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Abstract

This study calculated coefficients for the model elaborated by Hasan Ali San in 1989 based on the percentage of flocculated particles removed
by three coagulants commonly used for water purification. The coagulants used were type A aluminum sulfate, type B aluminum sulfate and
ferric chloride. An experiment was designed to study water with initial turbidity between 25 and 30 Nephelometric Turbidity Units (NTU).
The experiment consisted of filling a sedimentation column with water and colloid particles which were agitated rapidly and then slowly with
compressed air. This allowed the percentage of particles removed from the remaining turbidity to be determined at different times and different
depths by measuring sedimentation of the flocculated particles. Once percentages of material removed had been calculated, an isoconcentration
graph was elaborated and multiple linear regression was used to determine the coefficients of the model proposed by San.
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Determinacion de los coeficientes del modelo de San, para calcular
el porcentaje de remocion de particulas floculentas con tres tipos de
coagulantes

Resumen

El objeto de esta investigacion es determinar los coeficientes del modelo de San para calcular el porcentaje de remocion de las particulas
floculentas, al utilizar tres de los coagulantes mas comtiinmente utilizados en la potabilizacion del agua. Para ello se realizaron pruebas de
laboratorio que comprenden el estudio de un agua problema, la cual presenta una turbiedad inicial en un rango comprendido entre 25 y 30
UNT. Los coagulantes utilizados para el desarrollo de la prueba fueron: sulfato de aluminio tipo A, sulfato de aluminio tipo B y cloruro férrico.
El experimento consiste en llenar la torre de sedimentacion con las particulas floculentas generadas después de una agitacion con aire
comprimido, de tal manera que se genere la mezcla rapida y lenta; lo que permite que posteriormente mediante el proceso de sedimentacion
de las particulas floculentas, se determinen a diferentes tiempos y diferentes rangos de profundidad, el porcentaje de remocion de las particulas
a partir de la turbiedad remanente. Con los porcentajes de remocion calculados se elabora una grafica de isoconcentracion y se realiza una
regresion lineal multiple para determinar los coeficientes del modelo propuesto por San en 1989.

Palabras clave: coagulacion; floculacion; curvas de isoconcentracion; sedimentacion.

1. Introduction into contact with elements that change its properties. This is
the result of either natural processes associated with the
As water moves around and through the planet, it comes  hydrological cycle or processes associated with human
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activities. These are the two main factors of water pollution.
One element of changes in the properties of water that can
restrict its use in certain human activities is called total solids
(TS). Total suspended solids (TSS) is the fraction of TS
composed of colloidal particles and flocs suspended in the
water. Flocs adsorb organic particles and act as safe havens
for viruses and bacteria [1]. Removal of TSS, an essential
step in reduction of water pollution, can be achieved through
different processes including coagulation/flocculation and
sedimentation/filtration. Currently, sedimentation is one of
the best practices for pollution management since it controls
volume of contaminated while simultaneously treating them
through decanting suspended particles [2].

Sedimentation is defined as the use of gravity to separate
suspended particles whose specific weights are greater than
that of water. There are four types of sedimentation:

Type 1: Sedimentation of discrete particles

Type 2: Sedimentation of flocculated particles

Type 3: Concentrated suspensions, zone settling, hindered

settling

Type 4: Compression sedimentation (sludge thickening).

This study focuses on type 2 sedimentation in which a
dilute, suspended particles agglutinate or flocculate during
sedimentation. Agglutinations of particles have larger masses
than do individual particles and settle at faster rates [3].

Given flocculent sedimentation’s stochastic
characteristics [4], it has been possible to develop
computerized interpolation algorithms, analytical equations
and empirical models for its analysis [S]. In practice,
sedimentation of flocculated particles has been analyzed on
the basis of sedimentation tower testing. This is widely
recommended for the design of sedimentation tanks [6]
because it allows evaluation of efficiency of removal of
solids suspended in water for varying initial conditions when
there are no mathematical relationships that describe the
phenomenon [7].

Among the methods used to calculate the percentage of
particles removed in Type sedimentation are the graphical
method, known as the conventional method [6], analytical
methods [8, 6, 9, and 2], approximations using fractal theory
[10], and computational fluid dynamics [11].

This study uses the graphical method to determine the real
percentage of particles removed and the model proposed by
San's in 1989 which uses the analytical method. The object
of this study is to use laboratory tests to determine the
coefficients of San's model in order to predict the percentage
of flocculent particles that will be removed when water is
purified by any of the three most commonly used coagulant.

