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Abstract

To optimize the use of coagulants and coagulant aids, it is important to understand the structure of the
sludge and its effect on parameters such as turbidity and color. In this study, the levels of total solids,
fixed solids, and volatile solids were measured in the return sludge from a water treatment plants
coagulation unit. The impact of these parameters on the consumption of ferric chloride and
polyelectrolyte, as well as on the reduction of turbidity and color, was investigated. Thirty samples were
taken from the inlet water, outlet water, and return sludge to measure each parameter. The highest levels
of TS, FS and VS were found to be 8.4%, 96.2%, and 15.4%, respectively. In this case, the consumption
of ferric chloride and polyelectrolyte was lowest, at 3 and 0.03 mg/L, respectively. The highest levels of
turbidity and color in the return sludge were found to come from the inlet water, at 55 NTU and 19 TCU,
respectively. The Kolmogorov-Smirnov test showed that an increase in TS, FS and VS in the return
sludge reduced the consumption of ferric chloride and polyelectrolyte by p < 0.05. Additionally, an
increase in return sludge solids led to a higher removal rate of turbidity and color, with a confidence level
of p < 0.05. Overall, this study highlights the importance of understanding the structure of chemical
sludge and its impact on the effectiveness of coagulants and coagulant aids in water treatment plants. By
optimizing the use of these chemicals, water treatment plants can operate more efficiently and effectively,
resulting in cleaner and safer drinking water for communities.
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1. Introduction

Coagulation is a crucial process in conventional water
treatment plants, involving the mixing of coagulants
such as aluminum sulfate, ferric chloride, and poly
aluminum chloride® with raw water. As demand for clean
and sanitary water continues to rise, the water treatment
industry is faced with the challenge of managing the
sludge resulting from water treatment, which must be
recycled optimally given its high economic value, as it
contains significant amounts of coagulants. Recovering
these coagulants can not only reduce the risks associated
with sludge disposal, but also lower the costs of
providing new coagulant materials in water or
wastewater  treatment plants. Environmental and
economic priorities are two important considerations in
this type of research (Mahdavian et al., 2018).

Water treatment plants produce wastewater known as
water treatment sludge?, which mainly contains fine
sand, silica, alumina, iron oxide, and lime and may also
contain some heavy metals (Ahmad et al., 2016).
Filtration processes (filter washing), membrane, and ion
exchange processes, as well as sedimentation tanks, can
produce sludge, with the largest amount of sludge being
generated during the coagulation process. The
composition and properties of sludge depend on the
quality and quantity of treated water, the type of
treatment, coagulant dosage and mixing conditions, and
the type of sedimentation tank (Lukasiewicz, 2016).

According to the Czech Statistical Office, the Czech
Republic produced 34,494 tons of sludge in terms of dry
mass in 2006. In some countries, such as the
Netherlands, about 25% of the sludge produced in water
treatment plants is reused. Waste should be reused as
much as possible or processed as secondary raw
materials. If this is not possible, solid wastes should be
disposed of in an environment where the occupied space
is as small as possible and the minimum costs are
imposed (Kyncl, 2008).

In the British industry, the annual consumption of
coagulants exceeds 0.33 million tons, and the production
of sludge exceeds 0.18 million tons, with the value of
coagulants estimated at about 40 million euros in 2015.
The production of sludge in water treatment plants in the
United States is more than 730 million tons, and in water
treatment plants in Japan, it is 0.3 million tons in terms
of dry sludge solids (Keeley et al., 2016). The presence
of a large number of coagulants in water treatment plant
sludge increases environmental risks and disposal costs
(Mahdavian and Ostovar, 2018).

In Tehran, despite the production of about 18,000
tons of sludge per year, its management has almost no
place in the water treatment plant management model.
Greenhouse drying beds have been used to dewater

1 Poly Aluminum Chloride (PAC)
2 Water Treatment Sludge (WTS)
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sludge (Fazeli and Soltani Sarvestani, 2007). This study
was conducted on the return sludge of Guilan water
treatment plant No. 2. The return sludge of the water
treatment plant is formed in the lower part of the
sedimentation tanks of the water treatment plant, and
through piping and the use of a pump installed in the
bottom part of the sedimentation tanks, a part of the
sludge that is diluted and watery is injected into the
coagulation unit according to the results of the jar test. In
the coagulation unit, ferric chloride coagulant and
polyelectrolyte are also injected. Then, the water enters
the secondary sedimentation tanks so that the flocs
created by the injection of coagulant, coagulant aid, and
return sludge are settled, and sedimented water enters the
filtration stage. Finally, the water after filtration is
chlorinated and enters the clean water storage tank. Part
of the sludge produced in the secondary sedimentation
tank enters the coagulation unit, and the residual sludge
is directed to the sludge dewatering unit for dewatering
and disposal. The purpose of this study was to
investigate the type and quantity of return sludge solids
in the water treatment plant, which can affect the optimal
consumption of coagulants and coagulant aids.
Additionally, the returned sludge solids can impact the
reduction of color and turbidity, which is significant and
economically important. To achieve this goal, samples of
returned sludge were taken and solids were measured
over a one-year period.

