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Abstract

Background: Many kinds of inorganic polymers have been developed, but, amongst them, polyaluminum chloride (PACl) is one of
the most common kinds and has become most widely applied.
Objectives: The main objective in this research was the evaluation of three coagulants efficiency in the turbidity removal of Karoun
river water in water treatment plant (WTP) of Kut-e Amir in different turbidity ranges of 0 to > 20000 NTU.
Methods: For evaluation of the three coagulants efficiency (including polyaluminum chloride (PACL), aluminum sulfate (Alum)
and ferric chloride) a jar-test was done for every turbidity range. In this research, coagulant aid (Besfloc) was added when samples
turbidity were > 300 NTU. Turbidity of samples were measured by the turbidity meter with the model of HACH2100N.
Results: According to the results, it was clear that PACL and Ferric Chloride had the better results in turbidity removal in comparison
with Alum. Considering Ferric Chloride is cheaper than PACL and Alum, WTPs prefer to use Ferric Chloride. Economic analysis in
WTP of Kut-e Amir showed that using Ferric Chloride achieved less costs in comparison with PACL and Alum.
Conclusions: Considering close and suitable results of Ferric Chloride and PACL in turbidity removal and more economical effi-
ciency of ferric chloride than PACL, it’s recommended to be used from ferric chloride with Besfloc when turbidity is under 6500
NTU. In the end, injection of coagulants different doses did not vary pH samples significantly.
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1. Background

Natural surface waters are usually polluted by organic
or inorganic impurities. The colloidal dispersion due to
electrostatic repulsive forces is stable. Water treatment
plants remove these impurities by sedimentation and fil-
tration, following the processing of water by coagula-
tion/flocculation (1, 2). Considering the increasing of pop-
ulation and the raise of water consumption in cities, it is
important to provide treated water properly. Actually, the
need for drinking water of high quality is increasing, as
the non-polluted water sources are continuously decreas-
ing. The water treatment industry is amongst the most
important industries in many countries such as Iran (3,
4). Turbidity is an important physical characteristic of wa-
ter. Suspended matter or impurities like clay, silt, finely
divided inorganic and organic matter, soluble colored or-
ganic compounds, plankton and other microscopic organ-
isms are caused by it. Turbidity is also an important op-
erational parameter in process control and can indicate
problems with treatment processes, particularly coagula-
tion/sedimentation and filtration. The turbidity levels in

