vibrations of symmetric or asymmetric ionic carboxylic
groups (–COOH) of pectin [11]. In addition, absorption peaks around 1155 and
1070 cm−1 may be ascribed to P–OH stretching vibrations [11, 27], while the band
at 1072 cm−1 could reflect the vibration of C–O–C and –OH groups in polysac-
charide structures.

The FT-IR analysis indicates that dried OFI surface contains a variety of func-
tional groups such as carboxyl, hydroxyl, sulphate, phosphate, aldehydic, ketonic,
carbonyl, amide, amine and alkyl groups. On these bases, it may be inferred that
this biomaterial can give good results in terms of efficient reduction,
coagulation/flocculation and biosorption of pollutants from wastewaters.

4.5 Application of Opuntia ficus-indica
in Wastewater Treatments

As above mentioned, there are a variety of ways in which OFI can be employed.
Several authors [9, 23, 27] reported that OFI cladodes are also used for the treat-
ment of wastewaters (coagulation/flocculation and biosorption processes): cladodes
are used either as fresh plant parts or as dry powdered material.

4.5.1 Bioadsorption Treatments

Several researchers reported that adsorption is one of the most effective processes
with references to advanced wastewater treatments. Therefore, many industries use
adsorption techniques (mainly in the tertiary stage of biological treatment) for
reducing hazardous inorganic/organic pollutants present in effluents [6].

The adsorption method refers to a process whereby a material moves from the
aqueous or gaseous phase to the solid surface where it is physically and chemically
bound [29]. Adsorption by activated carbon represents the most efficient way, but
employed materials are highly expensive and regeneration or recycling options are
not contemplated. On the other side, biosorption is an emerging technique offering
the use of cheap and alternate biological materials to remove substances from
solutions. Such matters can be of organic or inorganic nature: they can be found in
gaseous, soluble or insoluble forms [30]. Functional groups present in these bio-
materials—carboxyl, hydroxyl, sulphydryl and amide groups—make it possible
interactions with some pollutant, such as metal ions and pesticides dissolved in
waters [7, 27, 28]. The major advantages of biosorption (in comparison with other
procedures) are as follows:

1. Lower price.
2. High effectiveness.
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3. Availability of materials.
4. Rapidity of the involved process.
5. Reversibility.
6. Regeneration of adsorbent agents by means of suitable desorption process

(chemical or biological sludge is minimised).

For these reasons, biosorption process is one of the most widely used methods
for the removal of pollutants from wastewater [6, 31]. As a consequence, the
research of alternative adsorbent materials in wastewater treatment is gaining
prominence. Recently, the survey of new biomaterials has received the greatest
attention for the removal of both inorganic and organic pollutants. Numerous works
have been published with a primary goal: the investigation of removal of different
pollutants (either in gas or liquid medium) using adsorbent materials such as
agricultural and industrial wastes (peanut hull, peanut husk, eggshells, lignite,
by-products of the production chain for olive oils) [32–34], fungi [35],
bacteria [36], crustacean shells, clay and peat moss [34].

Generally, basic criteria for these potential adsorbents (with relation to
wastewater treatments) are based on adsorption equilibria and kinetics [37].
Mechanistic modelling of kinetic parameters plays a crucial role with concern to the
evaluation of adsorption performances for a given compound and target contami-
nants. On the other side, thermodynamic aspects are important in terms of assessing
the feasibility of adsorption reactions as well as the stability of solid–liquid-phase
systems.

The nature of adsorption process can be described by means of thermodynamic
parameters including enthalpy change (ΔH) and Gibbs free energy change (ΔG)
[33]. Hence, the mechanistic modelling of kinetics and thermodynamic parameters
would provide a substantial understanding to ensure the removal efficiency of
adsorbent materials in wastewaters.

4.5.2 Kinetics Adsorption

Kinetics adsorption describes the solute uptake rate, which in turn governs resi-
dence time and reaction pathways of the adsorption process. Kinetic data are
derived from the variation of pollutants removed per given time (qt) against time
(t) [38, 39]. Kinetic modelling not only allows the estimation of adsorption rates but
also leads to suitable rate expressions characteristic of possible reaction
mechanisms.

