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Abstract: Anthropic activities have been causing serious impacts in aquatic environments, deteriorating the 
quality of the waters. Superficial springs with excess of nutrients, rich in compounds of phosphor and nitrogen, 
may induce blooms of algae and cyanobacteria, hard to be removed in the treatment of water. Such 
microscopic particles, e.g. Microcystis spp., are named biocolloids. This work propose to apply the 
mathematical modelling by the extended colloidal XDLVO theory (Extended Derjarguin-Landau-Verwey-
Overbeek) for coagulation and gravel upflow filtration (GUF) and sand downflow rapid filtration (SDRF) to the 
technology of double filtration applied to study water containing Microcystis spp. The XDLVO theory has been 
shown to be efficient at evaluating the behavior of the colloidal particles as a function of the separation 
distance, making apparent how the intermolecular and surface forces act: acid-base interaction (AB), Lifshitz-
Vander Walls (vdW), double electric layer (DEL) and Born repulsion forces. Such forces that act in this 
colloidal system formed by Microcystis spp. were analyzed in terms of their mutual interaction and their 
interaction with porous environments in double filtration at the stable thermodynamic situations (pre-
coagulation) and at unstabilized by the chemical coagulation. The raw water energetic barrier of repulsion 
and after the sand downflow rapid filtration gave an average decreasing of about 90% in absolute values. 

HIGHLIGHTS 
 
 
 
 

• The application of mathematical models 
allows the study of complex environments. 

• The chemical coagulant acts on 
electrostatic destabilization, decreasing 
the absolute value of the electrical 
potential of the electrical double layer. 

• The XDLVO theory is efficient in studying 
the behavior of energies and interaction 
forces along the particle separation 
distance. 
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INTRODUCTION 

The water used in for public supply derives from surface water bodies or underground water wells. 
Surface waters go to the Water Treatment Plant (WTP) in order to attend the standard of drinking water [1], 
currently established in Brazil by Portaria GM/MS nº 888/2021. Due to the multiple anthropic activities, those 
springs may be modified, the growing of bluish green algae being of great concern for the provision of potable 
water [2]. In several regions the water full of algae due to the eutrophication of big lakes and reservoirs is 
used as raw water for drinking water [3]. The eutrophication is a phenomenon which occurs due to the high 
presence of nutrients in the water bodies, especially nitrogen and phosphor, favoring the excessive increase 
of micro algae, what turns out to be deleterious to aquatic ecosystems [4,5]. 

Eutrophicated environments have water with high turbidity, characterized in several cases by the 
excessive presence of suspended colloidal particles. Such particles can be classified as coarse or colloid, 
according to their size. Clay, silt, micro-organisms, organic matter, effluent discharge are the main sources 
of colloidal particles. Suspended particles and colloids prevent the passage of light through the water [6]. 
Besides compromising the quality of the water body, the turbidity leads to the increasing of costs in the 
treatment of the water, mainly in the process of chemical coagulation, and also in the increasing of sludge 
production [1]. 

Some cyanobacteria are also related to the odor, flavor, and release of toxins into the water. Thus, waters 
containing cyanobacteria need special attention since they lead to preoccupations regarding the quality of 
the waters and public health [7]. 

The conventional treatment system usually begins in the coagulation process, followed by other 
processes to separate solids from liquids, as flocculation, sedimentation or flotation, and the filtration. The 
goal is that the removal of the algae takes place without damaging its cells, and consequently without the 
liberation of its toxins [7]. The conventional treatment shows not to be sufficient at some specific scenarios, 
bringing the necessity of the application of new technologies to complement it [1]. 

The presence of phytoplanktonic organisms in the waters destined to WTP’s require a higher quantity of 
chemical products for an efficient coagulation, several times being necessary the use of polymers to help the 
sedimentations of the flocs. Such process increases the mass of waste, in addition to clogging the filter media, 
this results in more water for washing and lower disinfection and water production efficiency [8]. 