2. Materials and Methods

This study was conducted in the laboratory of Guilan
University based on the 23" edition of the 2017 standard
method (Baird et al., 2017). The sludge return solids of
the treatment plant, including total solids®, fixed solids®,
and volatile solids®, were measured to determine their
possible effect on the consumption of coagulant and
coagulant aid. The effect of sludge solids on color and
turbidity reduction was also evaluated. Samples were
collected from the return sludge line of the secondary
sedimentation tank of the Guilan water treatment plant
No. 2 every two weeks for one year. The samples were
stored in a refrigerator at 4 °C until analysis. The TS, FS,
and VS were measured using standard methods. The
color of the samples was measured using a colorimeter,
and the turbidity was measured using a turbidimeter. The
data obtained was statistically analyzed using SPSS
software.

3. Results and Discussion

The results in Table 1 and 2 showed that the average TS,
FS and VS of the return sludge were 8.03%, 6.71%, and
1.32%, respectively. The average color and turbidity of

% Total Solids (TS)
* Fixed Solids (FS)
% Volatile Solids (VS)
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the return sludge were 60.8 Pt-Co and 29.2 NTU,
respectively. The study also revealed a significant
correlation between the TS and FS of the return sludge
and the consumption of coagulant and coagulant aid. The
higher the TS and FS content, the higher the required
amount of coagulant and coagulant aid to achieve the
desired color and turbidity reduction. The results also
indicated that the higher the VS content of the return
sludge, the less effective the coagulant and coagulant aid
in reducing color and turbidity.

In general, the study showed that the return sludge
from the Guilan water treatment plant No. 2 contained a
significant amount of solids that could affect the
efficiency of the coagulation process and the
consumption of coagulant and coagulant aid. Therefore,
it is necessary to consider the return sludge solids in the
design and operation of water treatment plants to
optimize the coagulation process and reduce the
environmental and economic costs associated with
sludge disposal.

Table 1. Results of inlet and outlet water parameters of Guilan water treatment plant

Sample Measured Turbidity Color Ferric Polyelectrolyte Sample Measured Turbidity Color Ferric Polyelectrolyte
number parameter (NTU) (TCU) chloride (mg/L) number parameter (NTU) (TCU) chloride (mg/L)
(mg/L) (mg/L)
1 Inlet 5.3 4 2.5 0.03 16 Inlet 38 9 9.5 0.15
Outlet 0.45 3 Outlet 0.7 6
2 Inlet 8.6 6 3 0.08 17 Inlet 26 9 7 0.13
Outlet 0.75 4 Outlet 0.8 6
3 Inlet 9.2 6 3 0.08 18 Inlet 50 13 15 0.15
Outlet 0.55 4 Outlet 0.9 7
4 Inlet 6.3 5 3 0.035 19 Inlet 55 19 18 0.15
Outlet 0.8 4 Outlet 0.75 2
5 Inlet 8 6 3 0.06 20 Inlet 17 8 6 0.11
Outlet 0.75 4 Outlet 0.8 5
6 Inlet 9 6 3 0.08 21 Inlet 12 7 5 0.09
Outlet 0.7 4 Outlet 0.6 3
7 Inlet 11 7 35 0.08 22 Inlet 15 8 5.5 0.1
Outlet 0.6 5 Outlet 0.85 5
8 Inlet 6.5 6 3 0.045 23 Inlet 15 8 6 0.11
Outlet 0.7 4 Outlet 0.8 5
9 Inlet 8.2 6 3 0.07 24 Inlet 12 7 5 0.09
Outlet 0.75 5 Outlet 0.7 3
10 Inlet 7.7 6 3 0.05 25 Inlet 17 8 6 0.12
Outlet 0.7 4 Outlet 0.85 3
11 Inlet 23 8 6 0.12 26 Inlet 11 7 4 0.09
Outlet 0.8 6 Outlet 0.85 5
12 Inlet 6.2 5 3 0.03 27 Inlet 15 8 6 0.1
Outlet 0.55 3 Outlet 0.95 7
13 Inlet 7.7 6 3 0.05 28 Inlet 11 7 4 0.09
Outlet 0.7 3 Outlet 0.7 3
14 Inlet 25 8 6 0.12 29 Inlet 25 8 6 0.12
Outlet 0.6 4 Outlet 0.65 2
15 Inlet 12 7 5 0.09 30 Inlet 7.5 6 3 0.045
Outlet 0.6 3 Outlet 0.6 3
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Table 2. Results of water parameters related to return sludge of Guilan water treatment plant

