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A 169.2 g of paint was diluted in 1 L of potable water. A 200 ml of sample was poured into 500 ml glass
beakers and dosed with 10, 20, and 30 ml of 0.043 M of all coagulants (Iron: Fe and Aluminum: Al salts),
respectively in jar tests. Samples were mixed at 250 rpm for 30, 45, and 60 s, respectively. Additional set
of experiments was conducted with combined rapid mixing at 250 rpm for 30, 45 and 60 s followed by
slow mixing at 100 rpm for a further 10 min, pH and turbidity were measured on the samples. The
turbidity in the samples with 30, 45, and 60 s rapid mixing showed that most of the flocs are formed
within 30 s. The results also showed a correlation between the pH and turbidity. Fe** and AI** of the
same concentration yield a similar pH and turbidity trend. The added slow mixing showed no
appreciable benefits. This was confirmed by microscope experiments using 2 drops of the same
solution from rapid mixing only (Experiment A) and placed them in microscope slides after mixing. A
similar experiment was conducted with combined and slow mixing. Images were captured after 30 min
of settling using a camera. The results showed that the percentage area covered by the flocs in
Experiment A are not different to the corresponding percentage area covered by the flocs in Experiment
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INTRODUCTION

Effective wastewater treatment is a very critical process
since the effluent has to be of good quality so that it
should not be detrimental to either human health or
environment. Water is abstracted from a source, used in
various industrial processes and then treated with
chemicals to meet effluent discharge standards before it
is discharged back to the source. Most of the rivers
around the globe contain highly polluted water which is
caused by concentrated industrial effluent discharge. This
is because some water treatment works lack technical
knowledge which is related to effective wastewater
treatment. The treatment process is based on
thermodynamic principles which include nucleation,
crystal growth and aggregation of the destabilized
suspended particles in a solution (Wu and Wang, 2001;
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Tan et al.,, 2000). It is imperative for water treatment
personnel to have a clear understanding about the role
which is played by coagulation, flocculation and settling
on destabilization, hydrolysis and adsorption. A lot of
cases have been reported globally regarding the poor
quality of potable water which is supplied to the
community, as well as poor quality effluent discharged
into the rivers. Considerable research has been
conducted on the various aspects which involve
coagulation-flocculation, but it has not been possible to

identify the difference between coagulation and
flocculation processes. Metcalf and Eddy (2003)
described coagulation as the destabilization of

wastewater that occurs within seconds after addition of a
coagulant, but did not specify effective time to the
process. Bryun et al. (2005) conducted a study on the
water treatment using an instantaneous flash mixer and
reported that charge neutralization occurs within 1 s of
major flocculation process, but their explanations were
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not related to the dosage, pH, turbidity and reaction time.
The literature does not indicate which process between
coagulation and flocculation plays a major role in high
turbidity removal.

Mixing also plays a role during the process by
dispersing coagulants that are added to a colloid (Binnie
et al., 2003). Hamidi et al. (2007) determined the speed
of rapid and slow mixing that is required for effective
coagulation-flocculation but their rapid mixing differed
from that determined by Tan et al. (2000). Their optimal
values for slow mixing relate to those determined by Tatsi
et al. (2003). Prolonged rapid mixing and overdosing are
the two factors which result in poor effluent due to
restabilization of the particles as charge reversal on the
colloidal suspension occurs (Swartz and Ralo, 2004;
Aboulhassan et al., 2006). Duan and Gregory (2002)
stated that flocculation has been well explained but
information about the thermodynamics of the process is
still not available. Literature states that coagulation
process depends on the dosage, whereas the flocculation
depends on the mixing (Kemmer, 1988; Ali and
Sengupta, 2002; Gregory and Duan, 2001; Jiang and
Lloyd, 2002). The concentration of coagulants which are
added to wastewater must be sufficient to exceed the
solubility of their metal hydroxides so that precipitates
can be formed (Aguilar et al., 2002; Wang et al., 2004;
Tunay, 2003; Shammas, 2004).

Fe®* and AI** salts are commonly used in wastewater
treatment because of their high valence electrons, high
electronegativity and charge per surface area (Z°r)
(Spellman, 2009). Literature reports that the best velocity
gradient (Av/Ad) with Fe** and AI®** salts is between 20
and 70 s (Swartz and Ralo, 2004). O'Melia and Shen
(2001) reported that slow mixing is important after rapid
mixing since it is a stage where relative motion induces a
velocity gradient of the particles which is a cause of a
high shear rate in a liquid phase. There are two stages of
mixing, namely rapid (flash mixing) and slow. The former
disperses coagulants throughout the colloidal particles to
cause destabilization and hydrolysis (Sincero and Sincero,
2003). The latter process is the stage where formation of
larger aggregates occurs due to the collision of flocs through
velocity gradient and differential velocity (Sincero and
Sincero, 2003). The larger flocs which are formed adsorb
the colloidal particles and the increasing settling velocity
results in settling (Aboulhassan et al., 2006; Aguilar et al.,
2002, 2005). Poor removal of suspended particles occurs
when destabilization of colloidal particles is influenced by
adsorption of strongly charged partially hydrolyzed
metallic ions (Duan and Gregory, 2003).

