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Abstract: Coagulation is an important process used in vartdrsewage treatment. Because of its complexity and
many factors affecting its speed and efficiencgréhis a need for continuous research of a fundthaes well as

a utilitarian nature. The kinetics of the coagwiatprocess is still not fully investigated or expé&d. This is due to
the limitations of laboratory experiments, in castrto computer simulation, which offers practicalhlimited
experimental possibilities. This paper presents rémilts of research carried out using a computegrpm
simulating the coagulation of a suspension comgirspherical particles of sol and spherical pasicbf
coagulant. The effect of excess and deficiencyoafyalant on the formation time of the first floclsvidentified.
The influence of parameters such as the concemirafisol, size of coagulant particles, and thgahvelocity of
sol and coagulant was analysed. The study revehigidboth deficiency and excess of the used coagula
decreased the rate of the coagulation processadtalso found that an increase in the simulatéidlinelocity of
the sol (mixing), as well as the increase in theigla diameter and concentration of the sol insegbthe speed of
sol destabilisation.
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Introduction

Solid pollutants in water and wastewater are uguailloidal and determine turbidity
and colour intensity. Coagulation is one of the nef§ective methods of removing this
type of pollution. This process is widely used li ttreatment of water and wastewater.
However, due to its complexity it continues to beestigated by many scientists [1-4].

Coagulation is a complex physico-chemical process] its course and efficiency
depend on many factors, such as the type and clodng@lutants, pH value, temperature,
type and dose of coagulant, reaction time, mixiogesl, etc. The range of optimal process
conditions is often narrowe.g. with respect to temperature, pH, and coagulane dss
treatment plants should aim at increasing the rarigerameters at which optimal results
can be achieved [5]. Computer simulation can heégntify correlations between factors
affecting coagulation, as it offers practically iamited experimental possibilities [6-8].

This paper presents the results of research castiedn coagulation and flocculation
using a computer program simulating a system coimgispherical particles of suspension
and spherical particles of coagulant. The effeaafess and deficiency of coagulant on the
rate of formation of the first flock was identifie@he influence of parameters such as the
concentration of the sol, size of coagulant pagtichnd the initial velocity of coagulant and
sol was analysed.
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Materials and methods

The study employed the ZB2 model simulating thecpss of aggregation, coagulation
and sedimentation of spherical sol particles indumg spherical particles of coagulant. The
correct operation of this software was proven vpus studies [9, 10]. The ZB2 program
is a stochastic-dynamic model. Its operation issdasn random variables and the state of
the experimental system changes over the simuldiine. The core of the program is
a module solving the equation of motion for a dartaumber of points of matter in a closed
vessel. The program simulates the process of rggidkinetic coagulation wherein each
collision of a coagulant particle with a sol paditeads to a stable bond, and particles of
the same type do not bind to each other. The catignl threshold identified asE)
indicates the number of sol particles requirechitiate sedimentation; it was determined in
such a way that for one particle of the coaguléward is a predefined number of sol
particles. The initial values describing the pasitiof particles are generated randomly
according to a homogeneous distribution insidetémk. The direction of particle motion
and their initial position are selected randomlgading to RANDOM instructions. The
angle of particle reflection from the wall of thessel is always equal to the angle of
incidence. To simulate the friction between soldtigles and liquid, the speed of the flock
in the direction of the surface is reduced by 046t shift unit. The sedimentation rate
increases with the increase in the number of sighes in a clump.

In the simulation studies, the following input datere assumed:

Nc - number of coagulant particles; = 20, 40, 60, 80, 100, 120, 140, 160, 180, 200
Ns - number of sol particles; in the studids= 800, 1000

Vc - initial velocity of coagulant particld/c = 50, 100, 200, 300

Vs - initial velocity of sol particleVs = 50, 100, 200, 300

E - coagulation thresholdE = 10 = const.
F - settling coefficientF = 0.2 = const.
re - coagulant radius¢: = 1, 2, 5,

rs - sol particle radius;s = 1 = const.

mc/ms - ratio of the coagulant particle mass to the sotiple mass;mc/ms= 1 = const.

All measurements of time)(were taken in seven replicates. Maximum and mimim
values were rejected, and the arithmetic mean waisilated for the remaining five values.
Values of standard deviation were presented irvagleplots.

