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ABSTRACT

The main objective of this study was to propose an improvement to the flocculation kinetics model
presented by Argaman and Kaufman, by including a new term that accounts for the irreversible floc
breakup process. Both models were fitted to the experimental results obtained with flocculation
kinetics assays of low turbidity raw water containing Microcystis aeruginosa cells. Aluminum
sulfate and ferric chloride were used as coagulants, and three distinct average velocity gradient
(G) values were applied in the flocculation stage (20, 40 and 60 s™'). Experimental results suggest
that the equilibrium between the aggregation and breakup process, as depicted by Argaman
and Kaufman’s original model, might not be constant over time, since the residual turbidity
increased in various assays (phenomenon that was attributed to the irreversible floc breakup
process). In the aluminum sulfate assays, the residual turbidity increase was visible when G =
205" (dosages of 60 and 80 mg L™). For the ferric chloride assays, the phenomenon was noticed
when G = 60 s (dosages of 60 and 80 mg L™). The proposed model presented a better fit to the
experimental results, especially at higher coagulant dosages and/or higher values of average
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velocity gradient (G).

1. Introduction

Conventional drinking water treatment depends primar-
ily on effective floc removal by sedimentation. Thus,
effective floc formation without subsequent floc
breakup is critical to create stable flocculation units.
Yet, some aspects involved within floc formation and
breakup processes are still unclear. The mathematical
models available are proven as useful auxiliary tools in
the evaluation of flocculation units in drinking water
treatment plants (DWTPs), but still do not resemble real
large-scale flocculation processes [1-3].

The mathematical modeling of the flocculation
process has been addressed by a great number of
researchers, using a variety of techniques [4]. In
general, most of the techniques applied in flocculation
studies focus on extracting information regarding floc
structure, from magnified images. For instance, light
microscopy was the most utilized technique for
decades. However, the largest issue with this technique
is the sampling procedure. In the procedure, damage
to the floc structure is likely to occur and, to a minor
extent, further aggregation of the particles can also
occur. Both of these may compromise the accuracy of
the results [5-7].

Nowadays, digital imaging plays a significant role in
flocculation studies, since it allows quick evaluations of
several different images and can also be combined
with light microscopy. But, similar to light microscopy,
this technique requires sample extraction, and thus
damage to the flocs or particle aggregation can also
occur. Some studies have taken advantage of in situ
digital image capturing devices, which can determine
several floc characteristics without any direct contact
with the floc. The lack of contact prevents damage to
the floc or an unintentional change to its properties.
The biggest downside to this technique is that it requires
extensive knowledge about photography procedures
and expensive equipment [5,6,8-10].

Electron microscopy (EM) images are useful to evalu-
ate the flocculation process, due to its intense magni-
fication (over 10,000 times), which provides a more
detailed perspective of floc microstructure and
primary particle interaction. But, traditional EM tech-
niques, that is, transmission electron microscopy and
scanning electron microscopy (SEM), may cause
damage to floc structure during sampling and sample
preparation. In addition, EM is very expensive, requires
a great amount of time for sample preparation, and it is
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hardly available in DWTPs [5,6]. A novel, but more
expensive EM approach called WetSEM minimizes the
floc damage [11]. But, few applications have been
reported [12,13].

Besides image analysis, light scattering is common in
flocculation modeling. Particle size distribution is deter-
mined as a function of the light scattering pattern of
the analyzed suspension. But, this device requires
sample extraction from the vessel, usually by means of
a peristaltic pump with recirculation, which may alter
the floc shape. Similar to light scattering, light trans-
mission requires the analysis of an extracted sample.
But, the light transmission device changes the floc size
indirectly. In addition, light transmission devices require
a suspension with a high floc concentration, which some-
times may be difficult to obtain. Therefore, light trans-
mission devices are rarely used for flocculation
modeling. Individual particle measuring devices are
also reported in literature for flocculation modeling,
but with fewer applications. In this device, floc breakage
may occur when the suspension flows through the analy-
sis cell. This device may also be limited due to the floc
breakage and the need for samples with low floc concen-
tration [4-6,14-17].

