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ABSTRACT 

This review suggests the concept of the best available technology of water/wastewater treatment and seawater desalina-

tion which is in fact a simulation of the seawater distillation at the open sky: coagulation in salty water aerated basin/ 

coagulation using seawater as coagulant solution with distillation using stored solar energy followed by waterfall on a 

natural mountain. This natural, green, and technico-economical technology is composed of three steps: the first one is 

coagulation which may be achieved: 1) in salty water aerated basin (air stripping, AS; dissolved air flotation, DAF) 

where the raw water is “diluted” in seawater; or 2) in “conventional” coagulation using seawater as coagulant solution 

instead of alum/ferric salts. The first option seems to be more natural as it simulates river water dilution in seawater and 

the second one is more practical for “rapid” water consummation. For colloids and microorganisms’ removal, double- 

layer compression and charge neutralisation, as main coagulation and disinfection mechanisms, would be involved in 

the first and second options, respectively. Aerated basin (AS/DAF) reproduces the natural aeration to simulate healthy 

natural water basin. Using stored solar energy, distillation as the best liquid-solid/liquid-liquid separation process pro-

vides the removal of dissolved pollutants. For well balanced calco-carbonic equilibrium, the last step of this green 

treatment is the waterfall on a natural mountain providing useful gases, dissolved oxygen and carbon dioxide, and min-

eral salts to the water. 
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1. Introduction 

Although water is a renewable resource and we use little 

more than 10% of the total precipitation surplus for pub- 

lic water-supply, irrigation, and industrial processes, its 

availability is restricted through an uneven distribution, 

both in time and space. In this respect, there is no essen- 

tial difference between ancient times and the present day; 

society has always experienced problems with water: too 

little, too much, too variable and too polluted. Over more 

than 6000 years mankind has tried to manage these water 

problems by intervening in its natural courses through 

redistribution, storage, and regulation, to accommodate 

their requirements for irrigation, drainage, flood protec- 

tion, drinking water, sanitation, and power generation 

[1,2].  

Health and aesthetics are the principal motivations for 

water treatment [3,4]. In the late 1800s and early 1900s, 

acute waterborne diseases, such as cholera and typhoid  

fever, spurred development and proliferation of filtration 

and chlorination plants. Subsequent identification in wa- 

ter supplies of additional disease agents (such as Le- 

gionella, Cryptosporidium, and Giardia) [5] and con- 

taminants (such as cadmium and lead) resulted in more 

elaborate pretreatments to enhance filtration and disin- 

fection [6]. Additionally, specialised processes such as 

granular activated carbon (GAC) adsorption and ion ex- 

change were occasionally applied to water treatment [7] 

to control taste- and odour-causing compounds and to 

remove contaminants such as nitrates. In addition, water 

treatment (Table 1) can be used to protect and preserve 

the distribution system [8]. 

A variety of developments in the water quality field 

since the 1970s and an increasing understanding of 

health effects [4] have created an upheaval in the water 

treatment [7] field. With the identification in water of 

low levels of potentially harmful organic compounds, 

coliform-free and low-turbidity water is no longer suffi-  
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Table 1. Selection of unit processes for the removal of spe-

cific parameters [3]. 

Parameter Water treatment process options 

Algae 
Powdered activated carbon adsorption,  

microscreens, rapid filtration 

Colour Activated carbon adsorption, C/F, filtration 

Floating matter Coarse screens 

Hardness Coagulation, filtration, lime softening 

Coliforms  

>100 per 100 mL−1 
Pre-chlorination, coagulation, filtration, 

post-chlorination 

>20 per 100 mL−1 Coagulation, filtration, post-chlorination 

<20 per 100 mL−1 Post-chlorination 

Hydrogen sulphide Aeration 

Fe and Mn Pre-chlorination, aeration, coagulation, filtration

Odour and taste Aeration, activated carbon adsorption 

Suspended solids Fine screens, microscreens 

Trace organics Activated carbon adsorption 

Turbidity Coagulation, sedimentation, post-chlorination 

 

cient. New information regarding inorganic contaminants, 

such as lead, is forcing suppliers to tighten control of wa- 

ter quality within distribution systems. Increasing pres- 

sures on watersheds have resulted in a heavier incoming 

load of microorganisms to many treatment plants. Al- 

though a similarly intense reevaluation of the aesthetic 

aspects of water quality has not occurred, aesthetic qual- 

ity is important. Problems, such as excessive minerals, 

fixture staining, and colour, do affect consumer accep- 

tance of the water supply. However, significant advances 

in the identification of taste- and odour-causing organ- 

isms and their metabolites have occurred within the last 

two decades [8]. 

Coagulation/flocculation (C/F) may be broadly de- 

scribed as chemical and physical processes that mix co- 

agulating chemicals [9,10] and flocculation aids with wa- 

ter [11]. The overall purpose is to form particles large 

enough to be removed by the subsequent settling or fil- 

tration processes [12-14]. Particles in source water that 

can be removed by C/F, sedimentation [15], and filtration 

[16] include colloids, suspended material, bacteria, and 

other organisms [17]. The size of these particles may 

vary by several orders of magnitude. Some dissolved 

material can also be removed through the formation of 

particles in the C/F processes. The importance of dis- 

solved material removal has become much more critical 

in recent years with increased regulatory emphasis on 

disinfection by-products (DBPs) and total organic carbon 

(TOC) removal [18,19]. 

This review is divided in two main sections. The first 

one concerns green, such as air stripping (AS), dissolved 

air flotation (DAF) and distillation and greenable proc- 

esses such as coagulation using seawater salts as coagu- 

lant. The second section discusses briefly simulation of 

seawater distillation.  

2. Green and Greenable Processes 

2.1. Air Stripping (AS) and Aeration 

Several different types of AS and aeration systems (Fig- 

ure 1) are widely used for a variety of water treatment 

applications (Table 2) [7,20]. The most common types are 

diffused-air, surface aerator, spray, and packed-tower 

systems [21]. Water treatment applications for these sys- 

tems include the absorption of reactive gases for water 

stabilisation and disinfection, precipitation of inorganic 

contaminants, and AS of volatile organic compounds 

(VOCs) and nuisance-causing dissolved gases [22,23]. 

The diffused-aeration (or bubble) systems are primarily 

used for the absorption of reactive gases, such as oxygen 

(O2), ozone (O3), and chlorine (Cl2). Oxygen is fre- 

quently used for the oxidation/precipitation of iron and 

manganese. Ozone is used for disinfection, colour re- 

moval, and oxidation of TOC. Chlorine is primarily used 

for disinfection and sometimes as a pre-oxidant for the 

oxidation of iron and manganese or for other purposes. 

Diffused-aeration systems have also been used for the 

stripping [23] of odour-causing compounds and VOCs. 

Surface-aeration systems are primarily used for VOCs 

removal. The packed-tower and spray nozzle systems are 

primarily used for the removal of NH3, CO2, H2S, and 

VOCs. The packed-tower systems include counter-cur- 
 

Table 2. Classification of adsorptive bubble separation pro- 

cesses [21]. 

I. Classification according to the technique used for generating  

fine gas bubbles: 

1. Dissolved gas system (Example: DAF) 

2. Dispersed gas system (Example: Dispersed air flotation) 

3. Vaccum system (Example: Vaccum air flotation) 

4. Electrolysis system (Example: Electroflotation) 

5. Biological system (Example: Biological flotation) 

II. Classification according to the technique used for separating 

impurities or pollutants: 

1. Foam separation: 

A. Foam fractionation 

B. Froth flotation 

B1. Precipitate flotation 

B2. Ion flotation 

B3. Molecular flotation 

B4. Microflotation and colloid flotation 

B5. Macroflotation and ore flotation 

B6. Adsorption flotation 

B7. Adsorbing colloid flotation 

2. Nonfoaming adsorptive bubble separation 

A. Bubble fractionation 

B. Solvent sublation 

C. Nonfoaming flotation 

C1. Nonfoaming precipitate flotation 

C2. Nonfoaming adsorption flotation 

C3. Nonfoaming flotation thickening  
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Figure 1. Waterfalls in the “virgin” Earth providing dissolved gas (O2(g), CO2(g)) and salts (Ca2+, Mg2+) to water for well bal-

anced calco-carbonic equilibrium. 

 

rent flow, co-current flow, and cross-flow configurations. 

Spray nozzle systems can include tower and fountain- 

type configurations [24]. 

 

Hand et al. [24] discussed a fundamental understand- 

ing of the theory of gas transfer, followed by a descrip- 

tion of the various unit operations, development of the 

design equations, and example design calculations. As 

unit operations, Hand et al. [24] presented packed towers, 

diffused or bubble aeration, surface aeration, spray aera- 

tors. In this review, we give here some generalities about 

the three last unit operations which are practically more 

convenient to actual (conventional) water treatment plants 

[7] since they can be added or introduced in sedimenta- 

tion basin [15]. More theoretical details and practical 

examples may be found in this good reference [24]. 

