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ABSTRACT

Freshwater is a critical component for social and economic sustainability, but also the water scar-
city is a foremost threat nowadays. During the last century, many governments have been imple-
menting public policies for reducing the water consumption, optimize the potabilization processes,
and promote cleaner techniques for wastewater treatment such as desalinization, heterogeneous
photocatalysis, oxidation processes, ozonation, and so on. The review begins with a short presen-
tation of the first explored water purification techniques starting from the Bronze Age, then, it is
presented the minimum quality parameters and comments that disinfection, decontamination, and
desalinization of wastewater and seawater must achieve. It is also reviewed several water purifica-
tion methods based on microbiological, chemical and physical techniques. This review conveys a
fine reviewing of solar stills, solar collectors and heterogeneous photocatalysis, presenting charac-
teristics and latest innovations from several researchers. Finally, the residual products from those
techniques are also called “by-products”, therefore, it is explained the main methodologies that
current researchers are employing for reducing, but also for exploitation of by-products in two or

three-stage (fish farming or crop irrigation) processes.

Keywords: Fresh water; Solar still; Solar collector; Photocatalysis; By-products.

1. Introduction

Water is the most precious resource of our times, it is
essential for all social and economic activities [1]. The nature
of water resources is alternated by periods of drought and
intense prolonged rainfalls, making it more significant
[2]. Despite the social, political, economic or environmen-
tal dynamism, non-access to drinking water is not directly
related to water shortages, drought or rationing [3,4]. On
the other hand, it is a difficult phenomenon to define either,
because it’s context-dependent, or because of its irregu-
lar behavior through the years [3]. Water scarcity covers
aspects related to the availability of the resource. According
to the European Union in 2007 [5], scarcity occurs when
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the minimum average amount of water needed for a given
population is not covered [6]. Other studies mention that
overuse created the phenomenon. The rapid population
growth has been proven as an environmental cause that
led to water contamination [7,8]. In other words, from the
climatic point of view, it is a simple ratio between precipi-
tation and the potential of evapotranspiration [9]. Contrary,
in recent years the water efficiency has grown in interest
[10] not only in the population but also in the industrial-
commercial field and farmers (with optimization models
for crop irrigation). In consequence, various guidelines and
strategies in wastewater decontamination systems have been
created, increasing the volume of water available [11].
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To understand the above, the problem of contamination
and water scarcity must be traced back in time to see how in
the past, its treatment has been perceived. In the Bronze Age
(3200-1100 BC) in Crete, the Aegean Islands and the Indus
Valley were the first civilizations to put in practice some
technical treatment for water denomination. Then, in the
Archaic (750480 BC) and Classic age (480-336 BC), archae-
ological evidence shows [12] that ancient Greek civilizations
developed an approach to solve this problem. Later and until
a few decades ago, the problem of wastewater was solved
by depositing it into rivers, seas, and lakes, while in other
places, alternatively, it was poured into entire crops fields.
This last method had an additional benefit, because the crops
showed a superlative aspect during their growth, together
with the advantage of maintaining the fertility of the soils.
This is still practiced in some countries where the option
of water treatment is not possible, or where public poli-
cies (on the possible impact of health) are inexistent when
practicing this technique [13].

Throughout history, it has been seen that the discharg-
ing sewage in the streets, apart from causing bad odors,
have been the triggers of great public health problems in
large cities, such as bubonic plague and typhoid fever, thus
decimating the population. Scientists have determined that
there is a direct relationship between wastewater discharge
and public health. In spite of everything, one of the most
efficient (discovered in the 30s) technologies for wastewater
decontamination is the mixing of activated sludge [14] and
a source of oxygen; it makes use of anaerobic microorgan-
isms to degrade organic matter in the wastewater, produc-
ing an effluent of optimum quality, however, needs qualified
personnel. Other processes have been developed to obtain
drinking water, such as bioreactors, water desalination plants
(reverse osmosis), biological treatment, physical separation,
and electrochemistry, even passive decontamination of water
with the use of solar evaporators or “solar stills”.

The reuse of wastewater has been recognized as a
practical solution to the scarcity facing earth today [15].
Therefore, several research groups in China [16-21] have
devoted themselves to analyzing the efficiency of the tech-
niques mentioned above, either by data envelopment anal-
ysis, fuzzy logic, among others. Despite promising results,
in most cases, only ideal scenarios have been considered,
which may contain tendencies or “biased” results [1,13].

Nowadays countries from North Africa and South Asia,
and China have water scarcity. The Food and Agriculture
Organization of the United Nations, UNICEF and World
Health Organization (WHO) highlighted that the majority
of the countries of America, Oceania, Southern Europe, and
Russia have abundant water resources, and drought prob-
lems are usually limited to specific areas [23,23]. An import-
ant issue to be addressed to minimize the human impact on
water resources is to analyze the percentage of water use by
sector. In Colombia, 50% of the water is used in irrigation,
while 27% and 13% is dedicated to municipal and industrial
areas, respectively, but a 6%, together with 4%, is used in live-
stock and cooling of thermal plants. However, a country like
Algeria uses 59% of its water resources in agriculture, 36%
and 5% in municipal and industrial areas, respectively [23].
In conclusion, the irrigation of crops is the index that con-
sumes more water; then, it has become important to design,

build and implement technological and public policies for
the reduction of stress and water scarcity in many countries.

During the latest decades, many wastewater decontam-
ination techniques have been recognized for their cheap-
ness, low by-products generation and easy implementation,
one of those is the solar stills. Solar stills have been used
as an alternative water-purification method for more than
100 years [24]. In addition, solar stills are the simplest way
to desalinate water. They are single-slope or double-slope
(in the form of a pyramid), normally made with materials
that have a low thermal transfer coefficient. The operating
principle of a solar still can be seen in Fig. 1 (single-slope
solar still). The brackish water is deposited in the bed
(or lower part) and depending on diverse factors, the inte-
rior temperature increases creating a vapor free of contam-
inants and brine. Subsequently, the condensed drops in the
upper plate (usually glass) go to a reservoir that collects
the condensed and potable water free of contaminants, this
process is aid by gravity.