In this context, the use of mathematical models by the colloidal theory helps the qualitative and 
quantitative comprehension of the nature of the interaction between the colloids and the forces acting upon 
them. It can guide the steps in the process of coagulation and lead to its optimization. Such characteristics 
turn the mathematical modelling a sustainability tool by giving aids for the understanding of the physical 
behavior of colloidal complexes in the raw water and of those formed after filtration. Contributing, thus, to a 
more efficient and sustainable treatment, since it implies in the economy of financial resources, smaller 
quantity of chemical products and the consequent moderation in the use of natural resources. 

Several authors have studied the interaction of biocolloids with sand or clay particles, aiming at their 
removal. The study of interaction forces allowed MS2 and ΦX174 bacteriographs to be used as model viruses 
by [9, 10] to study their interaction with clay particles. Bacterial fixation on clay particles has become 
increasingly important, such as the studies on the fixation of Pseudomonas (P.) [11, 12] on kaolinite, where 
the best fixation occurred on poorly crystallized kaolinite [11]. The studies also cover the evaluation of the 
distribution of fecal viral indicators between kaolinite and bentonite [13]; virus transport in groundwater and 
its fixation in quartz sand [14]; between others. 

With this in mind, the goal of the present work is to apply the mathematical modelling by the colloidal 
theory in the double filtration: gravel upflow filtration followed by sand downflow rapid filtration. The study 
water contains cyanobacteria (Microcystis spp.) in order to express the interaction between the biocolloids in 
the situations before and after the chemical coagulation and during and after the filtration, by means of the 
colloidal XDLVO theory (Extended Derjarguin-Landau-Verwey-Overbeek). 

 

MATERIAL AND METHODS 

This work is divided into two main steps: the acquisition of experimental data and the application of the 
mathematical model. For the application of the mathematical modelling by means of the XDLVO theory, it will 
be necessary data of the characteristics of the study water (SW), coagulated water (CW) and the porous 
media, such data was obtained from [15] and [16]. 
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The mathematical equations to be used refer to the attractive and repulsive forces under which the 
biocolloidal particles are subjected. The modelling of the equations and their applications were conceived in 
electronic worksheets of Excel® pertaining to the package Microsoft Office®. 

Acquisition of experimental data 

The experimental data obtained from [15] regard the characteristics of the study water (SW), coagulated 
water (CW), gravel upflow filtration (GUF) and sand downflow rapid filtration (SDRF). 

Among the five essays (ESY 1- ESY 5) with the study water-2 (SW-2) realized in [15], ESSAY 2 was 
selected for the application of the model. The scheme of the step of the treatment are presented in Figure 1. 

 

 

Figure 1. Experimental Pilot Plant Treatment system used in the tests to evaluate the removal of cells and by-products 
of Microcystis spp. Adapted from [15]. 

The SW consists of water with addition of compounds or micro-organisms in a specific concentration for 
the desired use in tests of treatability and experiments in pilot plant installation. In the case if the cited work, 
the SW was prepared with addition of culture of Microcystis spp. with densities close to 105 cells.mL-1, and 
total microcystins (MC) concentrations between 10 µg.L-1 and 20 µg.L-1, named SW-2, consisting of filtered 
water without chlorination from the well water (ETASC2) with addition of culture of cyanobacteria and extract 
of MC's not purified (PHASE 2). After its preparation, the SW went through the oxidation reactor with addition 
of chlorine, followed by the coagulation process with aluminum sulfate and finally with the double filtration 
system [15]. 

The relevant characteristics of the study water of the aforementioned ESY 2 are shown in Table 1. 

                            Table 1. Characterization of the study water used in Essay 2. Adapted from [15]. 