2. Methodology

First, we designed a laboratory water problem. Then
physicochemical parameters of coagulant dosage, mixing
speeds and water-coagulant contact time were selected on the
basis of jar tests. This was followed by rapid and slow mixing
using compressed air in a sedimentation tower to simulate the
real-world mixing process. Once the coagulation-
flocculation process had finished, the mass of water was
allowed to rest so that sedimentation of particles occurred.
Turbidity was measured in Nephelometric Turbidity Units

(NTUs) at various depths of the sedimentation tower in
various time ranges. Isoconcentration curves were then
constructed using the data obtained, and multiple linear
regression was used to obtain an equation for the percentage
of flocculated particles removed as a function of time and
depth.

2.1. Preparation of the water problem

Bentonite clay, which has negative colloidal
characteristics, was added to one liter of clean water until a
concentration that would maintain a turbidity range of 30 + 5
NTUs was obtained. The process involves weighing different
amounts of bentonite, then diluting it in a volumetric flask
containing one liter of water. Once the solution was diluted,
a turbidimeter measured turbidity [15].

2.2. Determination of the mixture’s parameters

The three coagulants chemicals most commonly used in
water treatment processes, aluminum sulfate type A,
aluminum sulphate type B and ferric chloride, were used in
this study [12].

A jar test was performed according to the methodology
presented by Crittenden [13]. Taking into account the
physicochemical characteristics of the water, a stirring speed
of 20 RPM and a mixing time of 25 min were defined for
slow mixing time while a stirring speed of 100 RPM and a
mixing time of 1 minute were defined for rapid mixing as
defined and presented by Romero [14].

One test was performed for each coagulant for a total of
three tests. By graphing the dosage of the coagulant against
turbidity, we were able to define the dose that represents the
best formation and floc consistency which results in good
sedimentation without resuspension of particles.

The optimal dosage of each coagulant used in problem
samples is presented in Table 1.

2.3. Sedimentation test

Rapid and slow mixing of clay into the water was
accomplished through injecting compressed air into the water
in the lower part of the sedimentation tower. For fast mixing
the compressor output pressure was 30 psi, but for slow
mixing it was 5 psi.

After mixing, the turbidity in the water column in the
sedimentation tower show Fig. 1, was left to settle for
different intervals of time and measured at various depths.
Each measurement corresponds to the turbidity remaining at
that point, so that the percentage of material removed at each
depth and time could be calculated.

This process was repeated with each coagulant and the
optimal doses presented in Table 1.

Table 1.
Optimal dose of coagulant.
Coagulant Optimal amount (ml)
Aluminum sulfate type A 80
Aluminum sulfate type B 80
Ferric chloride 75

Source: The Authors.
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Figure 1. Sedimentation tower built for this research.
Source: The Authors.

2.4. Isoconcentration curves

An isoconcentration graph of curves with the same
percentage of material removed that relate sedimentation
time, sedimentation depth within the tower and the
percentage of flocculated particles removed was elaborated
using the removal percentages calculated from the turbidity
values measured in the sedimentation tower.

The data obtained were then subjected to multiple linear
regression which, through the use of computational tools,
was used to obtain the coefficients of a linearized equation.
From this equation it is possible to calculate the percentage
of particles expected to be removed at a given depth and at a
previously defined retention time.

According to San [6], the equation that conforms to the
isoconcentration curves for flocculated particles in suspension is

Tb

P M
axHk + TP

Where a, b and k are specific parameters of a given
suspension, P is the percentage of material removed, 7 is
sedimentation time, and H is the depth.

By rearranging the parameters of eq. (1) in the form of a
multilinear expression, we obtain

In (% _ 1) = Ln(a) — b * Ln(T) + k @

* Ln(H)

To obtain the coefficients of eq. (2), an analysis was done
by means of multiple linear correlation. The values of the
coefficients are presented in Table 5.

3. Results and discussion
3.1. Evaluation of sedimentation data

The percentages of material removed from the water in
the sedimentation column for coagulants and optimal doses
used in this study are shown in Tables [2-4]. Each test was
performed in a sedimentation tower whose maximum height
is 175 cm. Tests lasted 120 minutes, and samples were taken
at various depths.

Table 2.
Percentage of flocculated particles removed from the sedimentation column
using 80 mg of aluminum sulfate type A per liter.