the water to be disinfected must be < 1.0 NTU. High levels
of turbidity can protect microorganisms from the effects
of disinfection and may also indicate cryptosporidium,
which can break through the filters and enter the water
supply. Changes in turbidity are an important process con-
trol parameter. A very important step in water treatment
that is essential for the removal of fine particulate mat-
ter is coagulation-flocculation process (5, 6). Coagulation,
flocculation, sedimentation, filtration and disinfection are
the most common treatment processes used in the pro-
duction of drinking water. Coagulation/flocculation pro-
cesses are of great importance in solid-liquid separation
practice (3, 4). The coagulation process is used to destabi-
lize colloidal material in water by the addition of a chemi-
cal agent. It requires rapid mixing to quickly disperse the
coagulant and subsequently flocculation process. Floccu-
lation is the formation of aggregates of the destabilized
colloids and requires gentle mixing to allow effective col-
lisions between particles to form heavy flocs, which can be
removed from water by settlement (3). In other words, co-
agulation is the process of conditioning suspended solids
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particles to promote their agglomeration and produce
larger particles that can be more readily removed in the
subsequent treatment processes. The process of coagula-
tion is complex and may involve several different mecha-
nisms to achieve “destabilization”, which allows particle
agglomeration and enhances subsequent removal (7, 8).
If these particles allowed to sediment, it may take several
months or even a year to settle. For example, if the particle
size is 0.0001 mm (colloidal particles) 755 days is required
for settling. It should be noted that from an engineering
viewpoint anytime more than a few hours is not acceptable
(8, 9). Flocculation is the process of bringing the destabi-
lized particles into contact with one another to form larger
“flock” particles. These larger particles are more readily
removed from the water in subsequent processes (8, 10).
Nowadays by using usual salts of iron and aluminum, a
new group of coagulants named inorganic polymers have
been produced and used in many countries of the world es-
pecially China, Japan, Russia and Western European coun-
tries (11, 12). Many kinds of inorganic polymers have been
developed including aluminum-based, iron-based, inor-
ganic–inorganic composite flocculants, inorganic-organic
composite flocculants and multifunctional composite IPFs
(13-20). Amongst them, polyaluminum chloride (PACl) is
one of the typical kinds and has become the most widely
applied. The property and general coagulation behavior
of inorganic polymers have been extensively investigated
(12-14, 16, 19-23). Inorganic metallic salts makes the parti-
cles unstable by pressing double electrical layers around
colloid particles, while polymers perform instability func-
tions by absorption in colloid particle surface and mak-
ing a bridge amongst the polymer particles (24). Takdas-
tan et al. (25) evaluated PAC performance for removal of
turbidity, COD, coliform bacteria and heterotrophic bacte-
ria from water of Karoon river. The results showed that
the maximum turbidity removal efficiency of 98.92 at 30
ppm was 10 mL while the maximum turbidity removal ef-
ficiency of 98.31 at 10 ppm was 4 mL. The maximum total
coliform removal efficiency of 95.68 obtained for 10 ppm
in 10 cc injected sludge volume. Besides, it was concluded
that addition of returned sludge to flash mixing could re-
duce the turbidity of samples. Bazafkan et al. (26) eval-
uated poly aluminum chloride with powdered activated
carbon as coagulant aid in TOC removal from the Karoon
river. The results showed that the maximum removal in
optimum pH of ferric chloride was 40% while 44% TOC re-
moval was achieved at pH 6.5 for poly aluminum chloride
coagulant. In use of powdered activated carbon with opti-
mum pH and concentration of ferric chloride, TOC reduc-
tion will increase with the increase of PAC concentration
up to 90%. Moreover, by addition of powdered activated
carbon at similar conditions together with poly aluminum

chloride 87% the reduction of TOC was occurred. Poly alu-
minum chloride was more effective in TOC removal than
ferric chloride and PAC adsorption as coagulant aid im-
proved TOC removal efficiency. Farhadi et al. (27) evalu-
ated the efficiency of tragacanth coagulant aid in remov-
ing colloidal materials and suspended solids creating tur-
bidity in the water of Karun River. The results showed that
the best pH to remove turbidity is 5.5 to 7, with the effi-
ciency of 97.3%. At pH = 6 and at the concentration of 30
mg/L, poly ammonium chloride has a maximum efficiency
(90%). Using tragacanthat concentrations of 1 and 4 mg/L
along with alum at a concentration of 40 mg/L leads to
turbidity removal of 81.75%. Neisi et al. (8) evaluated the
removal of turbidity and coliform bacteria from Karoun
river water by natural coagulants aid (bread yeast) with
PAC. Results showed that at high turbidity and applying 5
mgl-1 bread yeast coagulant aid and 15 mgl-1 PAC coagulant,
the highest turbidity removal percentage was to be 99.6 %
and coliform bacteria removal percentage was to be 99.5%.
Therefore, natural coagulant aid (bread yeast) is able to re-
duce turbidity and coliforms in Karoon river effectively. Ra-
mavandi (28) evaluated the treatment of water turbidity
and bacteria by using a coagulant extracted from Plantago
ovate. The results showed that the FCE removed more than
95.6% of all initial turbidity concentrations (50 - 300 NTU).
High bacteriological quality was achieved in the treated
water. FCE as an eco-friendly biocoagulant was revealed to
be a very efficient coagulant for removing turbidity from
waters. Mirzaiy et al. (29) evaluated the removal of turbid-
ity, organic matter, coliform and heterotrophic bacteria by
coagulants poly aluminum chloride from the water of the
Karoun river in Iran. The results showed that the most op-
timal conditions for turbidity removal and microbial pa-
rameters efficiency by poly aluminum chloride were pH =
8, flash mixing =120 rpm and the optimal doses of poly alu-
minum chloride were obtained as 10 and 30 ppm. The tur-
bidity, total coliform, fecal coliform and heterotrophic bac-
teria removal efficiency under optimum condition of poly
aluminum chloride application for dose 10 ppm were, re-
spectively, 96.59%, 90%, 82.75%, 84.17% while turbidity, to-
tal coliform, fecal coliform and heterotrophic bacteria re-
moval efficiency under optimum condition of poly alu-
minum chloride dose of 30 ppm were 99%, 94.65%, 88.94%,
90.47%, respectively.