The most prevalent kinetic models investigated from several authors are the
pseudo-first-order and pseudo-second-order kinetic models [37, 40]. The
pseudo-first-order rate expression, based on solid capacity, is generally expressed
by Eq. 4.1
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dqt
dt

¼ k1 qe � qtð Þ ð4:1Þ

where qe is the amount of adsorbed material at equilibrium (mg g−1), qt is the
amount adsorbed at the time t (mg g−1), k1 is the constant rate constant of first-order
adsorption (min−1) and t is the contact time (min) [11]. The linearised expression is
expressed by Eq. 4.2.

log qe � qtð Þ ¼ log qe � k1t ð4:2Þ

The constant k1 can be determined from the slope of the plots of log (qe − qt)
versus t.

The pseudo-second-order model is based on the assumption that the adsorption
follows a second-order chemisorption, as shown by Eq. 4.3

dqt
dt

¼ k2 qe � qtð Þ2 ð4:3Þ

where k2 is the rate constant of second-order adsorption (g mg−1 min). In this
model, the rate-limiting step is the surface adsorption that involves chemisorption,
where the removal from a solution is due to physicochemical interactions between
the two phases. In reactions involving chemisorption of adsorbate on a solid surface
without desorption of products, adsorption rate decreases with time due to an
increased surface coverage [11]. The linearised form of the pseudo-second-order
kinetic model can be expressed as follows (Eq. 4.4):

t
qt

¼ 1

k2 qeð Þ2 þ t
qe

ð4:4Þ

where k2 values were determined from the slope of the plots of t/qt against t. The
remarkable advantage of this model is correlated with the accuracy in the
description of the whole kinetic experimental data [41].

4.5.3 Adsorption Equilibria

The adsorption model is a useful tool giving information about the theoretical
maximum adsorption capacity and possible interactions between adsorbents and
adsorbate [7]. Adsorption isotherms are equilibrium relationships between the
quantity of adsorbate per unit of adsorbent (qeq) and its equilibrium solution con-
centration (Ceq) [38, 39]. Several available equations or models describe this
function: the most part of works published in relation to adsorption adopt either the
Langmuir or Freundlich isotherm (or both) for adsorption data correlation [33, 42].
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The Langmuir adsorption isotherm represents the equilibrium distribution of
metal ions between the solid and liquid phases. This relation is valid for dynamic
equilibrium adsorption–desorption processes on completely homogeneous surfaces
with negligible interactions between adsorbed molecules. In other terms, the
Langmuir adsorption isotherm describes quantitatively the formation of a mono-
layer adsorbate on the outer surface of adsorbents, with the assumption that all
binding sites have equal affinity for sorbate and the sorption takes place at specific
homogeneous sites within the adsorbent [43]. Although this description gives no
information about the mechanism, it is still used to obtain the uptake capacities of
sorbents. Langmuir isotherm is shown as follows (Eq. 4.5):

qeq ¼ QmaxkLCeq

1þ kLCeq
� � ð4:5Þ

Langmuir adsorption parameters were determined by transforming the Langmuir
equation into linear form (Eq. 4.6).

Ceq

qeq
¼ Ceq

qmax
þ 1

kLqmax
ð4:6Þ

where Ceq is the equilibrium concentration of adsorbate (mg L−1), qeq is the amount
of metal adsorbed per gram of adsorbent at the equilibrium (mg g−1), qmax is the
maximum monolayer coverage capacity (mg g−1) and kL is the Langmuir isotherm
constant. Basic terms of the linearised equation may be computed from the slope
and intercept of the Langmuir plot of Ceq/qeq versus Ceq [7, 11].

The Freundlich isotherm is commonly used to describe adsorption features for
the heterogeneous surface: it assumes that adsorption energy varies as a function of
surface coverage. This equation is also applicable to multilayer adsorption and is
expressed by the following Eq. 4.7 [11]:

Qeq ¼ kFC1=n
eq ð4:7Þ

where kF is the Freundlich isotherm constant, n is the adsorption intensity, Ceq is the
equilibrium concentration of adsorbate (mg L−1) and Qeq is the amount of metal
adsorbed per gram of the adsorbent at equilibrium (mg g−1). This relation can be
shown in a linearised equation as follows (Eq. 4.8):

logQeq ¼ 1
n
logCeq þ log kF ð4:8Þ

kF and n are parameters characteristic of the sorbent–sorbate system: they must
be determined by data fitting. Consequently, linear regression is generally used to
determine parameters of kinetic and isotherm models.