The yield of the solar still depends on factors such
as inclination angle, collector area, interior temperature,
solar radiation, wind speed, interior, and exterior material,
among others [25]. So far, two types of solar stills have been
described, passive and active solar stills. While the first is
similar to Fig. 1, the active one has the same principle but
adding a solar collector, responsible for heating a working
fluid that accelerates the evaporation of salty or contami-
nated water. Similarly, there are active solar stills with extra
combinations, such as solar heaters, waste heat recovery, pre-
heated water active solar still, regenerative solar still, and heat
exchanger [26]. The solar stills are not limited to pyramidal
or straight shapes, but also Dhiman [27] developed a spher-
ical-shape solar still. The analysis is based on the heat and
mass transfer relationships by Dunkle [28], which have been
modified empirically to validate the experimental results of
Menguy et al. [29], and in its results showed a 30% increase in
efficiency compared with conventional models.

On the other hand, heterogeneous photocatalysis has
been implemented as a solution for the decontamination of
wastewater, which relies on chemical components and not
in environmental and geometrical characteristics (such as
solar stills and solar collectors). This technique uses TiO,,
Zn0O, Fe,0, or ALO, as semiconductors or photocatalytic
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Fig. 1. Single slope solar still [26]. Copyright, reprinted with
permission from Elsevier.
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agents and through a source of ultraviolet light, the method
can eliminate organic and inorganic components. The use
of photocatalysis with TiO, generated special interest as a
new alternative for water photocatalytic decontamination.
The TiO, works as a semiconductor that absorbs ultraviolet
light and during the whole process, it is generated hydrop-
eroxide radicals (HO,), and superoxide radicals (Oy;), useful
in the inactivation or degradation of bacteria and pollutants
into water (H,O) or carbon dioxide (CO,) that exits in waste-
water [30,31]. Several factors influence the final perfor-
mance, such as catalyst mass, initial pollutants, impurities
and contaminants concentration, temperature, pH, light
intensity, wavelength, radiant flux, quantum yield, among
others [32].

It is important to recall, that this review aims to sum-
marize: (i) current state of water worldwide, (ii) main
parameters for determining water quality, and (iii) the most
used techniques for disinfection, decontamination, and
desalination. On the other hand, it aims to review deeper:
(i) solar stills and their main geometrical configurations,
(ii) solar collectors and their operation together with solar
stills, (iii) heterogeneous photocatalysis as a disinfection
technique, and (iv) methodologies for by-products manage-
ment. The second section explains the current worldwide
state of water and their minimum requirements to be called
“drinkable water”. At the same time, the reader may review
the global water problematic that many countries are facing
today. The third section mentions the previous and present
developments on solar stills and solar collectors and the
benefits of mixing both techniques. In the fourth section,
it is short reviewed the heterogeneous photocatalysis as a
disinfection method. The section fifth targets the generation
and management of the by-product, and how researchers
and farmers have been using them as food and fertilizers.

2. Water resources, water quality and others

Water covers approximately three-quarters of Earth’s
surface. About 97% is salty seawater and 2% is frozen in
glaciers and polar ice caps. Thus, the remaining 1% of the
world’s water supply is a precious commodity that is indis-
pensable for human survival. Countries in North Africa,
South Asia, and China lack freshwater, where the demand
exceeds the country’s supply, obtained either from renewable
sources or by decontamination or disinfection. Fig. 2a notes
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that the population density of the countries of South Asia,
together with China, has had a quite remarkable growth in
recent years. On the other hand, Fig. 2b shows the total renew-
able water resources per inhabitant index (m®y). It can be
seen the trend of absence of water resources and the increase
in water’s stress; consequently, there are more droughts than
in other countries. Therefore, most of the studies done and
public policies related to the conservation, reuse, and reduc-
tion of water consumption are concentrated on this sector of
the planet [16-21].

To be able to determine the required water quality after
a decontamination, disinfection or desalinization process,
the following aspects must be assumed during and after
each procedure:

2.1. Public health

The water either, desalinated, disinfected or decon-
taminated by solar stills, solar collectors or heterogeneous
photocatalysis (1) may have an absence of important - and
basic - minerals for human health and vegetation (if used
for crops irrigation); therefore, the absence of calcium and
magnesium in the water are related with public health
problems. On the other hand, (2) the biostability of water
over the distribution systems can affect public health as
well. Normally, the water pipes must be able to avoid and/or
minimize the re-growth of bacteria. Birnhack et al. [33] men-
tioned that these two aspects are significant to maintaining
a high index (with respect to freshwater) of public health.

2.2. Interaction of water with distribution systems

For decades, it has been recognized that a decent water
quality is directly related to the elimination of water inter-
action with distribution systems, whether based on concrete
(dissolution) or metal (corrosion). First, corrosion problems
have a straight relationship with the physical integrity,
maintenance costs, and longevity of distribution systems
[34-37]. However, Sarin et al. [34] mentioned that corrosion
could expose users to metals’ ions such as copper, zinc, iron,
among others, consequently, affecting the health of consum-
ers [34,37,38]. Nonetheless, research has shown that chem-
ical water treatment may not be one of the best solutions,
due to interaction with distribution systems, which in many
cases are built with materials that may react. An example is
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Fig. 2. (a) Population density and (b) total renewable water resources per inhabitant, according to FAO-AQUASTAT, 2016 [23].
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called “red water event”; Birnhack et al. [33] describes it as a
short-time corrosion leak into the distribution systems.

2.3. Quality of irrigation water

As mentioned in the previous section, most of the water
used in developing countries is used for irrigating crops, so
this water must follow minimum quality protocols. Certainly,
the quality of the decontaminated water is proportional to
the quality of the water treatment system, which, in some
cases, it has built locally. The sodium adsorption ratio (SAR)
must be regulated in this type of system. A recent Israeli
regulation mentions that SAR should not exceed 5.0 points,
likewise, this value will reduce the soil contamination to a
permissible level. Lahav et al. [39] mention that it is advan-
tageous to add Ca*, Mg*, SO?" ions to the decontaminated
water to increase the quality of irrigation water.