Parameters Essay 2 

pH 6.64 

Apparent color (uH) 24 

True color (uH) 2.0 

Turbidity (uT) 2.36 

Total alkalinity (mg CaCO3/L) 6.0 

Total hardness (mg CaCO3/L) 20 

Acidity 3.0 

With respect to the porous media, the granular materials used in the GUF and SDRF have the average 
grain sizes of 13.4 mm and 0.85 mm, and zeta potential varying from -2.5 to -1.2 mV and from -2.1 to -1.8, 
respectively. 
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Finally, the Table 2 shows the results of temperature (ºC), hydrogen potential (pH) and zeta potential 
(ZP (mV)), obtained in ESY 2 and the efficiency in the reduction of the density of Microcystis spp.  in GUF 
and SDRF, which will be used in the mathematical model of the colloidal theory (XDLVO). 

 Table 2. Control parameters for ESY 2. Adapted from [15]. 

Hour (h) T (ºC) pH 
ZP (mV) 
SW 

pH 
ZP (mV) 
CW 

pH 
ZP (mV) 
GUF 

pH 
ZP (mV) 
SDRF 

1 22.50 7.02 -28.8 6.92 -26.6 6.74 -2.00 6.68 -1.80 

3 21.75* 7.09* -34.6 6.97 -24.0 6.88 -1.20 6.90* -2.00 

6 21.75* 7.24 -26.1 6.96 -25.2 6.86 -2.50 6.88 -2.10 

7 21.00 7.09 -31.3 6.96 -21.4 6.86 -1.92* 6.90* -1.98* 

10 21.75* 7.01 -24.9 6.96 -21.7 7.09 -2.00 7.13 -2.00 

Partial Efficiency   -  -  46.2%  0.3% 

Total Efficiency   -  -  99.7%  99.9% 

   *Average value due to the absence of data in [15]. 
 
 

Application of the mathematical modelling 

Understanding the stabilization of the colloids gives information about it aggregation dynamics [17].  The 
equilibrium between the acting forces considered by the XDLVO theory (Extended Derjarguin-Landau-
Verwey-Overbeek), also known as intermolecular forces, control the stability of the particles in the colloidal 
system [18]. 

The use of the XDLVO theory, and not the DLVO theory (previous version), is justified because its 
extended version includes factors not accounted for previously, such as, for example, the Lewis acid-base 
force, which is important in the analysis of the behavior of barriers of energy [9], as well as, it was fundamental 
in the studies where this theory has been widely in various situations, as in the petroleum industry to 
understand the interaction between particles under different salinities and rocks [19], studies to comprehend 
how such factors influence the transport of thin particles in porous media [20], research on the influence of 
the pH value in the encrustation of membranes [21], investigation of the modifications in the plasma surface 
aiming to decrease the adsorption of nano and micro-plastics [22], joint application of the modified Poisson-
Boltzmann equation to quantify the interaction energy between fouling and charged membrane [23], joint 
evaluation with thermodynamic analysis and DLVO (Derjaguin-Landau-Verwey-Overbeek) theory to study 
the adhesion of bacteria on montmorillonite [24]. 

The XDLVO theory defines the total energy or total interaction force of a system, taking into account both 
attractive and repulsive forces [19]. The forces considered in this work include the acid-base interaction (AB), 
Lifshitz-Vander Waals (vdW), double electric layer (DEL) and Born repulsion forces. 

The Lewis acid-base force is a short range interaction at the solid-liquid interface. It can be attract or 
repel, and is represented by the transfer of a pair of electrons from a base to an acid [25]. 

The Lifshitz-Vander Waals force is an attractive force between two particles, where temporary dipoles in 
a particle induce dipoles in another particle. It depends on the geometry and also on the macroscopic 
electromagnetic features of the interacting bodies, giving rise to the Hamaker's constant [26], an intrinsic 
coefficient related to the inter-particle energy, and whose values usually varies from 10-21 to 10-19 J [19]. 