2. Objectives

The main objective in this research was the evaluation
of three coagulants efficiency including polyaluminum
chloride (PACL), aluminum sulfate (Alum) and ferric chlo-
ride in the turbidity removal of the water in the Karoun
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river in the water treatment plant (WTP) of Kut-e Amir in
different turbidity ranges of 0 to > 20,000 NTU.

3. Methods

This research was conducted in WTP of Kut-e Amir,
which was located in southeast Ahvaz, Iran. The Karoun
River is the water resource and is providing the drinking
water for southeast Ahvaz. This WTP has seven clarifier
units that can purify 800,000 m3/day of water from the
Karoun River. Now, the coagulant that is used in WTP of
Kut-e Amir is ferric chloride and in high turbidity condi-
tions (> 300 NTU) Besfloc is used as a coagulant aid. In
this research, three coagulants including polyaluminum
chloride (PACL) ([Al2(OH)nCl6 - n.xH2O]m (m ≤ 10, n = 3
~ 5)), aluminum sulfate (Alum) (Al2(SO4)3.18H2O) and fer-
ric chloride (Fecl3.6H2O) were evaluated. For evaluating of
three coagulants efficiency in this research, used from 11
different turbidity ranges from 0 to > 20,000 NTU accord-
ing to Table 1, considering different turbidities of Karoun
river water. The coagulants injection ranges in every tur-
bidity range achieved from the statistic evaluation of WTP
of Kut-e Amir related to current ten years in this field. Table
1 shows the turbidity ranges and injection ranges of the co-
agulants and coagulant aid in this research.

For evaluating the efficiency of three coagulants, a jar-
test was done for every turbidity range. The jar-test ap-
paratus with model of AQUALYTIC had six dishes (Figure
1A). Essentially, about 7 to 30 jar-test were done for every
turbidity range. After determination of water turbidity in
every range (Table 1), a sample was transferred to jar-test
dishes and the jar-test apparatus was started with a 180 to
190 rpm speed. Then, coagulants in minimum and maxi-
mum amounts in every turbidity range were added and af-
ter 15 to 20 seconds, coagulant aid in minimum and maxi-
mum amounts were added. After 1 minute, the jar-test ap-
paratus speed was reduced to 50 to 60 rpm. Then, after
15 minutes, the apparatus was turned off and after 10 min-
utes it takes a 25 ml sample in 1 cm depth of water surface
in dishes for measuring turbidity. In this research, coagu-
lant aid (Besfloc) was added when samples turbidity were >
300 NTU. Turbidity of samples measured by turbidity me-
ter with model of HACH2100N (Figure 1B).

4. Results and Discussion

4.1. Evaluation of Jar-Test Results in Different Ranges of Turbidity

4.1.1. Different Turbidity Ranges of < 50, 51 - 90 and 91 - 130 NTU

Jar-test results in turbidity ranges of < 50, 51 - 90 and
91 - 130 NTU with the minimum and maximum coagulants
injection are shown in Figure 2.

According to Figure 2, Ferric Chloride had the best re-
sult in turbidity removal. Following, the PACL was very
close to Ferric Chloride in turbidity removal but its effect
was a little less than ferric chloride. Then, the effect of
Alum in turbidity removal was the least. As the results
showed, in low turbidity (< 130 NTU) and without coag-
ulant aid the turbidity removal efficiency of Ferric Chlo-
ride was better than PACL, although they were very close to-
gether. However, in other studies like Takdastan et al. (25),
Neisi et al. (8) and Mirzaiy et al. (29) in low turbidity (< 130
NTU) of Karoun River water the PACL showed an acceptable
removal efficiency of turbidity.

