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PROCESS OF FLOCS AGEING AND ITS INFLUENCE
ON FLOCCULATION EFFECTIVENESS

The effectiveness of conventional coagulation depends first of all on the stability of flocs and their
sorption ability. On the basis of the research results it was concluded that aluminium coagulant is hydro-
lysed independently of water temperature and this process is followed by precipitation of aluminium
hydroxide flocs. However, in water of low temperature, as time goes by, the process of desorption and
flocs disintegration starts, hence the process of coagulation is ineffective.

1. INTRODUCTION

Coagulation is the process of decreasing a colloid dispersity. RIDDICK and MOFFET
[1] reported that in the first second after coagulant dosing chemical reactions are com-
pleted. At this moment hydroxides are generated and the process of destabilization of
colloidal contaminants also takes place. From hydroxides and destabilizated colloids
microflocs are produced. The above-mentioned processes are essential for coagulation
and they control its effectiveness. LICSKO [2] claimed that in one minute hydroxide
flocs lose their ability to destabilize the colloids and to coagulate raw water. This is
due to the fact that hydroxide flocs cannot create a stable system with water contami-
nants. If freshly produced hydroxides do not meet water colloidal contaminats, e.g.
because of insufficient mixing, they soon lose their ability to destabilize colloids and
the process of their aggregation by hydrogen bonds takes place, i.e. the process of
coagulation is not effective enough.

In the opinion of FRANCOIS, Van HAUTE and WINDERICK [3], lenghtening of the floc-
culation time by over 30 minutes, i.e. a floc ageing, results in the decrease of its size.
From the moment the flocs reach their maximum size, the process of irreversible changes
in their structure begins. Based on the example of aluminium hydroxide FRANCOIS and
BEKAERT [4], [5] distinguish three mechanisms of flocs ageing. They as follows:
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e aggregation—cementation,

e condensation—polymerization,

e crystallization.

In the first stage, the process of aggregation—cementation is greatly responsible for
shrinking of flocs. During 6—8 hours, depending of flocculation conditions, a floc di-
ameter decreases from 550 pum to 220 um. For next four days, because of the conden-
sation—polymerization and the crystallization processes, this diameter is reduced to
180 pum. In the third stage, a floc diameter increases due to crystal ripening (Oswald’s
law).

In their research, FRANCOIS and BEKAERT [4] analysed parameters influencing the
process of floc ageing. Their results prove that the amount of suspension and the time
of quick mixing have the most important influence on the mechanism of cementation.
Mixing energy and a coagulant dose are crucial parameters which affect the crystalli-
zation rate. The effect of pH value is surprisingly small. A coagulant dose, the amount
of suspension and pH have a considerable impact on hydroxide density. Floc strength
depends on velocity gradient in a flocculation chamber and an average floc diameter.
However, it is not an average velocity gradient G in a flocculation chamber that affects
the floc strength, but local velocity gradient in the area of mixing.

LEENTVAAR and REBHUN [6] investigated the strength of ferric hydroxide flocs.
The results testify to a strict relationship between the floc strength and the velocity
gradient G. The authors presented equation describing the maximum diameter of
a floc which is generated at any value of G.

In this paper, there are given the results of research conducted both on a laboratory
scale and on a pilot scale. The investigation aimed at determining the influence of
flocculation time on flocs strength and their ability to adsorb organic substances dis-
solved in treated water. The influence of low temperature of water on the rate of floc
formation and coagulation effectiveness was also examined [7]-[11].

2. SCOPE AND METHODS OF LABORATORY-SCALE INVESTIGATION

Water used in the laboratory tests was taken directly from water intake (table 1).
A kind of coagulant and its optimum dose as well as a range of optimum pH were
determined. Both aluminium and iron coagulants were taken into consideration.

The results of treatment were based on “jar tests”. Sample volume was 1.5 dm’.
Water samples were first rapidly mixed (200 r.p.m.) for 1 minute, then slowly mixed
(10 r.p.m.) for 30 minutes and finally subjected to 30-minute sedimentation. Visual
observations of flocculation process were made based on a conventional scale.

Several parameters, i.e. pH, colour, turbidity, residual aluminium, permanganate
oxygen demand (POD) and absorbance at 254 nm, of the samples filtered through
a 45-um membrane were analysed to estimate treatment effectiveness.
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At the optimum coagulant dose and the optimum pH the investigations of the in-
fluence of temperature and flocculation time on the effectiveness of organic sub-
stances’ removal from water were started. In order to assess whether a conventional
coagulation occurred exclusively, the same water but with much lower dose of coagu-
lant was subjected to the same investigation. This dose was determined for direct fil-
tration under operating conditions in a pilot-scale system (filter and hydraulic parame-
ters were the same as those in the conventional system). It was assumed that when a
coagulant dose was too low, no visible flocs were produced, because this dose could
be effective in a direct filtration only. In this case, only microflocs which also are able
to absorb contaminants may appear. The tests were carried out at two different values
of temperature, i.e. at 5 °C and 18 °C.