The most recent advance in flocculation modeling is
the application of computational fluid dynamics (CFD)
techniques. Although researchers have gained a great
deal of understanding when studying flow patterns in
structures, multiphase systems’ modeling does not
describe flocculation units precisely. For instance, one
of the most common models for flocculation units is
the Lagrangian particle model. Because this model
assumes the floc is a point mass, it does not fully consider
the fractal nature of the floc, disregarding its porosity, for
instance. Even though more research is needed to
improve its precision, CFD is a promising technique for
flocculation modeling. It is particularly promising
because advances in computational tools will further
enhance such models. Yet, these models require exten-
sive knowledge of advanced mathematics, access to
cutting-edge software, and time needed to elaborate,
run, and validate each model [18-24].

A common disadvantage among most of the tech-
niques presented is the relatively high cost of the equip-
ment [4-6]. Another drawback is that these devices are
not available on a daily basis in DWTPs. This is especially
true for DWTPs in developing countries, which usually
lack investments in laboratory infrastructure. Therefore,
a more practical approach is required in these cases.
The mathematical model proposed by Argaman and
Kaufman [25] is still widely used. Valuable practical infor-
mation can be obtained with this classical model by
means of a simple jar test. The model can be useful for

DWTPs in developing countries, which typically have
jar test devices readily available [1-4,25-28].

Argaman and Kaufman’s model was proposed in the
early 1970s and addresses one of the main assumptions
made in the development of the first flocculation kinetics
models, that is, the one that claims that flocs do not break
[1-4]. Nowadays, it is widely known that this assumption
does not describe the flocculation process accurately
and several authors have addressed the floc breakup
process [29-37]. In their model, Argaman and Kaufman
assume that both aggregation and breakup processes
take place simultaneously, and that equilibrium between
them is eventually reached. The model does not include
the irreversible breakup process mentioned by recent
research regarding floc regrowth capacity [14,16,38]. The
irreversible breakup process suggests that the equilibrium
between the aggregation and breakup rates might only
be temporary, leading to a lower clarified water quality
as the irreversible breakup process intensifies.

Practical experience has shown that floc formation
needed for effective sedimentation is impaired in
waters with low turbidity, such as those from surface
eutrophic water sources containing cyanobacteria cells
[1,2,39-42]. Research has shown that flocs formed
between the cyanobacteria Microcystis aeruginosa and
iron and aluminum salts present variable regrowth
capacity. This suggests that the irreversible breakup
process can be identified during the flocculation of
water containing this type of microorganism [17].

The main objective of this work was to propose an
improvement to the flocculation kinetics model pre-
sented by Argaman and Kaufman (1970), including a
new term that accounts for the irreversible floc
breakup process. Within this objective, both models
(original and proposed) were fitted to experimental
results obtained in flocculation.

2. Material and methods
2.1. Raw water stock preparation

In order to simulate low turbidity raw water, such as those
found in surface eutrophic sources, water stocks from the
public supply system were inoculated with pure cultures
of the cyanobacteria species M. aeruginosa. These were
grown as previously reported [43]. The cell density was
maintained between 1.5 and 2.0 x 10° cells mL™", which is
typical for eutrophic surface waters [44]. Residual chlorine
present in the water from the public supply system was
removed with sodium thiosulfate pentahydrate (Na,S,0s.
-5H,0). The first physicochemical characterization included
total alkalinity, total organic carbon (TOC), total hardness,
total iron, total manganese, total dissolved solids, and



turbidity. The analytical methods used are reported in the
last edition of the Standard Methods for the Examination
of Water and Wastewater [45]. The water stocks were
then inoculated with pure cultures of M. aeruginosa and a
second aliquot was collected, in which pH, temperature,
and turbidity were measured [45]. Also, the zeta potential
of the raw water stocks was determined with the aid of a
Zetasizer Nano Z from Malvern”.