2.1.1. Diffused or Bubble Aeration 

The diffused or bubble aeration process consists of con- 

tacting gas bubbles with water for the purposes of trans- 

ferring gas to the water (e.g., O3, CO2, O2) or removing 

VOCs from the water by stripping [23]. The process can 

be carried out in a clear well or in special rectangular 

concrete tanks typically 2.74 to 4.57 m (9 to 15 ft) in 

depth [24]. Figure 2 displays different types of diffused 

aeration systems. The most commonly used diffuser sys- 

tem consists of a matrix of perforated tubes (or mem- 

branes) or porous plates arranged near the bottom of the 

tank to provide maximum gas-to-water contact. Various 

types of diffusers and diffuser system layouts are pre- 

sented in the Environmental Protection Agency’s tech- 

nology transfer design manual on fine-pore aeration sys- 

tems (loc.cit.,EPA/625/1-89/023) [24]. Jet aerator de- 

vices are also used to provide good air-to-water contact. 

These aerators consist of jets that discharge fine gas bub- 

bles and provide enhanced mixing for increased absorp- 

tion efficiency [24]. 

Figure 2. Schematic of various bubble aeration systems 

[24]. 

 

type aerator consists of several brushes attached to a ro- 

tary drum, which is half-submerged in water in the centre 

of the tank. As the drum rotates, it disperses the water 

into the surrounding air providing reasonable contact 

between the air and water for mass transfer to take place. 

The turbine-type aerator consists of a submerged propel- 

ler system located in the centre of the tank and sur- 

rounded by draft tubs. As the submerged propeller rotates 

it draws water from outside the draft tubs through the 

inner section and into the air creating contact between the 

air and water. These types of systems have been exten- 

sively used in the aeration of wastewater [25] and their 

design and operation have been well documented [24]. 

2.1.2. Surface Aeration 

2.1.3. Spray Aerators Surface aeration has been primarily used for oxygen ab- 

sorption and the stripping of gases and volatile contami- 

nants [23] when the required removals are less than about 

90 percent. Surface aeration devices consist of the brush 

type or turbine type, as shown in Figure 3. The brush-  

Spray aerators have been used in water treatment for 

many years to oxygenate groundwater [26] for the pur- 

pose of iron and manganese removal and the AS of gases 

(i.e., CO2, H2S) and VOCs [23]. Effective iron oxidation  
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Figure 3. Schematic of various surface aeration devices [24]. 

 

by aeration usually requires at least 1 h of retention time 

after aeration. Manganese oxidation by aeration is very 

slow and not practical for waters with pH values below 

9.5. Manganese removal usually requires a stronger oxi- 

dant. CO2 and H2S removals have ranged from 50 to 90 

percent depending upon the pH of the water. VOCs re- 

movals have been as high as 90 percent depending upon 

the Henry’s law constant [22,24,27]. Figure 4 displays a 

schematic of a single fountain-type spray aerator. 

Spray aerator systems consist of a series of fixed noz- 

zles on a pipe grid. The grids can be placed in towers, 

commonly known as spray towers (or fountains), that 

spray onto the surface [28] of raw water reservoirs. Pres- 

surised nozzles disperse fine water droplets into the sur- 

rounding air, creating a large air-water surface for mass 

transfer. Two types of pressurised spray nozzles, hollow- 

and full-cone, are commonly used in water treatment [7]. 

Full-cone nozzles deliver a uniform spray pattern of 

droplets. The hollow-cone nozzle delivers a circular 

spray pattern with most of the droplets concentrated at 

the circumference. The hollow-cone nozzle is generally 

preferred over the full-cone type because it provides 

smaller droplets for better mass transfer even though it 

has a larger pressure drop requirement. Hollow-cone 

spray droplets are around 5 mm and are prone to plug- 

ging. It is recommended that in-line strainers be installed 

in the spray nozzle manifold to prevent plugging [24]. 

The fountain-type spray aerators have been more 

widely used in water treatment because they can be eas- 

ily adapted to existing water treatment systems. The de- 

sign approach and application of the fountain type is 

presented in [24]. 

2.2. Coagulation 

Coagulation [18,29,30] is a process for increasing the  

 

Figure 4. Schematic of a single-fountain spray aerator [24]. 

 

tendency of small particles in an aqueous suspension to 

attach to one another and to attach to surfaces such as the 

grains in a filter bed (Table 3). It is also used to effect 

the removal of certain soluble materials by adsorption or 

precipitation [31]. The coagulation process typically in- 

cludes promoting the interaction of particles to form lar- 

ger aggregates [18]. It is an essential component of con- 

ventional water treatment systems [7] in which the proc- 

esses of coagulation, sedimentation [15], filtration, and 

disinfection are combined to clarify the water and re- 

move and inactivate microbiological contaminants such 

as viruses, bacteria, and the cysts and oocysts of patho- 

genic protozoa [32]. Although the removal of microbi- 

ological contaminants continues to be an important rea- 

son for using coagulation, a newer objective, the removal 

of natural organic material (NOM) to reduce the forma- 

tion of DBPs, is growing in importance [19,33-35]. 

Aluminium and ferric iron salts have long been used to 

remove colour caused by NOM [36]. These organic sub- 

stances are present in all surface waters and in many 

groundwaters [26]. They can be leached from soil, dif- 

fused from wetland sediments [37], and released by 

plankton and bacteria. NOM adsorbs on natural particles 

and acts as a particle-stabilising agent in surface water 

[35]. It may be associated with toxic metals and synthetic 

organic chemicals (SOCs) [38]. NOM includes precursor 

compounds that form health-related by-products [4] 

when chlorine and other chemical disinfectants are used 

for disinfection and oxidation. For these reasons, consid- 

erable attention is being directed at the removal of NOM 

by coagulation in water treatment, even when colour re- 

moval is not the principle objective [7]. A treatment tech- 

nique requirement in the U.S. Environmental Protection 

Agency’s (USEPA’s) Stage 1 Disinfection By-Products 

Rule requires NOM removal in conventional treatment 

systems by the practice of enhanced coagulation [11, 

18,33,39]. 

Coagulation has been an important component of high- 

rate filtration plants in the United States since the 1880s. 

Alum and iron (III) salts have been employed as coagu-  

Copyright © 2013 SciRes.                                                                                  GSC 



D. GHERNAOUT 72 

Table 3. Terms used in coagulation literature [18]. 

Term                                Definition 

Coagulation 

The process in which chemicals are added to water, causing a re-

duction of the forces tending to keep particles apart. Particles in

source water are in a stable condition. The purpose of coagulation is to

destabilise particles and enable them to become attached to other

particles so that they may be removed in subsequent processes. Par-

ticulates in source waters that contribute to colour and turbidity are

mainly clays, silts, viruses, bacteria, fulvic and humic acids, minerals 

(including asbestos, silicates, silica, and radioactive particles), and

organic particulates. At pH > 4.0, particles or molecules are generally

negatively charged. The coagulation process physically occurs in a

rapid mixing process. 

Mixing 

Commonly referred to as flash mixing, rapid mixing, or initial mix-

ing. The purpose of rapid mixing is to provide a uniform dispersion of

coagulant chemical throughout the influent water. 

Enhanced coagulation  

A phrase used by the US Environmental Protection Agency

(USEPA) in the Disinfectants and Disinfection By-products Rule. The

rule requires that the coagulation process of some water supplies be

operated to remove a specified percentage of organic material (OM)

from the source water, as measured by total organic carbon (TOC).

Enhanced coagulation (removal of TOC) can be achieved in most

cases by either increasing coagulant chemical dosage or adjusting the

pH during the coagulation reaction. 

Coagulant chemicals 

Inorganic or organic chemicals that, when added to water at an op-

timum dosage, cause particle destabilisation. Most coagulants are

cationic when dissolved in water and include chemicals such as alum,

ferric salts, lime, and cationic organic polymers. 

Flocculation 

The agglomeration of small particles and colloids to form settleable 

or filterable particles (flocs). Flocculation begins immediately after

destabilisation in the zone of decaying mixing energy following rapid

mixing, or as a result of the turbulence of transporting flow. In some

instances, this incidental flocculation may be an adequate flocculation 

process. A separate flocculation process is most often included in the

treatment train to enhance contact of destabilised particles and to build

floc particles of optimum size, density, and strength. 

Flocculation aids  

Chemicals used to assist in forming larger, denser particles that can

be more easily removed by sedimentation or filtration. Cationic, ani-

onic, or non-ionic polymers are most often used in dosages of less

than 1.0 mg L−1. 

Direct filtration 

A treatment train that includes C/F, and filtration, but excludes a

separate sedimentation process. With direct filtration, all suspended

solids are removed by filtration. In the process sometimes called

in-line filtration, flocculation occurs in the conduit between the rapid

mixing stage and the filter, in the volume above the filter media, and

within the filter media. 

Solids contact clarifiers  

Proprietary devices that combine rapid mixing, flocculation, and

sedimentation in one unit. These units provide separate C/F zones and

are designed to cause contact between newly formed floc and settled

solids. 