The phenomena observed during tests were analysed on the basis of absorbance
changes, both in filtered and non-filtered samples. The values of the absorbance of sam-
ples filtered through a 45-um membrane, measured at 254 nm with UV-VIS spectropho-
tometer, were treated as an indicator of dissolved organic contaminants in water (in this
way, organic compounds with aromatic rings were determined). Flocculation time at a
higher flocculant dose was 2 hours, and at a lower dose flocculation lasted one hour.

Simultaneously, the rate of coagulant hydrolysis, depending on water temperature,
was also tested. To that end the pH and water alkalinity were measured. The meas-
urements started 30 seconds after coagulant dosing. They were continued until
a maximum decrease in alkalinty (as the result of coagulant hydrolysis) was reached.

3. SCOPE AND METHODS OF PILOT-SCALE INVESTIGATIONS

The pilot-scale investigations were conducted in water treatment plant supplied
with water from the water intake (table 2). A temperature of raw water changed in the
range of 2—16 °C, because the investigations were carried out in various seasons. In
this paper, only two series of measurements were taken into consideration, i.e. the
results of coagulation at water temperature of 16 °C and 6 °C. The lowest temperature
of 2 °C was not taken into account because organic matter concentration measured as
an absorbance was too low.

To verify the results obtained in laboratory, investigations of a conventional co-
agulation on the pilot scale were made. This system consisted of a rotational floccula-
tion chamber equipped with a static system of paddles (inside diameter, 13.8-10 m,
working height, 2.05 m), a vertical sedimentation tank (inside diameter, 40-10% m,
working height, 2.1 m) and a pressure rapid filter (inside diameter, 9-10* m, working
height, 2.1 m). The filter bed, 1.1 m in heigh, consisted of two layers, i.e. sand and
anthracite, each of 0.55 m. In order to determine the optimum hydraulic parameters of
system operation, their values were changed in wide ranges (flocculation time, from
12 to 20 minutes, ascending velocity in a clarification zone of sedimentation tank, from
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0.22 to 0.33 mm/s, filtration rate, from 5 to 8 m/h) taking into consideration the optimum
kind and dose of coagulant and the optimum pH measured in laboratory conditions.
However, to confirm that the dosage is proper, in the pilot-scale investigations jar tests
were made just before each measuring series. The dose was determined on the basis of
visual observations and the results of analyses of treated water. This was necessary be-
cause of the significant changes in physical and chemical water composition.

The water quality was estimated based on the changes of its main parameters. They
are as follows: pH, colour, turbidity, alkalinity, residual aluminium, permanganate
oxygen demand (POD) and absorbance measured at 254 nm (UV,s4) in filtered
(through a 45-um membrane) and non-filtered samples. For some samples total or-
ganic carbon (TOC) and dissolved organic carbon (DOC) were determined.

To explain the phenomenon of distinct deterioration of the effectiveness of con-
ventional coagulation under low temperature conditions the absorbance was measured
in the flocculation chamber (samples were taken at various depths), in water flowing
out from the sedimentation tank and from the rapid filter. At the same time the con-
centration of a residual soluble coagulant was controlled.

4. DISCUSSION AND RESULTS OF THE LABORATORY INVESTIGATIONS

The laboratory investigations revealed that in the test on the influence of flocculation
time and temperature on treatment effectiveness in conventional coagulation, the dose of
aluminium sulphate woul be as high as 3.2 mg Al/dm’ at pH range of 6.0-7.0. A proper
choice of pH was confirmed by residual concentration of aluminium (figure 1).
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Fig. 1. Influence of pH on residual aluminium concentration
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In this series, absorbance of raw water, both in filtered and non-filtered water
samples, assumed the same value, i.e. 0.11 cm’! (table 1). This proved that all or-
ganic substances in water were either dissolved or assumed a colloidal form. In the
next part of the discussion of results, the term absorbance is related to filtered sam-
ples. Water was taken directly from its intake where its temperature was 5 °C.
Therefore, to compare the results of the flocculation at 5 °C with the results ob-
tained at a higher temperature, raw water was left in room conditions until its tem-
perature reached 18 °C.

