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ABSTRACT
Coagulation and flocculation is one of the most effective, economic and convenient method for raw water
clarification. In recent times, different hydrolysing coagulants, particularly aluminium-based ones are in wide
use. In the present study, different aluminium-based salts, polymer and coagulant aid were used to observe their
effectiveness as well as side effects, if any. Turbidity was the prime criterion for clarification of the raw water;
however, the potentially hazardous residual aluminium was also given due importance.

Poly-aluminium chloride (PACI) enhanced the performance of the potash alum when used in tandem, whereas
bentonite powder used as coagulant aid proved ineffective in improving the performance of the potash alum with
respect to the removal of the turbidity. PACI when used alone or in tandem with potash alum showed character
significantly different from aluminium-based salts only, with respect to the criterion of residual aluminium.
Keywords: Coagulation, flocculation, hydrolysing coagulants, residual aluminium, river water, turbidity

1 INTRODUCTION
Raw surface water usually contains colloidal particles. The surface charges on these particles pre-
vent them from settling down due to gravitational forces and keep them in suspension [1, 2].
Coagulation—flocculation is a very convenient process to destabilise these charged particles making
them agglomerate and settle down.

In the present study, different aluminium-based coagulants and coagulant aid were tried and
assessed for their usefulness in removing different parameters particularly turbidity to make the
water potable [3-8]. After effect particularly in terms of residual aluminium were determined to
foresee any hazardous impact on human beings. The residual aluminium may cause Alzheimer’s
disease or other related problems as reported by Pan et al. [9], Divakaran and Pillai [10] and Schintu
etal. [11]. The coagulants and coagulant aids tried for this study were aluminium sulphate [AL,(SO),,
16H,0], potassium aluminium sulphate [KAI(SO,),, 12H,0] or potash alum, poly-aluminium
chloride (PACI), potash alum with PACI and potash alum with bentonite powder.

2 MATERIALS AND METHODS
2.1 Sampling

The grab samples of raw river water were taken manually from the Ahiritola Ghat, in Kolkata,
West Bengal, India from the river Ganga. The samples were taken every alternate day over a
period of 3 months during low and medium turbidity period at the time of the onset of high tide.
The samples were collected from below the surface avoiding floating matters at a distance of
about 15 m from the bank of the river. Samples were collected in polytetrafluoroethylene (PTFE)
containers. The samples were properly labelled, sealed and tested as soon as possible after collec-
tion on the same day. The sample collection, transport and preservation (where needed) were done
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in accordance to section 1060 B and 1060 C of Standard Methods for the Examination of Water
and Wastewater [12]. The samples were treated with aluminium sulphate, potash alum with and
without performance enhancing substance (bentonite powder) and PACI to obtain optimum dos-
ages of coagulants and their effects on different parameters, particularly in the low and medium
turbidity river water samples [13—18]. The graphs have been generated using the mean values for
all the parameters.

2.2 Experimental procedures
For each sample, the following analyses were carried out:

e Turbidity was measured by Nephelometric method based on a comparison of the intensity of light
scattered by the sample under defined conditions with the intensity of light scattered by a standard
reference suspension under the same conditions.

Apparatus used — 2100 N TURBIDIMETER (HACH Co., USA).

e Measurement of pH is one of the most important and frequently used tests in water chemistry and
particularly in coagulation. The pH measurements were done by pH meter following electromet-
ric method. Apparatus used — WTW (inoLab pH 730, USA).

e Total alkalinity was measured by titrimetric method.

e Total dissolved solid (TDS) was determined by electrical conductance using dual-mode conduc-
tivity and TDS meter (by WTW, inoLab cond 720, USA). The results were cross examined by
conventional drying at 180°C and found in close conformity with the result measured by the TDS
meter.

¢ Aluminium was measured through a UV-VIS Spectrophotometer at wavelength (A) 535 nm fol-
lowing Eriochrome Cyanine R method. Apparatus used — DR5000 UV-VIS Spectrophotometer
(HACH Co., USA).

o Iron was measured through a UV-VIS Spectrophotometer at wavelength (A) 510 nm following
phenanthroline method. Apparatus used — DR5000 UV-VIS Spectrophotometer (HACH Co.,
USA).

e Total hardness was measured by EDTA titrimetric method.

e As the sludge was in dilute form, the sludge volumes were measured volumetrically in terms of
settleable solids with the help of Imhoff Cones — BOROSIL, India.