2.2. Flocculation kinetics assays

The flocculation kinetics assays were grouped accord-
ingly to each coagulant dosage tested. Within each
group, three tests were completed with different values
of G (average velocity gradient) applied to the floccula-
tion stage (slow mixing). The coagulants used in this
study were aluminum sulfate — Al,(SO,4)3-18H,0 - and
ferric chloride — FeCl3-6H,0. The coagulant dosages
(expressed in terms of mass of powder) used were
10, 20, 40, 60, and 80 mg L™". To maximize the sweep
flocculation mechanism, as it is recommended for the
removal of M. aeruginosa cells by sedimentation [17],
the pH was maintained between 6.0 and 6.5 in the
assays with aluminum sulfate, while in the assays with
ferric chloride, it was kept around 8.0. For pH adjust-
ment, NaOH and HCl solutions were used (both 0.1 N)
[1,2,46,47].

Previous to the kinetic flocculation tests, preliminary
studies were conducted to determine the volume of
the NaOH and HCl solutions needed for pH adjustments,
for each coagulant dosage used. For each coagulant
dosage, a titration curve was prepared. This way, it was
possible to make the pH adjustment simultaneously
with the coagulation step, in the same way it is done
in DWTPs at a large scale [1,2,48]. The assays were
carried out in a jar test device with 12 jars of 2 L. In the
coagulation stage (rapid mixing), the rotation speed
was set to 236 rpm, corresponding to an average velocity
gradient (G) of approximately 600 s~'. The coagulation
(detention) time selected was 30s, to obtain a Camp
Number (given by the product Gt) of 18,000 [48].
Immediately after the start of stirring, the coagulant
and the NaOH or HCI solutions were simultaneously
added in each of the 12 jars. After 30 s, the rotational
speed was reduced to match the selected G value of
the flocculation stage. The G values used were 20, 40,
and 60 s~

The following flocculation times were used: 2.5, 5.0,
7.5, 10.0, 12,5, 15.0, 17.5, 20.0, 30.0, 40.0, 50.0, and
60.0 min. A different flocculation time was assigned to
each jar, that is, 2.5 min for the first jar, 5.0 min for the
second jar, and so forth. Once the flocculation time
was reached in a given jar, the stirring was stopped to
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initiate the sedimentation process. The time during
which the fluid inside the jars remained under agitation
after the stirring stopped, also called the non-ideal
settling time, was determined as 90, 120, and 150 s for
G values of 20, 40, and 60 s, respectively.

After the non-ideal settling time, the real settling time
was recorded. For this experiment, a total of 4 min was
selected for sedimentation. After measuring the real
settling time, an aliquot was collected from each jar for
turbidity analysis.

The turbidity increase due to coagulant dosage was
also recorded. Separate assays were done following the
procedure previously described for the flocculation kin-
etics assay. In these assays, the stirring of the jar test
was ceased immediately after the rapid mixing stage
and aliquots were collected to determine turbidity and
zeta potential of the coagulated water.

2.3. Mathematical modeling

The mathematical modeling was divided into two separ-
ate stages. First, the proposed model was developed
using the equations from Argaman and Kaufman’s orig-
inal model. The second stage comprehended fitting both
models (Argaman and Kaufman’s original model and the
proposed model) to the experimental results.

2.3.1. Mathematical development of the proposed
model

The proposed model is an improvement of Argaman and
Kaufman’s original model, and is based on the assump-
tion that during the floc breakup process, a portion of
the flocs breaks in an irreversible way. Conceptually,
the proposed improvement is shown in Figure 1.

O o
OOOO © 02%6
o0 &8 °0 ,°

2 3

Figure 1. Conceptual view of the proposed model.

Note: N is the primary particles; F is the particles formed during the aggrega-
tion process and removable by sedimentation; T is the permanent residual
particles not subject to aggregation and/or removal by sedimentation.
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Figure 1 shows that the primary particles (N), pre-
viously destabilized in the coagulation step, aggregate
(indicated by arrow 1) and form flocs that can be
removed by sedimentation (F). Under certain conditions,
these flocs then undergo a breakup process, creating
again the primary particles n (indicated by the arrow 2).