Several studies confirmed that Aluminum hydroxide
has minimum solubility in a pH range of 5.0 to 7.5
(Tebbutt, 1983). Lower values of pH increase the
solubility rapidly whereas higher values increase solubility
at a slower rate. Iron hydroxide shows a minimum
solubility in a wide pH range of 7 to 10, while values
outside this range increases the solubility of Iron than
Aluminium hydroxide (Binnie et al., 2003). Crozes et al.

(1995) reported that the Aluminium ions form an acidic
medium in water and exhibit less solubility than ferric
ions. Ghaly et al. (2006) and Aysegul and Enis (2002)
discovered that the addition of Fe** and AI** salts at a pH
6 to 8 causes an uncontrollable rise in the rate of
hydrolysis which leads to a very rapid precipitation.
Wastewater treatment can also be explained as a
process where coagulants are added to a colloidal
system to cause destabilization and hydrolysis, thus
forming agglomerates which are adsorption substrates
(Juttner et al., 2000). A choice of coagulant with high
destabilizing and hydrolysis power is essential, since
these two reactions determine the size and the
concentration of the flocs in a solution (Chen, 2002).
More ionic charge and high electron valence on the metal
ions strengthen neutralization of the ionic charge of the
medium (Flynn, 1984). The presence of a high
concentration of hydroxyl ions combined with more Fe**
or AI’* ions reduce the charge on the hydroxoferric
complex (Barnes and Wilson, 1983; Pratt et al., 2007).
Physical theory states that destabilization occurs when
the zeta potential of the colloidal system is reduced, thus
resulting in the adsorption of the counterion and a
decrease of the electrical double layer (Benefield and
Morgan, 1999; US EPA, 2000). The addition of inorganic
coagulants also reduces the surface potential of colloid
and the potential energy between the particles, while
increasing van der Waals forces of attraction (Swartz and
Ralo, 2004).

A study by Ali and Sengupta, (2002) on surface
electrical phenomena reported that raw water contains
microscopically visible colloidal particles that possess
high electrophoretic mobility or high zeta potential which
have to be reduced by chemical treatment. This occurs
during destabilization when the equilibrium between the
electrostatic forces of repulsion and van der Waals forces
of attraction are disturbed; a shift towards van der Waals
forces of attraction reduces the diameter of the
neighbouring particles and the distance between them.
The particles collide with one another to form flocs,
whereas the M* ions hydrolyse by forming a bond with
OH as a result of a cleavage of the polar water
molecules (H°*OH”) to form metal hydroxide species as
shown by Equations 1 and 2

M3 + 3 (HT"OH%) — M(OH)zs) + 3 H* (1)
M** — M(OH)** — M(OH);" — M(OH)gs) » M(OH) (2

Equation 1 depicts the hydrolysis reaction when metal ion
reacts with hydroxyl ions, whereas Equation 2 represents
the different species which are formed during hydrolysis,
where the pH of a solution decreases during hydrolysis
process. The first solid species formed is an unstable
am~M(OH);). It is formed due to a very low solubility
product of the metal hydroxide. Ageing causes the
conversion of an unstable amorphous metal hydroxide to



a stable a~MO(OH)), which is formed at the lowest M**
concentration. Some other species such as beta ferric
hydroxide (B~MO(OH)s)) are also possible depending on
the compound which is used in the wastewater treatment
process (O'Melia and Shen, 2001).

All of the above results are very interesting because
they do not necessarily help the practitioner to devise a
detailed procedure for clarifying a wastewater stream.
This study is aimed at using the theory together with
experiments to devise a procedure for clarifying paint
wastewater. Although, the experiments are conducted on
paint wastewater, the operating philosophy also covers
wastewater from other sources such as industries and
agriculture. We note from Equation 1 that as solid
hydroxide is formed, the pH of the solution should fall and
so the value of the pH should be an indicator of the
degree of floc formation. The objective of this study is to
determine which factors such as rapid and slow mixing,
dosing amounts and nature of the coagulant affect the
quality of the paint wastewater using pH and turbidity as
indicators. The study also determines which chemical
process between coagulation and flocculation is
responsible for optimal flocs formation in order to achieve
maximum adsorption.

MATERIALS AND METHODS
Paint wastewater sample

The solid content of the paint was determined by drying a 20 g of
the water-based paint in triplicate in a crucible in an oven at 250°C
for 3 h. The average mass obtained was 6.2 g showing that the
ratio of solid paint to water is 1:3.2. An 80 g mass of solid paint was
assumed in order to prepare 80 g solid/1000 g wastewater. As
described above, this was 169.2 g aqueous paint per litre of water.
The coagulant dosage required is considered to be proportional to
total solids (Faust and Aly, 1983).

Coagulants

The use of 0.043 M of Fe *and AP** ions during flocculation of the
paint wastewater yielded a wide range of results showing effective
flocculation at a solid content of 80 g solids in 1000 g of paint
wastewater (Fasemore, 2004).