The double electric layer force occurs when the particles are negatively charged and attract positive ions 
of the solution, i.e., the double layer is formed under a charged surface immersed in a fluid. The first layer is 
called "Stern's layer or compact layer" formed by counter-ions, and the second is called "diffuse layer", formed 
by ions [20]. The potential difference between these two layers is the zeta potential (φ), and it is used to 
compute the energy of the interaction of the double electric layer. Another parameter present is the Debye 
length (K), which indicates the thickness of the double electric layer [19]. 

Finally, the Born repulsion force arises when particles are close and the electron clouds superimpose, 
being therefore of short range [27]. It is heavily influenced by the structures of the surfaces in contact with 
the liquid. It occurs only when the particles are very close to each other, since when the distance is greater 
than 1 nm, the Born force does not contribute to the total energy of total force of the system [19]. The Hamaker 
constant and the atomic collision diameter are extremely important for the computation of this force. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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The diameter of the particle (𝑑𝑝) is usually much smaller than the diameter of the collector (𝑑𝑐), and one 

considers the particle as a sphere and the surface of the collector a plane [28]. The geometric combinations 
to be used are shown in Figure 2. The main goal is to compute the free energy and force of interaction 

(∆𝐺𝑇𝑜𝑡𝑎𝑙
𝑋𝐷𝐿𝑉𝑂 and ∆𝐹𝑇𝑜𝑡𝑎𝑙

𝑋𝐷𝐿𝑉𝑂) as a function of the separation distance between the particles (𝛿). 
 

 

Figure 2. Arrangements of interaction between surfaces, geometries, and dimensions for mathematical modeling by 
colloidal theory: (S-S) refers to the interaction between spheres (Microcystis spp.) and (S-P) refers to the interaction 
between spherical particle and plane collector (Microcystis spp. and grain of sand or gravel). 

The equations for the intermolecular forces are presented in Table 3. The superscripts of the equations 
refer to: " DEL - force or energy of the double electric layer; "AB" - Lewis AB force or energy; "vdW" - Lifschitz 
- Vander Waals force or energy; "Born" - Born repulsive force or energy; “pwc” – particle-water-collector; and 
“pw” – particle-water. 

  Table 3. XDLVO theory intermolecular force equations. 

Equation References 

∗ ∆𝐺𝐷𝐸𝐿 = 𝜋. 𝜀𝑎 . 𝑟𝑝. [2𝜑p𝜑c. 𝑙𝑛 (
1 + exp⁡(−𝐾𝛿)

1 − exp⁡(−𝐾𝛿)
) + (𝜑p

2 + 𝜑c
2). ln(1 − exp⁡(−2𝐾𝛿)] [29] 

∗ ∆𝐹𝐷𝐸𝐿 = 64𝜋. 𝜀𝑎 . K. 𝑟𝑝. (
𝑘𝐵. 𝑇

𝑍. 𝑒
)
2

. 𝑡𝑎𝑛ℎ (
𝑍. 𝑒. 𝜑p

4𝑘𝐵. 𝑇
) . 𝑡𝑎𝑛ℎ (

𝑍. 𝑒. 𝜑c
4𝑘𝐵. 𝑇

) . exp(−K. 𝛿) [26] 

∗∗ ∆𝐺𝐷𝐸𝐿 = 2𝜋. 𝜀𝑎 . 𝑟𝑝. 𝜑𝑝
2 [𝑙𝑛 (

1 + exp⁡(−𝐾𝛿)

1 − exp⁡(−𝐾𝛿)
) + ln(1 − exp⁡(−2𝐾𝛿)] [21] 

∗∗ ∆𝐹𝐷𝐸𝐿 = 32𝜋. 𝜀𝑎 . K. 𝑟𝑝. (
𝑘𝐵. 𝑇

𝑍. 𝑒
)
2

. 𝑡𝑎𝑛ℎ (
𝑍. 𝑒. 𝜑p

4𝑘𝐵. 𝑇
)
2

. exp(−K. 𝛿) [30] 

K = √
2𝐹2. 𝐼. 10³

𝜀𝑎 . 𝑅. 𝑇
 [26] 