The rate of change of the concentration of primary
particles N can be described by Equation (1). All
equations presented in this work assume that turbidity
is an acceptable indicator of the concentration of col-
loidal particles in a colloidal suspension [28].

d—N:—KA-G~N+KB-No~GZ, (1

dt
where dN/dt is the rate of change in the concentration of
primary particles N due to the sum of aggregation and
breakup processes, N is the turbidity caused by the
presence of primary particles (NTU), Ny is the initial tur-
bidity caused by the presence of primary particles
(NTU), Ka is the aggregation constant (dimensionless),
Kz is the breakup constant (s), G is the average velocity
gradient (s7).

Equation (1) is the most common presentation of
Argaman and Kaufman’s original model. Considering a
single-compartment batch reactor [1-3,25,26], the inte-
gral form of Equation (1) is presented by Equation (2).

N(t) = 6. No + <NO K . No> V)

Ka Ka
where N(t) is the turbidity caused by the presence of
primary particles at flocculation time t (NTU); t is the floc-
culation time (min).

A direct consequence of this model is that aggrega-
tion and breakup processes eventually reach equilibrium,
thus N(t) remains constant over time when a steady floc
size is reached [3,4,12,25,35,36].

In the proposed model|, it is assumed that during the
breakup of the F flocs, a portion of the broken flocs does
not create new particles N, but generates T particles
instead. T particles cannot be removed by sedimentation,
nor do they form new flocs F. Thus, they create a perma-
nent residual turbidity. In this work, it is assumed that
this process is the irreversible floc breakup, indicated
by the arrow 3 in Figure 1.

It was assumed that the term describing the
irreversible breakup process of flocs F was similar to
the aggregation process in Equation (1), but with a
new constant, denominated K. So, the rate of change
in the concentration of F particles is described by
Equation (3).

dF

E:KA-G~N—KB.N0~G2—KC'G'F: 3)

where dF/dt is the rate of change in the concentration
of particles F formed due to the sum of the aggregation
and breakup processes, F is the turbidity caused by
the particles formed due to the aggregation process
(NTU), and Kc is the irreversible breakup constant (s).
The integral form of Equation (3) is presented by
Equation (4).

_(KA'G'NO_KB'GZ'NO)’( KnGt

—Kc-G-t
F(t) = K G_Ki G e ) (4

where F(t) is the turbidity caused by the particles formed
due to the aggregation process at flocculation time t
(NTU).

The irreversible breakup process, which then gener-
ates a permanent residual turbidity T, is represented by
Equation (5).

Z—: =Kc-G-F, (5)
where dT/dt is the rate of change of the concentration
of particles due to the irreversible breakup process. The
integral form of Equation (5) is presented by Equation (6).

() = Kc-G?>-Noy - (Ka — Kz - G)
| K G-K:- G
—Kc -Gt 'I
3 R — T
Kc-G Kc-G Ka-G Ka-G

T

e—KA-G-f ’I

where T(t) is the permanent residual turbidity caused by
the particles not subject to aggregation and/or removal
by sedimentation at flocculation time t (NTU).

2.3.2. Models-fitting procedure
The method of least squares was used to calibrate the
kinetic constants and fit both models to the experimen-
tal data. The residual sum of squares (Sg) values were
minimized with the aid of Microsoft Excel’s ‘Solver’
function, using the GRG — Non-linear solution method
[49-51].

Equation (2) was used to calculate residual turbidity as
a function of time, to follow Argaman and Kaufman’s
original model. For the proposed model, residual turbid-
ity was modeled as the sum of N(t) and T{(t) fractions, as
described by Equation (7).

K K
NO+TH =-—2.G-No+ [No——2-G-Np | - e ¥t
Ka Ka
Kc-G?-No- (K —Kg - G)
(Kc-G—Kp-G)
[e—Kc-G-t 1 e—KA~G-I‘ 1 }

Kc-G Kc-G KA-G+KA~G

7)



3. Results

3.1. Qualitative characterization of the raw water
stocks

Table 1 shows the qualitative characterization of the raw
water stocks.