The calculation of the mass of metal salt of 0.043 M of M** (M3* =
Fe or Al) is shown in Table 1:

Procedure for jar tests and microscopic observations

The equipment used for the jar tests was a BIBBY Stuart Scientific
Flocculator (SW1 model), which had six adjustable paddles with
rotation speeds between 0 to 250 rpm. As explained above, a paint
wastewater sample was prepared by dissolving 169.2 g of water-
based paint in 1 L of distilled water. The pH and turbidity of this
sample solution were 8.9 and > 500 NTU, respectively. A 200 ml of
the sample (16 g solid paint in 200 ml) was poured in six 500 ml
glass beakers. The first three beakers were mixed at 250 rpm rapid
mixing for 30, 45 and 60 s, respectively using a stop-watch,
whereas the other three beakers were mixed at 250 rpm for 30, 45
and 60 s followed by slow mixing at 100 rpm for 10 min. The
experimental procedure is detailed below:
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The first and the fourth beakers were dosed with 10 ml of 0.043 M
Fe®** (FeCls) during 30 s rapid mixing. The mixing in the first sample
was stopped after 30 s and the pH was measured immediately. The
mixing in the fourth sample was reduced to 100 rpm for 10 min. The
pH was immediately measured after 10 min. The samples settled
for 1 h and thereafter the pH and turbidity were measured. A similar
experiment was conducted by dosing the second and the fifth
samples with 10 ml of 0.043 M Fe®* (FeCls) but rapid mixing was for
45 s. The mixing in the second sample was stopped after 45 s and
the pH was measured immediately. Mixing in the fifth sample was
reduced to 100 rpm for 10 min. The pH was immediately measured
after 10 min of slow mixing. The samples settled for 1 h and
thereafter the pH and turbidity were measured. The third and sixth
samples were dosed with 10 ml of 0.043 M Fe®** (FeCls) during 60 s
during rapid mixing. The mixing in the third sample was stopped
after 60 s and the pH was measured immediately. The mixing in the
sixth sample was reduced to 100 rpm for 10 min. The samples
settled for 1 h and thereafter the pH and turbidity were measured.

The second and third batches of experiments were conducted in
the same manner as above except that 10 ml of 0.043 M Fe®**
(FeCls) dosage was increased to 20 and 30 ml of 0.043 M Fe®**
(FeCls) dosages, respectively.

The experiments above were repeated by replacing 0.043 M Fe®*
(FeCls) dosage with 0.043 M Fe®* [Fex(SOy)s], 0.043 M AF* (AICIs)
and 0.043 M AP (Alx(SO.)s) dosages, respectively.

An additional study (Experiments A and B) was conducted by
placing 2 drops of the supernatant from each sample with rapid
mixing only (Experiment A) and combined rapid and slow mixing
(Experiment B) immediately after mixing (rapid-mixed for 30, 45 and
60 s, respectively or combined rapid and slow mixing) onto a
microscope slide. Another slide was placed on top separated by 2
mm and observed at magnification of 400x under a light
microscope. The samples were photographed after 30 min of
settling. The images were plotted and used to determine the areas
covered by the flocs.

A supplementary study was conducted by pouring the same 200
ml of paint wastewater samples used in previous experiments in
five 500 ml glass beakers, dosed with 20, 30, 40, 50 and 60 ml
0.043 M Fe** (FeCls). The samples where mixed at 250 rpm for 2
min and settled for 1 h, and thereafter the pH and turbidity were
measured. A similar experiment was conducted with samples
dosing without mixing, settled for 1 h, and thereafter the pH and
turbidity were measured.

Performance evaluation

In the experiments treated in a jar test, the pH and the turbidity of
the samples were measured after 1 h of settling. The pH
measurements determined the rate at which the hydrogen ions are
released into the solution as illustrated in Equation 1. Turbidity was
to determine the particle removal potential by each coagulant (Fe**
and AP* salts). In Experiments A and B, the images showing the
area covered by flocs produced by the microscopic observation
determine the amount of solids produced during the flocculation.
The work comparing the results from jar tests and those on a
microscope slide gave us confidence that these results were
significant. The work includes the comparison of the crystal
morphology in paint wastewater samples from flocculation jar tests
and microscope slide experiments as a research project by
Ntwampe et al. (2011).

pH meter

A pH meter sourced from MetterToledo Seven Multimeter
(Germany) having a pH electrode filled with silver chloride solution
and an outer glass casing with a small membrane covering at the
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Table 1. Preparation of coagulant solution using distilled water.

Salt Mass of salt (g) Salt concentration (mol/L) M%**concentration (M)
FeCl;.6H0O 11.4 0.0430 0.043
Fe2(S04)3.18H0 15.0 0.0215 0.043
AICI;3.6H0 10.1 0.0430 0.043
Al>(SO4)3.18H:0 13.6 0.0215 0.043

tip was used.

Turbidimeter

A Hanna Microprocessor Turbidimeter was used to determine
turbidity of the supernatant using NTU as a unit of measure. The
instrument was calibrated every month using 0.1, 10, 100 and 1000
NTU calibration solutions.

Camera

A digital Moticam 1000, 1.3MP Live Solution Macintosh OSX
Compatible microscopy camera (made in China) was used to
capture the images. It was connected to both the light microscope
and a PC.