2.4. Main parameters for determining water quality

The water quality must comply with several character-
istics to be labeled as “drinkable”. Hence, a methodology or
system that completely regulates from the beginning (input
parameters) to the end (output parameters) has been gaining
huge importance among many research teams. Features such
as calcium ions [Ca®], alkalinity, pH, total dissolved solids
and calcium carbonate precipitation potential (CCPP) (Ca*")
should be regulated during the entire process [33]. Several
countries have been struggling for standardizing the lim-
itations of those elements, for example, Israel or Colombia
[33,40,41]. The following parameters must be monitored for
measure the quality of water to human consumption:

2.4.1. Calcium ions or (Ca*)

According to several organizations, an adequate amount
of calcium ions must be between 50 and 60 mg/L. Colombian
legislation establishes a maximum acceptable value of
60 mg/L, however, other researchers have reported cases
where it may be a little higher due to economic criteria. In
those cases, establishing that the CCPP is positive and that
the pH has an approximate value of 8 points, therefore
80-120 mg/L is allowed, similar to CaCO,.

2.4.2. H,CO, or alkalinity

Inmany cases, itis accepted to have a high alkalinity value,
because it increases the buffering capacity of water [42]. Pai
et al. [42] also called buffering capacity “pH-shift”, and the
water can resist changes and maintain a stable pH balance
even if acids or other bases are added to it; it also prevents
the release of metal ions into the water (e.g. red water events)
[39,40]. Furthermore, if it is necessary to reduce ammonium
and nitrate, high alkalinity could aid in the process. In agri-
cultural processes, it is needed water with high buffer capac-
ity, in other words, high alkalinity to maintain a stable pH
when acid and/or basic fertilizers are applied.

2.4.3. Magnesium ions or (Mg*)

In Israel [33,40] there is no threshold for (Mg*) but
Colombian legislation advises that 36 mg/L is the maximum

acceptable value for quality water. Magnesium is imper-
ative for both, crops [43] and human health [33,37-39].
However, controversial studies are mentioning that a high
magnesium index in the water has an inverse relationship
with the mortality rate, meaning that higher magnesium
concentration lower mortality rate [44], on the contrary,
Morris et al. [45] mentions that a high magnesium concen-
tration does not have a significant impact on cardiovascu-
lar and coronary problems. Despite the lack of unanimous
agreement on this issue, the WHO has concluded that
“There is a growing consensus among epidemiologists
about the quantity of magnesium, because epidemiologi-
cal evidence, along with clinical and nutritional evidence,
is already strong enough to suggest that new guidance
should be issued” [46]. The WHO’s recommendations in
its recent publications, advice countries to keep struggling
to maintain a minimum Mg?" concentration in all drinking
waters [37,46].

2.4.4. CaCO, or precipitation index

This value has two points of view; Firstly, Birnhack
et al. [33] mentioned a low index is required when the
water is for human consumption or agriculture because
the water needs to be kept reserved in one place for a long
time. On the other hand, a high CCPP rate is related to a
decreasing in the rate of corrosion (e.g. red water events).
In Colombia, the regulations allow a maximum acceptable
value of 200 mg/L. however, as mentioned above, it may be
lower depending on the future uses.

2.4.5. pH - hydrogen potential

According to the WHO, a value between 6 and 8.5 in pH
[37,46] is optimal for water consumption. Therefore, a higher
buffer capacity is needed to protect the water from wide
pH changes derived from some processes (either deliberate
or not), and perhaps resulting in CCPP changes. Colombia
establishes a limit of 6.5 to 9.0 in the pH of water for either,
human consumption or irrigation.

2.4.6. Others

According to the Colombian normative, other import-
ant parameters must be analyzed and limited during the
decontamination and disinfection processes. Some of these
are conductivity, chlorides, aluminum, iron, manganese,
molybdenum, sulfates, zinc, phosphates, biological such as
Escherichia coli and total coliforms [41]. All this has an import-
ant role in achieving an acceptable water quality for both,
drinking and irrigation purposes.

2.5. Types of reclamation treatments

In some situations, it is more feasible, profitable or
cleaner to reuse the wastewater than take it directly from
a source, whether river, sea or underground, so the whole
process may become different, for example, chemical, physi-
cal and/or biological treatments. There are three states of the
resulting water after its treatment, whatever its origin and
purpose:
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Table 1
Microbiological, chemical and physical wastewater treatments techniques
Type Technique Comments Reference
Microbiological Maturation lagoons Maturation ponds of 10 d for settling, algae can grow. =~ Macdonald and Ernst [47]
Coagulation—flocculation ~ Environmentally friendly but slow process. Lin and Peng [48]
Ciabatti et al. [52]
Chemical Microbiological Color removal up to 80% using anaerobic reactor, Sandhya and
degradation but slow process. Swaminathan [49]
Bio-digester microflora Color removal using a biosulphidogenic batch reactor, Togo et al. [50]
co-culture need for adequate nutrients, use of bio-digester
sludge.
Coagulants—flocculants Economically feasible, but produce sludge. Hao et al. [51]
Use potassium ferrate, an environmentally-friendly Ciabatti et al. [52]
chemical reagent containing iron in the + 6 oxidation
state.
Physical Filtration Sand filtration and ultrafiltration as pre-treatments Marcucci et al. [53]
processes, then reverse osmosis.
High cost.
Nanofiltration Ultrafiltration pre-treatment for use in nanofiltration =~ Barredo-Damas et al. [54]
process.
High cost.
Combined Coagulation, The slow process, treatment base on microbiological ~ Lin and Peng [48]
systems electrochemical oxidation ~ degradation but is environmentally friendly.

and activated sludge
Two-steps: filtration +
nanofiltration

First step: pre-treatment processes, sand filtration.
Second step: nanofiltration and reverse osmosis.

Marcucdi et al. [53]
Barredo-Damas et al. [54]

* A treatment capable of providing quality water to be
reused (i.e. industrial or chemical processes) but not suit-
able for human consumption,

* Two or more treatments together capable of providing
water that can be used in irrigation,

® Processes coupled with post-treatments methodologies,
resulting in water for human consumption, fulfilling the
respective country regulations [33,40,41].