M. aeruginosa cell density and zeta potential averages,
presented in Table 1, are within the range of preciously
reported values for eutrophic surface waters [17,39-
42,44]. The average turbidity of the raw water stocks,
after inoculation with M. aeruginosa cells, was relatively
low (only 2.5 NTU) [1,2]. Hence, the raw water stocks pre-
pared effectively simulate a eutrophic surface water
source with low turbidity.

3.2. Experimental results and the irreversible floc
breakup process

3.2.1. Coagulant dosage

Figures 2 and 3 present the N¢/N, ratios for the assays
with aluminum sulfate and ferric chloride, respectively,
when G=20s"". The influence of coagulant dosage
was determined when G =20 s', since the floc breakage
was minimized with this G value, and trends were
observed more clearly.

It is evident in Figures 2 and 3 that coagulant dosage
plays a significant role in turbidity removal, as it would be
expected [1,2]. For instance, dosages of 10 mg L
resulted in poor turbidity removal for both coagulants.
Previous research has reported that sweep coagulation
is an effective mechanism for floc formation in waters
with low turbidity, where sedimentation is used for
solid-liquid separation [1,2,17,39-42]. Therefore, in the
assays with coagulant dosage of 10 mgL™" (and within

the pH range selected), the sweep coagulation
15 .
4 Aluminum sulfate -G =20 s 1
1.4 4 10mg.L" dosage - N, =265 NTU / pH =6.08-6.26/ T=17.0°C ® i0mgl
1 3_'_ 20 mg.L" dosage - N, = 3.79 NTU / pH =626 - 7.01/ T=21.0°C e 2”’"9-'-\
"] 40 mg L dosage - M= 3,00 NTU  pH =613 . 6,42/ T =220°C A 40mgl’
1.2 4 60 mgL" dossge - M, = 4.22 NTU / pH = 8.15 - 8.28 T = 2000 ¥ S0mgl
1 1 = o . 4 80mgl
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Figure 2. N¢/N, ratio for the aluminum sulfate assays with
G=20s".
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mechanism was not maximized. When coagulant
dosage was increased, turbidity removal also increased
for both coagulants tested, which suggests that the
sweep coagulation mechanism was favored and larger
flocs were formed.

The most important aspect of the results presented in
Figures 2 and 3 is related to the irreversible floc breakup
process. Figure 2 shows that the dosages of 20 and
40 mg L™" of aluminum sulfate effectively removed tur-
bidity without any apparent subsequent deterioration
of the clarified water quality (no residual turbidity
increase) in higher flocculation times. Meanwhile,
dosages of 60 and 80 mg L™ both indicated a reduction
of the clarified water quality after reaching a minimum
residual turbidity value. Argaman and Kaufman’s floccu-
lation model assumes that a reduction of water quality
does not occur. In their model, once aggregation and
breakup reach equilibrium, it is constant over time. In
the flocculation time range selected here, it was not
possible to observe if the residual turbidity eventually
stabilizes. Higher flocculation times, beyond 60 min,
were not studied because they are unrealistic for conven-
tional DWTPs. Therefore, it was assumed that the clarified
water quality decline was a consequence of the irrevers-
ible floc breakup process. The turbidity increase seemed
to be related with excessive coagulant dosage. Figure 4
shows that both models fitted to experimental results
obtained in the assays with 60 and 80 mg L™ of alumi-
num sulfate (G=20s7").

It is clear that Argaman and Kaufman’s original model
presents a limitation when applied to the experimental
results shown in Figure 4, since its curve eventually
reaches a constant turbidity value that does not
change over time. The proposed model, however,
shows a residual turbidity increase over time. It was

1.
b | Ferric chioride - G = 208" 1
1.4 o 10mgL" dosaga- N, =3.24 NTU /pH = 7.56 - 795/ T =25.0°C | 10w
1 20mg.L" dosage - N, =343 NTU/pH =800 - 838/ T=240°C ® 0mgl
1.3 4 i 5 : A 40mgl’
] 4omaL dosage - N, =528 NTU/pH =751-787/T=250"C "
1.2—‘ Somg.L:dosage-NI—S.S‘.NZU.'pH-??S aas."--sac:c : gg::::.
1.1 ] s0moL" dosage-M,=B8BNTU/pH=7.72-7.80 1 T=240°C
1.Cl~_‘ : L
0.9+ ™ ]
il =
= 08 ] - n
£ o7 L] .
= ]
0.6 ° . "
0549 A&
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Figure 3. N/N, ratio for the ferric chloride assays with
G=20s".
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Table 1. Qualitative characterization of the raw water stocks.