In particular, the constant kF is an approximate indicator of adsorption capacity,
while 1/n is a function of the strength of adsorption in the adsorption process [44].
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If n = 1, the partition between the two phases are independent of the concentration
on condition that 1/n is <1 (normal adsorption). On the other hand, should the term
1/n be >1, a cooperative adsorption would be assumed. This expression can be
reduced to a linear adsorption isotherm when 1/n = 1. Should n lies in the range
1–10, the expression would indicate a favourable sorption process [45].

4.5.4 Factors that Influence the Adsorption Phenomenon

Adsorption mechanisms involve the outer surface and can be variegated due to
chemical–physical features of the specific surface area (particle size and functional
groups, heterogeneous reactive sites). A good adsorbent material should generally
possess a porous structure (resulting in high surface area) and the time taken for
adsorption equilibrium to be established should be as small as possible, so that it can
be used to remove pollutants in a reduced time [3]. Furthermore, physicochemical
conditions under which the biosorption takes place and the environmental conditions
such as pH and temperature strongly influence the adsorption process [46].

4.5.4.1 Surface Area, pH and Temperature

The capacity of the adsorbent material is strongly related to the extension of the
specific surface area, the structure and chemical nature. These parameters control
swelling properties and the diffusion in the polysaccharide matrix and affect its
features [48, 49]. The greater the surface area of a specific biosorbent, the greater
the substance biosorption, provided that all other parameters influencing the process
are kept constant.

In general, the efficiency of adsorption is strongly dependent on the particle size
of the adsorbent agent. This is due to the fact that the smaller particle determines a
larger surface area of adsorbent materials on a macroscopic scale, thus increasing
the number of adsorption sites and enhancing adsorption capacity [7, 50]. pH of the
aqueous solution is one of the major parameters controlling the biosorption process.
In fact, it strongly influences the biosorption availability of present ions; it deter-
mines the availability of Lewis basic sites, and it also defines the speciation of metal
ions. Moreover, pH controls the protonation of different surface functional
groups [8].

Temperature is found to be an important parameter influencing the thermody-
namics of the biosorption process. In fact, the change in temperature causes a
change in thermodynamic parameters like ΔG, ΔH and entropy change. These
parameters contribute to the comprehension of the sorption mechanism; also, they
are directly related to the variation of kinetic energy, thus influencing the diffusion
process [51, 52].
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4.6 Application of Opuntia ficus-indica as Biosorbent
Material in Wastewater Treatments

As above mentioned, the use of natural biomaterials is a promising alternative due
to their relative abundance and their low commercial value. Several authors tested
fresh or dry OFI as biosorbent material to remove metal ions and pesticides from
wastewaters. With reference to dry materials, spines are removed and OFI cladodes
are washed with water, cut and dried. On the other hand (fresh material), cladodes
are peeled, macerated on the entire pads and then refrigerated [8].

4.6.1 Removal of Pesticides

The use of pesticides in agricultural practices worldwide has increased dramatically
during the last two decades [53]. In particular, they represent a strong problem in
developing countries due to weak regulation and the high cost of water treatment
systems [54]. As a result of the widespread use of pesticides, decontamination of
water resources by pesticide residues is one of the major challenges for the
preservation and sustainability of the environment [55, 56]. The potentiality of OFI
as biosorbent material to remove pollutants from surface waters has been evaluated
[54]. In particular, researchers tested the efficiency of fresh and dry OFI in batch and
column systems to eliminate pesticides aldrin, dieldrin and dichloro-diphenyl-
trichloroethane (DDT). In particular, these researchers found that the remarkable
pesticides adsorption on dry and fresh OFI is apparently dependent on the
particle size of adsorbent materials and the highest removal percentage. In particular
[54]:

(a) Fresh OFI materials can remove aldrin, dieldrin and DDT with acceptable
results—19.1 to 42.6, 28.7 to 69.4 and 5.2 to 10.5%, respectively—depending
on particle sizes (ranging from 3 to 1 cm). Best results are obtained with the
smaller particle dimension.

(b) On the other hand, dry OF can show ameliorated performances depending on
particle sizes (ranging from <0.25 to 1.0–2.0 mm). Substantially, the smallest
particle sizes allow excellent pesticide removals. For example, DDT is removed
up to 99.2% for particles of diameter <0.25 mm, while 1.0–2.0 mm—particles
can remove up to 77.1% for this pesticide.