This review presents the last advances in two meth-
odologies focused on produce drinkable water from sea,
underground or wastewater. Nevertheless, it is also pre-
sented past and present active and passive techniques for
decontamination, desalination, and disinfection of water.
However, it should be noted that some treatments only
prepare water for use in another treatment (i.e. disinfec-
tion) and thus obtain water either for reuse (industrial or
irrigation purposes) [13] or human consumption (must
have a process of re-mineralization and re-carbonation, if
applicable).

Table 1 shows (non-exhaustive) some techniques used
for the decontamination of wastewater [55], despite their
benefits, most of them generate by-products that must be
treated or deposited in specific places that might affect the
surrounding environment (further information in section).
Additionally, the methods in Table 1 are usually part of a
general process to obtain drinkable water, which means that

other techniques are between the front-end stages, such as
disinfection (elimination of microorganisms), re-mineral-
ization and re-carbonation [13,14,55]. Table 2 presents some
techniques normally employed in the end-stage to obtain
potable water.

The macro-processes selection to obtain drinkable water
is based on many factors, such as location, type of water to
be treated (industrial, river, sea, underground, seawater,
etc.), amount of population that will use it, available budget,
and many others. In other words, some techniques require
more investment but other techniques are suitable just for
small-scale solutions. For example, high-tech facilities are
better for great cities, but a system that relies on natural
(e.g. microbiological) technologies are feasible smaller cities.
Countries located close to the Mediterranean Sea (Fig. 2) are
prone to using reverse osmosis plants for water desalina-
tion, but South American countries near the equatorial line
oftener use microbiological or chemical facilities. However,
combining different processes suitable for each situation
would create much better systems.

2.6. Post-treatment (PT) characteristics

The water resulting from the decontamination or desali-
nation processes does not contain the chemical character-
istics to be classified as drinkable water, thus, the resulting
product needs post-treatment techniques (discussed above)
for reducing or increase parameters such as pH, magnesium
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Disinfection technologies for wastewater decontamination/desalinization

Type Technique Comments Reference
Chemical Chloramination The most used technology nowadays. Reacting with organic Salgot et al. [13]
compounds generates by-products. Park et al. [56]
Peracetic acid Low chlorinated (by-product) generation. Expensive, but the Shah et al. [57]
price is going down.
Ozonation Oxidation using gas with no alteration of the volume, but a high  Salgot et al. [13]
cost. Gogate and Pandi [58]
Not commonly used, and for small facilities. Robinson et al. [59]
Physical ~Gamma radiation Have to be employed with other methods. Verma et al. [55]

Ultraviolet radiation
(UV-radiation)

Rarely employed in Europe and not used for a big scale
(laboratory).

Multiple lamp systems for water disinfection and not sludge
production, but the formation of by-products.

Robinson et al. [59]
Sommer et al. [60]
Bonaveri et al. [32]
Vogelpohl [61]

Membrane-based
technologies
cost.

Infiltration—percolation Filtration pre-treatment is needed. Not commonly used.

Ultrafiltration, nanofiltration, and reverse osmosis: sand and
suspended filtration is needed as pre-treatment process and high

Moody and Dally [62]
Salgot et al. [13]
Marcucci et al. [53]
Barredo-Damas et al. [54]
Mottier et al. [63]

ions, calcium ions, CCPP and so forth. Ludwig and Hetschel
[64] and Gabbrielli [65] propose a method for remineraliza-
tion and potabilization for desalinated water, nevertheless,
it is suitable for underground and wastewater [66]. The
post-treatment processes refer directly to re-mineralization,
re-carbonation, and in other words “potabilization of water”.
Re-mineralization can be defined as introducing minerals to
water (mentioned in section 2.4); whose normally are elimi-
nated thought the decontamination technique. On the other
hand, the term “re-carbonation” is the increase of inorganic
carbon concentration in the water, until it reaches at least
the minimum parameters according to WHO [37,46] the
Colombian regulation and diverse authors suggest a rate
between 5 and 10 mg/L [41,67]. Therefore, the PT processes
intend to perform both re-mineralization and re-carbonation.

3. Solar still and solar concentrators

The use of solar stills was recorded for the first time
by Arab alchemists in 1551 and then, Della Porta in 1589,
Lavoisier in 1862 and Mauchot in 1869 [68,69]. Fig. 1 shows
the principle of operation. The solar stills” main character-
istics are an (i) inclined glass cover, (ii) the basin is made of
copper, aluminum or galvanized iron [69], (iii) the basin’s
interior is usually painted black for increase the solar radi-
ation absorption, (iv) normally, the heat transfer between
the interior and exterior needs to be as small as possible,
and (v) the bottom must be sealed correctly to avoid steam
leakage.

About 97.5% of the earth’s water is not fit for human
consumption without having one or more previous treat-
ments, consequently, many cities cannot afford expensive
facilities for water treatment. At the same time, different
studies show that even the purest rainwater is not as clean
as the one obtained from solar stills [69-71]. Thus, starting

from the last assumptions, the solar stills stand as a reason-
able solution. Studies show that a single basin single slope
(SBSS) solar still is easy to build, simple to operate, has low
maintenance and is cheap compared with similar techniques
and under similar conditions [72,73]. Despite this, the water
production over time keeps being very low, so other studies
show that modifications can enhance the amount of distilled
water, such as the use of phase change materials (PCM),
solar concentrators mixed with solar stills, multi-stage sys-
tems and so forth. Throughout history, some researchers
have tried to overcome the SBSS solar still barrier, produc-
ing a new variety of solar stills. Table 3 aims to give to the
reader an overview and comments about several configu-
rations of solar stills (it is not a table to evaluate the per-
formance). It is important to recall that the solar stills could
vary depending on their geometry, size, production time,
construction parameters, basin quantity, type, and geometry.