Results and discussion

Coagulant dose is an important factor influencing toagulation process. Excess of
coagulant (above a certain optimal dose) is unalelsrnot only for economic reasons, but
it also creates a secondary contamination in theti@n system, which in some cases may
pose a greater threat than the substances beingveeimFor example, aluminium is
a typical contaminant used in aluminum-based c@ags) and it remains in the reaction
system due to the hydrolysis of the dosed subssanite content in water during
coagulation can significantly exceed acceptablédim
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Fig. 1. Effects of deficiency and excess of coagiuda the rate of formation and sedimentation effttst flock

Figure 1 presents the effects of deficiency ancesof coagulant on the time needed
for the formation and sedimentation of the firsick, assuming the constant initial velocity
of sol and coagulant particlég = Ve = 50 = const, and a constant number of sol pe#icl
Ns = 800. The shortest time for the formation of tingt flock was found for the coagulant
dose calculated stoichiometricallye. at the predefined coagulation threshotel £ 10)
completely removing particles from the systelig € 100%). A significant deficiency of
coagulant (20% of the optimal coagulant dose) prgpdal the time necessary for the
formation of the first flock by 13% compared to thBortest time. As indicated in the
figure, both deficiency and excess did not sigaifity affect the formation of the first
flock. It may be expected that a significant exaeflssoagulant should significantly reduce
the time necessary for the formation of the fitstk, but the contrary effect was observed,
and this time was slightly longer. The excess ddgutant with respect to the assumed
coagulation threshold resulted in the dominangeaoficles with a different charge, and the
formation of a new colloidal system under such ciorks.
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Fig. 2. Effects of deficiency and excess of coagutd different particle sizes on the rate of fotima of the first
flock

Another important factor affecting the coagulatiprocess is the type of coagulant.
Figure 2 shows the effect of excess and deficieriayoagulant on the time needed for the
formation and sedimentation of the first flock atfetent radii of coagulant particles,
i.e. 2-, 5- and 10-fold greater than the radius ofgbleparticle (s = 1). The increase in the
size of coagulant particles significantly reduckd time required to form the first flock.
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When coagulant with a radius 10-fold greater thlae tadius of the sol was used, on
average 40% less time was needed to form theflirst compared to the coagulant with
a 5-fold smaller diameter. With a 10-fold differenbetween the radius of the sol particle
and coagulant particle, the excess or deficienayoafjulant had no significant effect on the
time required for the formation of the first flock.stronger effect of excess and deficiency
of coagulant on the coagulation process was obddnrecoagulant particles with smaller
radii (2- and 5-fold larger than the sol partidelius), and a significant deficiency or excess
of coagulant prolonged the time required for themfation and sedimentation of the first
flock.

Other important factors influencing coagulation expeare temperature and mixing,
which is aimed at the equal distribution of coagulm the whole volume of water, and
ensures the proper course of flocculation.

Figure 3 presents the effect of deficiency and sxa# coagulant on the coagulation
process. In this case sol particles have a constaial velocity of Vs = 50, and the initial
velocity of coagulant particles is equal to thdiahivelocity of the sol, or 2-, 4-, or 6-fold
higher velocity than the initial velocity of the IsoThe presented process simulates
preheating or mixing of coagulant before adding ithe sol solution. The figure shows that
preheating the coagulant (mixing) has no significeffiect on the time required for the
formation of the first flock. For the optimal dogecoagulant a 6-fold increase in the initial
velocity of coagulant was associated with only &2&duction of the time required for the
formation of the first flock. The excess of coagujaegardless of the initial velocity, did
not increase the coagulation rate.

t[s] Ns=1000, Vs=50, rs=1,rc=1

15 1

10 1 M 8 V=50
0 Vc=100

5 - 8 Vc=200
0 Vc=300
20 40 60 80 100 120 140 160 180 200
Nc [%]

Fig. 3. Effects of deficiency and excess of coagut different initial velocity on the rate of fmation of the
first flock

