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Abstract—Effects of mixing conditions on flocculation were investigated by using a photometric dispersion analyzer
(PDA) as an on-line monitoring technique in this study. Both river water and synthetic waters of humic acid (HA) and
kaolin solutions were used and polyaluminum chloride (PACI) were used as a coagulant in this study. A clear relationship
between F-index and residual turbidity was observed. Residual turbidity was low at high F-index. The mixing effects
were also found closely related to the floc formation. When the floc formation was governed by a combination of charge
neutralization and sweep floc, rapid mixing was important, but it was not important when the floc formation was gov-
erned by the sweep floc mechanism. The coagulant dosage governed the floc size and strength in the sweep floc region.
The higher the coagulant dosage was, the larger but the weaker the floc was. Rapid mixing effects were different, de-
pending on raw water characteristics. Fast and large floc formation was observed in flocculation of the kaolin solution,
compared to that of the HA solution. Small HA would be mostly adsorbed onto the hydroxide precipitate after the pre-
cipitate formed. The adsorption could retard further floc growth. The resulting floc was small, and the floc formation
was slow. However, kaolin helped flocculation by bridging the hydroxide precipitates, leading to fast and large floc
formation. Temperature affected the flocculation kinetics as well as the floc size. A large floc formed at high tempera-
ture. The flocculation kinetics became fast with increasing temperature.
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INTRODUCTION

Rapid mixing is the most important process in water treatment
because raw water coming into a water treatment plant generally
receives the first treatment at a rapid mixing basin. Coagulant is
added into raw water in this basin. The coagulant addition then causes
particle destabilization and hydroxide precipitation. As reported by
Stumm et al. [1], metal coagulant would undergo hydrolysis once
being injected and then form metal hydroxide precipitates. Vik et
al. [2] added that coagulation would occur through contact and ad-
sorption stages. Coagulation is a quick process. Amirtharajah et al.
[3] reported that it took less than 1 second for hydrolysis products
to adsorb onto colloids by charge neutralization and 1-7 seconds
for sweep coagulation between hydroxide precipitate and colloids.
Therefore, the purpose of rapid mixing is to disperse coagulant in-
stantaneously into raw water so that colloidal particles can have uni-
form contact with the coagulant.

The reaction between colloids and coagulant is affected by raw
water characteristics and mixing conditions. These water character-
istics include temperature, pH, alkalinity, suspended matter, organic
matter, conductivity, etc., while the mixing conditions include inten-
sity and contact time. The mixing intensity has been traditionally
represented by the velocity gradient (G) since Camp et al. [4] intro-
duced the concept. Since G is affected by viscosity, water tempera-
ture also becomes important for mixing intensity.

It is difficult to interpret and evaluate coagulation results because
so many factors are involved in coagulation. The normal practice
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in water treatment is a jar test. Operators and researchers often rely
on jar tests to determine coagulant dosage and evaluate coagulation
efficiency. However, jar test has its limitations. Certain conditions are
preset, and only those specified mixing conditions can be evaluated
in the test. Unfortunately, the optimum condition does not neces-
sarily coincide with those specified conditions. If the optimum mix-
ing time is less than the specified condition, unnecessary energy
consumption results. If the optimum time is greater, then treated
water quality can degrade. Therefore, it is necessary to monitor the
coagulation process in real time scale. PDA was introduced to do
just that. Gregory [5] showed that the root mean square (V,,,) value
of the light fluctuation is a function of the square root of the V,,,, of
the particle concentration and particle size. By measuring the V,,,,
of a fluctuating signal and the average light intensity (V,,.), the aggre-
gation or breakup in a flocculation process can be calculation as

Eq. (1).

. V,. [NL
Frindex= Yz = [NLc
maex Vd(, A

V., :fluctuating component

V, :steady component

N :number concentration of colloid

L  :length of optical path

A :effective cross sectional area of light beam
C  :cross section of scattered light

Gregory [5,6] and Burgess et al. [7] maintained that flocculation
index (F-index) is directly related to floc size. A large F-index value
indicates the formation of large floc. Since large floc settles well, a
large F-index value would result in low residual turbidity. Kan et
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Fig. 1. PDA setting configuration of measuring floc growth and data result with time.

al. [8] investigated the relationship between F-index and residual
turbidity. They found that residual turbidity was low when F-index
was large. This study evaluated the effects of mixing conditions on
flocculation by using on-line monitoring.