The Standard Practice for Coagulation—flocculation Jar Test of Water, ASTM D 2035 [19], was first
adopted in 1980 and re-approved in 1999. Since coagulant interactions are very complex, labora-
tory studies are needed to determine the suitable coagulant, optimal dosage, duration and intensity
of mixing and flocculation [20-26]. The coagulation and flocculation experiments were carried out
by Jar test (by Programmable Phipps and Birds Jar Test Apparatus, Richmond, VA USA Model —
PB 900). The coagulants chosen were aluminium sulphate [Al,(SO,),, 16H,0], potash alum
[KAI(SO,),, 12H,0] (supplied by Merck Specialities, India Private Limited). Bentonite powder
[Al,O,, 4Si0,, H,O] supplied by Merck Specialities, India Private Limited, was used as a coagu-
lant aid to potash alum. PACI, a pre-polymerised coagulant, is increasingly used in recent years
because of its advantages over simple salts. It is effective over a wide pH range and shows low
sensitivity to temperature. It reduces sludge quantities and improves sludge dewaterability [27-29].
In this study, PACI (commercial grade — supplied by Grasim, India) was used in conjunction with
potash alum to reduce the quantity of potash alum and/or to improve the treated water quality. It
was also used independently as a coagulant.



S. Mukherjee, et al., Int. J. Sus. Dev. Plann. Vol. 9, No. 3 (2014)

Characteristics of PACI
Characteristics Value
Appearance Pale yellow powder
Bulk density 0.75 +0.10
pH of 1% solution (w/v) 3.5-5.0
ALO, 30+ 1%
Sulphate Nil

Table 1: Raw water characteristics.

419

Parameter (unit) Minimum Maximum Mean Standard deviation
pH 7.391 8.532 8.023 0.283
Turbidity (NTU) 30.1 159 82.1 32.65
Total dissolved solid (TDS) (mg/L) 102 210 156 294
Total hardness (as CaCOS,, mg/L) 78 165 115 27.3
Total alkalinity (as CaCO;, mg/L) 98 191 140 31.9
Total aluminium (mg/L) 0.000 0.021 0.009 0.006
Total iron (mg/L) 0.319 0.521 0.419 0.065

Based on a series of studies, the following operating conditions were selected:

Rapid mixing speed, 150 rpm.
Rapid mixing time, 1 min.
Flocculation speed, 25 rpm.
Flocculation time, 20 min.
Settling time, 30 min.

The analytical methods were adopted from the Standard Methods for the Examination of Water and

Wastewater [12].

The characteristics of the raw water are presented in Table 1.

3 RESULTS AND DISCUSSION

3.1 Study of coagulants

3.1.1 Variation of pH in treated water

Figures 1 and 2 show the variation of pH with aluminium sulphate, potash alum, PACI and potash
alum with PACI as coagulants expressed in terms of concentration of aluminium. In all the four
cases, pH decreased with the dosages of coagulants. However, the values of pH of the dosed solution
were less than the initial pH (8.258) of raw water in the cases of aluminium sulphate and potash
alum, whereas the pH increased for the starting dosages of PACI and potash alum with PACI. This
may be due to the fact that aluminium sulphate and potash alum are acidic salts; they reduced the pH
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Figure 1: pH vs. dosages of Al,(SO,);, 16H,0/KAI(SO,),, 12H,0 in terms of aluminium.
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Figure 2: pH vs. dosages of PACI/KAI(SO,),, 12H,0 and PACI in terms of aluminium.

of the treated water. On the other hand, the predominant hydrolysis product of PACI having low
aluminium (Al) concentration and slow rate of dissociation at pH above 8 is aluminate AW WA Water
Quality & Treatment [30]. This aluminate on further reaction with water may liberate some hydroxyl
(OH") ions, which may be considered as a probable cause of enhanced pH value. With higher dos-
ages of PACI, net pH reduced. This may be because due to the increase in Al concentration, there was
a corresponding decrease in aluminate and subsequent hydroxyl ion concentration. The pH of the
PACI solution with which dosing was done, being less than 7, the increases in added PACI quantity
also reduced the net pH of the solution.