Further information about solar stills could be found
in Nayi and Modi research results [69], but also Selvaraj
and Natarajan [26] have further reviewed. They present
an exhaustive study of the latest developments related to
the combination of solar stills with solar collectors. Table 3
summarizes several solar stills configurations for desalina-
tion and water decontamination, the methodologies vary
from single-stage to multi-stage. There are some studies
using side-techniques to accelerate or improve the distilled
water yield, going from PCM materials, solar collectors, top
cover modification and multi-stage solar stills. For instance,
Feilizadeh et al. [93] developed and implemented an active
multi-stage solar still, which included a solar collector and
four stages for distilling water; as well, they study the solar
collector’s effect over the basin area (CBA) and efficiencies in
summer and winter.

On the other hand, Velmurugan et al. [25] mention that
the distilled water yield in a stepped solar still may vary
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Fig. 3. A schematic view of a multi-stage (4) solar still basin
chamber [95]. Copyright, reprinted with permission from
Elsevier.

depending on many factors. Solar radiation intensity [97],
basin water depth [98,99], glass cover plate inclination
[98,100,101] and its thickness [97], temperature difference
between the cover plate and water [100,101], wind velocity
[76,102], feedwater flow rate, convective heat transfer from
cover plate and sidewalls, solar tracking, using of PCM mate-
rials, coating and external enhancements [103]. To put it in
context, Fig. 3 shows an SBSS solar still, where almost all the
parameters are controllable, but those related to meteorology
are hardly modifiable, such as wind velocity and radiation
intensity.

The distilled water yielded per day is a key factor to
analyze in solar stills, indeed, some studies have obtained
improvements of more than 100% [86-88,104]. Arunkumar
et al. [105] have studied the influence of PCM in the total dis-
tilled water per day on SBSS solar still, also, they measure the
water, PCM material, air, inner and outer cover temperatures.
They concluded that a 26% boost of productivity is possi-
ble when mixing solar collectors and PCM with solar stills;
Fig. 4 shows a schematic representation of their approach.

3.1. Solar radiation

The productivity and efficiency of solar still improve with
an increase in radiation intensity was concluded by Omar
et al. [85] using SBSS solar still. In most cases, the highest solar
intensity is present at the beginning of the afternoon with
lower temperatures in the morning and later afternoon.

| /

s g Hul""‘ r-1i||

» Stand

—» PCM loaded copper balls
L

Reflected solar radiation

Concentrator

@ ‘@ © &  Wheels

Fig. 4. The schematic diagram of solar still assisted with a hemi-
spherical solar collector and PCM materials [105]. Copyright,
reprinted with permission from Elsevier.

On the other hand, location also plays an important role, thus,
different parts of the planet are suitable for solar stills rather
than others, because they receive different solar radiation
intensity. Arunkumar et al. [105], mentioned that during their
experiments the solar radiation is transmitted through the
solar still’s glass cover and is absorbed by the PCM and basin,
hence, higher solar radiation, higher the PCM working time.

3.2. Basin water depth

The basin water depth has a high rate of influence on the
productivity of the system, several studies have concluded
that it is inversely proportional to the final productivity
[37,74,80,99]. Rajamanickam and Ragupathy [80] performed
several tests at different water depths (1, 2.5, 5, and 7 cm),
finally concluding that the largest amount of distilled water
was with 1 cm water depth, obtaining 3 L/m? rather than the
other depths.

Tripathi and Tiwari [97], concluded that the solar fraction
plays a very important role at lower values of solar altitude
angle, as well the internal convective heat transfer coefficient
decreases with the increase of water depth in the basin due
to decrease in water temperature, they tested 0.05, 0.1, and
0.15 m basin water depths.

3.3. Glass cover plate inclination

Solar stills are usually coated with high transmissive
materials; the cover is made of glass because it is the place
where condensation takes place. Akash et al. [104] con-
cluded that the solar still optimum inclination angle of the
top cover is 35°. The experiments were conducted in Jordan
(Arab country in Western Asia) using a solar still with var-
ious cover tilt angles of 15°, 25°, 35°, 45°, and 55°. Tiwari
et al. [98] discovered that the distilled water yield increases
when the glass inclination also is increased. Nevertheless,
that is directly proportional in winter and inverse propor-
tional in summer; therefore, there is a significant reduction
in evaporative co-efficient heat transfer when increasing the
inclination in summer and winter. Aybar and Assefi [74]
found that the best glass cover inclination should be 35° for
solar stills.

On the other hand, many researchers concluded that
depending on the latitude angle of the place (city), the glass
cover inclination was also selected [96,99-101]. Fath et al.
[90] suggest that places with latitude greater than 20° are
suitable for SBSS, rather than pyramid-shaped solar stills.
Panchal and Shah [105], present a study where the solar still
is inclined at an angle of 30° and the latitude is 23.6°.

3.4. Temperature difference between the cover plate and water

It is known that the higher the temperature between
the cover plate and the water will influence directly the rate
of distillation; many authors have enhanced the yielding,
changing the coating materials, water depth, and glass-cover
inclination. Murugavela et al. [106] found that the production
rate increases when the water and glass temperature increase.
Nevertheless, they found that in a single basin double slope
(SBDS) solar still the higher temperature difference between
the water and glass the lower production rate (in the same
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conditions). On the other hand, Al-Garni [107] performed
experiments that showed productivity increased by 370%
when two water heaters of 500 W are used. When an external
cooling fan was used, productivity was found to decrease by
four times. Therefore, it can be said that the delta tempera-
ture between the cover plate and the water, is very important
for the performance of the solar still. It is possible to conclude
from Section 3.2 that the water depth also could modify the
temperature between the cover plate and the water.

3.5. Wind velocity

An increase in wind velocity increases the convective
heat transfer between glass and ambient and thus results
in improved condensation of distillate [24]. Al-Garni [107]
as well performed experiments with changing the wind
speed using an external cooling fan and the productivity
was found to decrease by 4% and 8% for wind speeds of
7 and 9 m/s respectively. El-Sebaii [100] concluded that the
daily productivity of the vertical solar still increases with an
increase in length, width, and wind speed up to a typical
value. The wind speed may modify the heat flux between
the solar still and the surrounding environment therefore
the yields may vary during the day. It is important to recall
that some authors have obtained better results when there
is no wind at all. Contrary, some authors suggest that wind
may enhance the process of water evaporation inside the
basin; thus, further studies are required in this parameter.