 

lant chemicals [9] since the beginning, with alum having 

the most widespread use. In the 1930s, Baylis perfected 

activated silica as a “coagulant aid”. This material, 

formed on site, is an anionic polymer or a small, nega- 

tively charged colloid [40]. Synthetic organic polymers 

[41] were introduced in the 1960s, with cationic poly- 

mers having the greatest use. Natural starches were em- 

ployed before the synthetic compounds. Polymers have 

helped change pretreatment and filtration practice, in- 

cluding the use of multimedia filters and filters with deep, 

uniform grain-size media, high-rate filtration, direct fil- 

tration (rapid mixing, flocculation, and filtration, but no 

sedimentation), and in-line filtration (rapid mixing and 

filtration only) [23,33]. 

Coagulants are also being used to enhance the per- 

formance of membrane microfiltration systems [42] and 

in pretreatment that prolongs the bed life of GAC con- 

tactors [43]. The development of new chemicals, ad- 

vances in floc [44] removal process and filter design, and 

particle removal performance standards and goals have 

stimulated substantial diversity in the design and opera- 

tion of the coagulation process, and change can be ex- 

pected to continue into the future [45]. In evaluating 

high-rate filtration plants that were producing high-qual- 

ity filtered water, Cleasby et al. [46] concluded, “Chemi- 

cal pretreatment prior to filtration is more critical to suc- 

cess than the physical facilities at the plant.” Their re-

port recommends that plant staff use a well-defined 

coagulant chemical control strategy that considers vari-

able rawwater quality. There is no question that high- 

rate (rapid sand) filtration plants are coagulant-based 

systems that work only as well as the coagulants that are 

used [32,33]. 

2.2.1. Properties of Colloidal Systems 

Colloids are very small particles that have extremely 

large surface area [47]. Colloidal particles [48] are larger 

than atoms and ions but are small enough that they are 

usually not visible to the naked eye. They range in size 

from 0.001 to 10 μm resulting in a very small ratio of 

mass to surface area. The consequence of this smallness 

in size and mass and largeness in surface area is that in 

colloidal suspensions [49]: a) gravitational effects are 

negligible, and b) surface phenomena predominate. 

Because of their tremendous surface, colloidal parti- 

cles have the tendency to adsorb various ions from the 

surrounding medium that impart to the colloids an elec- 

trostatic charge relative to the bulk of surrounding water 

[40,50]. The developed electrostatic repulsive forces 

prevent the colloids from coming together and, conse- 

quently, contribute to their dispersion and stability. 

1) Electrokinetic Properties 

The electrokinetic properties of colloids can be attributed 

to the following three processes [33,49]: 

a) Ionisation of groups within the surface of particles. 

b) Adsorption of ions from water surrounding the par-

ticles. 

c) Ionic deficit or replacement within the structure of 

particles. 

Organic substances and bacteria acquire their surface 
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charges [40] as a result of the ionisation of the amino and 

carboxyl groups as shown below: 

R-NH3
+ → R-NH2 + H+            (1) 

R-COOH → R-COO- + H+           (2) 

The resulting charge on the surface of such particles is 

a function of the pH [40]. At high pH values or low hy- 

drogen ion concentrations, the above reactions shift to 

the right and the colloid is negatively charged. At a low 

pH, the reactions shift to the left, the carboxyl group is 

not ionised, and the particle is positively charged due to 

the ionised amino group. When the pH is at the isoelec- 

tric point (IEP), the particle is neutral, i.e., neither nega- 

tively nor positively charged. Proteinaceous material, 

containing various combinations of both amino and car- 

boxyl groups, are usually negatively charged at pH val- 

ues above 4 [47]. 

Oil droplets adsorb negative ions, preferably hydrox- 

ides (OH
−), from solution and, consequently, they de- 

velop a negative charge [40,50]. Some other neutral par- 

ticles adsorb selected ions from their surrounding me- 

dium such as calcium (Ca2+) or phosphate  3

4PO   ions 

rendering them either positively or negatively charged, 

respectively.  

Clays and other colloidal minerals may acquire a 

charge as a result of a deficit or imperfection in their in- 

ternal structure [40]. This is known as isomorphic re- 

placement [47]. Clays consist of a lattice formed of 

cross-linked layers of silica and alumina. In some clays 

there are fewer metallic atoms than nonmetallic ones 

within the mineral lattice producing a negative charge 

[40]. In others, higher valency cations may be replaced 

by lower valency cations during the formation of the 

mineral lattice that renders the clay particles negatively 

charged [40]. Examples of such imperfection include: a) 

the substitution of an aluminium ion (Al
3+) by either 

Mg2+ or Fe2+; and b) the replacement of Si4+ cation by 

Al3+. According to Letterman et al. [33], the type and 

strength of the charge resulting from this imperfection in 

the clay structure are independent of the surrounding 

water properties and pH. This is in contrast to the first 

two processes discussed above, in which both pH and 

ionic makeup of the surrounding solution play a big role 

in determining the sign and magnitude of the acquired 

charge on colloidal particles [47]. 

2) Hydration 

Water molecules may also be sorbed on the surface of 

colloids, in addition to or in place of, other molecules or 

ions. The extent of this hydration depends on the affinity 

of particles for water. Colloidal particles that have water- 

soluble groups on their surface such as hydroxyl, car- 

boxyl, amino, and sulfonic exhibit high affinity for hy- 

dration and cause a water film to surround the particles. 

Such colloids are classified as hydrophilic (water loving) 

particles. On the other hand, colloids that do not show 

affinity for water and do not have bound water films are 

classified as hydrophobic (water hating) [47]. 

3) Brownian Movement 

Colloids exhibit a continuous random movement caused 

by bombardment by the water molecules in the disper- 

sion medium [51]. This action, called Brownian move- 

ment, imparts kinetic energy to the particles that tends to 

cause an increase in the frequency of collisions [44], thus 

promoting coagulation. Elevated temperature increases 

molecular velocity resulting in more kinetic energy and 

more intense Brownian movement [44,47]. 

4) Tyndall Effect 

Because colloidal particles have an index of refraction 

different from water, light passing through the dispersion 

medium and hitting the particles will be reflected. The 

turbid appearance due to this interference with the pas- 

sage of light is termed the Tyndall effect. However, it 

should be noted that this might not always be the case. 

Water-loving, hydrophilic, colloids may produce just a 

diffuse Tyndall cone or none at all. The reason for this 

behaviour can be attributed to the bound water layer sur- 

rounding colloids. These particles will have an index of 

refraction not very different from that of the surrounding 

water. Hence, the dispersed phase and the dispersion 

medium behave in a similar fashion toward the passage 

of light [47]. 

2.2.2. Destabilisation of Colloids 

Destabilisation [44] of colloidal particles is accomplished 

by coagulation through the addition of hydrolysing elec- 

trolytes such as metal salts and/or synthetic organic 

polymers [52]. Upon being added to the water, the action 

of the metal salt is complex [33,47]. It undergoes disso- 

lution, the formation of complex highly charged hydro- 

lysed metal coagulants (hydroxyoxides of metals), inter- 

particle bridging [11,53], and the enmeshment of parti- 

cles into flocs [44]. Polymers work either on the basis of 

particle destabilisation or bridging between the particles 

[53]. 

The destabilisation process is achieved by the follow- 

ing four mechanisms of coagulation [11,53-55]: 

a) Double-layer compression (DLC). 

b) Adsorption and charge neutralisation (CN). 

c) Entrapment of particles in precipitate (sweep co- 

agulation, SC). 

d) Adsorption and bridging between particles. 

1) Double-Layer Compression 

When high concentrations of simple electrolytes are in- 

troduced into a stabilised colloidal dispersion, the added 
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counter-ions penetrate into the diffuse double layer [51] 

surrounding the particles rendering it denser and hence 

thinner and smaller in volume. The addition of counter- 

ions with higher charges [40], such as divalent and triva- 

lent ions, will result in even steeper electrostatic potential 

gradients and more rapid decrease in charge with dis- 

tance from the surface of the particles. The net repulsive 

energy (see Figure 5) would become smaller or even 

would be completely eliminated, allowing the particles to 

approach each other and agglomerate [47]. 

A mathematical model that describes this coagulation 

mechanism is explained in detail in [56]. The prediction 

of this model is in agreement with what is known as the 

Schultze-Hardly rule. This rule states that the coagula- 

tion of colloidal particles is achieved by ions of added 

electrolytes, which carry opposite charge to that of the 

colloids, and that the destabilisation capability [44] of the 

ions rises sharply with ion charge. Table 4 [49] illus- 

trates the relative effectiveness of various electrolytes in 

the coagulation of negatively and positively charged col- 

loids. For example, the relative power of Al
3+, Mg2+, and 

Na+ for the coagulation of negative colloids is shown to 

vary in the ratio of 1000:30:1. A similar ratio is observed 

for the relative capability of , , and Cl− for 

the coagulation of positively charged colloids. 