MATERIALS AND METHODS

Both synthetic and natural waters were used in this study. Kaolin
(Junsei Chemical), or humic acid (Aldrich Chemical) was added to
distilled water to make synthetic waters of the kaolin and the HA
solutions. The turbidity of the kaolin solution was 58-80 NTU. The
concentration of humic acid in the HA solution was either 1 or 3
mg/L. Alkalinity was added by using the bicarbonate solution, which
was prepared by dissolving NaHCO; in distilled water. The pH of
the bicarbonate solution was adjusted to 8.2 by sulfuric acid before
use. Nakdong river, which is major drinking water source for south-
eastern Korea, was used as a natural water source.

The schematic flow of the PDA experiment is illustrated in Fig. 1.
Flocculated water in the jar was fed continuously into the PDA dur-
ing flocculation time through the tube and the F-index of floccu-
lated water was measured. While particles pass the lighted area,
light fluctuations are generated from random variations of the sus-
pended particle size. The detected light intensity was transferred to
voltage. V. is the average transferred light intensity and V,,,, is the
root mean square value.

A jar test was used for experiments with a peddle-type impeller
(76 mmx25 mm). Two coagulants were used: PACI and liquid alum.
PACI has an aluminum (Al) content of 5.3% as Al and liquid alum
with Al content of 4.2%. Undiluted coagulant was added to the sur-
face of the waters with a micropipette. When necessary, the coagu-
lated water was transferred to a filter column for a filtration test.

The size of the filter, which was set beside the jar-tester, was 3.0
cmx3.0 cm with 12 cm in depth. The effective size of the filter media
was 0.92 mm. During the filtration test, flocculated water was con-
tinuously fed into the filter from the flocculation reactor during floc-
culation through a pump and the filtrate was collected to measure
residual turbidity.

A specially manufactured jar with double jacket made of stain-
less steel was used to evaluate the temperature effect. After the water
temperature of the cooler was adjusted to the predetermined value,
it was transferred to the jacket. Then, the desired water temperature
was reached through water circulation in the jacket. Turbidity of raw,
settled, filtered waters was measured with a turbidimeter (HACH
2100AN). The particle distribution was measured by using the par-
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ticle size systems (model 770, Accusizer). On-line monitoring of
flocculation was conducted with iPDA (Econovel company).

RESULTS AND DISCUSSIONS

1. Relationship between F-Index and Residual Turbidity

In order to examine the relationship between F-index and resid-
ual turbidity, liquid alum was added at 30 mg/L and 50 mg/L to the
natural water. Rapid mixing was given for 5 seconds at 180 rpm.
Flocculation was monitored while slow mixing was given at 40 mg/
L. Fig. 2 shows the change in F-index values with flocculation time
together with settled and filtered turbidities. The F-index value in-
creased immediately after the alum addition. The linear increase con-
tinued for about 250-300 seconds, and then fluctuated between 0.1
and 0.4. According to Hopkins et al. [9], this period corresponds to
the time in which both floc formation and breakage occurred.
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Fig. 2. Comparison of F-index and residual turbidity of settled and
filtered water at 30 and 50 mg/L of alum.
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Comparison of F-index values with the corresponding residual
turbidities indicated that there was clearly a relationship between
them. When F-index values were low at the beginning of floccula-
tion (40 seconds), their settled turbidities (7.3, 7.5 NTU) were high,
close to the initial value (9 NTU). After about 3 minutes of floccu-
lation, F-index value increased, and accordingly, the settled turbidi-
ties decreased (2.8, 1.7 NTU). Further flocculation (5 minutes) ended
the linear increase. Although F-index values fluctuated since then,
the settled turbidities remained unchanged. This result confirms a
strong relationship between the F-index and settled turbidities, as
indicated by Kan et al. [8], which enables the evaluation of floccu-
lation performance using the F-index. Since the validity of the F-
index was verified, flocculation was evaluated by using the F-index
in the following experiments. The filtered turbidity results showed a
different pattern. At the beginning of increasing the F-index before
60 seconds flocculation time, the flocs were formed to filter easily,
showing low filtered turbidity. This means that these flocs were in
filterable sizes. Although they could not be separated by sedimen-
tation, they were large enough for filtration.