The results indicate that flocculation greately depends on raw water temperature
(figure 2). At 18 °C after 10 minutes most of dissolved organic substances was ab-
sorbed on hydroxide flocs formed which was proved by a decrease of absorbance in
a filtered sample from 0.11 cm™" to about 0.05 cm™" (figure 2). The continuation of the
flocculation did not improve its effectiveness. After 2-hour flocculation the absorb-
ance was still the same. Hence, it can be concluded that prolonging the flocculation
time over 10 minutes is useless and does not influence the removal of organic matter
in the process of sorption.
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Fig. 2. Influence of flocculation time on absorbance changes (filtered samples) during coagulation
at a dose of 3.2 mg Al/dm’ (a laboratory scale)

The results obtained for the water whose temperature reached 5 °C were quite dif-
ferent. During slow mixing no flocs were observed. However, the absorbance meas-
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urements proved that microflocs were formed, but they were too small to be visible
(figure 2). The values of absorbance of the filtered samples proved that the contami-
nants were sorbed by microflocs a few minutes after coagulant dosing. After 10 min-
utes the absorbance reached the value a bit lower than that of water whose temperature
was 18 °C, but the maximum decrease in absorbance (about 0.03 cm ') was measured
after 30 minutes. This absorbance value was on the same level for next 30 minutes.
Afterwards desorption of contaminants started (absorbance increased) and after 100
minutes approached 0.08 cm . This proved that the temperature of 5 °C the process of
flocs ageing started after 60-minute flocculation. Such a phenomenon was not ob-
served even after 2-hour flocculation of water at 18 °C.

Taking into account the above results, it can be concluded that water temperature
strongly influences the course and effectiveness of flocculation. Low temperature ac-
celerates microflocs ageing and inhibits their agglomeration.

In order to prove that a coagulant hydrolysis proceeds independently of water tem-
perature, the changes of alkalinity after coagulant dosing (3.2 mg Al/dm®) have been
measured. It was proved that as early as after 30 seconds the alkalinity of water both at
18 °C and 5 °C decreased by about 0.4 mval/dm’. This value is comparable with a
theoretical value resulting from the stoichiometric equation representing reaction of
aluminium sulphate with compunds responsible for water alkalinity.
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Fig. 3. Influence of flocculation time on absorbance changes (filtered samples) during coagulation
at a dose of 0.8 mg Al/dm® (a laboratory scale)
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Totally different course of flocculation was observed at a lower coagulant dose,
i.e. 0.8 mg Al/dm’, which was predetermined for a direct filtration. As anticipated,
independently of water temperature, no visible flocs were formed. However, meas-
urements of absorbance and alkalinity proved that flocs of hydroxides were pro-
duced (figure 3). In contrast to the series with the dose of 3.2 mg Al/dm’, a tempera-
ture had no significant impact on the flocculation course. After 15 minutes of slow
mixing both at 5 °C and 18 °C a decrease in absorbance from 0.11 cm' to about
0.06 cm ' was observed (in comparison with the changes of absorbance which at the
dose of 3.2 mg Al/dm’ after 15-minute flocculation decreased to about 0.04 cm ™).
From that time desorption of contaminants started (absorbance increased). After
60 minutes absorbance increased to 0.09-0.1 cm ', which was only slightly lower
than that for raw water (0.11 cm™).

The results of tests conducted on the laboratory scale indicate that a temperature of
water strongly influences the flocculation course at the optimum coagulant dose deter-
mined for a conventional coagulation (3.2 mg Al/dm’). In the water whose temperature
is low, microflocs are disaggregated, which causes desorption of contaminants.

At the dose determined for a direct filtration (0.8 mg Al/dm’) temperature is not so
important in organic matter removal. For such a low dose, independently of water
temperature, visible flocs cannot be produced; however, the absorbance changes tes-
tify to the sorption of organic contaminants on aluminium hydroxide microflocs and
their desorption with the time of flocculation.