Electron microscope

A Wiezt Wetzlar light microscope (made in Germany) with
adjustable vertical optical stage was used to obtain the images.

Area covered by the flocs

The images produced by a light microscope were printed in order to
measure the area covered by the flocs in a total area covered by
the sample. This was accomplished by superimposing a 2 mm
square-meshed transparency over the printed copies of the images,
followed by a particle count of all the dark images either in spherical
or non-spherical form. The total area covered by the flocs was
compared to the total area covered by the sample.

RESULTS

Figures 1a to d illustrate measured pH after 1 h settling
with 10, 20 and 30 ml dosages of 0.043 M Fe** and 0.043
M AI** ions in metal salts, respectively as a function of the
rapid mixing (250 rpm) for 2 min compared with
combined rapid (250 rpm) and slow mixing (100 rpm) for
10 min. The pH measured immediately after rapid mixing
and after an hour differed by less than 0.1.

The pH in all the samples measured immediately after
rapid mixing and those which were measured after 1 h of
settling are below 0.1 pH units. This indicates that the
hydrogen ions were released into the solution during
rapid mixing and the extra hydrogen ions released after a
further 1 h settling play an insignificant role.

Figures 1a, 1b, 1c and 1d show that the pH obtained in

the samples which have been dosed with 10 ml of 0.043
M of Fe** and AI* salts is alkaline, above 7.0. The
solution had an opaque colour and there was no
apparent floc formation and evidence of settling. This was
confirmed by the turbitity measurements where the
readings all remained off-scale,

The results further show that the ?H in the samples
with 20 and 30 ml of 0.043 M of Fe** and AI** dosage
during rapid mixing are not significantly different to the pH
in their corresponding samples with combined rapid (250
rpm) and slow (100 rpm) mixing; showing that the slow
mixing has a negligible effect on the pH of the solution.
The samples which have been dosed with 20 and 30 ml
of 0.043 M FeCl; in Figure 1a shows a decreasing pH
from 8.9 to a range of 6.43 to 3.50, Figure 1b shows pH
reduction to a range of 6.37 to 3.30, Figure 1¢ shows pH
reduction to a range of 6.81 to 4.80 and Figure 1d shows
a pH reduction to a range of 6.36 to 3.33. The pH values
in Figures 1a to d also show a decreasing trend with
increasing rapid mixing time, the reduction is from 8.9 to
a range of 6.5 to 3.4. The pH values yielded by
monoprotic (MCl3) metal salts is slightly higher than that
of their corresponding diprotic [M2(SQO4);] metal salts.

Figures 2a to 2d illustrate turbidity after 1 h settling with
10, 20, and 30 ml dosages of 0.043 M Fe* and 0.043 M
AI** ions in metal salts, respectively as a function of the
rapid mixing (250 rpm) for 2 min compared with
combined rapid mixing (250 rpm) and slow mixing (100
rom) for 10 min. Note that the values for the 10 ml
dosage have not been plotted as their values were all
over-range (>500 NTU).

Figures 2a to d represent the same samples in Figures
1a to d showing the comparison between turbidity and
rapid mixing time. As mentioned, the turbidity in the
samples which have been dosed with 10 ml of 0.043 M of
Fe®* and AI** salts are all over-range, greater than 500
NTU. The turbidity in samples with 20 and 30 ml of 0.043
of Fe* and AI** salt dosages decreases slightly with
increasing rapid mixing time, which shows a similar
changing trend to that shown by changing pH with rapid
mixing time in Figures 1a to d. The results show that 20
and 30 ml of 0.043 M Fe* and AI** salts in samples with
rapid mixing only yield insignificantly different turbidity to
their corresponding samples with combined rapid and
slow mixing, which is reduced from >500 NTU to a range
of 92 to 117 NTU. This study considers turbidity below
120 NTU as a specification based on the nature of the
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Figure 1. Measured pH after 1 h settling with addition of 10, 20 and 30 ml, respectively of (a) 0.043 M Fe** in FeCls (b) 0.043 M Fe®** in
Fex(SO4)s, (c) 0.043 M AP*in AICI; and (d) 0.043 M A" in Aly(SO.)s as a function of the rapid stirring (250 rpm) time with and without the
slow mixing (100 rpm) for 10 min. Note the pH immediately after rapid mixing stopped and after an hour differed by less than 0.1.

constituents found in paint wastewater. The turbidity
values in the samples with 20 and 30 ml of 0.043 M AICl;
are higher than the turbidity in the samples with 20 and
30 ml of 0.043 M FeCl; or Fey(SO4); and 0.043 M
Alx(SO,)s dosages in Figures 2a, b and d, respectively.
These results showed that AICl; is less effective in the
removal of colloidal particles from the paint wastewater
than FeCls, Fex(S0,)3 and Alx(SO,)3 of the same dosages
and concentrations.