3. Effects of Rapid Mixing Conditions on Flocculation

In order to evaluate the effects of rapid mixing conditions on floc-
culation, PACI was added to the natural water at a dosage of 30 ppm.
The mixing intensities were fixed at 180 and 340 rpm, while vari-
ous rapid mixing times (5, 10, 20, 40, 60 seconds) were given. After
rapid mixing, floc formation was monitored while slow mixing was
done at 40 rpm. Fig. 3(a) shows the results at a lower intensity (180
pm), as well as at a higher intensity (340 rpm). Examination of this
figure reveals that the linear increase in F-index values stopped in
about 200400 seconds. Then, it fluctuated, indicating both floc break-
age and formation. Comparison of F-index values during this fluc-
tuating period showed that the lower intensity (180 rpm) produced
flocs with larger F-index values than the higher intensity (340 rpm).
This means that the lower the intensity was, the larger the floc was.
Rapid mixing time also affected the floc size. F-index values became

larger with short rapid mixing time. These results indicate that low
intensity and short mixing time would be beneficial for a large floc.
Rapid mixing should be provided for a short period of time at lower
intensity if formation of large floc is desired.

Then, experiments were repeated at higher dosage (40 mg/L) with
three intensities of 180, 280, and 380 rpm. Fig. 3(b) shows the results.
According to Fig. 3(b), F-index values were higher at 40 mg/L than
30 mg/L. The difference was more evident at the low mixing inten-
sity. Similar results were obtained as with 30 mg/L. The lowest inten-
sity produced flocs with the largest F-index values. The increase in
the mixing intensity resulted in a decrease in F-index values. How-
ever, there was no big difference in F-index values between 280
rpm and 380 rpm. The effect of mixing time was also observed. F-
index values decreased with increased mixing time. The effect be-
came evident at the high intensity and broken flocs during long rapid
mixing time were not easily reformatted.

4. Effects of Rapid Mixing Conditions on Residual Turbidity

In order to evaluate the effects of rapid mixing conditions on re-
sidual turbidity, various dosages of PACI (10, 20, 30, 40 mg/L) were
added to the natural water with initial turbidity of 9 NTU. The rap-
id mixing intensities were fixed at 180 and 340 rpm, while the mix-
ing time was varied to 0, 5, 10, 20, 40, 60 seconds. Slow mixing
was given at 40 rpm for 9 minutes. Supernatant was taken to meas-
ure residual turbidity after 20 minutes of sedimentation. Fig. 4 shows
the results. When enough coagulant was added to promote forma-
tion of sweep floc (20-40 mg/L), residual turbidities at 20, 30mg/L
dosage were low regardless of mixing conditions.

Effects of mixing conditions were different, depending upon the
coagulant dosage. High mixing intensity resulted in low residual
turbidities at the 10-30 mg/L and in high residual turbidities at the
40 mg/L. These results are in line with the F-index results. F-index
values decreased with increasing rapid mixing time. The decrease
was more evident at high mixing intensity. However, such effect
was not evident at the low dosage. When intense rapid mixing (340
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Fig. 3. F-index monitoring at different conditions of rapid mixing at 30 and 40 mg/L of PACI.
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Fig. 4. Residual turbidity at different conditions of rapid mixing
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rpm) was extended for a long period (60 seconds) at 10 mg/L, the
lowest residual turbidity was obtained. Effects of mixing time were
different even at the high dosages. All of the residual turbidities were
similar at the dosage of 20 mg/L after 5 seconds of rapid mixing at
180 rpm. This indicates that mixing time was not important at this
dosage, provided that the minimum amount of rapid mixing (5 sec-
onds at 180 rpm) was given. This result does not necessarily mean
that rapid mixing should be omitted. When rapid mixing was absent,
residual turbidities were high. Completely different results were ob-
served at the higher dosages (30 and 40 mg/L). The lowest resid-
ual turbidity was obtained without rapid mixing. Residual turbidity
increased with mixing time. The increase was more evident at the
higher PACI dosage (40 mg/L). The increase was also observed even
at 20 mg/L when the mixing intensity was high (340 rpm). The higher
the intensity, and the longer the mixing time was, the higher the re-
sidual turbidities were. According to literature [10,11], the optimal
coagulation could be determined with stream current detector (SCD)
but good flocculation condition depended on not only the optimal
coagulant but also mixing intensity.