Figure 4 shows the effects of excess and deficiesfcgoagulant under simulated
conditions where the sol solution was preheatedkdd)i before adding coagulant; sol
particles had an initial velocity 2-, 4-, or 6-fajdeater than the initial velocity of coagulant,
i.e.Vc = 50 = const. Figure 5 presents the effects atiefcy and excess of coagulant on
the simulated coagulation where coagulant and adiges had the same initial velocity.
Figures indicate that the coagulant dose can beifisigntly reduced by increasing the
initial velocity of sol to achieve the desired cakagion rate. The coagulation rate increased
with the increase of the initial velocity of eitheol particles alone (Fig. 4) or sol and
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coagulant particles (Fig. 5). For the optimal doseoagulant a 6-fold increase in the initial
velocity of sol and coagulant reduced the time iregufor the formation of the first flock
by 64%. At 4- and 6-fold increases of initial vatgahe deficiency or excess of coagulant
had no significant effect on the formation timettod first flock.

t[s] Ns=1000,Vc=50,rc=1,rs=1
15
10 BVs=50
i 0Vs=100
5 - OVs=200
1A A AT A A
20 40 60 80 100 120 140 160 180 200
Nc [%)]
Fig. 4. Effects of deficiency and excess of coagigith the constant initial velocity of coagulgpdrticles and

increasing initial velocity of sol on the formatitime of the first flock
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Fig. 5. Effects of deficiency and excess of coagulaith the increasing initial velocity of coagutaand sol

particles on the formation time of the first flock

Summary and conclusions

Coagulant dose is an important factor affectinggotation, and both its deficiency
and excess may have a negative impact on coaguldtidhe presented simulation model
coagulation was achieved through the interactiontvad colloidal systems, sol and
coagulant. Both deficiency and excess of coagulkedhticed the coagulation rate. Equal or
close to equal absolute values of two opposite gadsamof both sols are necessary for
coagulation. If one of the sols is present in exaasis deficient, then coagulation may be
partial or fail completely. Colloids with oppositharges adsorb each other, and the charge
that has not been neutralised remains on a newtyefd particle. If coagulation occurs in
two interacting colloidal systems, then the excefscoagulant above the predefined



568 Regina Wardz§ska and Beata Zggka-Chrost

coagulation threshold causes the dominance ofctestivith the opposite charge and a new
colloidal system is formed.

The type of coagulant in the simulated system awdease in the size of coagulant
particles increased the coagulation rate. The effeexcess and deficiency of coagulant on
the coagulation process was much weaker for coagudarticles with a longer radius
(10-fold greater than the sol particle radius) tf@ncoagulants with shorter radii (2- and
5-fold greater than the sol radius), where a sigguift deficiency or excess of coagulant
prolonged the time required for the formation af fhist flock.

Coagulation conditions, preheating or mixing of tmagulant before adding it to the
sol solution had no significant impact on the cdatjon rate. However, preheating and
mixing of the sol before adding coagulant had aifitant impact on the formation of the
first flock and coagulation rate. For sol partickgsh a higher initial velocity the deficiency
or excess of coagulant has no significant effectaagulation rate. A coagulant dose can
be considerably reduced by increasing the inidbeity of sol, and the desired coagulation
rate is still achieved.
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Abstrakt: Koagulacja jest istotnym procesem stosowanym wysmzaniu wody isciekdéw. Jest to proces
zlozony, wiele czynnikéw wplywa na jego szybkd efektywnd¢. Std wynika potrzeba gigtych bada natury
zaréwno fundamentalnej, jak i utylitarnej. Kinetykeocesu koagulacji gjle pozostaje nie do koa zbadana
i wyjasniona. Wynika to z ogranicaew obszarze laboratoryjnego eksperymentowania, zeqgiwieistwie do
symulacji komputerowej, ktéra praktycznie stwarz@ograniczone midiwosci eksperymentalne. W pracy
przedstawiono wyniki badaprzeprowadzonych przy zastosowaniu programu koempwego symulucego
koagulact zawiesiny zawierapej kuliste czstki zolu i kuliste czstki koagulantu. Ok&ono wptyw nadmiaru
i niedomiaru koagulantu na szylkotworzenia pierwszego ktaczka. Badano wplyw takparametréw, jak
stezenie zolu, rozmiar koagulantu,gpkos¢ pocatkowa koagulantu i zolu. Stwierdzonze zaréwno niedomiar,
jak i nadmiar stosowanego koagulantu powodowatzamié szybkéci procesu koagulacji. Stwierdzono takze
wzrost symulowanej pdkosci pocatkowej zolu (mieszanie), wzrostednicy i s¢zenia zolu powodowat wzrost
predkosci destabilizacji zolu.

Stowa kluczowe:koagulacja, zol, symulacja komputerowa