∗ ∆𝐺𝐴𝐵 = 2𝜋. 𝑟𝑝. 𝜆𝐴𝐵. ∆𝐺𝛿0
𝐴𝐵. exp⁡ (

𝛿0 − 𝛿

𝜆𝐴𝐵
) [21, 25, 30, 31] 

∗ ∆𝐹𝐴𝐵 = 2𝜋. 𝑟𝑝. ∆𝐺𝛿0
𝐴𝐵. exp⁡ (

𝛿0 − 𝛿

𝜆𝐴𝐵
) [28] 

∗∗ ∆𝐺𝐴𝐵 = 𝜋. 𝑟𝑝. 𝜆𝐴𝐵. ∆𝐺
𝐴𝐵. exp⁡ (

𝛿0 − 𝛿

𝜆𝐴𝐵
) [28] 

∗∗ ∆𝐹𝐴𝐵 = 𝜋. 𝑟𝑝. ∆𝐺
𝐴𝐵. exp⁡ (

𝛿0 − 𝛿

𝜆𝐴𝐵
) [28] 

∆𝐺𝛿0,𝑝𝑤𝑐
𝐴𝐵 = 2. [√𝛾3

+. (√𝛾1
− + √𝛾2

− − √𝛾3
−) + √𝛾3

−. (√𝛾1
+ +√𝛾2

+ − √𝛾3
+) − √𝛾1

+. 𝛾2
− − √𝛾1

−. 𝛾2
+] [32] 
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Cont. Table 3 

∆𝐺𝛿0,𝑝𝑤
𝐴𝐵 = −4. (⁡√𝛾2

+ −√𝛾3
+) . (⁡√𝛾2

− −√𝛾3
−) [33] 

∗ ∆𝐺𝑣𝑑𝑊 =⁡
𝐻. 𝑟𝑝

6𝛿
. [1 −

5,32𝛿

𝜆𝑤
. 𝑙𝑛 (1 +

𝜆𝑤
5,32𝛿

)] [20] 

∗ ∆𝐹𝑣𝑑𝑊 =
𝐻. 𝑟𝑝

6𝛿²
. (
5,32𝛿

𝜆𝑤
+ 1)

−1

 [20] 

∗∗ ∆𝐺𝑣𝑑𝑊 =
𝐻. 𝑟𝑝
12𝛿

. [1 −
5,32𝛿

𝜆𝑤
. 𝑙𝑛 (1 +

𝜆𝑤
5,32𝛿

)] [28] 

∗∗ ∆𝐹𝑣𝑑𝑊 =
𝐻. 𝑟𝑝

12𝛿²
. (
5,32𝛿

𝜆𝑤
+ 1)

−1

 [28] 

𝐻⁡𝑝𝑤𝑐 = (𝐻12
1/2 −𝐻33

1/2). (𝐻22
1/2 −𝐻33

1/2) [34] 

𝐻⁡𝑝𝑤 = (𝐻12
1/2 −𝐻33

1/2)² [26] 

∗ ∆𝐺𝐵𝑜𝑟𝑛 = −
𝐻. 𝑥6

7560
. [

8𝑟𝑝 + 𝛿

(2𝑟𝑝 + 𝛿)
7 +

6𝑟𝑝 − 𝛿

𝛿7
] [35, 36, 37] 

∗ ∆𝐹𝐵𝑜𝑟𝑛 = −
𝐻. 𝑥6. 𝑟𝑝
180𝛿8

 [38] 

∗∗ ∆𝐺𝐵𝑜𝑟𝑛 = −
𝐻. 𝑥6. 𝑟𝑝
1260. 𝛿7

 [26] 

∗∗ ∆𝐹𝐵𝑜𝑟𝑛 = −
𝐻. 𝑥6. 𝑟𝑝
180. 𝛿8

 [20] 

*Equations for sphere-plane interaction; **Equations for interaction for sphere-sphere. 