3

4PO  2

4SO 

2) Adsorption and Charge Neutralisation (CN) 

For all practical purposes, the ability of a chemical sub- 

stance to destabilise and coagulate colloidal particles is 

the result of a combination of several mechanisms. Long- 

chained organic amines are often mentioned as being 

typical coagulants that function by adsorption and elec- 

trostatic neutralisation [33,47,49]. The positively charged 

organic amine molecules (R- 3 ) are easily and 

quickly attached to negatively charged colloidal particles. 

The charge on the particles gets neutralised and the elec- 

trostatic repulsion is decreased or eliminated resulting in 

the destabilisation of the colloids and hence their ag- 

glomeration [40]. The organic amines are hydrophobic 

because there is a lack of interaction between the CH2 

groups in their R-chain and the surrounding water. As a 

result, these positively charged ions are driven out of the 

water and get adsorbed on the particulate interface. An 

overdose of R- 3  counter-ions, however, can lead to 

charge reversal from negative to positive and the restabi- 

lisation of the dispersion system. 

NH

NH

When coagulants such as metal salts are added to wa- 

ter, they dissociate yielding metallic ions, which undergo 

hydrolysis and form positively charged metallic hy- 

droxyoxide complexes [47]. The commonly used coagu- 

lants, trivalent salts of aluminium and iron, produce nu- 

merous species because the hydrolysis products them- 

selves tend to polymerise to give polynuclear metallic 

hydroxides [47]. Examples of aluminium salt polymers  

 

Figure 5. Effect of interparticle forces on the stability of a 

colloidal system [47]. 

 

Table 4. Relative coagulation power of electrolytes [47]. 

Relative power of coagulation 
Electrolyte

Positive colloid Negative colloid 

NaCl 1 1 

Na2SO4 30 1 

Na3PO4 1000 1 

BaCl2 1 30 

MgSO4 30 30 

AlCl3 1 1000 

Al2(SO4)3 30 >1000 

FeCl3 1 1000 

Fe2(SO4)3 30 >1000 
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polyvalent complexes possessing high positive charges 

get adsorbed on to the surface of the negatively charged 

colloids, the result is again a neutralisation of the charges, 

decrease in the repulsion energy, and destabilisation of 

the colloids. In a similar fashion to what occurs with the 

organic amines, an overdose of metallic salts could re- 

verse the colloidal charge and restabilise the particles. 

3) Entrapment of Particles in Precipitate 

When the coagulants alum [Al2(SO4)3] or ferric chloride 

(FeCl3) are added in high enough concentration, they will 

react with hydroxides (OH−) to form metal hydroxide 

precipitates, Al(OH)3(s) or Fe(OH)3(s) respectively. The 

colloidal particles get entrapped in the precipitates either 

during the precipitate formation or just after. This type of 

coagulation by enmeshment of colloids in precipitates is 

commonly called sweep coagulation (SC) [33,47,55]. 

There are three elements that influence this coagula- 

tion mechanism [47]: 

a) Oversaturation: The rate of precipitation is a func- 

tion of oversaturation with the metal hydroxide. To ob- 
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tain fast precipitation and efficient SC, high concentra- 

tions of Al(OH)3(s) or Fe(OH)3(s) are required. 

b) Presence of anions: The rate of precipitation is im- 

proved by the presence of various anions in water. The 

most effective anions in this respect are the sulphate ions. 

c) Concentration of colloids: The rate of precipitation 

is also improved with higher concentration of colloidal 

particles. The reason for this is that the colloids them- 

selves could act as nuclei for the formation of precipi- 

tates. In this case, it can be concluded that lower rather 

than higher coagulant dosage will be required to coagu- 

late water having higher colloidal particle concentration. 

4) Adsorption and Bridging between Particles 

Polymers destabilise colloidal particles through the for- 

mation of bridges that extend between them [47]. The 

polymers have reactive groups that bind to specific sites 

on the surface of the colloidal particles. When a group on 

a polymer molecule attaches to a colloid, the remainder 

of the long-chain molecule extends away into the water. 

Once the extended portion of the polymer gets attached 

to another colloidal particle, the two particles become 

tied together or bridged by the polymer. If no other parti- 

cle is available or if there is an overdose of polymer, the 

free extended portions of the polymer molecule would 

wrap around the same original particle, which could ef- 

fectively bring about the restabilisation of the colloid. 

Restabilisation can also occur due to aggressive mixing 

or extended agitation, which may break the interparticle 

bridging and allow the folding back of the freed polymer 

portions around the same original particle (see Figure 6). 

2.2.3. Phenomena of Coagulation 

For Eckenfelder [29], coagulation results from two basic 

phenomena: 

 Perikinetic (or electrokinetic) coagulation, in which 

the zeta potential (ZP) is reduced by ions or colloids 

of opposite charge to a level below the van der Waals 

attractive forces [57-59], and 

 Orthokinetic coagulation—fluid motion [44,60]—in 

which the micelles aggregate and form clumps that 

agglomerate the colloidal particles. 

The addition of high-valence cations depresses the 

particle charge and the effective distance of the double 

layer, thereby reducing the ZP [57]. As the coagulant 

dissolves, the cations serve to neutralise the negative 

charge on the colloids. This occurs before visible floc 

formation [44], and rapid mixing which “coats” the col- 

loid is effective in this phase. Microflocs are then formed 

which retain a positive charge in the acid range because 

of the adsorption of H
+. These microflocs also serve to 

neutralise and coat the colloidal particle. Flocculation 

agglomerates the colloids with a hydrous oxide floc. In 

this phase, surface adsorption is also active. Colloids not 

initially adsorbed are removed by enmeshment in the floc 

[23,29]. 

A desired sequence of operation for effective coagula-

tion was outlined [29]. If necessary, alkalinity should 

first be added (bicarbonate has the advantage of provid-

ing alkalinity without raising the pH). Alum or ferric 

salts are added next; they coat the colloid with Al3+ or 

Fe3+ and positively charged microflocs. Coagulant aids 

such as activated silica and/or polyelectrolyte [41] for 

floc build-up [45,61] and ZP control, are added last. Af- 

ter addition of alkali and coagulant, a rapid mixing of 1 

to 3 min is recommended, followed by flocculation [23], 

with addition of coagulant aid, for 20 to 30 min. Destabi- 

lisation can also be accomplished by the addition of cati- 

onic polymers, which can bring the system to the IEP 

without a change in pH. Although polymers [3,62] are 10 

to 15 times as effective as alum as a coagulant they are 

considerably more expensive (Tables 5 and 6). The 

mechanism of the coagulation process is shown in Fig- 

ure 7.  

However, DLC and CN may be classified as elec- 

trokinetic coagulation and SC and bridging between par- 

ticles [63] may be attributed to orthokinetic coagulation 

[60] (Figure 8). 

2.2.4. Polymer Toxicity 

The normally used anionic and nonionic polymers are of 

low toxicity generally, but cationic types are more toxic, 

especially to aquatic organisms. Concerns about con- 

taminants have led Japan and Switzerland not to permit 

the use of polyelectrolytes in drinking water treatment, 

whilst Germany and France have set stringent limits. The 

monomers are more toxic than the polymers [64]. Limits 

on the level of monomer are strictly controlled, espe- 

cially with acrylamide products, where as a general rule 

the maximum allowable content of free acrylamide is 

0.025%, and the residue in drinking water is limited to 

0.5 μg·L
−1 [41].  

2.3. Distillation  

Distillation is the most commonly used method for the 

separation of homogeneous fluid mixtures [27,65]. Sepa- 

ration exploits differences in boiling point, or volatility, 

between the components in the mixture [66,67]. Re- 

peated vaporisation and condensation of the mixture al- 

lows virtually complete separation of most homogeneous 

fluid mixtures [68]. The vaporisation requires the input 

of energy [69,70]. This is the principal disadvantage of 

distillation: its high energy usage [71,72]. However, dis- 

tillation has three principle advantages over alternative 

methods for the separation of homogeneous fluid mix- 

tures [73]: 

1) The ability to handle a wide range of feed flow rates. 

Many of the alternative proc sses for the separation of  e  
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Figure 6. Conceptual view of coagulation reactions [54]. 
 

Table 5. Coagulants and flocculants, adjustment of condi-

tions or addition of specific chemicals achieves required 

increase in particle size [62]. 

Metal salts, especially of aluminium or ferric iron 

(Al2(SO4)3·18H2O; Fe2(SO4)3·9H2O) 

Natural flocculants 

     Starch 

     Gums 

     Tannin 

     Alginic acid 

     Sugar/sugar acid polymers 

     Polyglucosamine (chitosan) 

Synthetic flocculants 

     Polyacrylamides 

     Polyamines/imines 

     Cellulose derivatives (e.g. carboxymethyl cellulose) 

     Polydiallydimethyl ammonium chloride 

Chilling temperatures below 20˚C, particularly yeast cells 

pH adjustment in range 3 - 6 

Concentration-increases particle concentration, increasing 

collision frequency 

 

fluid mixtures can only handle low flow rates, whereas 

distillation can be designed for the separation of ex- 

tremely high or extremely low flow rates. 