Parameter Unit Average Min Max o
Conductivity pS cm™ 1717 114.0 282.0 67.4
M. aeruginosa. cell density cells mL™ 17x10° 8.1x10* 48x10° 13x10°
pH - 74 7.1 7.8 0.2
Temperature °C 21.5 17.0 25.0 2.8
Total alkalinity mg CaCO; L™ 30.5 16.0 57.5 15.2
Total dissolved solids mg L™ 1121 429 180.0 37.0
Total hardness mg CaCO; L™ 31.0 9.0 55.0 16.3
Total iron mgFel™ 0.04 0.0 0.1 0.04
Total manganese mg Mn L™ 0.002 0.0 0.0 0.002
TOC mgCL™ 29 18 6.0 14
Turbidity NTU 25 20 34 0.5
Zeta potential mvV -213 -13.0° -27.9° 4.0

“Considering the zeta potential definition, the minimum values are closest to zero (0) and the maximum values are the most distant to zero (0).

assumed that the turbidity increase was a consequence
of the irreversible floc breakup process.

Another interesting observation is that the residual
turbidity increase was not shown in the assays with
ferric chloride, as depicted in Figure 3. Recent studies
indicated that the flocs formed between M. aeruginosa
cells and aluminum are more susceptible to breakage
than the ones formed with iron [17]. This suggests that
the occurrence (or intensification) of the irreversible
floc breakup process may also depend on the nature of
the floc. But, detailed analyses of the floc structure and
the internal bonds between each coagulant and the M.
aeruginosa cells are beyond the scope of this work. As
will be presented later, the irreversible floc breakup
process was observed with increasing G values in ferric
chloride assays also.

3.2.2. Zeta potential variation

This study also investigated the effect of the coagulant
dosages on the variation of the zeta potential in the coa-
gulated water. Figure 5 shows the change of the zeta

1.5
14 s B 60 mgL’ Observed values |
] = i ® 80 mgL’ Observed values
1 Dosage = 60mg L’ Dosage = 80 mgL )
137 0-615-629 pHo813.62 g0 ma AR (1970}
1.2 N,=442NTU N =401 NTU -==-B0 Mgl Fropoaed mads
4 . 2 i B0 mg.L~ ARK (1870}
T,=200°C = .
1.1 5 ] T,=19.07C 80 mg.L" Proposed model |
1.0 4m
11
09|
0.8
=) ]
Z o7 |
= 14
06 1 .
1 4 2
054 - ]
4 ° .
0.4-‘ -4 ®om_ - u
2] = —
] L
0.2 -
0.1
0.0

Time (minutes)

Figure 4. Ny/N, ratio for the aluminum sulfate assays with
dosages of 60 and 80mgL™' and G=20s"', with both
models fitted to the experimental results.

potential in the coagulated water as a function of the
coagulant dosages tested (expressed in terms of coagu-
lant mass).

As seen in Figure 5, the addition of aluminum sulfate
reduced the zeta potential, and it even exceeded the iso-
electric point at a dosage of 80 mg L™ ({;=2.2 + 0.3 mV).
However, the ferric chloride showed smaller reductions
of the zeta potential, with the maximum reduction
seen with 80 mg L (¢ =—8.9 + 1.0 mV). This difference
can be explained by the behavior of Al*® and Fe** ions
in aqueous medium. The aluminum ions produce
several hydrolyzed species that adhere to the surface
of the colloidal particles, thus reducing the zeta potential.
In the case of Fe** ions, the number of hydrolyzed
species is smaller, as Fe(OH)s quickly forms and precipi-
tates on the colloidal particles. And, after a certain
dosage, further Fe(OH)s particles precipitate on top of
the Fe(OH); molecules that have already covered the col-
loidal particle. When this occurs, the measured zeta
potential is that of the Fe(OH); accumulated on the
surface of the colloidal particle and not the zeta potential
of the colloidal particle itself. This explains the apparent

15.0

Raw water characteristics
8, =-235mV

pH, = 7.40

T,=250°C

B Aluminum sulfate |
@ Feric chloride |

10.0 <

5.0 4

0.0 3
-5.0
-10.0 i o

-15.0 4 . .