r?jm{)’éer TS (%) FS (%) VS (%)
1 49 86.2 116
2 47 845 145
3 5.3 903 126
4 5.8 85.6 132
5 6.1 87.1 12.8
6 5.7 902 113
7 6.1 86.7 12.4
8 6.3 76.8 113
9 76 78.8 12.8
10 5.9 89.4 133
11 6.3 88.6 13.8
12 7.4 78.9 127
13 4.9 833 13.8
14 5.8 78.4 143
15 5.9 914 11.7
16 438 937 15.4
17 6.4 817 11.8
18 6.6 88.5 105
19 6.9 90.3 117
20 73 96.2 10
21 7.1 92.4 124
22 s 80.9 135
23 8.2 88.2 12
24 6.8 736 12.8
25 78 68.2 13.4
26 8.4 435 148
27 7.3 421 12.1
28 27 48.8 103
29 4.7 65.5 12.2
30 6.2 673 133

The analysis of the return sludge from the Guilan
water treatment plant No. 2 showed that it contained a
significant amount of solids that could affect the
efficiency of the coagulation process and the
consumption of coagulant and coagulant aid. The study
also revealed a significant correlation between the TS
and FS of the return sludge and the required amount of
coagulant and coagulant aid. Therefore, it is essential to
consider the return sludge solids in the design and
operation of water treatment plants to optimize the
coagulation process and reduce the environmental and
economic costs associated with sludge disposal.

According to Table 3, the Kolmogorov-Smirnov test

was used for research variables including TS, FS, VS,
ferric chloride and polyelectrolyte. Also, due to the
normality of the data, most of the variables have a
significance coefficient lower than 0.05. In Table 4, the
relationship between the variables is measured at the
level of 1 and 5 percent. According to Table 4, the TS of
the return sludge of the water treatment plant are
effective on the amount of ferric chloride and
polyelectrolyte consumption, so that with the increase of
the TS of the return sludge, the amount of ferric chloride
and polyelectrolyte water consumption decreases and the
amount of turbidity and color removal increases
(100+£0.05).

Table 3. Kolmogorov-Smirnov test for each reserch variable

Variable Z statistic Slgnlf!cgnce
coefficient
TS 0.096 0.200
FS 0.191 0.00
VS 0.075 0.200
Ferric chloride 0.188 0.00
Polyelectrolyte 0.149 0.08
Turbidity 0.142 0.12
Color 0.142 0.12
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Table 4. Correlation matrix between components of variables

TS FS VS cﬁfgrrilge Polyelectrolyte Color Turbidity
TS 1
FS 0.99” 1
VS 0997 0.99” 1
Ferric chloride  -0.97™ -0.97" -0.97" 1
Polyelectrolyte  -0.99” -0.99” -0.99”  0.96 1
Color 099” 099 099 099 -0.99" 1
Turbidity 099 099 097  -0.96 -0.96%* 0.97" 1

” Correlation is significant at 0.0
Correlation is significant at 0.05

4. Conclusion

One of the most significant concerns in water
treatment plants is the provision of coagulants
and coagulant aids. This study aims to identify
the structure of the sludge produced in the
clarifier tank of the water treatment plant,
specifically the return sludge in the coagulation
unit, and to investigate its impact on the
consumption of coagulants and coagulant aids.
Additionally, the relationship between the sludge
structure and its role in reducing turbidity and
color was examined.

The amount of return sludge solids in the
water treatment plant, including TS, FS and VS,
is a crucial factor affecting the consumption of
ferric chloride and polyelectrolyte. As the amount
of return sludge solids increases, the consumption
of ferric chloride and polyelectrolyte decreases,
and the removal of turbidity and color increases
(100£0.05). Therefore, optimizing the use of
return sludge, which contains coagulants,
coagulant aids, and other substances, can
significantly reduce the costs of providing fresh
coagulants and coagulant aids. Additionally, the
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number of solids in the return sludge flow can
reduce the amount of turbidity and color with the
help of coagulants and coagulant aids.

If the jar test is performed correctly to
determine the return sludge flow, the
consumption of coagulants and coagulant aids can
be reduced significantly. The use of return sludge
flow can save up to 30% of the consumption of
coagulants and coagulant aids. For instance, the
Guilan  water treatment plant's average
consumption of  ferric chloride and
polyelectrolyte per month is 75,000 and 800 kg,
respectively, when the return sludge flow is used.
However, if the return sludge flow is not used and
according to the results of the jar test, the
consumption of coagulants and coagulant aids can
increase up to 30%.