Figure 3 reveals that percentage turbidity removal
obtained in the samples in Experiment A is virtually the
same as that in their corresponding samples in
Experiment B, that is, turbidity in the samples with rapid
mixing for 30, 45 and 60 s in Experiment A, is within
experimental error and the same as that in the
corresponding samples with combined rapid and slow
mixing. Figure 3 also shows that the flocs which are
formed in the supernatant of the samples in both
Experiments A and B with 0.043 M FeCl; dosage covered
area in the ranges of 16 to 19 and 17 to 19%,
respectively; whereas the samples with 0.043 M
Feo(SO4); covered areas in ranges of 14 to 15 and 12 to
14% respectively. Figure 3 also shows that the flocs
which are formed in the supernatant of the samples in
both experiments with 0.043 M AICI; dosage covered

area in the ranges of 18 to 20 and 20 to 21%
respectively; whereas the samples with 0.043 M
Alx(SO,)3 dosage covered areas of 11 to 15 and 12 to
14% respectively.

DISCUSSION

Lee (2001) stated that the addition of electrolytes, which
increase the ionic strength of the solution (double-layer
compression), is not the sole factor that causes
coagulation in wastewater treatment. Our experimental
results confirmed that the concentration of metal ions
(M**), rate of mixing and rapid mixing time play a pivotal
role in achieving the best turbidity removal. The pH of the
colloidal suspension decreases with increasing dosages
of the metal salts due to increasing concentration of
metal ions in the solution to form hydroxide species which
are setlleable (Equation 1). The equation also depicts
that the rate of hydrogen ions (H*) release into the
solution is directly proportional to the rate of the formation
of metal hydroxide species.

This study revealed the physicochemical dynamics of
the changing pH to the wastewater, which is not apparent
in a lot of research that has been conducted. The study
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also shows the distinctive roles which are played by rapid
mixing only compared with combined rapid and slow
mixing using metal salts. The difference in pH of the
samples measured immediately after rapid mixing or
combined rapid and slow mixing and that measured after
1 h of settling (ApH) is insignificant, and falls within the
range of 0.04 to 0.1. It is therefore not necessary to plot
the values as they would distort Figures 1a, b, ¢, and d.
These low ApH values indicate that most of the hydrogen
ions were released to the solution during rapid mixing
stage, resulting in the maximum formation of flocs (rate of
hydrogen release is directly proportional to the rate of the
formation of metal hydroxide species). The opaque
solution in the samples which have been dosed with 10
ml of coagulants in Figures 1a, b, ¢, and d indicates that
deflocculation occurred (Comas et al., 2003). This is
caused by a low concentration of metal ions in the
solution to form larger flocs which reduce turbidity of the
treated wastewater when they settle. However, the
presence of the metal ions in the solution indicates that
nucleation took place but there was no further reaction
which could lead to agglomeration. The pH in the
samples which have been dosed with 20 and 30 ml
coagulants in Figures 1a to d is identical in each reaction
time, which is below 6.8. It can be concluded that a 20 ml
of 0.043 M Fe®* or AI** ions can remove 16 g of colloidal
particles in paint wastewater. This also shows that 20 ml
is an optimum dosage to achieve high rate of hydrolysis
as explained by O’Melia and Shen (2001). Figures 1a to
d show that pH in the samples with 20 and 30 ml of 0.043
M FeCls, 0.043 Fey(SOQy)3, 0.043 M AICI; and 0.043 M
Aly(SO,4); dosages during rapid mixing is identical to the
pH in their corresponding samples with combined rapid
and slow mixing. This depicts that nucleation occurs
during rapid mixing and slow mixing does not play a
pivotal role in that reaction. Secondly, Figures 1a to d
also show that the pH decreases with increasing reaction
times, that is, pH in the samples with 30 s mixing is
slightly higher than 45 s, whereas both 30 and 45 s
mixing are higher than 60 s. This suggests that rapid
mixing for at least 30 s is sufficient to disperse coagulants
throughout the solution, thus causing nucleation, and
further rapid mixing to 60 s allows further nucleation
which increases the concentration of the flocs. The
observations obtained from the decreasing pH with
varying reaction time during hydrolysis explain the
uncertainty about the effect of varying reaction times on
flocs formation in water treatment operations to achieve
high turbidity removal. Another problem encountered
during coagulation is that Freeze et al. (2001) stated that
rapid mixing for a short period may cause poor
destabilization-hydrolysis, whereas rapid mixing for a
prolong period may cause rupturing of the flocs, both of
which result in poor adsorption. The results show that the
pH values in the samples which are dosed with
monoprotic metal salts in Figures 1a and c is higher than
the pH values in their corresponding samples with
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diprotic metal salts; this indicate that the former yield a
lower rate of hydrolysis than the latter in Figures 1b and
d. The pH changing trend in Figures 1a to d also reveal
that 0.043 M AICI; yields lower rate of hydrolysis than
0.043 M Aly(SO,); and 0.043 M Fe* in FeCl; or
Fex(SO04)s.