2) The ability to separate feeds with a wide range of 

feed concentrations. Many of the alternatives to distilla- 

tion can only separate feeds that are already relatively 

pure. 

3) The ability to produce high product purity. Many of 

the alternatives to distillation only carry out a partial 

separation and cannot produce pure products. 

It is no accident that distillation is the most common 

method for the separation of homogeneous mixtures [74]. 

It is a versatile, robust and well-understood technique 

[73]. 

2.3.1. Process Description 

Distillation is a physical process for separating a liquid 

mixture into its constituents [75]. When such a mixture is 

partially vaporised, the vapour normally has a composi- 

tion different from that of the residual liquid [15]. Im- 

plied in the method is the condensation of the vapour to 

form a product liquid, called the distillate [68]. The re- 

sidual liquid product is often called the bottoms. 

Distillation in crude form was practiced over 2000 

years ago, usually for the concentration of alcoholic spir- 

its. The first formalised documentation of distillation 

appears to be the treatise by Brunschwig in 1500 [75]. 

Distillation has since emerged as the key method for 

separating liquid mixtures in chemical processing and 

related industries because of its versatility, simplicity, 

economy, and many years of experience. 

Early distillations were of the batch, takeover type, 

sometimes called simple distillation or differential distil- 

lation. A charge of liquid mixture is vaporised from a 

still, or stillpot, by heat addition, and the product vapour 

is condensed into one or more fractions [15]. Thus the 

term fractional distillation, or fractionation, has become 

associated with any distillation operation designed to 

obtain defined or specified constituent fractions [75].  

Most distillations today are of the multistage rectifica- 

tion type, operated continuously or in the batch mode 

[75]. They are characterised by vertical vessels (distilla- 

tion columns) with internal contacting devices (usually 

rays or packings) that prov de intimate contacting of t
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Table 6. Properties of variety of coagulants [3]. 

Type of water Alum Ferric salts Polymer 

Type 1: high turbidity, high  

alkalinity (easiest to coagulate) 

Effective over pH range 5 - 7. No 

need to add alkalinity or use  

coagulant aid 

Effective over pH range 6 - 7. No 

need to add alkalinity or use  

coagulant aid 

Cationic polymers usually very 

effective. Anionic and non-ionic 

may also work 

Type 2: high turbidity,  

low alkalinity 

Effective over pH range 5 - 7. May 

need to add alkalinity to control pH. 

Coagulant aid not needed 

Effective over pH range 6 - 7. May 

need to add alkalinity to control pH. 

Coagulant aid not needed 

Cationic polymers usually very 

effective. Anionic and non-ionic 

may also work 

Type 3: low turbidity,  

high alkalinity 

Relatively high dose needed to form 

sufficient floc, pH ~ 7. Coagulant aid 

may help 

Relatively high dose needed to 

form sufficient floc. Coagulant 

aid may help 

Will not work well alone due to low 

turbidity. Adding a clay to increase 

turbidity may be effective 

Type 4: low turbidity, low  

alkalinity (most difficult to  

coagulate) 

Relatively high dose needed to form 

sufficient floc, pH ~ 7. Alkalinity or 

clay needs to be dosed to produce 

type 2 or 3 water 

Relatively high dose needed to form 

sufficient floc, pH ~ 7. Alkalinity or 

clay needs to be dosed to produce 

type 2 or 3 water 

Will not work well alone due to low 

turbidity. Adding a clay to increase 

turbidity may be effective 

 

 

Figure 7. Phenomena of coagulation [29]. 

 

 

Figure 8. Schematic model of C/F process [63]. 

 

vapour and liquid. When operated continuously (the 

usual preferred mode), the towers are normally fed with a 

liquid mixture near the centre of the column, providing a 

stripping zone below the feed point and a rectifying zone 

(or “enriching zone”) above the feed point. A diagram of 

a typical distillation column is shown in Figure 9. Heat 

is added at the base of the column by vapour from a re- 

boiler and is removed at the top of the column in a con- 

denser to provide the distillate product [15]. Part of the 

distillate is returned to the column as reflux liquid. 

2.4. Dissolved Air Flotation (DAF) 

DAF is a solid-liquid separation process for the removal 

of fine suspended material from an aqueous suspension 

[76,77]. The basic principle underlying DAF is Henry’s 

law, which gives the solubility of air in water. According 

to Henry’s law, the solubility of air in water is directly 

proportional to its partial pressure. A supersaturated so- 

lution of water is produced using high pressure in a satu- 

rator. The bubbles are generated by the pressure release  
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Figure 9. Distillation system operated in a continuous mode 

[75]. 

 

of this water stream [12]. These bubbles attach to sus- 

pended material present in the aqueous stream, causing 

them to float to the surface, where they are collected as 

floc [44,76]. 

DAF can be carried out by vacuum or pressurised 

methods [78]. In the vacuum flotation method [23] the 

water to be treated is saturated with air at atmospheric 

pressure. The bubbles are produced by applying a vac- 

uum to the flotation tank, releasing the air as fine bubbles 

[15,79]. The vacuum flotation process has several disad- 

vantages. These are 1) the amount of air available for 

flotation is limited by the vacuum achievable, 2) it is a 

batch process, and 3) it requires special equipment to 

produce and to maintain high vacuum. These disadvan- 

tages limit the application of vacuum flotation and it is 

only used in wastewater [80] sludge thickening [76]. 

The pressure flotation process is the most widely used 

DAF technique [78]. High pressure water is saturated 

with air. This pressurised water forms small bubbles 

when injected into water at atmospheric pressure. Three 

types of pressurisation processes can be used in DAF: 

full flow, partial flow and recycle flow pressurisation. 

The entire inlet stream is pressurised in full flow pressure 

DAF. It is commonly used when the wastewater [80] 

contains large amounts of suspended solids and the pres- 

surisation process does not affect the treatment efficiency  

of the system. Partial flow pressurisation is used where 

the wastewater [81,82] contains moderate to low concen- 

trations of suspended solids. In the recycle flow pres- 

surisation system, 10% - 25% of the clarified effluent is 

recycled through a pressure vessel to the flotation tank. 

The flocculation process [23,83] in not disturbed in the 

recycle flow system because of intense mixing and pres- 

surisation as clear water is pumped. A recycle flow sys- 

tem is cost-efficient because it pressurises only part of 

the water, thus requiring less compressor power. Recycle 

flow pressure flotation is the best-suited system for most 

DAF applications [76]. 

DAF is an effective alternative to sedimentation [15]. 

The advantages and disadvantage of DAF relative to 

sedimentation are presented in Table 7 [76]. 

2.4.1. Process Description 

A schematic diagram of a DAF process for wastewater 

treatment is shown in Figure 10. Its essential elements 

are a flocculation tank, a flotation tank, an air compressor, 

an air saturator, a recycling pump and a hydrosweep sys- 

tem. The wastewater [80,84,85] is pumped to the floccu- 

lation tank after being treated with coagulant/flocculent 

agents such as aluminium sulphate [23,83]. A portion of 

the clarified effluent is recycled for pressurisation. Com- 

pressed air is introduced into the discharge stream of the 

recycle pump, and the water is saturated with air at high 

pressure. The pressurised water stream is introduced to 

the flotation tank through nozzles, where fine bubbles 

(20 - 100 μm) in diameter are formed. The bubbles attach 

themselves to suspended solid particles, causing the ag- 

glomerates to float to the surface of the tank [78]. The 

float can be mechanically skimmed from the surface, and 

the clarified water is taken from the bottom of the flota- 

tion tank [76]. 

2.4.2. Principles of Dissolved Air Flotation (DAF) 

DAF facilities are composed of the following four prin-

cipal steps: 

1) C/F prior to flotation. 

2) Bubble generation. 

3) Bubble-floc collision and attachment in the mixing 

zone [78]. 

4) Rising of the bubble-floc aggregates in a flotation 

tank [76]. 

3. Simulation of Seawater Distillation 

This paper presents the concept of the best available  
 

Table 7. The advantages and disadvantage of DAF relative 

to sedimentation [76]. 

Advantages 

1. Clarification rates are higher in DAF, resulting in smaller  

flocculation tank volumes. 

2. More concentrated sludge solids are produced in DAF than from 

sedimentation. 

3. DAF uses lower amounts of coagulants and flocculent aids. 

4. Oxygenation effects in DAF reduce odour problems. 

5. DAF provides better removal of low density particles and algae, 

which can plug filters. 

Disadvantage 

1. DAF processes are more costly to operate and maintain than 

sedimentation processes. 
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Figure 10. Schematic diagram of the DAF process for water 

treatment [76]. 