5. Floc Characteristics

The above results suggest that floc characteristics were different,
depending on coagulant dosage. According to the coagulation dia-
gram [3], PACI dosages of 20-40 mg/L and that of 10 mg/L belong
to different regions. The high dosages belong to the sweep floc re-
gion, and the low dosage to the combination region. Sweep floc
enmeshment is responsible for coagulation in the sweep floc region,
while both charge neutralization and sweep floc enmeshment are
responsible for coagulation in the combination region. Since coag-
ulation was governed by different mechanisms, effects of rapid mix-
ing were different. Rapid mixing was important at the low dosage,
but not at the high dosages. Rapid mixing was important at the low
dosage at which colloids were coagulated by charge neutralization
because it was essential to promote contacts between coagulant and
colloids. Therefore, the lowest residual turbidity was obtained under
the most intense mixing condition (60 seconds at 340 rpm).

Rapid mixing at the high dosages was not as important as at the
low dosage. The flocs formed at the same sweep floc region had
different characteristics, depending on coagulant dosage. The flocs
formed at the low dosage (20 mg/L) were smaller, but stronger. On
the other hand, those formed at the high dosages (30, 40 mg/L) were
larger, but weaker. It seems that the dosage of 20 mg/L was insuffi-
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cient to promote rapid formation of large hydroxide precipitate. Al-
though the precipitates did form, they did not settle well without
rapid mixing because they were small. However, slight rapid mix-
ing helped because it could promote the precipitate formation. The
floc was strong enough to sustain the mild intensity (180 rpm), but
not enough for the high intensity (340 rpm). The high intensity broke
the floc, resulting in high residual turbidities. The dosages of 30
and 40 mg/L were sufficient enough to promote rapid formation of
large hydroxide precipitate. The large flocs formed instantaneously
at these dosages. This resulted in low residual turbidities even with-
out rapid mixing. Although large, it was weak. The floc breakage
occurred even at the mild intensity (180 rpm). More mixing led to
more breakage. The higher the dosage was, the weaker the floc was.
6. Effects of Raw Water on Flocculation

In order to examine effects of raw water on flocculation, PACI
was added to the kaolin solution as well as to the HA solution at var-
ious dosages. Rapid mixing was given for 10 seconds at 180 rpm.
A change in F-index values was monitored with time while slow
mixing was given at 40 rpm. Fig. 5(a) shows the results for the kaolin
solution. The F-index started to increase about 40 seconds after the
PACI addition. It linearly increased until it reached the fluctuating
period at about 250-300 seconds. As observed above, high dosage
resulted in a large floc. The higher the PACI dosage was, the larger
the F-index value was. Since F-index values were similar after PAC]
dosage was greater than 50 mg/L, the optimum dosage could be
50 mg/L. This suggests that the optimum dosage could be found
by using the F-index. Fig. 5(b) shows the results for the HA solu-
tion. Comparison of the flocculation results of the kaolin solution
with those of the HA solution reveals that floc formed faster in the
kaolin solution than in the HA solution. The F-index started to in-
crease about 150 seconds after the PACI addition (30 mg/L) in the
HA solution. Higher dosage expedited the floc formation by 50 sec-
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Fig. 6. Comparison of particle size distributions of the kaolin and
the HA solutions.

onds, which was still slower than 40 seconds. It also took more time
for floc growth due to the late start in the HA solution. The F-index
reached the fluctuating period at about 400 seconds.

Another difference was the magnitude of F-index values. F-index
values were substantially higher for the flocs formed during floc-
culation of the kaolin solution than those formed during floccula-
tion of the HA solution. This result indicates that floc size depended
on raw water characteristics. Flocculation of the kaolin solution re-
sulted in larger flocs than that of the HA solution. This could be
explained by different floc formations in the kaolin and the HA solu-
tion. Fig. 6 shows the size distribution of the HA and kaolin solu-
tions. According to Fig. 6, HA is substantially smaller than a kaolin
particle. Small HA would mostly adsorb onto the hydroxide pre-
cipitates after the precipitates form. The adsorption could, then, retard
the floc growth. Therefore, the floc growth was slow, and the re-
sulting floc was small in flocculation of the HA solution. On the
other hand, kaolin, which was mostly larger than the initial hydrox-
ide precipitate, could participate in flocculation by accumulation of
the precipitates. Although not shown here, the flocculation results
were similar to those of the kaolin solution when both kaolin and
HA were added together to make the synthetic water. This result
indicates that different mixing time should be provided depending
on raw water characteristics. Longer mixing time would be benefi-
cial for flocculation of the HA solution.

7. Effects of Slow Mixing Conditions on Flocculation
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Fig. 8. F-Index monitoring at various temperatures.