Some constants values of the equations will be obtained from the literature, as the Hamaker constant, 
which varies for each type of material: collector (sand or gravel), particle (Microcystis spp. in aqueous media), 
and water; the values of the superficial tensions; the Born collision and repulsion diameters; wave length 
decay and the Lewis AB approximation distance, among others. The Table 4 shows the definition of each 
parameter, values and their units. 

 Table 4. Parameters used in XDLVO theory. 

Parameters Definition         Values [Units] References 

𝑘𝐵 Boltzmann constant 1.3808.10-23 J.K-1 [39, 40] 

𝑒 Electron charge 1.602.10-19 C [39] 

𝜀𝑎 Permissiveness coefficient of the solution 6.9539.10-10 C2/Jm [39, 40] 

𝑅 Avogadro's constant 6.02.1023 mol-1 
[39] 

𝐹 Faraday's constant 96485 C/mol 

𝑟𝑝 Particle radius 0.000002 m [39, 41] 

𝜑𝑝/𝜑𝑐 Particle/Collector zeta potential * V [15] 

𝐻 Hamaker's constant* J [28, 42] 

𝛾+/⁡𝛾- Recipient/Donor surface tension* mJ/m2 [28, 43] 

𝑇 Temperature* K 
[15] 

𝑍 Valence of the ion 1 (admensional) 

𝜆𝑤 Wavelength of light scattered between particles 100 nm [44] 

𝐾 Debye-Huckel constant* m-1 

[25] 
𝑋 Collision diameter 0.5 nm 

𝜆𝐴𝐵 
Wavelength of scattered light for acid-base 
interaction 

0.6 nm 

𝛿 Separation distance nm 

𝛿0 Minimum separation distance 0.16 nm [45] 

𝐼 Ionic strength of the system 0.0212 mol/L [4] 

*Variable parameters. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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RESULTS AND DISCUSSION 

The arrangements of interaction and geometry adopted in this work correspond to the sphere-sphere (S-
S) for the study water (SW) and coagulated water (CW); the sphere-sphere and the sphere-plane (S-P) for 
the double filtration system (gravel upflow filtration (GUF) and sand downflow rapid filtration (SDRF)). 

The legend admits the configuration in which the cyanobacteria particle are represented by the sphere 
and the collectors (gravel and sand) being represented by the plane. The symbols “∆𝐺” and “∆𝐹” represent 
the energy and force variation, respectively. 

Due to the absence of data in the literature, the Hamaker constant and the values of the superficial 
tensions for the gravel material are the same as the ones used for sand, obtained from [25]. 

By means of the application of the XDLVO theory, results were obtained after modelling in electronic 
worksheets in Microsoft Excel®, represented later as graphs. 

Figure 3 presents the model applied to the study water, composed of water and cyanobacteria 
Microcystis spp. One has thus just the modelling for the combination sphere-sphere (particle-particle). 

In the graphics (a) and (b) one observes that the Born and vdW energies and forces have great influence 
at short distances. The DEL and AB energies for the graphic (a), on the other hand, manifest at longer 
distances. In the graphic (b), the vdW force is small and the AB begins at 300 nN and remains for longer 
distances compare to the other forces. The XDLVO energy reached its maximum at 0.16 nm with 224854.78 
kT. 

Observing the total energy of the system it is possible to notice that it can vary from negative to positive, 
depending on the summation of the intermolecular forces involved, as seen in the transition of the graphic 
(c) from 0.1 nm. 

Starting from the analysis of the coagulated water, one has the results presented in Figure 4. 
 

 

 

Figure 3. Behavior of intermolecular forces over distance for study water. (a) Individual energies for sphere-sphere 
interaction. (b) Individual forces for sphere-sphere interaction. (c) Total energy in sphere-sphere interaction. (d) Total 
force in sphere-sphere interaction. 

(a) (b) 

(c) (d) 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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Figure 4. Behavior of intermolecular forces over distance for coagulated water. (a) Individual energies for sphere-sphere 
interaction. (b) Individual forces for sphere-sphere interaction. (c) Total energy in sphere-sphere interaction. (d) Total 
force in sphere-sphere interaction. 