3.6. Energy storing materials, PCM

The PCM are resources capable of melting and solid-
ifying at a certain temperature, and when is needed,
storing and releasing a large amount of thermal energy.
Thermal energy storage as latent heat is an effective way
to store thermal energy for heating water (stored before
from received sun energy). The main drawback of solar
stills systems is the solar radiation absence in the afternoon
and night shifts, nevertheless, the PCM materials stand
as a solution that releases stored thermal energy in these
hours, improving the performance of solar stills system
even at non-light or non-radiant hours, thence, the output
yield is increased over a greater period. Arunkumar et al.
[105] indicate that the effect of thermal storage in the con-
centrator-coupled hemispherical SBSS solar still increases
productivity by 26%. In addition, they concluded that pro-
ductivity was increased due to the integration of PCM balls
inside the basin.

It is found that daylight productivity (in kg/m?) decreases
as the PCM mass increases, but the productivity through the
night and daily increases significantly with an increase of
PCM mass due to the increased amount of the heat stored
within the PCM. During the PCM’s discharging phase, the
convective heat transfer coefficient from the basin liner to
basin water is doubled; thus, the evaporative heat transfer
coefficient is increased by 27% when using 3.3 cm of stearic
acid (PCM material) beneath the basin liner, concluded by
El-Sebaii et al. [108].

Tian and Zhao [109] present a review of the benefits
and drawbacks of PCM materials as thermal energy stor-
age for solar collectors. In addition, there are many types of

PCM materials that can be used together with solar stills to
improve the daily production of distilled water. Fig. 4 shows
a basic scheme of PCM performance over the day yield pro-
duction. Fig. 5 contrasts the advantage between using and
not using PCM materials, Arunkumar et al. [105] explain
that an improvement of 26% is obtained, as well as distilling
water during off-shine hours between 15:00 and 17:30.

In the literature, there are many other types of PCM
materials, based on organic and inorganic materials, with
different latent heat, but in most cases ball-shaped [105] or
rocks. Examples of PCM materials are stearic acid, sand-rock
minerals, cast iron and steel, NaCl, silica and magnesia fire-
bricks [111]. The main characteristics depend on working
temperature, density, thermal conductivity, specific heat and
cost per kilogram.

The total distilled yield is proportional to the number
of stages and improvements in the distillation process,
such as PCM materials, solar collectors and/or multi-stage
solar stills. The active multi-stage solar still presented by
Feilizadeh et al. [93] shows that increasing the CBA index,
a greater amount of distilled water could be obtained. They
tested CBA rates of 3.45, 6.9 and 10.35, thus, the distillate
production was, 11.56, 22.67 and 27.38 L/m*d in winter and
17.36, 25.64 and 31.60 L/m*d in the summer, respectively.
Therefore, this solar still showed the greatest efficiency
among the ones reviewed in the bibliography (Table 3) and
its set-up can be seen in Fig. 6.

Likewise, other authors have proposed a solar concen-
trator coupled to an SBDS solar still [112], an SBSS solar
still with an evacuated tube collector [113], a stepped solar
still with air heater [114], wind-turbine inclined solar still
collector integrated with an SBSS solar still [115]. Finally,
Arunkumar et al. [116,117], proposed two SBSS solars still,
firstly, one integrated with concentric tubular solar still; sec-
ondly, a pyramidal solar still integrates to concentric tubular
solar.
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Fig. 5. Hourly variation of distillate water yield with respect to
time, when using PCM materials [105]. Copyright, reprinted
with permission from Elsevier.
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Fig. 6. Schematic experimental set-up of an active multi-stage
solar still [95]. Copyright, reprinted with permission from
Elsevier.

4. Advances in photocatalysis for wastewater
decontamination and disinfection

Heterogeneous photocatalysis has been recognized in
the last decades as a formidable technique for decontamina-
tion and disinfection of wastewater. It uses semiconductors
like TiO,, ZnO, Fe,0O,, Al,O, as photocatalytic materials; in
general, titanium dioxide (TiO,) has shown a higher perfor-
mance in the Anatase phase due to its stability (rutile and
brookite) and capacity of absorbing a bigger wavelength.
The semiconductor is blasted with photons from an ultra-
violet light (from an artificial source or sunlight) source,
then, during this process, some components and elements
are generated, specifically, superoxide (O;) radicals and
hydroperoxide radicals (HO,) that will become in reactive
oxygen species used for degradation of pollutants into the
water.

The advanced oxidation processes (AOP) are one of
the most used techniques for wastewater disinfection and
decontamination nowadays. They converge in a mechanism
of formation of highly oxidizing hydroxyl (OH") radicals,
which contribute to the total mineralization of the contam-
inating compounds present in the water. Alternatively, it
acts in the inactivation of bacteria such as Pseudomonas aeru-
ginosa, Escherichia coli, Salmonella typhi, Cholera gravis, etc.
It has been found that those radicals generate the greatest
incidence in the disinfection of bacterial populations [32].

Heterogeneous photocatalysis joins other initiatives that
in recent years have been born to reduce the impact of human-
ity in water pollution, also in methodologies to achieve the
state of potable water for human consumption [118-120].
Specifically, the TiO, as photocatalytic agent has gained par-
ticular interest because of its heterogeneous nature, offering
the possibility of reusing, wide pH range, abundantly avail-
ability (becoming economic), highly stable, biocompatible,
and environmental-friendly metal oxide, on the other hand,
it can degrade inorganic [121-123] and organic [124-126]
components.

To develop efficient photocatalytic processes, it is nec-
essary to immobilize the photocatalytic agent in supports
(e.g. rods, metallic nets) avoiding mixing with other mate-
rials and giving the possibility to reuse the semiconductor.

Normally, the heterogeneous photocatalysis with TiO, is
based on an ultraviolet (UV) light source; however, some
research has focused their researches on using the UV waves
from solar radiation [122-128] instead of a specific source.
The ability of TiO, as a catalytic agent was discovered more
than 90 years ago [128,129], but its conjunctural point was
after the exhaustive review of Fujishima and Honda [127].