Zeta potential (mV)

-20.0

-25.0 -!

-30.0
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Dosage (mg.L™")

Figure 5. Influence of coagulant dosage (express in terms of
coagulant mass) in the zeta potential of the coagulated water.



stabilization of the coagulated water’s zeta potential,
observed in Figure 4, even with the higher ferric chloride
dosage [1,2,46,47]. This result suggests that reaching the
isoelectric point is not required for effective turbidity
removal. For example, a dosage of 20 mg L™ of alumi-
num sulfate reduced the residual turbidity to one of its
lowest values, and the zeta potential was only reduced
to —10.2+1.65 mV (far from the isoelectric point). In
the case of ferric chloride, the same behavior was
observed. A significant amount of turbidity was
removed with a dosage of 40 mg L™ of ferric chloride.
But, in this case, zeta potential was reduced to —14.8 £
1.8 mV. So, reaching the isoelectric point is not essential
to successful floc formation. More importantly, the zeta
potential should not be used as the only indicator of
an effective solid-liquid separation process [1,2].

3.2.3. G value
Besides coagulant dosage, the G value utilized in a floccu-
lation assay is an important variable in the irreversible floc
breakup process. But, experimental results indicated that
its influence is linked to coagulant dosage. For instance,
as previously mentioned, for aluminum sulfate dosages
of 60 and 80 mg L™, the irreversible floc breakup
process was noticed when G=20s"". When the G value
was increased to 40 and 60s™', the irreversible floc
breakup process was intensified, as shown in Figures 6-7.
Again, it is possible to observe Argaman and Kauf-
man’s model limitation as the experimental results
were better represented by the proposed model. When
evaluating ferric chloride assays, the importance of the
G value is highlighted. In Figure 3, the irreversible floc
breakup process was not apparently identified, most
likely due to the strength of ferric chloride flocs, when
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Figure 7. Ny/N, ratio for the aluminum sulfate assays with
dosage of 80 mg L™, all G values, and both models fitted to
the experimental results.

comparing those with aluminum sulfate flocs [17].
However, the occurrence of the irreversible floc
breakup was observed when higher G values were
used. As an example, Figure 8 shows the experimental
results in the assay with a ferric chloride dosage of
40 mg L', all G values, and both models.

Figure 8 indicates that the irreversible floc breakup
did not occur as strongly when G values were 20 and
40 s~'. However, when the G value was increased to
60 s~', the residual turbidity increased, and the disparity
between both models increased as well. When the ferric
chloride dosage was increased to 60 mg L™', the same
behavior was observed (Figure 9). Yet, when the
dosage was increased to 80 mg L™, the occurrence of
the irreversible breakup process was noticed when g=
4057, as presented in Figure 10.
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Figure 6. Ny/N, ratio for the aluminum sulfate assays with
dosage of 60 mg L', all G values, and both models fitted to
the experimental results.

Time (minutes)

Figure 8. Ny/N, ratio for the ferric chloride assays with dosage of
40 mg L™, all G values, and both models fitted to the experimen-
tal results.
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Figure 9. Ni/N, ratio for the ferric chloride assays with dosage of
60 mg L™, all G values, and both models fitted to the experimen-
tal results.

Another example can be seenin Figure 11, which shows
both models fitting to the experimental results in the
assays with 80 mg L' of coagulantdosageand G=605"".

In the proposed model, the irreversible floc breakup
process was assumed to be directly proportional to the
G value used, as stated in Equation (5) (first-order rate
expression). Variations of Equation (5) were not tested
and should be further developed in future research.