Time Percentage of material removed at different depths

(min) 25cm 50cm 75cm 100cm  125cm  150cm 175 cm
5 3.8 2.6 1.5 - - - -
10 12.0 7.9 5.6 2.3 - - -
20 20.7 10.2 8.6 5.6 - - -
30 41.7 13.5 9.4 9.8 2.3 6.0 53
40 51.5 39.1 11.3 18.4 11.3 7.5 6.8
50 65.1 489 372 32.0 23.7 7.9 10.9
60 73.9 58.6 43.6 50.0 38.7 33.8 19.5
70 839 624 58.6 56.4 459 553 23.7
80 88.1 70.1 68.3 63.4 51.5 553 48.9
90 88.8 712 714 68.2 61.3 60.5 54.1
100 - 77.3 73.4 71.1 65.4 62.4 63.1
110 - 79.8 743 72.3 69.0 68.3 66.8
120 - 81.8 75.6 74.2 72.6 68.9 69.5

Source: The Authors.

Table 3.
Percentage of flocculated particles removed from the sedimentation column
using 80 mg of aluminum sulfate type B per liter.

Time Percentage of material removed at different depths

(min) 25cm 50cm 75cm 100cm  125cm  150cm 175 cm
5 1.6 2.5 3.1 3.9 - - -
10 54 6.2 54 43 - - -
20 11.3 10.5 54 5.8 0.5 1.6 3.1
30 27.6 14.4 5.8 7.8 0.8 4.7 3.1
40 36.2 17.5 12.8 8.6 2.3 4.7 5.8
50 502 28.0 19.5 8.9 10.5 6.2 6.2
60 61.1 39.7 296 22.2 222 15.6 14.4
70 679 494 37.0 36.2 29.6 18.7 20.6
80 79.8 54.1 447 43.6 36.2 35.8 32.7
90 - 60.3 56.0 48.2 47.1 38.9 432
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Time Percentage of material removed at different depths
(min) 25cm 50cm 75cm 100cm  125cm  150cm  175cm
100 - 612 564 49.4 50.2 44.0 47.1
110 - 672 639 55.6 54.9 455 48.2
120 - 704 66.5 60.3 58.4 58.8 55.6

Source: The Authors.

Table 4.
Percentage of flocculated particles removed from the sedimentation column
using 70 mg of ferric chloride per liter.

Time Percentage of material removed at different depths

(min) 25cm 50cm 75cm 100cm  125cm  150cm  175cm
5 2.4 1.7 7.0 - - - -
10 17.0 8.8 9.5 9.5 - - -
20 19.7 10.5 11.2 9.9 - - -
30 442  21.1 18.0 12.9 54 2.0 1.4
40 646 429 38.4 16.3 11.6 9.9 7.0
50 74.8 56.8 47.6 36.7 31.6 344 9.9
60 819  65.6 64.3 51.7 49.7 432 21.1
70 89.5 73.3 68.3 66.6 64.6 51.7 38.8
80 - 73.8 72.0 67.0 65.3 54.1 63.3
90 - 78.5 78.5 73.6 68.9 66.8 65.0
100 - 82.2 80.6 77.6 73.7 71.8 73.3
110 - 82.1 80.7 79.8 75.2 72.9 72.4
120 - 84.7 80.6 81.0 79.3 73.5 77.0

Source: The Authors.

3.2. Interpolation and simulation

The conventional method for drawing isoconcentration
curves has been used. This method consists of plotting a
scatter diagram of points (time, depth) for percentages of
material removed and later interpolating the values as
smoothed curves as shown in Figs. 2-4.

Interpolation of values to obtain the isoconcentration
curves was done by means of a graphic procedure that has the
following steps:

1]
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Figure 2. Isoconcentration curves for aluminum sulfate type A.
Vertical axis: Depth (cm). Horizontal axis: Time (min).
Source: The Authors.

e A graph is drawn that relates a point in time to a depth in
the sedimentation tower.

e For each pair of points (time, depth), the corresponding
percentage of material removed is calculated. This point
is located on the graph and labelled with the
corresponding value of removal efficiency.

e The horizontal distance between two consecutive

removal percentage points is determined. Then, by means

of interpolation between the two points, the percentage of

material removed corresponding to the isoconcentration
curve that is to be found is calculated.

The model presented by San in 1989 was used to adjust
the equation to fit the dispersion of points measured during
the test. The isoconcentration curves that represent the
removal efficiency of the coagulants used in this study were
constructed with this equation. For each coagulant, constants
a, b and k, which represent the unknowns of the model, were
determined.