3.1.2 Variation of turbidity in treated water

Figures 3 and 4 show the percentage reduction of turbidity with aluminium sulphate, potash alum,
PACI and potash alum with PACI. In all the four cases, the percentage reduction of turbidity
increased with the dosages of the coagulants. However, for aluminium sulphate and potash alum
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Figure 3: Percentage reduction of turbidity vs. dosages of Al,(SO,),, 16H,0/KAI(SO,),, 12H,0 in
terms of aluminium.
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Figure 4: Percentage reduction of turbidity vs. dosages of PACI/KAI(SO,),, 12H,0 and PACI in
terms of aluminium.

the increase was rapid in lower dosages up to 1.8 mg/L of Al concentration and reached a saturation
level, i.e. small changes occurred beyond 2.7 mg/L of Al concentration. In the case of PACI, the
increase was gradual for the whole study range up to 0.96 mg/L of Al concentration. For potash
alum with PACI, the values of percentage reduction of turbidity increased slowly after attaining an
initial high value.

3.1.3 Variation of sludge volume in treated water

Figures 5 and 6 show the variation of sludge volume with aluminium sulphate, potash alum, PACI
and potash alum with PACI used as coagulants. In all the four cases, the sludge volumes increased
with increase in the amount of coagulants as expected from our understanding and general theoreti-
cal knowledge of coagulation—flocculation theory. However, the sludge volume (in mL/L) was
considerably low in the case of PACI and potash alum with PACI compared with aluminium sulphate
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Figure 5: Sludge volume vs. dosages of Al,(SO,),, 16H,0/KAI(SO,),, 12H,0 in terms of aluminium.
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Figure 6: Sludge volume vs. dosages of PACI/KAI(SO,),, 12H,0 and PACI in terms of aluminium.

or potash alum alone. This lower sludge volume probably resulted from significantly lower amounts
of Al being added to the solution.

3.1.4 Variation of residual aluminium in treated water

From Figs 7 and 8, the amount of residual aluminium in treated water after treatment with
aluminium sulphate, potash alum, PACI and potash alum with PAC] may be observed. In the case
of aluminium sulphate and potash alum, the residual aluminium quantities decreased with increase
in the amount of coagulants, whereas for PACI the residual aluminium quantities increased with
increase in the dosages. For potash alum with PACI, initially the residual Al quantities decreased
as in the case of potash alum alone, but the trend reversed with increase in PACI at the end
portion.
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Figure 7: Residual aluminium vs. dosages of Al,(SO,);, 16H,0/KAI(SO,),, 12H,0 in terms of
aluminium.
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Figure 8: Residual aluminium vs. dosages of PACI/KAI(SO,),, 12H,0 and PACI in terms of
aluminium.

This may be due to the fact that the distribution of the AI(III) species at equilibrium depends
on the pH and the total Al concentration. Accordingly in the cases of aluminium sulphate and
potash alum, as the quantities of aluminium increased the major hydrolysis product formed was
Al(OH), and it readily precipitated causing sweep flocculation, reducing the quantity of available
aluminium in the solution. However, in the case of PACI, as the quantities of coagulant applied
were much less compared with the other coagulants and the resulting pH of the solutions were
higher, the soluble portions of the aluminium added increased, increasing the amount of residual
aluminium.
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3.2 Study of coagulant aids

Bentonite powder was tried as coagulant aid in conjunction to potash alum and the result is com-
pared vis-a-vis potash alum alone. As low and medium turbidity river waters were investigated,
bentonite powder was added to increase particle collisions and observe its effect on floc growth and
other parameters.

3.2.1 Variation of pH in treated water

From Figs 9 and 10, it is observed that in the case of potash alum only, the pH gradually reduced.
Whereas when higher dosages of bentonite were added to potash alum, the pH value decreased but
did not follow a regular trend. For both the cases, the initial pH value was 8.258.
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Figure 9: pH vs. dosages of KAI(SO,),, 12H,0 in terms of aluminium.
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Figure 10: pH vs. dosages of bentonite powder (with 1.2 mg/L. KAI(SO,),, 12H,0 in terms of
aluminium).
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Figure 11: Percentage reduction of turbidity vs. dosages of KAI(SO,),, 12H,0 in terms of aluminium.
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Figure 12: Percentage reduction of turbidity vs. dosages of bentonite powder (with 1.2 mg/L
KAI(SO,),,12H,0 in terms of aluminium).