 

technology (BAT) of water/wastewater treatment and 

desalination which is in fact a simulation of seawater 

distillation at open sky: rapid mixing (coagulation) in 

salty water aerated basin (AS/DAF)/rapid mixing (co- 

agulation) using seawater as coagulant solution with 

heating (distillation) using stored solar energy followed 

by waterfall (natural AS) on natural (artificial) mountain. 

This natural (i.e. non-“artificial” chemical) technology is 

composed of three steps: the first one is coagulation 

which may be achieved: 1) in salty water aerated basin 

(AS/DAF) where raw water is “diluted” in seawater; or 2) 

in “conventional” coagulation using seawater as coagu- 

lant solution instead of alum/ferric chloride. The first 

option is more natural as it simulates river water dilution 

in seawater and the second is more practical for “rapid” 

water consummation. For colloidal matters removal, 

double-layer compression (DLC) and charge neutralisa- 

tion (CN), as main coagulation (and disinfection) mecha- 

nisms, would be involved in the first and second options, 

respectively. Aerated basin (AS/DAF) reproduces the 

natural aeration to simulate healthy natural water basin. 

Using stored solar energy, distillation as the best liquid- 

solid/liquid-liquid separation process provides the re- 

moval of dissolved pollutants. The last step is the water- 

fall (natural AS) on natural (or made of rocks) mountain 

providing dissolved gas (O2(g), CO2(g)) and salts (Ca2+, 

Mg2+) to water for well balanced calco-carbonic equilib- 

rium. This natural “three-therapy”, needing technico- 

economical studies for its large application, will be 

helped by direct substitution of the actual convention 

water treatment plants as it uses rapid mixing basin for 

coagulation step, the flocculation, sedimentation, and 

filtration basins may be used for their initial aims, distil- 

lation basin may be added before the waterfall (natural 

AS) on natural (artificial) mountain.  

Distillation [27,68] is a unit operation in which the 

components of a liquid solution are separated by vapori- 

sation and condensation. Specially designed reactors are 

used to vaporise the water undergoing treatment, leaving 

behind waste brine that must be disposed of. 

In desalination industry [86], distillation methods com- 

prise the following modifications: 

1) Multiple-effect evaporation (ME). 

2) Multi-stage-flash evaporation (MSF). 

3) Vapour-compression methods (VC). 

4) Solar distillation method (SD). 

Distillation (Figure 11) is the most developed process 

of removing water from a saline solution. It is applied up 

to very large capacities with various types of evaporators 

and accounts for about 59.4% of the total world plant 

capacity. The latent heat of changing phase is an impor- 

tant factor in the overall process economics, but the de- 

gree of salinity of the raw water is of no importance. 

MSF distillation and ME evaporation are reducing con- 

siderably the economic effect of the latent heat of va- 

porisation [86]. 

3.1. Decomposition of Organic Matter (OM) in  
Seawater 

Organic matter (OM) is represented on this planet by 

living (autotrophic and heterotrophic) organisms and 

their excretory products and after-death remains, but may 

also be “inert” or non-living (refractory). The latter is 

found in large accumulations (fuel deposits, soils), as 

well as in the dispersed state in most mountain rocks and 

ocean waters [87]. Many authors believe that “inert” OM 

is of biogenic origin and that in reservoirs it dominates 

“living” OM [88]. 

In seas and oceans [87] refractory OM is mainly of 

autochthonous origin, the intake from land being com- 

paratively small. Its primary source is phytoplankton. 

Heterotrophic organisms use phytoplankton as food for 

growth and for replacing expended energy. Excretory 

products of organisms and their remains are consumed 

by bacteria. As a result, the primary produced OM un- 

dergoes various conversions caused mainly by the activ- 

ity of enzymes [89]. But despite all transformations, the 

OM of phytoplankton is not completely converted into  
 

 

Figure 11. The first historically known solar distillation 

equipment, according to Giovanni Batista De La Porta; the 

sun evaporates the water inside the glass vessels and dis-

tilled water is collected beneath the vessels [86]. 
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the mineral components which initially served as nutri- 

ents. Experiments testify that the remaining part is not 

large, and the rate of its biochemical conversion is slow. 

Krogh [90] considered the dissolved OM of oceans to be 

the result of the total OM turnover. One way of studying 

the processes of OM decomposition is to perform a series 

of long-term experiments on decomposition of OM from 

dead algae [88,90]. 

3.1.1. Water Humus 

The analysis of the results of the experiments on decom- 

position of OM in dead plankton presents a view of the 

time-related changes of particulate and dissolved organic 

C, N and P, and some components of OM. The processes 

occurring are responsible not only for oxidation of the 

initial OM, but also in soils [91] for the polymerisation 

(condensation of the more biochemically resistant dis- 

solved and particulate fractions of OM) [88]. 

Synchronically, new forms of OM are synthesised by 

bacteria. The combined processes lead to the formation 

of the refractory organic substance-water humus-in par- 

ticulate and dissolved state. This surely occurred initially 

in the Precambrian period with blue-green algae and bac- 

teria in water reservoirs under anoxic conditions [92-94]. 

As shown by experiments, the degree of decomposition 

of the OM of dead hydrobionts under such conditions 

was less. That is why more organic residues settled on 

the bottom of the reservoir. Naturally this influenced the 

further transformation of OM in sediments [37] and the 

accumulation of oil precursors [88,90]. 

Berzelius [94] appears to have pioneered a serious stu- 

dy of OM in natural waters. He discovered the dis- 

solved organic compounds with acidic properties in the 

mineral spring Porla (Sweden). These compounds were 

called crenic and apocrenic acids. Berzelius [94] assumed 

that their salts were washed out from soil humus “intact”. 

Oden [95] found the common term for these acids— 

fulvic acids (fulvus = yellow). Aschan [96] attributed 

them to the water humus group, being typical for peat, 

river and lake waters [88]. 

Thus, fulvic acids may originate from continental 

plants, and when carried by rivers and streams to the res- 

ervoirs, seas and oceans [87], they constitute the major 

part of the allochthonous water humus. Kalle (1966) [97] 

suggested they were only partly responsible for the “yel-

low substance” (Gelbstoffe) present in oceanic waters, 

the concentration of which in the water decreases with 

the increase of salinity. He considered that a part of the 

“yellow substance” was of autochthonous origin. It seems 

probable, that its existence in water is due to transformed 

products of excretion of dissolved and thinly dispersed 

OM which was discovered in littoral algae during studies 

conducted by some researchers [88]. According to Birge 

and Juday [98], the refractory OM appears in the process 

of decomposition of dead plankton in lakes. This is the 

water humus of autochthonous origin. Krogh [90] con-

sidered that in the deep waters of the ocean OM con- 

sists partly of “humus”, which is resistant even for bacte- 

ria. Waksman [99], studying the question of the forma- 

tion of OM in reservoirs, distinguished three types of 

humus: river, lake and sea humus. Besides this natural 

water humus, there may enter and be formed a humus 

from sewage of domestic origin. It was Odum [100] who 

considered humic substance (humus), the most stable 

product of OM decomposition in nature, to be a neces-

sary component of the ecosystem. 

Thus, it appears that water humus is the indispensable 

resistant product resulting from transformation, decom- 

position and synthesis of OM of excretions and dead re- 

mains of plankton in the ocean [87]: its final structure is 

largely determined by the activity of microorganisms 

[88]. 

Table 8 [101-103] summarises data to allow an ap- 

proximate budget of water humus in the ocean. It is as- 

sumed that the annual decrease as a result of oxidation, 

aggregation and adsorption on the surface of particles 

with their subsequent sedimentation, equals its input 

[88]. 

The main differences observed between the calculated 

elements in a budget are typical in the amounts of or- 

ganic C from the annual input reaching the ocean bottom. 

The bottom deposits also contain the aggregation prod- 

ucts of dissolved OM. Scientists [88] estimated it to be n 

× 10
15 g·C, where n < 5. River inputs are relatively low in 

comparison to the total organic production. The input of 

OM from atmospheric precipitation has been neglected, 

since a similar amount of OM seems to be carried out 

from the ocean surface by strong winds. Duce and 

Duursma [104] draw special attention to the works de- 

voted to studies of the release of marine OM into the 

atmosphere and the input of river OM into the oceans. 

Recent data obtained give some estimation of OM con- 

tent in the atmosphere. Researchers [88] investigated the 

surface-active OM fraction collected on platinum wires 

or glass fibre filters. As a result of analyses of the chlo- 

roform extracts, carried out with a gas chromatograph, 

fatty acids were found (C14 - C18). The concentration ra-

tios of single fatty acids in the sea aerosols were the same 

as those in the surface layer of oceanic waters [87]. The 

contents of methylesters formed from lipids in aerosols 

collected off the coast of Hawaii constituted 5%, and in 

the samples taken from the equatorial Pacific Ocean were 

4% of the total OM isolated from sea aerosols. Accord- 

ing to other researchers [88], the total content of organic 

C in the investigated sea aerosols ranged from 0.2 to 1.0 

μg m−3. In the aerosols, collected on the coast of the 

Bermuda Islands, the ratio of organic C to the total con- 

tent of included salts ranged from 0.010 to 0.19, with an      
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Table 8. Elements of the annual balance of OM in the water of the world ocean (in carbon) [88]. 