3.2.4. Proposed model fitting

Table 2 presents all the values of the residual sum of

squares (Sg) resulting from the fitting procedure of both

models to the experimental results. All of the calibrated

kinetic constants are found in the supporting information.
As seen in Table 2, in several assays the Si values for

both models were very similar. This result suggests that

1.5
1.4 Farric chioride B G20 - Observed values
] Dosage = B0 mg.L' ® G40 - Observed values
1.3+ pH,,,=7.72-7.89 A GBO - Observed values
1 H  =775-812 - G20 - ABK {1870}
124 pH°'° =7.81-8.03 G20 - Praposed model
114 Pl ™ (812 G40 - A&K (1970}
1 N, = 6.88 NTU G40 - Proposed model
104 T =240 GBD - ABK (1970)
-T - GBD - Proposed model
0.9 4 !
0.8 4 [|
= 11
£ 07|
= j
0.6 l'.
4 il
054 1}
] [ A i A A A =
0.4 ,;\ A :
1% L] L]
034 @ §aan A b i
1 e a @
024 "N f§%e
4 ¥ - -1 . n - - o u
0.1 N
L S

Q 5 10 1 20 25 30 35 40 45 50 55 &0
Time (minutes)

Figure 10. Ni/N, ratio for the ferric chloride assays with dosage
of 80 mg L=, all G values, and both models fitted to the exper-
imental results.
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Figure 11. Models fitted to the experimental results obtained in
the assays with 80 mg L™' of coagulant dosage and G=605s"".

the effect of the irreversible breakup process was not sig-
nificant for the assays where the Sg values were similar. It
is also important to note that the proposed model is an
improvement of Argaman and Kaufman’s original model,
and similar S values for these assays were expected. The
main variables of the flocculation process studied, that is,
coagulant dosage and G value, minimized the occur-
rence of the irreversible breakup process. Therefore, in
these particular assays, both models present essentially
the same behavior.

But, as it is indicated in Table 2, in several other assays
the Sy values obtained from each model fitting pro-
cedure were substantially different. In such assays, Sg
values resulting from the proposed model were lower
than the ones from Argaman and Kaufman’s original
model. Assuming that the Sz values can be used as
measure of ‘goodness of fit" for non-linear models

Table 2. Residual sum of squares (Sg) resulting from the fitting
procedure of both models.

Residual sum of squares (Sg)

Aluminum sulfate Ferric chloride

Dosage G A&K Proposed A&K Proposed
(mg L™ s (1970) model (1970) model
10 20 0.28 0.27 0.46 0.45
40 0.29 0.08 0.29 0.29
60 0.28 0.15 0.30 030
20 20 0.17 0.17 0.90 0.77
40 0.48 0.48 0.68 0.44
60 0.67 0.40 0.66 0.66
40 20 0.49 0.49 0.34 0.34
40 0.85 0.85 0.72 0.70
60 0.76 0.76 1.79 1.12
60 20 0.82 0.67 0.38 0.38
40 1.03 0.93 2.80 2.80
60 0.59 0.51 3.45 2.15
80 20 0.94 0.46 0.35 0.36
40 133 1.15 1.19 0.90
60 2.46 1.23 3.65 1.44




[49-51], the results provide evidence that the proposed
model is a better fit to the experimental results than
Argaman and Kaufman’s original model.

4, Conclusions

The experimental results obtained suggest that the equi-
librium proposed by Argaman and Kaufman’s floccula-
tion model might not be constant over time, since a
residual turbidity increase was detected in some of the
assays. This phenomenon was attributed to the irrevers-
ible floc breakup process mentioned in recent research.
At higher coagulant dosages and/or higher values of G,
the inclusion of the irreversible breakup process in
Argaman and Kaufman’s original model resulted in a
better fit of the experimental results. Further investi-
gations are required in order to determine the actual
causes of the irreversible floc breakup process and the
variables that influence its intensification. Additionally,
experimental results presented were obtained in floccu-
lation kinetics assays of low-turbidity raw water, simulat-
ing a eutrophic surface water source. Therefore, it is
critical to verify the applicability of the proposed model
to different types of raw water.
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