TiO, (or semiconductor )+ hv — TiO, (egB + h(,B) 1)
TiO, (hy, )+ H,0 - TiO, + OH + H @)
0, +eg, — TiO, + O} ®3)
O, +H" - HO; (4)
Oy +HO; -0, +H,0, )
TiO, (e)+H,0, - TiO, + OH + OH" (6)

The photoexcitation process begins when there is suf-
ficient energy in the form of light; in this case, the energy
of the excitation source is greater than the band-gap energy
of the material, bringing as a consequence the liberation of
an electron (eg;) to the conduction band (CB) and generat-
ing a positive electron-hole (hy,) in the valence band (VB),
as shown in Eq. (1). Then, this electron-hole pair reduces
and oxidizes (Eq. (2)) producing hydrogen ions (H*) and
hydroxyl radicals (OH"). In Eq. (3), the excited electrons or
photoexcited electron (e;) may react with oxygen (O,) pro-
ducing superoxide (O;) radicals. Consequently, an oxidized
electron donor and electron acceptor is formed by reducing
the process that occurs on the surface of the catalyst with-
out leading to a change in the structure of the material.
Additionally, the photoexcited electrons may react with the
previous hydrogen ions (H"), therefore producing hydroper-
oxide radicals (HO,) (Eq. (4)). Banerjee et al. [128] concluded
that eventually, the hydroxyl groups gradually desorb from
the surface in the form of HO, or HO + O, and the sur-
face reverts to the original less hydrophilic state as demon-
strated in Eqs. (5) and (6) [32,129,130]. Fig. 7 summarizes the
whole post-photoexcitation process.

The anatase phase of titanium dioxide despite having
so many catalytic benefits has the problem that it requires
UV light at a wave of <390 nm as the main input. In the case
of systems whose main energy source is solar radiation, the
sunlight beam contains only 4% UV light [127]. However,
there are several ways to improve the photocatalytic effect,
either directly with a UV light source or sunlight.

A proposed solution to the problem of the slight activity
with sunlight is the use of titanium dioxide’s heterojunction
photocatalyst process. This uses TiO, in the anatase phase,
combined with the brookite or rutile phase; in fact, some
authors have shown considerable improvement during sun-
light processes [131-133] when the heterojunction has been
used. On the other hand, there is the method of adding dop-
ants [128,134], additives and chemical modifiers to increase
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Fig. 7. Schematic illustration of various processes occurring after
photoexcitation of pure TiO, with UV light [130]. Copyright,
reprinted with permission from Elsevier.

the photocatalytic activity. Dopants can be non-metals
compounds, such as carbon [135], nitrogen [136-137], flu-
orine [138] and sulphur [139]. On the other hand, the metal
dopants are based on iron [139], silver [140], chromium [141]
and manganese [142]. When a doping agent is used in the
process of heterogeneous photocatalysis, it can change the
chemical and physical properties (molecular structure) of
the sample, leading to an increase or decrease in photocata-
lytic activity, therefore, precautions must be taken to avoid
the opposite effect. The purpose of adding a doping agent
can be seen in Fig. 8, where the bandgap between the VB and
CB [143] is narrowed when new “states” born, thus, increas-
ing the photocatalytic activity. Finally, a more extensive and
exhaustive information about photocatalysis processes for
wastewater decontamination and disinfection can be found
in Byrne et al. [125], Blake [132], Fujishima and Zhang [135],
Etacheri et al. [141] works.

5. Management of wastewater treatments by-products

The increase in water stress due to the increase in the
world population leads to the need to produce more food
as explained in section 2; therefore, agriculture consumes
a greater amount of water resources. In recent years, new
wastewater, desalination, and disinfection treatments have
arisen in order to decrease the water scarcity seen world-
wide. However, all the methodologies during the chemical
or physical phase produce a series of by-products, most of
which are toxic and need special treatment. In Acher et al.
[142] mentioned that the toxicity of the by-products found
in water disinfection and decontamination by chlorination
[13,57], the hazards in handling these disinfectant agents, and
environmental toxicity of the ozone escaping into the atmo-
sphere during ozonation [13,59,60] have prompted environ-
mental and public health agencies to insist on replacing these
chemical methods with more eco-friendly methods [144,145].
On the other hand, some authors have studied the perfor-
mance of peracetic acid as a chlorine [13,57] alternative for
wastewater disinfection. Dell’Erba et al. [144] mention that

Normal TiO, M g Doped TiO,
(-
g :
'

Doping

/
(i o

e
N
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«
(=
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—
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0000

VB

Fig. 8. Bandgap narrowing with a dopant [143]. Copyright,
reprinted with permission from Elsevier

even the technical and economic effectiveness of this method,
the possible formation of unhealthy disinfection by-products
still needs to be fully studied.

The implementation of solar stills and solar concentrators
has been shown as a solution to the excessive generation of
by-products in wastewater treatment processes because only
solar radiation is necessary for its operation. Nevertheless,
it is imperative to mention that depending on the water ori-
gin (e.g. seawater, underground or wastewater) different
by-products could be generated.

The phenomenon of by-products formation has been
studied in its majority around the brine from desalinization
plants. Normally, there are two types of reject brine, by either
concentration or retention. There are some cases, where
desalinization plants usually pour the by-products directly
into the sea or nearby water sources that flow into the sea
[147-148]. Although the desalinization process provides
freshwater for human consumption, either by methodologies
presented in Tables 1 and 2 or by using solar still or solar con-
centrators, it has a great impact on nature if it is not managed
correctly [146,149,150].

The rejected brine management is focused on three dif-
ferent topics, (i) direct disposal, (ii) brine minimization or
(iii) direct reuse. Firstly, direct disposal strategies involve
offshore and inland disposal methods [149-152], but it has
greater environmental repercussions. Secondly, brine mini-
mization struggles in reducing brine production with either
membrane-based or alternative methods such as thermal
or another emerging technology [152-155]. For example,
Martinetti et al. [152], have determined that forward osmosis
achieved water recoveries up to 90% from the brines and vac-
uum-enhanced direct contact membrane distillation achieved
water recoveries up to 81% from the brines. Subramani and
Jacangelo [153] have found that the total water recovery, by
either membrane-based, thermal-based, or emerging tech-
nologies are capable of reducing the concentrate volume
(reject brine) using two or three-stage processes, achieving
zero liquid discharge.