4.6.2 Removal of Metal Ions

Heavy metals are present in virtually every aspect of modern consumerism such as
construction materials, cosmetics, medicines, processed foods, fuel sources,
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appliances and various personal care products (3–5). The human exposure to any of
the many harmful heavy metals prevalent in our environment is apparently
unavoidable. Many heavy metals are known to be significantly toxic: these ele-
ments are not biodegradable and tend to accumulate themselves in living organisms
with damages in humans and living species even in low concentration. For these
reasons, their removal from effluents or the reduction in concentration are needed at
present; the removal and recovery of heavy metals from wastewater are significant
when speaking of protection of the environment and human health [7].

In aqueous solutions, metal ions are present under various chemical forms
depending on environmental conditions such as temperature, pH, ionic strength and
the chemical composition of the medium. With reference to the adsorption mech-
anism of metal ions from aqueous solutions, the speciation of metal ions and hence
the pH of the aqueous medium are reported to play a dominant role. A perusal of
available literature reveals that the optimum pH at which maximum adsorption
capacity is achieved depends ultimately on the nature of metal ion, irrespective of
physical characteristics of adsorbent materials or its precursor source [57, 58]. In
general, it is possible to affirm that the amount of metal ions adsorbed is low at
lower pH values because large quantities of hydrogen ions compete with metal
cations for biomass surface. As the pH increased, the number of negatively charged
sites increases, with consequent enhanced biosorption of positively charged metal
cations through electrostatic attraction forces [59, 60]. Some authors studied the
removal/adsorption capacity of metal ions with OFI. Table 4.1 shows some
available bioadsorbents, including Opuntia materials, used with their respective
better adsorption capacity in removing metal ions from water. Results of these
investigations by different papers and approximate comparisons with other
adsorbing agents (Table 4.1) show that Opuntia materials may be good biosorbent
material for heavy metal removal (Fig. 4.3).

4.6.3 Other Opuntia ficus-indica Applications

OFI materials are also investigated to evaluate the potentiality to pollutant removal
from tannery wastewater. Swathi and co-workers [61] reported that cactus powder
can be used effectively as an adsorbent for pre-treatment for tannery wastewater.
They found that pollutant parameters such as turbidity, biochemical oxygen
demand (BOD), COD, chromium, iron, sulphate and chloride were reduced to the
following levels, respectively, 70.9, 57.2, 64.3, 67.4, 98, 86.2 and 83.2%.
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Table 4.1 Adsorption capacities (mg/g) of OFI materials and some bioadsorbents for the removal
of selected metal ions [7, 11, 31, 32, 34–36, 61–64, 66–71]

Adsorbing
agent

Removed metals (mg/g) Reference

Cadmium Copper Lead Chromium Hexavalent
chromium

Zinc

Raw cladodes 2251.5 [61]

Raw fibres 41.3 [62]

Raw
ectodermis

11.7 5.7 [63]

Raw cladodes 30.4 98.6 . [11]

Raw cladodes 18.5 [31]

Raw
ectodermis

16.4 [31]

Rice husk
carbon

45.6 [64]

Red mud 10.6 19.7 13 [64]

Phomopsis sp. 26 25 179 [35]

Bacillus
lentus

30 30 [65]

Rizopus
arrhizus

104 [36]

Triticum
aestivum

51.58 17.4 87 93 40.8 16.4 [7]

Streptomyces
rimosus

135 [66]

Clorella
mintissima

11 10 [67]

Blast furnace
slag

40 7.5 [64]

Blast furnace
sludge

10.1 23.7 79.9 10 9.6 [64]

Olive cake 6.5 30 33.4 [32]

Lignin 1865 [68]

Waste slurry 1030 [69]

Clinoptilolite 70 2 62 [70, 71]

Chabazite 137 175 [70]

Chitosan 6 222 16 75 [34, 64]
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4.7 Application of Opuntia ficus-indica
as Coagulant/Flocculant Material in Wastewater
Treatments