Content, input and loss of OM Williams [101] Skopintsev [103]1 Williams (1975) [102]

Average concentration of C (mg L−1) 

(dissolved and particulate) 
From 0 to 300 m need to add 1.0 

coagulant aid. From 300 to 3000 m 0.5 
≤1.5 0.70 

Total C (×1018 g) Phytoplankton production (×1016 

g)2 Phytoplankton excretions of OM (10% of the 

annual production of OM) (×1015 g) Input from 

atmospheric precipitations (×1014 g)3 

0.76 

3.6 (100) 

2.2 (1.0) 

2.0 

3.8 (120) 

1.03 

3.6 (100) 

3.6 

2.2 (1.0) 

Input by rivers (×1014 g)3 OM of phytoplankton 

production used by organisms (×1016 g)4 
0.31 (2.0) 

1.8 (5.0) 

3.5 (92) 
1.8 (5.0) 

Input in water of the resistant soluble OM of 

planktonic origin (×1015 g)4 Sedimentation of 

particulate organic remains (×1015 g)4 
~0.1 (0.3) 

1.1 (3) 

1.9 (5) 
1.8 (5) 

~0.1 (0.3) 

1
For world oceans without adjacent seas; 

2
Figures in parentheses: calculated as g·m

−2
·yr

−1
; 

3
Figures in parentheses: in mg·L

−1
; 

4
Figures in parentheses: in per-

centage of the annual production of phytoplankton. 

 

average of 0.051. 

The annual amount of the terrigenous water humus 

entering rivers might have been overestimated as a result 

of: 1) its partial coagulation by the salts of the sea water, 

and 2) its extensive oxidation in the presence of decom- 

posing remains of plankton. The latter phenomenon has 

been reported by many authors [88]. According to 

Sholkovitz [105], only 3% - 11% of dissolved OM from 

waters of four Scottish rivers when mixed with sea water 

flocculated within half an hour. The humic acid (HA) 

content (colorimetrically determined) of river waters was 

4% - 20% of the total OM. Fulvic acid and possibly non- 

humic compounds amounted to 80% - 90%. Fulvic acids 

form water-soluble compounds with Ca2+ and Mg2+; a 

large proportion of the HA would have aggregated in the 

mixing zones between river and sea water. According to 

calculations, approximately 60% of the total HA content 

coagulated in these experiments. 

3.1.2. Natural Coagulation of River Water Humus in  

Seawater  

Colloidal properties are characteristic of humic com- 

pounds of river waters. Owing to their aggregation, the 

colour of the filtered water decreased only by 10% - 25% 

of its initial value, which indicates only a partial removal 

of OM of river water on mixing with sea water. At the 

same time, the concentrations of the elements Fe, Mn, 

A1 and P in the water were markedly decreased (relative 

to their initial content). Similar results were obtained by 

Sholkovitz et al. [106] during experiments carried out in 

the waters of two rivers, the Luce (Scotland) and the 

Amazon (Brazil). Rapid flocculation [23] was character- 

istic for the high molecular-weight fractions of HA. This 

resulted in an aggregation of 60% - 80% of HA within 

half an hour (this amount represented 34 % of the initial 

dissolved OM).  

The results of these works are principally in agreement 

with earlier published data [88]. In these experiments 

filtered marsh water was mixed with sea water in various 

proportions. Whilst carrying out these experiments, the 

water was kept in the dark at room temperature. After 30 

days the colour of the filtered (size = 1.5 μm) water with 

a salinity of 0.2‰ was 98% of the initial value. At a sa- 

linity of 28.9‰ the colour was equal to 70% of the initial 

value of 62˚ (colour grade). In a similar experiment after 

200 days the colour of the filtered water with a salinity of 

0.2‰ and 32.5‰ was 50% of the initial value (44˚); in 

such a continuous experiment a partial oxidation of the 

water humus might have taken place. The greatest rate of 

coagulation was observed on the first day. In some ex- 

periments with peat water, the coagulation effect was 

practically zero when a number of salts (CaCl2, MgCl2, 

MgSO4, and HCl) were introduced. Equal effects might 

be found by mixing of peat water with sea water. An- 

other effect is caused by the load of suspended particles. 

As has been shown by experiments, coagulation (or ag- 

gregation) of suspended particles in sea water [88] is less 

effective at a low particulate load even when humic 

compounds are present. 

Bordovsky [107] is right in his belief that HA of ma- 

rine deposits is of autochthonous and allochthonous ori- 

gin, the latter playing a minor role. Based on chemical 

investigations and isotope determinations of C in HA 

isolated from ocean sediments, Nissenbaum and Kaplan 

[108] do not agree with this point of view. The alloch- 

thonous HA [87] in the bottom sediments of the ocean is 

evidently at the limits of detection of the analytical 

methods employed. According to Table 9 the total an- 

nual input of water humus to the ocean constitutes 1.5 × 

10
15 g C, provided the distribution is proportional, this 

amounts to 1 μg C·L−1. 

3.2. Why Simulation of Seawater Distillation? 

It is difficult to imagine anything more important to the  
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Table 9. Elements of the annual balance of OM in the water 

of the world ocean (in carbon) [88]. 

Input Output 

1) From atmospheric precipitates: 

2.2 × 1014 g (1.0) 

1) From surface water to  

the atmosphere? 

2) From rivers: 1.8 × 1014 g (5.0) 

3) The relative resistant organic 

matter of planktonic origin:  

1.1 × 1015 g (~3% of annual  

productivity equals 3.8 × 1016 g) 

2) Biochemical oxidation (mainly by 

bacteria), sorption onto  

particles, aggregation (followed 

 by partial use of aggregates by 

deep-water organisms) and  

sedimentation at bottom; a) humus 

of terrigenous origin: 1.8 × 1014 g; 

b) humus of planktonic  

∑ = 1.5 × 1015 g origin: 1.1 × 1015 g, ∑ = 1.3 × 1015 g

Number in brackets: in mg·L
−1

; annual input of water humus in the oceans 

equals < 0.1% of its total content in ocean water. 

 

human population than safe drinking water [109]. Lack 

of clean drinking water is still the major cause of illness 

and death in young children in developing countries. In 

more fortunate communities, where water treatment is 

practiced [7], the primary aim of water authorities is to 

provide water that is free from pathogens and toxins. A 

secondary and very important objective is to provide wa- 

ter that is clear, colourless, and pleasant to taste. These 

latter objectives, while admirable, are often very difficult 

to achieve. Most countries now have water quality regu- 

lations, or guidelines, which are driving water authorities 

to produce purer water, with the minimum of contamina- 

tion from natural or manmade origin. At the same time 

consumers are demanding that chemicals [9] added dur- 

ing the treatment of drinking water be kept to a minimum. 

As a consequence, conventional clarification methods are 

being challenged to comply with the new regulations and 

restrictions and our understanding of the mechanisms 

involved is being tested as never before [110]. 

Drinking water is produced from sources such as lakes, 

rivers, reservoirs (surface waters) or is abstracted from 

below the surface (groundwater) [26]. In all cases the 

water is affected by the external environment. Surface 

and ground waters [26] contain dissolved, colloidal and 

large particulate materials, which are composed of min- 

erals or NOM from the terrestrial and aqueous environ- 

ments. Also present are small organisms such as bacteria, 

algae, protozoa and diatoms [90,93]. In many instances 

micro-contaminants from human origin are present. 

These include industrial and agricultural chemicals [9], 

pharmaceuticals and personal care products. It is inevita- 

ble that in the next few years our raw water supplies will 

be further contaminated by the products of the burgeon- 

ing nano-technological industries that are generating ad- 

vanced materials for drug delivery, catalysis, energy 

storage devices and sensors, amongst others. Whilst it is 

the ability to engineer these materials at the molecular 

level which bestows their unique properties and functions, 

it is this reduced size and vastly enhanced surface area 

that will also challenge our existing treatment technolo- 

gies [110]. 

The result of all these natural and anthropogenic ac- 

tivities is that our typical raw water is a complex “soup” 

that often requires a range of treatment processes for the 

achievement of water quality targets. Once those objec- 

tives have been met at the water treatment plant [7], the 

water is distributed through a series of pipes of various 

types and sizes to the consumer tap. Almost every step of 

the journey from source to consumer tap involves some 

sort of interaction at a surface or an interface. Therefore 

an understanding of the processes taking place at inter- 

faces through the series of complex processes is vital for 

the provision of safe and palatable, drinking water [110]. 

Moreover, it is interesting to trace the history of water 

quality monitoring from the earliest times when colour 

(NOM, manganese) and turbidity (particulates) were the 

sole criteria, to more recent times when taste and odour 

(algal metabolites) have become important, to today 

when health [4] is the major determinant. Thus the water 

industry is now concerned with inorganics such as arse- 

nic, organics such as endocrine disruptors and most re- 

cently microbiological contaminants, a good example of 

which is Cryptosporidium [5,110]. 