The only varied parameter in this phase was the zeta potential of the cyanobacteria Microcystis spp., 
and as a consequence the only modified force was the double electric layer. Here, the coagulated water 
showed a pattern similar to the study water, with a certain decrease in the DEL energy, for as presented in 
Table 2, the zeta potential decreases in absolute value along the treatment until the step of double filtration, 
leading in a lower total energy balance. 

This reduction of the absolute value of the zeta potential is due to the action of aluminum sulfate 
coagulant, resulting now in a destabilized system and in the decrease of the total energy (XDLVO), since this 
chemical agent acts in the compression of the double layer and in the respective reduction of the repulsion 
barrier in the colloidal theory, as it is evident when comparing Figures 3(c) and 4(c). 

The total XLDVO energy reached its maximum at 0.17 nm with 15352.03 kT, with difference of 67505.75 
kT when compared to the water without coagulant. 

Comparing the graphics of force, one sees that the variations was of the order of 8.88 nN. 
Figure 5 makes evident the XDLVO theory applied to the gravel upflow filtration. From this step of the 

treatment it was used the modelling for the sphere-plane combination (particle-collector). 

(a) (b) 

(c) (d) 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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Figure 5. Behavior of intermolecular forces over distance for gravel upflow filtration. (a) Individual energies for sphere-
plane interaction. (b) Individual forces for sphere-plane interaction. (c) Individual energies for sphere-sphere interaction. 
(d) Individual forces for sphere-sphere interaction. (e) Total energy in sphere-plane/sphere-sphere interaction. (f) Total 
force in sphere-plane/sphere-sphere interaction. 

Analyzing the interaction sphere-sphere and comparing CW with GUF, the differences are more evident 
at DEL, because the reduction in absolute value of the zeta potential was drastic, decreasing heavily the DEL 
energy, and the force became practically null, increasing the attraction potentials. 

The reduction is even more drastic when evaluating ∆𝐺𝑇𝑜𝑡𝑎𝑙
𝑋𝐷𝐿𝑉𝑂, having its maximum at 0.2 nm with 

30359.15 kT, leading to a reduction of 126992.88 kT when compared to the coagulated water. 
When regarding the interaction sphere-plane the difference are more substantial at DEL, even though 

the other forces were also modified. Note that the ∆𝐺𝑇𝑜𝑡𝑎𝑙
𝑋𝐷𝐿𝑉𝑂 has a lower maximum energy (19138.79 kT) 

when the geometries have this configuration. 
All graphics showed that the force manifest at shorter distances, while in terms of energy the contrary 

happens. 
Figure 6 shows the XDLVO theory applied to the sand downflow rapid filtration. 
 

 

 

Figure 6. Behavior of intermolecular forces over distance for sand downflow rapid filtration. (a) Individual energies for 
sphere-plane interaction. (b) Individual forces for sphere-plane interaction. (c) Individual energies for sphere-sphere 
interaction. (d) Individual forces for sphere-sphere interaction. (e) Total energy in sphere-plane/sphere-sphere 
interaction. (f) Total force in sphere-plane/sphere-sphere interaction. 

 

(a) (b) (c) 

(d) (e) (f) 

(a) (b) (c) 

(d) (e) (f) 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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As the variations of the zeta potential between the steps of GUF and SDRF were low, consequently, the 
variations in the values of energy and force had small variations. This can be better observed in Table 5, 

which shows the maximum and minimum values of ∆𝐺𝑇𝑜𝑡𝑎𝑙
𝑋𝐷𝐿𝑉𝑂 and ∆𝐹𝑇𝑜𝑡𝑎𝑙

𝑋𝐷𝐿𝑉𝑂, analyzed at a separation 
distance among 0.01 to 5 nm. 