5. RESULTS AND DISCUSSION OF THE PILOT-SCALE INVESTIGATIONS

Based on of the optimum technological parameters determined in the jar tests, opti-
mum hydraulic parameters of conventional coagulation were determined in the pilot-
scale tests (flocculation time, 18 minutes; rising velocity in a clarification zone of sedi-
mentation tank, 0.22 mm/s; filtration rate, 6 m/h). At the optimum hydraulic parameters
treatment process was conducted at the doses of 3.2 mg Al/dm’ at 16 °C and 4.0 mg
Al/dm’ at 6 °C. The results of the pilot-scale investigations confirm the main conclusion
from the laboratory-scale investigations that independently of raw water temperature the
coagulant is hydrolysed almost immediately and aluminium hydroxide microflocs,
which are capable of absorbing organic contaminants, are formed. This was proved by
the measurements of absorbance in filtered samples taken from the flocculation chamber
(at various depths) and from the flocculation chamber outlet in two different series (at
temperature of 6 °C and 16 °C). Because the values of absorbance measured in water
from the flocculation chamber and from the flocculation chamber outlet are similar, only
absorbance changes in the outlet are given (figures 4 and 5). Both at the temperature of
16 °C and 6 °C in the flocculation chamber, the absorbance of filtered samples decreased
from 0.08-0.09 cm ' to 0.03-0.04 cm'. A considerable influence of temperature on
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absorbance was observed with time. At the temperature of 6 °C in the sedimentation
tank, organic matter concentration increased. An average value of absorbance of fil-
tered samples increased from 0.03-0.04 cm ' in the flocculation chamber outlet to about
0.06 cm™' in the sedimentation tank outlet (the first 6 hours were considered to be the
time of the system adjustment to the operation under the optimum technological and
hydraulic conditions). These values also increased in unfiltered samples (figures 5 and 7).
This proves that low temperature is responsible for the desorption of dissolved organic
contaminants and microflocs disaggregation confirmed by high concentration of residual
soluble aluminium. Such a phenomenon was not observed in the series with water tem-
perature of 16 °C. Hence, it can be concluded that temperature drop below critical value
causes ageing of flocs. This conclusion is consistent with the conclusion drawn on the
basis of the laboratory investigations (figure 2).

0,12

0,10 -

0,08 A

0,06 A

0,04

absorbance in filtered samples [cm-1]

0,02 A

0,00

0 200 400 600 800 1000 1200 1400
system worktime [min]

—— raw water —=— flocculation chamber outlet -\~ sedimentation tank outlet ~— filter outlet

Fig. 4. Changes of absorbance values (filtered samples) in conventional coagulation
at temperature of 16 °C

At the temperature of 16 °C the filter, first of all, separated from a water the alu-
minium hydroxide flocs with organic contaminants absorbed on them, which was cor-
roborated by the changes in absorbance of filtered and unfliltered samples taken from
the sedimentation tank outlet and the filter outlet (figures 4 and 6). A good quality of
water after its treatment in the conventional coagulation system, consistent with stan-
dards for drinking water, confirmed a proper course of coagulation. Turbidity was
totally removed (its value for raw water ranged from 4 to 10 NTU); only its temporary



Process of flocs ageing and its influence on flocculation 57

increase to 0.7 NTU was observed. At the same time all the contaminants responsible
for the water turbidity (in raw water it ranged from 20 to 25 mg Pt/dm’) were re-
moved. After 16-hour operation of the system the experiment was complete. This time
POD reached 1.2 mg O»/dm’® (3.0-3.7 mg O,/dm’ in raw water).
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Fig. 5. Changes of absorbance values (filtered samples) in conventional coagulation
at temperature of 6 °C

At the temperature 6 °C the process of water treatment was inhibited (water quality
parameters did not meet the standards). For a very short time only the dissolved organic
conatminants passed through a filter (absorbance decreased to 0.03 cm™') which was
caused by absorbing capacity of the filter (figures 5 and 7). The values of absorbance of
filtered and unfliltered samples drawn from the sedimentation tank outlet were very simi-
lar, so it can be assumed that all organic matter in water flowing to the filter was dis-
solved. An improver course of coagulation resulted in a poor quality of water after its
treatment. In the first period of treatment, the turbidity of water after its filtration in-
creased from 1 NTU to 3 NTU. Similar unsiderable changes were observed for the other
parameters. Though the water turbidity decreased temporarily (even from 20 mg Pt/dm’
to zero), but afterwards it immediately increased. At the same time a maximum de-
crease in POD (to 0.7 mg O,/dm’) was observed; in raw water, POD ranged from
2.7 to 2.9 mg 0,/dm’. However, this effect lasted too short, hence it could not be taken
into account in the evaluation of the treatment effectiveness.
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6. CONCLUSIONS

During conventional coagulation temperature is one of the crucial parameters
which influence course and effectiveness of treatment. Although independently of the
temperature of treated water the coagulant is hydrolysed and hydroxide flocs are
formed, below the critical temperature these flocs are instable and their disaggregation
starts.
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PROCES STARZENIA SIE KEACZKOW
1 JEGO WPLYW NA SKUTECZNOSC FLOKULACII

Skuteczno$¢ koagulacji objetosciowej zalezy przede wszystkim od trwatosci powstajacych ktaczkow
oraz ich zdolnosci do sorbowania zanieczyszczen z wody. Na podstawie uzyskanych wynikow badan
stwierdzono, ze niezaleznie od temperatury wody surowej nastgpuje hydroliza koagulanta i wytracaja si¢
ktaczki wodorotlenku glinu sorbujace zanieczyszczenia. Jednak z uptywem czasu w wodzie o niskiej
temperaturze nastgpuje ich desorpcja i rozpad mikroktaczkéw, a wige proces koagulacji jest nieskutecz-

ny.
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