Literature states that the hydrolytic species which are
formed during hydrolysis determine the adsorption
potential of the colloidal particles (Jiang and Lloyd, 2002).
At present, none of the published research explains the
degree of flocs formation in rapid mixing only compared
to combine rapid and slow mixing, and also validate with
the percentage area formed by the flocs under a light
microscope, an explanation we have adopted to interpret
our experimental findings. Turbidity in all the samples
which have been dosed with 10 ml of 0.043 M Fe®* or AI**
in Figures 2a, b, ¢ and d is over-range, above 500 NTU,
hence, it has not been plotted as it would distort the
diagrams. Figures 2a, b, ¢ and d show that turbidity in the
samples which have been dosed with 20 and 30 ml of
0.043 M Fe® or AI** dosage during rapid mixing only for
30, 45 and 60 s, respectively is identical to the turbidity in
their corresponding samples with combined rapid and
slow mixing with 20 and 30 ml of 0.043 M Fe* or A”**
dosage. The turbidity in all the samples which have been
dosed with 20 and 30 ml of 0.043 M Fe®* or AI** dosage
is in a range of 88 to 118 NTU. The identical turbidity
values shown between the samples with rapid mixing and
their corresponding samples with combined rapid and
slow mixing indicate that nucleation is predominant;
hence, high adsorption of the colloidal particles is
prevalent in both mixing patterns. We suggest that rapid
mixing is a process where nucleation occurs, whereas
settling for 1 h allowed the formation of larger flocs which
condense to form dense cake-like, spongy polymers that
settle spontaneously due to high settling velocity. These
polymers then act as a filter and trap the residual colloidal
particles. This assumption is based on the uniform
behaviour of the four coagulants (Fe** and Al** salts)
which were dosed in the samples, thus showing that the
removal of the turbidity from the colloidal suspension was
a physical phenomenon. This occurred when the particles
settled due to gravitational force as they collide and form
larger particles (Metcalf and Eddy, 2003).

The observations from the pH and turbidity results
reveal that effective destabilization-hydrolysis, which are
interpreted by the changing pH and turbidity is influenced
by the dosage, rate of mixing and reaction time. The
changing trend of the pH and turbidity shown in Figures
1a to 2d indicates that there is a correlation between the
both parameters (pH and turbidity). The correlation from
the results of the experiments suggest that hydrolysis
during coagulation can be explained by changing pH and
turbidity trend. The pH and turbidity values in Figures 1a
to d show that Fe®** and AI** salts react in the same way
when dosed in paint wastewater; this confirms that their
chemical properties are homologous. This also shows
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Figure 4. pH of the samples using 0.043 M Fe** (FeCls) with and
without mixing. ¢, FeCls; m, Fex(SQ0a)s; A, AlCls; x, Alo(SO4)s.
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Figure 5. Turbidity of the samples using 0.043 M Fe**(FeCls)
with and without mixing.s, FeCls; m, Fex(SO4)s; A, AlCls; X,
Al>(SO4)s.

that the reactions which take place during rapid mixing
produce flocs which are large enough to achieve
optimum adsorption of colloidal particles. Since Freeze et
al. (2001) stated that prolonged retention during
wastewater treatment can cause restabilization process
due to rupturing of the flocs by shear forces, our
experimental results show that rapid mixing for at most
60 s is effective in turbidity removal based on metal ion-
solid paint mass ratios (mass M** ion/mass of solid paint).

Another observation from Figures 2a and c is that the
turbidity in the samples which have been dosed with
monoprotic metal salts (MCls) is slightly higher than the
turbidity in their corresponding samples dosed with
diprotic metal salts [Mx(SQO4)3] in Figures 2b and d. This
indicates that diprotic metal salts yield a better turbidity
removal potential than the monoprotic metal salts. Since
both metal salts contain the same concentration of metal
ions, the varying pH values may be due to their degree of
dissociation. Monoprotic acids dissociate completely in a
single step, whereas diprotic acids dissociate in two steps
due to two hydrogen atoms. It is suggested that a double
dissociation which occurs during hydrolysis of diprotic
H.SO, from a metal salt [Fex(SO4); or Alx(SO,)3] behaves

as a buffer, thus enhancing further hydrolysis compared
to hydrolysis which takes place in monoprotic metal salts
[FeCl; or AICl3], where dissociation of HCI occurs
completely in a single reaction (Casas et al., 2000).
Although, Kurniawan et al. (2006) stated that the
efficiency of Aly(SO4)s on organic matter removal from a
colloidal suspension is hindered by SO, ions embedded
in the precipitate, our experimental results showed that it
is unlikely to occur to non-organic compounds. The pH
values shown by the samples with rapid mixing and those
with combined rapid and slow mixing indicate that the

velocity gradient du/ dy does not play an essential role
during the collision between the metal ions and the
colloidal particles.

The results shown by Figure 3 reveal that the
percentage area covered by the flocs in the samples with
0.043 M Fe® or AI** salts dosage during rapid mixing for
30, 45 and 60 s, respectively in Experiment A is identical
to the percentage area covered by flocs in their
corresponding samples with combined rapid and slow
mixing with 0.043 M Fe* or AI** salts dosage in
Experiment B. The difference in the percentage area
covered by flocs between 30, 45 and 60 s, respectively is
insignificant. The results shown in Figure 3 (Experiments
A and B) from the samples with rapid mixing only and the
samples with combined rapid and slow mixing, confirms
that most of the flocs occurs during rapid mixing for 30 s.