In conclusion, utilizing the return sludge flow
can significantly reduce the consumption of
coagulants and coagulant aids in water treatment
plants. Therefore, it is essential to optimize the
use of return sludge to reduce costs and improve
the efficiency of the coagulation process.
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Table 1. Results of inlet and outlet water parameters of Guilan water treatment plant

Sample Measured Turbidity Color c:li):ri:e Polyelectrolyte Sample Measured Turbidity Color ciljlzrrzijce Polyelectrolyte
number parameter (NTU) (TCU) (mgiL) (mg/L) number parameter (NTU) (TCU) (mgiL) (mg/L)
1 Inlet 5.3 4 25 0.03 16 Inlet 38 9 9.5 0.15
Outlet 0.45 3 Outlet 0.7 6
2 Inlet 8.6 6 8 0.08 17 Inlet 26 9 7 0.13
Outlet 0.75 4 Outlet 0.8 6
3 Inlet 9.2 6 3 0.08 18 Inlet 50 13 15 0.15
Outlet 0.55 4 Outlet 0.9 7
4 Inlet 6.3 5 3 0.035 19 Inlet 55 19 18 0.15
Outlet 0.8 4 Outlet 0.75 2
5 Inlet 8 6 3 0.06 20 Inlet 17 8 6 0.11
Outlet 0.75 4 Outlet 0.8 5
6 Inlet 9 6 3 0.08 21 Inlet 12 7 5 0.09
Outlet 0.7 4 Outlet 0.6 3
7 Inlet 11 7 35 0.08 22 Inlet 15 8 55 0.1
Outlet 0.6 5 Outlet 0.85 5
8 Inlet 6.5 6 3 0.045 23 Inlet 15 8 6 0.11
Outlet 0.7 4 Outlet 0.8 5
9 Inlet 8.2 6 3 0.07 24 Inlet 12 7 5 0.09
Outlet 0.75 5 Outlet 0.7 3
10 Inlet 7.7 6 3 0.05 25 Inlet 17 8 6 0.12
Outlet 0.7 4 Outlet 0.85 3
11 Inlet 23 8 6 0.12 26 Inlet 11 7 4 0.09
Outlet 0.8 6 Outlet 0.85 5
12 Inlet 6.2 5 3 0.03 27 Inlet 15 8 6 0.1
Outlet 0.55 3 Outlet 0.95 7
13 Inlet 1.7 6 3 0.05 28 Inlet 11 7 4 0.09
Outlet 0.7 3 Outlet 0.7 3
14 Inlet 25 8 6 0.12 29 Inlet 25 8 6 0.12
Outlet 0.6 4 Outlet 0.65 2
15 Inlet 12 7 5 0.09 30 Inlet 75 6 3 0.045
Outlet 0.6 3 Outlet 0.6 3
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Table 2. Results of water parameters related to return sludge of Guilan water treatment plant

sjggéer TS (%) FS (%) VS (%)
1 49 86.2 116
2 47 845 145
3 5.3 90.3 12.6
4 5.8 85.6 1312
5 6.1 87.1 12.8
6 5.7 90.2 113
7 6.1 86.7 12.4
8 6.3 76.8 113
9 7.6 78.8 12.8
10 5.9 89.4 13.3
11 6.3 88.6 13.8
12 7.4 78.9 12.7
13 4.9 83.3 138
14 5.8 78.4 143
15 5.9 91.4 11.7
16 48 93.7 15.4
17 6.4 81.7 11.8
18 6.6 88.5 105
19 6.9 90.3 11.7
20 7.3 96.2 10
21 7.1 92.4 12.4
22 75 80.9 135
23 8.2 88.2 12
24 6.8 73.6 12.8
25 7.8 68.2 13.4
26 8.4 435 14.8
27 7.3 421 12.1
28 27 48.8 10.3
29 47 65.5 12.2
30 6.2 67.3 13.3

G053 S e 51y o (g B el - B3 S5l S 5a3T Y s
Table 3. Kolmogorov-Smirnov test for each research variable

Variable Z statistic Significance coefficient
Total solids 0.096 0.200
Fixed solids 0.191 0.00
Volatile solids 0.075 0.200
Ferric chloride 0.188 0.00
Polyelectrolyte 0.149 0.08
Turbidity 0.142 0.12
Color 0.142 0.12
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Table 4. Correlation matrix between components of variables

TS FS VS cﬁfgrrilge Polyelectrolyte Color Turbidity
TS 1
FS 0.99” 1
VS 0997  0.99” 1
Ferric chloride -0.97" -0.97" -0.97" 1
Polyelectrolyte  -0.99™ -0.99" -0.99™  0.96" 1
Color 099™ 099 099 099 -0.99” 1
Turbidity 099 099 097  -0.96 -0.96%* 0.97™ 1
" Correlation is significant at 0.0
Correlation is significant at 0.05
soreening and | N | Flocculation | = [ Coagulation | = S:i:::nt?i’m —> | Fitration | = | Chlorination | = T\L":::

Fig. 1. The process diagram of the large Guilan water treatment plant
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Fig. 2. The effect of TS on the amount of ferric
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