3.3. Results

To check the model’s validity when the constants
obtained (@, b and k) are used, we compared, the percentages
of material removal interpolated by means of the graphic
procedure with the percentages obtained through a model
simulation.

Figs. 2-4 shows the isoconcentration curves obtained in
the current study. These curves show the characteristics
behavior isoconcentration curves in sedimentation type 2,
where for the same removal efficiency, the relationship
between time and depth is directly proportional.

Table 5 shows the constants of the eq. (1) reported in the
literature, as well as the results of the correlation coefficients
(CC) and the standard error (SE) obtained after multiple
linear regression of series of laboratory data.
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Figure 3. Isoconcentration curves for type B aluminum sulphate. Vertical
axis: Depth (cm). Horizontal axis: Time (min).
Source: The Authors.
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Table 5.
Values of constants for the model of Hasan Ali San reported in the literature.
Test a b k CC SE Reference
1 0.008 -0.06 0.23 - 1.95 Chirwa [9]
2 191 055 -0.44 - 0.81 Chirwa [9]
3 3476 0505 0.153 0910 5.5 Eckenfelder [16]
4 0275 0.834 0877 0946 5 O'Connor [17]
5 0.785 1234 0939 0990 3.1 Reynolds [18]
6 25.088 2.025 0.716 0.997 22 Camp [19]
7 20.409 1.315 0.347 0968 5.7 San [20]
8 33.692 1.209 0.368 0.992 1.8 Zanoni [21]
8 1212 0.844 0329 0991 0.5 Berthouex [22]
Reynolds and
10 0.043 -0.60 -0.23 - 0.20 Richards [23]
11 0321 -0.30 -0.23 - 0.39 Peavy et al [24]

Source: The Authors.

Table 6.
Values for a,b,k, the correlation coefficient and the standard error for the
Hasan Ali San model obtained in this study.

Test a b k CC SE Reference
1 27479 1992 1.141 0950 0.5 Current study
2 28296 1.717 1.030 0913 0.6 Current study
3 25504 1.708 0972 0921 0.6 Current study

Source: The Authors.

The values of parameters a, b and k, as well as the
standard error (SE) and the correlation coefficient (CC)
obtained in this study by means of a multiple linear
regression are presented in Table 6.

As expected, when turbidity was between 25 NTU and 30
NTU and ferric chloride, aluminum sulfate type A, or
aluminum sulfate type B were used as coagulants, type II
sedimentation resulted. The average percentage of material
removed according to the aluminum sulfate type A
isoconcentration curve for sedimentation time greater than 60
min in columns of water from 100 cm to 175 cm was 59.3%.

The average material removed under the same conditions
for aluminum sulfate type B was 40.5%, and for ferric
chloride it was 65%. These percentages correspond to typical
removal percentages in water purification plants.

Coefficients obtained by multivariate regressions from
application of San’s model were well within the ranges found
in similar studies. Similarly, the mean square errors for the
three types of coagulants were all higher than 0.92 indicating
that the coefficients of San’s model presumptively
approximate sedimentation characteristics related to the
percentages of material removed in the laboratory.
Aluminum sulfate type A was the closest approximation.
This is explained by its high degree of purity which is a
contrast to type B which is less dehydrated and has a higher
percentage of impurities. San’s model provided a poorer
approximation to ferric chloride, possibly due to its variable
pH and tendency to acidity which makes it very soluble.

4. Conclusions

We compared the results of our experiments and analyses
with those of seven other studies on this topic.

Analysis of these earlier studies of analytical methods to
determine the number of flocculated particles removed by the
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Figure 4. Isoconcentration curves for ferric chloride. Vertical axis: Depth
(cm). Horizontal axis: Time (min).

Source: The Authors.

use of coagulants shows very close agreement with the
mathematical method proposed by San.

Also, the isoconcentration graphs elaborated from results
of our sedimentation tower experiments showed greater
percentages of particles removed as contact time and depth
increased. These tendencies coincide with those described in
the literature for Type 2 sedimentation.

Similarly, the coefficients obtained in this investigation
are well within the ranges reported in the literature for
removal of flocculated particles with the three coagulants
most commonly used in water purification. This study has
opened up the possibility of studying the behavior of this type
of particles under real water treatment plant conditions with
the settler in operation.
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