Membrane-based technologies are less energy-intensive
when compared to thermal-based technologies. Nevertheless,
if the stored water quality is complex, like having indus-
trial effluents, the use of membrane-based technologies is
restricted. On the other hand, the thermal-based processes
require a lot of energy and do not allow high water flows,
therefore, more studies and research is needed to achieve
better performance. Other authors, presented technologies
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such as forward osmosis and membrane distillation [155]
to reduce the brine generation. Likewise, new technologies
where reject brine is combined with microorganisms obtain-
ing a compound for use in for halophyte forage shrub [156].

Finally, Rodriguez-DeLaNuez et al. [150] further review
techniques for direct and indirect by-products reuse such as
hydrotherapy, wetlands regeneration, nanofiltration, mem-
brane distillation, halophilic species, osmotic power, freez-
ing-melting, evaporation ponds, electrodialysis, rapid spray
evaporation, zero discharge, among others. Nanofiltration,
electrodialysis and wetlands regeneration stand as the com-
monest techniques due to economic and technical factors.
However, the most efficient methods are hydrotherapy,
halophilic species, osmotic power, and evaporation ponds.
On the other hand, evaporation ponds, zero discharge, and
osmotic power are better prepared for brine management
[152]. Fig. 9 summarizes the process that was employed in a
Semi-Arid Region of Brazil, for both, in the integrated pro-
duction scheme of fish and halophyte forage shrub and the
irrigation of a range of crops.

In addition, due to its high characteristics and good per-
formance in arid regions and saline waters, the cultivation
of the spirulina cyanobacteria is proposed as an alternative
worthy method for fish farming boosting. Sanchez et al.
[145] propose a full three-stage strategy for reuse the reject
brine. The first stage cultivates spirulina cyanobacteria for
fish farming (Fig. 9) using the rejected brine. Right after this
stage, the brine enters a mixture pond where it is enriched
with organic matter from local agricultural waste. This brine
is finally used to irrigate the Atriplex field, whose harvest
will help to feed livestock, this was proposed by Sanchez
et al. [145] and reviewed in Gabelich et al. [149] article.

Fig. 10 depicts one facility of the fourteen created by
the Brazilian Environmental Agency. Each facility consists
of 2 hectares and has four stages; nevertheless, these must
be located close to the reverse osmosis plant (stage 1). The
brine rejected is stored in an elevated storage tank (tanks
around stage 1). Stage 2 is composed of two pounds of fish
farms (in this case tilapia’s farms) followed by another tank
where the brine is enriched with organic matter (between
stages 2 and 3). Then, a plantation of Atriplex shrubs with
a size of 1 hectare is enriched with the brine and organic
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Fig. 9. A schematic integrated production of the use of inland
desalination brine reject [147-148]. Copyright, reprinted with
permission from Elsevier.

matter. The last stage (fourth stage) has a small area needed
for haymaking and auxiliary services Despite the potabi-
lization treatments advantages, it is mandatory to mini-
mize the generation of by-products that may contaminate
the surrounding environment; therefore, some researchers
and governments are working towards policies and facili-
ties for the treatment of these by-products. A clear example
is desalination plants, where the rejected brine is at high
temperature and contain chemicals that are hazardous to
marine life. If there is no equity between the quality of
the water in the coasts and the sea, this produces serious
consequences, such as alterations to the natural dissolved
oxygen, alkalinity, pH variations, and so on. Finally, there
must be a responsible use of water, consequently, the gov-
ernments must start to educate in water consumption and
the creation of public policies to shorten the problem of
water shortages.

6. Conclusions

This review gave to the reader a general overview of the
worldwide state of water but also suggested some techniques
and methodologies that researchers, general community
and governments could implement to reduce water scarcity.
Firstly, many countries have established laws regarding the
basic water’s minerals for human health and vegetation, for
example, the absence of calcium and magnesium may affect
public health. It is important to recall also that each country
possesses its own regulation and requirements towards suit-
able water for human consumption, nonetheless, parameters
such as calcium, magnesium, precipitation index, alkalinity,
and pH are around similar rates.

Secondly, the review wanted to explain the last advances
in solar stills, but also, how recent studies have used
enhancements to increase the yield of distilled water, such
as solar collectors and PCM materials. We explained the
main solar still’s architectures, geometrics, and performance.
It is important to mention that the aim was not to compare
one by one, but we reviewed their main advantages in the
quantity of water produced. The yield of a solar still may
vary depending on two groups of variables. Firstly, variables
such as solar radiation, location, and wind velocity; secondly,
geometrical and structural characteristics may influence as
well the performance of these solar stills, such as CBA rate,
coating material, type of solar still, use of PCM materials and

Fig. 10. Integrated production scheme for the use of inland
desalination brine [147,151]. Copyright, reprinted with permis-
sion from Elsevier.
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solar collectors, among others. The solar collectors and solar
stills are similar systems, where in the first one the sunlight
is reflected in one point using mirrors, then a fluid is heated
for a specific purpose. A system composed of solar stills
together with a solar collector has shown much better results
than each one working individually, even in many experi-
ments are used PCM materials to store energy through the
day and releasing in non-daylight hours. For example, one
outdoor experiment with a Basin type multi-stage solar still
with solar collector, presented a yield of 11.56 L/d with a sin-
gle basin, a 96% increase using two basins, then a 25% plus
with three basins. A still-standing problem with the major-
ity of wastewater techniques is the generation of toxic by-
products, either chemical or biological.

Nevertheless, the AOP, like photocatalysis belongs to
clean technologies, where the water pollutants are degraded
into CO, and H,O. Therefore, the AOP has become a wor-
thy eco-friendly technique to obtain freshwater, where the
by-products are highly minimized due to the reusability of
the semiconductors, but, the initial costs and the problem of
UV light source, still being a problem. In conclusion, even if
high-quality water is produced from whatever technique, it
is imperative to keep the by-product’s environmental impact
as low as possible to obtain a feasible system for both, the
governments and the environment.
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