Several studies have reported the examination of coagulation and flocculation
processes for the treatment of different kinds of industrial wastewaters like tannery,
textile and food processing [8, 72]. Coagulation and flocculation are commonly
used treatments to remove colloidal particles from water and wastewater. In these
processes, coagulant/flocculant compounds are added to wastewater in order to
destabilise colloidal materials. The addition of coagulant is due to the aggregation
of colloidal particles through neutralisation of forces keeping them apart, while
added flocculants promote aggregation of particles into large agglomerates which
can be physically separated from the liquid phase by floatation, settling or
adsorption [6, 73]. At present, coagulant/flocculant compounds such as ferric
chloride and/or synthetic polymers are the most applied substances because of their
efficiency, but their use is accompanied by large consumption of chemicals that
leads to production of large volume of non-biodegradable sludge. Therefore, recent
developments have been made possible by means of the use of natural organic
polymers and polyelectrolytes as flocculants and/or coagulants in wastewater
treatments.
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Fig. 4.3 An approximate
comparison between three
different adsorbing materials
against heavy metals in
waters. The
removal/adsorption
performance of metal ions
with OFI materials has been
studied (Table 4.1). The
comparison between average
data for OFI materials (the
highest result has been used
for comparison) and other
available bioadsorbents show
that Opuntia materials may be
good biosorbent material for
heavy metal removal
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4.7.1 Flocculation Treatments

Recent developments in flocculation technology have proposed the use of natural
organic polymers as flocculants and/or flocculation aids in river water and
wastewater treatments, taking precedence over inorganic and synthetic polymers.
Recently, researchers have concentrated their studies on the flocculation/adsorption
technology using low-cost, abundant and non-conventional materials instead of
traditional flocculation agents [74, 75]. Natural coagulants/flocculants are consid-
ered environmentally friendly due to their biodegradability, stability and low cost; it
is forecasted that their use will promote more biodegradable sludge at the end of the
process [18]. Renault and co-workers have highlighted the advantages of these
polymeric flocculants [76] as follows:

(a) They are easy to handle.
(b) They show high solubility in water and a promising reduction of sludge

volume.
(c) These compounds are readily available and biodegradable, and they produce

large, dense and compact flocs with good settling characteristics.

At present, a number of natural polymers and polyelectrolytes have been
explored and evaluated to be effective in wastewater decontamination either
through adsorption or coagulation/flocculation processes. Many authors have also
studied the efficiency of OFI cladodes as eco-friendly flocculants/coagulants
[77, 78]. As mentioned before, OFI was defined a cheap and easily available plant
and FT-IR studies confirmed the presence of various functional groups responsible
for the coagulation/flocculation process. In fact, OFI cladodes are mainly consti-
tuted by heteropolysaccharides [79, 80].

Some of the reported results by different authors about OFI performances and
also the results of comparatives studies with commercial flocculants are briefly
shown in this section.

Bouatay and co-workers [18] have investigated the OFI performance in floc-
culation processes compared with two commercial flocculants (a cationic flocculant,
EPENWATE EXP 31/1 and the anionic agent polyacrylamide A100PWG). These
authors evaluated the decolourisation, the COD removal and the turbidity abate-
ment. They demonstrated that OFI mucilage had a better performance and, in
particular, performance of the cactus mucilage was higher than the achieved by
EPENWATE EXP 31/1 and equal to obtained by the A100PWG. On these bases,
authors inferred that the obtained flocs using cactus mucilage and the A100PWG as
flocculants are bigger and heavier than those arising from the system based on
EPENWATE EXP 31/1.

Torres and co-workers [81] have investigated the OFI efficiency in comparison
with two biopolymers (Prosopis galactomannan and Opuntia mucilage) and a
chemical coagulant very frequently used in wastewater treatment: ferric chloride
(FeCl3), with relation to COD, salt and turbidity diminution from municipal
wastewaters. These authors found that COD, salt and turbidity diminution using
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biopolymers were comparable to those found when using FeCl3. They also reported
that the sludge production was in general lower for both the biopolymers instead of
FeCl3, though it was very dependent on pH and the amount of employed
coagulant/flocculant agents.

Miller and co-workers [82] and Pichler and co-workers [83] explored the use of
Opuntia materials in turbidity removal, respectively, in synthetic clay solution and
drinking water. Both groups found that OFI performances are good when speaking
of turbidity diminution in wastewater. Also, Pichler and co-workers [83] demon-
strated that the OFI gelling extract was a good competitor as a flocculant agent. In
all cases, the examined OFI appeared to be a viable, cheap, eco-friendly and
effective natural alternative when applied as coagulant/flocculant and adsorbent
material in wastewater treatments. Hence, the exploitation of this abundant,
renewable, simple and non-toxic natural resource would be encouraged.
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