Although Figure 4 shows a slightly higher pH in the
samples which have not been mixed compared to the
samples which were mixed, the difference is less than 1.0
in all the samples. Similarly, Figure 5 shows an
insignificant change in turbidity between the samples
which have been mixed with those which have not been
mixed. This shows that the role which is played by stirring
is to disperse the coagulant throughout the sample
solution and does not play pivotal role in the rate of
destabilization-hydrolysis. This also shows that chemical
properties, mainly high electron valence (Pauli
electronegativity) plays a major role in the destabilization-
hydrolysis process.

Conclusion

The study shows that most of the flocs are formed during
rapid mixing between 30 and 60 s using 0.043 M of
Fe**and AI** salts-16 g solid-paint ratios, which assists
with the calculation of a direct mass transfer.
Destabilization-hydrolysis process, which determines the
effect of a metal salt to form the flocs during wastewater
treatment, can be interpreted by the changing rate of the
pH and turbidity. There is a correlation between the pH
and turbidity in paint wastewater which is dosed with Fe®*
and AI** salts. The pH measurement in a laboratory
during wastewater treatment must not only use to
determine the acidity-alkalinity for pH adjustment, but
also to determine the effectiveness of the concentration



of the metal salt(s) added for better turbidity removal
using pH decreasing trend. The Water Chemist can
produce their in-house pH-turbidity graphs to check if
their processes operate within optimum parameters.
Monoprotic metal salts have a lower rate of hydrolysis
than their counterpart diprotic metal salts, and AICI; has
the lowest hydrolyzing potential/power than other metal
salts. The removal of turbidity from paint wastewater with
Fe®* and AI** salt dosages of the same concentration is a
physical phenomenon

A 10 ml of 0.043 M of Fe* or AI** ions exhibits a low
destabilizing-hydrolyzing potential on a 16 g solid paint in
200 ml paint wastewater. A 20 and 30 ml of 0.043 M of
Fe®* or AI** ions are optimum dosages to remove 16 g of
solid paint in 200 ml of paint wastewater. Equal amounts
of coagulants with the same concentration of Fe*" and
AI** ions yield identical pH and turbidity removal in a paint
wastewater; this indicates that Fe®*" in FeCl; or Fex(SO4)3
and AP in AICI; or Alx(SQO4); have identical alkaline
neutralizing power and turbidity removal efficiency in
paint wastewater. This suggests that destabilization-
hydrolysis process is influenced by the physical
phenomenon, where nucleation is a predominant
process.

Our observation shows that the rate of destabilization
of the solution to form hydroxide species is influenced by
the chemical properties of the metal ions. Stirring of the
solution is a mechanical reaction which disperses the
metal ions throughout the solution with insignificant
impact in the rate of hydrolysis.

REFERENCES

Aboulhassan MA, Souabi S, Yaacoubi A, Bauda M (2006). Removal of
surfactant from industrial wastewaters by coagulation flocculation
process. Interf. J. Environ. Sci. Technol. 3(4):327-336.

Ali SA, Sengupta M (2002). Correction to Microscopically Determined
Particle Size According to Diffraction Correction Theory Il. Application
to Aqueous Polystyrene Latex Particles of Varying Size, J. Colloid.
Interf. Sci. 220:205-218.

Aguilar MI, Saez J, Liorens M, Soler A, Ortuno JF (2002). Nutrient
removal and sludge production in the coagulation—flocculation
process. Water Res. 36:2910-2919.

Aguilar MI, Saez J, Liorens M, Soler A, Ortuno JF, Meseguer V,
Fuentes A (2005). Improvement of coagulation-flocculation process
using anionic polyacrylamide as coagulant aid. Chemosphere 55:47-
56.

Aysegul P, Enis T (2002). Color removal from cotton textile industry
wastewater in an activate sludge system with various additives.
Water Res. 36:2920-2925.

Barnes D, Wilson F (1983). Chemical and unit operations in water
treatment, Applied Science Publishers, Essex, England. pp. 102-104.

Benefield LD, Morgan JM (1999). Chemical precipitation, in: R.D.
Letterman (Ed), water Quality and Treatment, McGraw-Hill Inc., New
York. pp. 25-29, 53-56.

Binnie C, Kimber M, Smethurst G (2003). Basic Water Treatment, 3"
Ed, MPG Books, Bodmin, Great Britain. pp. 62-65, 74-75.

Bryun S, Oh J, Lee BY, Lee S (2005). Improvement of coagulation
efficiency using instantaneous flash mixer (IFM) for water treatment,
Colloid. And Surface A: Physiochem. Eng. Aspects 268(1-3):104-110.

Casas JM, Alvarez F, Cifuentes L (2000). Aqueous speciation of sulfuric
acid—cupric sulfate solutions. Chem. Eng. Sci. 55(24):6223-6234.

Chen G (2002). Electrochemical technologies in wastewater treatment.

Ntwampe et al. 15

Sep. Purif. Technol. 38(1):11-41.

Comas J, Rodriguez-Roda I, Sanchez-Marre M, Cortes U, Freixo A,
Arraez J, Poch M (2003). A knowledge-based approach to the
deflocculation proble: integrating on-line, off-line, and heuristic
information. Water Res. 27(10):2277-2387.

Crozes G, White P, Marshall M (1995). Enhanced Coagulation: Its effect
on NOM removal and chemical costs. AWWA 87(1):78-89.