  Table 5. Table of maximums and minimums for ∆𝐺𝑇𝑜𝑡𝑎𝑙
𝑋𝐷𝐿𝑉𝑂 and ∆𝐹𝑇𝑜𝑡𝑎𝑙

𝑋𝐷𝐿𝑉𝑂. 

TREATMENT 
PHASES 

MAXIMUMS MINIMUMS 

Value (kT) 
Distance (nm) 

Value (nN) 
Distance (nm) 

Value (kT) 
Distance (nm) 

Value (nN) 
Distance (nm) 

SW (S-S) 
224854.78 210.00 -2.33.1012 -6.65.1012 

0.16 0.29 0.01 0.01 

CW (S-S) 
157352.03 209.12 -2.33.1012 -6.65.1012 

0.17 0.29 0.01 0.01 

GUF (S-S) 
30359.15 174.22 -2.33.1012 -6.65.1012 

0.20 0.29 0.01 0.01 

GUF (S-P) 
19138.79 111.47 -3.26.1011 -9.29.1011 

0.17 0.25 0.01 0.01 

SDRF (S-S) 
30367.70 174.24 -2.33.1012 -6.65.1012 

0.20 0.29 0.01 0.01 

SDRF (S-P) 
19218.23 111.68 -3.26.1011 -9.29.1011 

0.17 0.25 0.01 0.01 

 
Figure 7 exhibits the comparison of the variation of energy (a) and force (b) of interaction, respectively, 

as a function of the separation distance, by the colloidal theory between the beginning and the end of the 
treatment, i.e., between the study water after the sand downflow rapid filtration. 

One notice that the treatment applied to the study water showed positive effects in the reduction of the 
absolute value in the energy barrier (repulsion energy), and therefore of the repulsion forces in the XDLVO 
theory, making the particles (Microcystis spp.) available to removal by treatment. The graphics (a) and (b), 
approximately at 0.16 and 0.25 nm, respectively, make it evident in which distance occurred the maximum 
peak of colloidal electrostatic destabilization of the particles Microcystis spp. 

 
 

 

Figure 7. Comparison of the variation of results between SW and after SDRF. (a) Total energy graph. (b) Total force 
graph. 

 

(a) (b) 
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CONCLUSION 

This work allowed to evaluate the efficiency of some steps of the treatment for the removal of 
cyanobacteria Microcystis spp. by the system of treatment by double filtration. 

The action of the coagulant in the XDLVO theory altered the behavior of the forces of interaction, 
principally in regards to the decreasing of the absolute value of the electric potential of the double layer which 
encloses the colloidal particles. This initial destabilization allowed the zeta potential to decrease more 
expressively in the step of double filtration, allowing an instability scenario. 

The standard configuration of ∆𝐺𝑇𝑜𝑡𝑎𝑙
𝑋𝐷𝐿𝑉𝑂 and ∆𝐹𝑇𝑜𝑡𝑎𝑙

𝑋𝐷𝐿𝑉𝑂 were similar, both decreasing along the 
steps of treatment. The energy, though, showed larger absolute values. 

The XDLVO theory was capable of evaluate the treatment of waters with respect to the removal of 
cyanobacteria, making it explicit the reduction of energy and forces which integrate the colloidal systems 
along the separation distance, making viable the removal of these particles after their microscopic 
destabilization. Evaluating the results of the study water and filtered water, it was possible to describe the 
behavior of the biocolloids along the treatment by double filtration. 

It was verified, therefore, that the Microcystis spp. particles became unstable due to the double filtration, 
since the repulsion energetic barrier of the raw water decreased approximately 90% such repulsion. 

The present study may contribute to the understanding of the interaction and removal of biocolloids such 
Microcystis spp. with porous media type sand and gravel particles in double filtration process, as well as to 
estimate the efficiency of the desired treatment in waters containing Microcystis spp. In addition, this study 
contributes to a moderation in the use of natural resources (sustainability) as it can enable to improvement 
the double filtration process in the design of drinking water plants. 
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