3.2.2 Variation of turbidity in treated water

Figures 11 and 12 show the variation of turbidity removal with increase in dosages of potash alum and
potash alum with bentonite powder. Figure 11 shows that the percentage reduction values increased with
increase in dosages of potash alum. For bentonite powder with a fixed dosage of potash alum, the per-
centage reduction in turbidity remained static after an initial increase at the dosage of 50 mg/L bentonite
powder. The highest value of turbidity removal by bentonite powder with potash alum was almost same
with that of potash alum alone at the dosage of 1.2 mg/L of Al concentration. This indicates inertness on
the part of bentonite powder in turbidity removal of this river water, rather bentonite powder decreased
the removal potential of potash alum used alone in this low and medium turbidity range.

3.2.3 Variation of sludge volume in treated water
Figures 13 and 14 compare the variation of sludge volume with increase in dosages of coagulant aid.
For both potash alum and bentonite powder with potash alum, sludge volumes increased with
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Figure 13: Sludge volume vs. dosages of KAI(SO,),, 12H,0 in terms of aluminium.
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Figure 14: Sludge volume vs. dosages of bentonite powder (with 1.2 mg/L KAI(SO,),, 12H,0
in terms of aluminium).

increase in dosages as expected. Comparing sludge volumes of bentonite powder with potash alum
to only potash alum of 1.2 mg/L of Al concentration dosage, it can be observed that bentonite added
to the sludge volume without increasing turbidity removal efficiency.

3.2.4 Variation of residual aluminium in treated water

Figures 15 and 16 show the variation of residual aluminium with increase in dosages of potash alum
and bentonite powder with fixed dosage (1.2 mg/L of Al) of potash alum. For bentonite powder with
potash alum, the residual aluminium value decreased with increase in dosages initially; however, the
trend reversed at the end. This may be due to the fact that initially the main coagulant, i.e. potash
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Figure 15: Residual aluminium vs. dosages of KAI(SO,),, 12H,O in terms of aluminium.
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Figure 16: Residual aluminium vs. dosages of bentonite powder(with 1.2 mg/L KAI(SO,),, 12H,0
in terms of aluminium).

alum played the major part in turbidity removal by way of sweep flocculation; however, with increase
in dosages of bentonite powder the soluble components of hydrolysis products increased thereby
increasing the amount of residual aluminium.

4 CONCLUSIONS
The results and discussions show that hydrolysing metal salts (HMS), i.e. Al,(SO,),,16H,0 and
potash alum when used alone reduced the pH of the treated water right from the beginning. However,
when PACI was added, initially the pH increased for small dosages. With increase in PACI volume,
the dissociation pattern changed and pH got reduced. The trend was similar both when PACI was
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used alone or in conjunction with potash alum. Bentonite powder reduced the pH of the solution to
a very small amount.

Turbidity reduction performances were good for both the HMS and also when PACI was used
alone or with potash alum. For HMS alone, the desired turbidity was achieved within 1.8 mg/L of
Al concentration. For PACI alone, the required dosage was 0.6 mg/L of Al concentration. For PACI
with potash alum, the required dosages were 0.6 mg/L. Al concentration of potash alum and 0.08
mg/L of Al concentration of PACI. Bentonite powder was not very effective for turbidity reduction.

Sludge volumes were considerably lower when PACI was used compared with HMS alone. PACI
with potash alum proved the most effective in terms of minimising the sludge volume. Bentonite
powder with potash alum increased the sludge volume compared with potash alum alone.

For HMS, the residual aluminium quantity decreased with increasing dosages due to sweep floc-
culation. However, when PACI was added the residual aluminium quantity increased possibly due to
different hydrolysis products in comparison with HMS. For bentonite powder with potash alum,
initially the residual aluminium quantity decreased but beyond a certain concentration of bentonite
powder it started increasing again.
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