Duan J, Gregory J (2002). Coagulation by hydrolysing metal salts,
Elsevier B. V. UK. pp. 3-7

Duan J, Gregory J (2003). Coagulation by hydrolyzing metal salts, Adv.
Colloid Interf. Sci. 100-102:475-502.

Gregory J, Duan J (2001). Hydrolyzing metal salts as coagulants. Pure
App. Chem. 73(12):2017-2023.

Fasemore O (2004). The flocculation of paint wastewater using
inorganic salts. A dissertation submitted for MSc degree at the
University of the Witwatersrand, RSA. pp. 12-13

Faust SD, Aly OM (1983). Chemistry of Water Treatment, Butterworth
Publisher, USA. pp. 218, 291, 335, 345-346.

Flynn C (1984). Hydrolysis of Inorganic Iron(lll) Am. Chem. Soc. 84:31-
41.

Freeze SD, Nozaic DJ, Pryor MJ, Rajogopaul R, Trollip DL, Smith RA
(2001). Water Supply, Vol. 1, IWA Publishing, SA. pp. 117-124.

Ghaly AE, Snow A, Faber BE (2006). Treatment of grease filter
washwater by chemical coagulation. Can. Biosyst. Eng. 48(6):13-
6.22.

Hamidi AA, Salina A, Mohd NA (2007). Use of alum, ferric chloride and
ferric sulphate as coagulants in removing suspended solids, colour
and COD from semi-aerobic lands leachate at controlled pH, SAGE,
Malaysia. pp. 54-62, 71-77.

Jiang JQ, Lloyd B (2002). Progress in the development and use of
ferrate (vi) salt as an oxidant and coagulant for water and wastewater
treatment. Water Res. 36:1397-1408

Juttner K, Galla U, Schmieder H (2000). Electrochemical approaches
environmental problems in the process industry. Electrochim. Acta.
45:2575-2594.

Kemmer J (1988). Nalco Water Handbook. 2" edition. McGraw-Hill,
New York, USA. pp. 2.189, 4.330-4.332, 7.163

Kurniawan TA, Chan WS, Lo WH, Babel S (2006). Physico—chemical
treatment techniques for wastewater laden with heavy metals. J.
Chem. Eng. 118:5-24, 83-87.

Lee J (2001). Application of liquid electron theory to the cross effect
between ionic and electric charge flow in semiconduct oxide. J. Phys.
Chem. Solids 62:1263-1270.

Metcalf W, Eddy C (2003). Wastewater Engineering. 4", McGraw-Hill
Inc, New York. pp. 377-380.

Ntwampe |, Jewell LL, Glasser G (2011). Comparison of jar tests and
microscope slide experiments for flocculation of paint wastewater,
Research article submitted for publication.

O'Melia CR, Shen JY (2001). Removal of particles using dual media
filtration: modeling and experimental Studies. Water Sci. Technol.
12:32-47.

Pratt C, Shilton A, Pratt S, Haverkamp RG, Elmetri | (2007). Effects of
redox potential and pH changes on phosphorus retention by melter
slag filters treating wastewater, Environ. Sci. Technol. 41(18):6585-
6590.

Sincero AP, Sincero GA (2003). Physical-chemical treatment of water
and wastewater, IWA Publishing, Londao, USA. pp. 23-31.

Shammas NK (2004). Coagulation and flocculation, in: L.K. Wang, Y.T.
Hung, N.K. Shammas (Eds), Physicochemical treatment Processes,
Human Press, New Jersey. pp. 3-7.

Spellman FR (2009). Handbook of water and wastewater treatment
plant operations, CRC Press, USA. pp. 101-106, 176-179.

Swartz CD, Ralo T (2004). Guidelines for planning and design of small
water treatment plants for rural communities with specific emphasis
on sustainability and community involvement and participation,
Silowa Printers, SA. pp. 8.3-8.6.

Tan BH, Teng TT, Mohd OAK (2000). Removal of dye wastes by
magnesium chloride. Water Res. 34:597-601.

Tatsi AA, Zouboulis Al, Matis KA, Samaras F (2003). Coagulation-
flocculation pretreatment of sanitary landfill leachates. Chemosphere
53:737-744.

Tebbutt THY (1983). Principles of water quality control, 3 Ed. A.



16 J. Environ. Chem. Ecotoxicol.

Wheaton & Co. Ltd, Great Britain. pp. 123-129.

Tunay O (2003). Development in the application of chemical
technologies to wastewater treatment. Water Sci. Technol.
48(11/12):43-52.

US Environmental Protection Agency (EPA) (2000). Chemical
Precipitation, US EPA, Washington, DC, (EPA832-F-00-018).

Wang LK, Vaccari Li Y, Shammas NK (2004). Chemical prescipitation,
in: LK. Wang, Y.T. Hung, N.K. Shammas (Eds), Physicochemical
Treatment Processes, Human Press, New Jersey. pp. 3-5.

Wu JN, Wang TW (2001). Effect of some water-quality and operating
parameters on the decolourization of reactive dye solutions by ozone.
J. Environ. Sci. Health Part A. 36:1335-137.