In order to examine slow mixing intensity on flocculation, PACI
was added to the HA solution (3 mg/L) at 70 mg/L. Rapid mixing
was given for 10 seconds at 180 rpm. A change in F-index values
was monitored while three different intensities of slow mixing were
given. Fig. 8 shows the results. According to Fig. 7, the flocculation
kinetics depended on the mixing intensity of slow mixing. High
intensity expedited the floc formation. F-index started to increase
in about 70 seconds at 60 rpm, while the increase was not observed
until about 160 seconds at 30 rpm. However, the higher intensity
resulted in low values of F-index. This result means that higher in-
tensity of slow mixing would expedite the floc formation, but pro-
duce smaller flocs.

8. Effects of Temperature on Flocculation

In order to examine temperature effects, flocculation was per-
formed at 5-25 °C. Fig. 8(a) shows the results. As expected, the higher
the temperature was, the faster the floc formation or the increase in
F-index value was. The flocculation kinetics was, then, calculated
using F-index values, as shown in Eq. (2). Table 1 summarizes the
calculation results. According to Table 1, the temperature increase
from 5 °C to 25 °C expedited the floc formation by 2.6 times. It is
interesting to note that the F-index values were high at high tem-
perature. According to Table 1 and Fig. 8(a), F-index values increased

Table 1. Flocculation kinetics in accordance with temperature

0.02 o i
0
0 100 200 300 400 500 600

Flocculation time(sec)

Fig. 7. F-Index monitoring at different slow mixing intensities (3
mg/L of HA solution).

Temperature 5°C 10°C 15°C  20°C 25°C

F-index, 0.02 0.02 0.02 0.02 0.02
F-indexs, 0.07 0.08 0.09 0.12 0.15
Rv,second”  0.0010 0.0012 0.0014 0.0020 0.0026
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with temperature, which indicates that temperature also affects the
floc size. High temperature resulted in a large floc at the faster rate.
According to Fitzpatrick et al. [12], high temperature induced rapid
flocculation. The flocculation results at low temperatures (<10 °C)
are shown in Fig. 8(b). This figure clearly shows that the floc for-
mation became slow as the temperature decreased. Therefore, the
coagulant dosage or/and the rapid mixing intensity should be in-
creased in order to expedite the floc formation at low temperatures.

Rv, second'=(F-index,,—F-index,)/50 ¥)
CONCLUSIONS

Effects of mixing conditions on flocculation were investigated
by using an on-line monitoring technique in this study. A clear rela-
tionship between F-index and residual turbidity was observed. Re-
sidual turbidity was low at high F-index. Therefore, the F-index
could be a helpful parameter for operators at a water treatment plant.
They can manage the flocculation process simply by monitoring
on-line F-index values. When the floc formation was governed by
a combination of charge neutralization and sweep floc, rapid mix-
ing was important. However, rapid mixing was not important when
the floc formation was governed by the sweep floc mechanism. Rap-
id mixing was unnecessary in this region because coagulant dosage
was sufficient enough to promote the rapid formation of large hy-
droxide floc. Rapid mixing was rather detrimental by causing floc
breakage. The floc formed in this region was large, but weak. Sub-
sequently, rapid mixing easily broke the floc. The coagulant dos-
age governed the floc size and strength. The higher the coagulant
dosage was, the larger, but weaker, the floc was. It is, therefore, im-
portant to provide proper rapid mixing conditions in water treat-
ment, depending on the floc formation and coagulant dosage. When
the coagulant dosage belongs to the combination region, intense
rapid mixing should be provided so that a large floc would form
rapidly. When the coagulant dosage belongs to the sweep floc region,
it would be more beneficial to omit rapid mixing so that floc break-
age could be avoided.

Rapid mixing effects were different, depending on raw water char-
acteristics. Although the same mixing conditions were provided,
floc formed substantially faster during flocculation of the kaolin
solution than that of the HA solution. The floc formed in the kaolin
solution was also larger than the one formed in the HA solution.
The different floc formation could cause the difference. Small HA
would be mostly adsorbed onto the hydroxide precipitates after the
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precipitate formed. The adsorption could retard further floc growth.
The resulting floc was small, and the floc formation was slow. How-
ever, kaolin helped flocculation by bridging the hydroxide precipi-
tates, leading to the large and fast floc formation. Temperature affected
the flocculation kinetics as well as the floc size. A large floc formed
at high temperature. The flocculation kinetics became fast with in-
creasing temperature. The coagulant dosage or/and the rapid mix-
ing intensity need to be increased in order to expedite the floc for-
mation at low temperature.
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