On the other hand, if we are invited to select two ma- 

jor challenges in water treatment industry [7] we will not 

hesitate to design: 1) using chemicals [9] in drinking wa-

ter treatment processes and 2) NOM coagulability. An 

analysis of chemicals (Al, Cl2 and polyelectrolytes) addi-

tion to the raw water during its treatment in order to 

produce drinking water is well presented in the literature 

such as the cited handbooks in this review (e.g., [21, 

111,112]). Apart from human actions, some basic truths 

of chemistry [113] must be kept in mind: 1) a chemical 

reaction is rarely complete and may have sec- ondary 

reactions producing undesirable by-products (i.e., all 

chemical disinfectants produce inorganic and/or or- ganic 

DBPs that may be of concern); 2) chemicals by their 

selves are toxic [9,114-119] and the reaction prod- ucts 

are also toxic even at low levels which are always dimin-

ished by the updated standards [19]. Further, chemicals 

need always appropriate mixing conditions [44] and hy-

draulic retention times, e.g., C/F to assure their distribu-

tion, conversion, and selectivity which are technically 

and practically difficult to realise considering the com-

plicated microbial and physico-chemical composition of 

the raw water. It is well known that: 

1) OM in water is very toxic than supposed (it was 

well known since 1970s that OM can produce DBPs but 

recent studies have proven that humic substances (HS) 

are toxic by their selves as they can be responsible of 

Blackfoot Disease [120-123];  

2) NOM present in the natural environment is of a 
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D. GHERNAOUT 83

complex nature (it would be a mistake just to focus en- 

tirely on one fraction of NOM and to assume that re- 

moval of this fraction will solve the problem of haloform 

formation) [10];  

3) It has been shown that coagulant doses are con- 

trolled by NOM concentration rather than by turbidity 

[53]; 

4) The removal of OM using C/F is very difficult es- 

pecially in its dissolved form which can encourage mi- 

crobial growth [124]. 

Hence, water treatment using chemicals [7] is really 

and practically difficult to optimise technically and eco- 

nomically to safe drinking water. In this sense, Clark 

[125] and Ghernaout et al. [126] presented the concept of 

the greening of chemistry. 

However, drinking water treatment is not from yester- 

day (Figure 12). God, The Great and The Perfect, uses 

distillation at the open sky to give perfect drinking water, 

satisfying all the qualities, to the world since at least The 

Adam and Eve’s First Day until the Last Day. Distilla- 

tion process would be presented as the future water 

treatment technology since it does not use chemicals (so, 

it has not the residual chemicals and their by-products 

problems) and its efficiency had been proven since the 

humankind dawn at the great scale. Furthermore, distilla- 

tion technology is well known and developed in seawater 

desalination [68]. 

On the other hand, we may organise water treatment 

technologies (Table 10) into three general areas [12]: 

 Physical methods, 

 Chemical methods, and  

 Energy intensive methods (such as distillation [15]). 

All three of these technology groups can be combined 

in water treatment, or they may be used in select combi- 

nations depending upon the objectives of water treatment 

[12]. A good review of water treatment technologies is 

presented by Cheremisinoff [12]. 

3.3. Models of Oceanic Plankton Aggregation 

Two of the most fundamental properties of any particle, 

inert or living, are its length and its mass. These two 

properties determine how a particle interacts with plank- 

tonic organisms as food or habitat, how it affects light, 

and how fast it sinks. Because organisms are discrete 

entities, particle processes affect them as well as nonliv- 

ing material [127]. 

Life in the ocean coexists with two competing physical 

processes favouring surface and bottom of the ocean: 

light from above provides the energy to fuel the system; 

gravity from below collects essential materials encapsu- 

lated in particles. Coagulation is the formation of single, 

larger, particles by the collision and union of two smaller 

particles; very large particles can be made from smaller 

particles by multiple collisions. Coagulation makes big-  

Table 10. Water treatment technologies [12]. 

Water treatment technologies 

Physical methods 

Represent a body of technologies that we refer largely to as 

solid-liquid separations techniques, of which filtration plays a  

dominant role. Filtration technology can be broken into two general 

categories - conventional and non-conventional. This technology is an 

integral component of drinking water and wastewater treatment  

applications. It is, however, but one unit process within a modern 

water treatment plant scheme, whereby there are a multitude of 

equipment and technology options to select from depending upon the 

ultimate goals of treatment. To understand the role of filtration, it is 

important to make distinctions not only with the other technologies 

employed in the cleaning and purification of industrial and municipal 

waters, but also with the objectives of different unit processes. 

Chemical methods 

Rely upon the chemical interactions of the contaminants we wish to 

remove from water, and the application of chemicals that either aid in 

the separation of contaminants from water, or assist in the destruction 

or neutralisation of harmful effects associated with contaminants. 

Chemical treatment methods are applied both as stand-alone  

technologies, and as an integral part of the treatment process with 

physical methods. 

Intensive technologies 

Among them, thermal methods have a dual role in water treatment 

applications. They can be applied as a means of sterilisation, thus 

providing high quality drinking water, and/or these technologies can 

be applied to the processing of the solid wastes or sludge, generated 

from water treatment applications. In the latter cases, thermal methods 

can be applied in essentially the same manner as they are applied to 

conditioning water, namely to sterilise sludge contaminated with 

organic contaminants, and/or these technologies can be applied to 

volume reduction. Volume reduction is a key step in water treatment 

operations, because ultimately there is a trade-off between polluted 

water and hazardous solid waste. Energy intensive technologies  

include electrochemical techniques, which by and large are applied to 

drinking water applications. They represent both sterilisation and 

conditioning of water to achieve a palatable quality. 

 

ger particles, enhances sinking rates, and accelerates the 

removal of photosynthate. One result is that coagulation 

can limit the maximum phytoplankton concentration in 

the euphotic zone [127]. 

Particle size distributions have been measured since 

the advent of the Coulter Counter in the early 1970s, 

when researchers [127] reported on size distributions 

predominantly from surface waters around the world. 

They reported values for particles ostensibly between 1 

and 1000 μm, although sampling and instrumental con- 

sideration suggest that the range was significantly 

smaller [127]. 

3.4. The Effects of Dissolved Salts 

Any substance dissolved in a liquid has the effect of in- 

creasing the density of that liquid [128]. The greater the 

amount dissolved, the greater the effect. Water is no ex- 

ception. The density of freshwater is close to 1.00 × 103 

kg·m−3, while the average density of seawater [129] is 

about 1.03 × 103 kg·m−3. 

Another important effect of dissolved substances is to 

depress the freezing point of liquids. For example, the  
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Figure 12. The hydrologic cycle [7]. 

 

addition of common salt (sodium chloride, NaCl) lowers 

the freezing point of water-which is why salt is spread on 

frozen roads. It also lowers the temperature at which wa- 

ter reaches its maximum density. That is because dis- 

solved salts inhibit the tendency of water molecules to 

form ordered groups, so that density is controlled only by 

the thermal expansion effect. The oceans have high sa- 

linity, about 35 g·kg−1 on average (of which about 30 g 

kg-1 are contributed by dissolved sodium ions (Na+, ~11 

g) and chloride ions (Cl−, ~19 g)). Therefore, the density 

of seawater [129] increases with falling temperature right 

down to the freezing point. This is a crucial distinction 

between freshwater and seawater and it has a profound 

effect on the formation of sea-ice and on oceanic circula- 

tion processes [128]. 

4. Conclusions 

This review concerns the concept of the best available 

technology of water/wastewater treatment and seawater 

desalination which is in fact a simulation of the seawater 

distillation at the open sky: coagulation in salty water 

aerated basin/coagulation using seawater as coagulant 

solution with distillation using stored solar energy fol- 

lowed by waterfall on a natural mountain. This natural, 

green, and technico-economical technology is composed 

of three steps: the first one is coagulation which may be 

achieved: 

1) In salty water aerated basin (AS and DAF) where 

the raw water is “diluted” in seawater or; 

2) In “conventional” coagulation using seawater as co- 

agulant solution instead of alum/ferric salts. 

The first option seems to be more natural as it simu- 

lates river water dilution in seawater and the second one 

is more practical for “rapid” water consummation. For 

colloids and microorganisms’ removal, double-layer com- 

pression and charge neutralisation, as main coagulation 

and disinfection mechanisms, would be involved in the 

first and second options, respectively. Aerated basin (AS/ 

DAF) reproduces the natural aeration to simulate healthy 

natural water basin. Using stored solar energy, distilla- 

tion as the best liquid-solid/liquid-liquid separation pro- 

cess provides the removal of dissolved pollutants. For 

well balanced calco-carbonic equilibrium, the last step of 

this green treatment is the waterfall on a natural moun- 

tain providing useful gases, dissolved oxygen and carbon 

dioxide, and mineral salts to the water.  
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