4.1.2. Turbidity Range of 131 - 300 NTU

Jar-test results in turbidity range of 131 - 300 NTU with
the minimum and maximum coagulants injection are
shown in Figure 3.

According to Figure 3, PACL had the better turbidity
removal efficiency than Ferric Chloride and Alum. Con-
sidering coagulant aid (Besfloc) was added when samples
turbidity were > 300 NTU, the results therefore showed
that PACL in border of adding coagulant aid, showed bet-
ter results. This can be a beginning for the better efficiency
of PACL in turbidity removal in high turbidity ranges and
without coagulant aid. In addition, the effect of Alum in
turbidity removal was the least.

4.1.3. Different turbidity Ranges of 301 - 700, 701 - 1000, 1001 -
2000 and 2001 - 5000 NTU

Jar-test results in turbidity ranges of 301 - 700, 701 -
1000, 1001 - 2000 and 2001 - 5000 NTU with the minimum
and maximum coagulants injection are shown in Figure 4.

According to Figure 4, Ferric Chloride had the best re-
sult in turbidity removal. After that, PACL was very close
to Ferric Chloride in turbidity removal but its effect was a
little less than Ferric Chloride. Then, the effect of Alum in
reducing turbidity was the least. In this research, in high
turbidity ranges (> 300 NTU), coagulant aid (Besfloc) was
added. Therefore, as the results showed, with adding of
coagulant aid (Besfloc) the efficiency of Ferric Chloride in
turbidity removal became better than PACL, although they
were very close together.

4.1.4. Turbidity Range of 5001 - 10,000 NTU

Jar-test results in turbidity range of 5001 - 10,000 NTU
with the minimum and maximum coagulants injection
are shown in Figure 5.

According to Figure 5, ferric chloride had the better re-
sult in comparison with PACL in turbidity removal up to
6500 NTU. However, in higher turbidity (more than 6500
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Table 1. The Turbidity Ranges and Injection Ranges of the Coagulants and Coagulant aid

Turbidity Range (NTU) Coagulants Injection Range, ppm Injection Range of Coagulant Aid, ppm

< 50 1.00 - 1.50 0

51 - 90 1.50 - 1.90 0

91 - 130 2.40 - 2.90 0

131 - 300 3.00 - 3.50 0

301 - 700 3.00 - 3.50 0.0087 - 0.01

701 - 1000 3.50 - 4.00 0.025 - 0.053

1001 - 2000 3.50 - 4.10 0.05 - 0.0725

2001 - 5000 3.50 - 4.50 0.1 - 0.2

5001 - 10000 4.00 - 4.55 0.2 - 0.3

10,001 – 20,000 4.60 0.3

> 20,000 4.60 0.3

Figure 1. The Jar-Test Apparatus With Model of AQUALYTIC and the Turbidity Meter With Model of HACH2100N

Figure 2. Jar-Test Results in Turbidity Ranges of < 50, 51 - 90 and 91 - 130 NTU With the Minimum and Maximum Coagulants Injection

C, Jar-test results in turbidity range of < 50 NTU with the minimum coagulants injection (1 ppm) and without coagulant aid; D, Jar-test results in turbidity range of < 50 NTU
with the maximum coagulants injection (1.5 ppm) and without coagulant aid; E, Jar-test results in turbidity range of 51 - 90 NTU with the minimum coagulants injection (1.5
ppm) and without coagulant aid; F, Jar-test results in turbidity range of 51 - 90 NTU with the maximum coagulants injection (1.9 ppm) and without coagulant aid; G, Jar-test
results in turbidity range of 91 - 130 NTU with the minimum coagulants injection (2.4 ppm) and without coagulant aid; H, Jar-test results in turbidity range of 91 - 130 NTU with
the maximum coagulants injection (2.9 ppm) and without coagulant aid.

NTU), the efficiency of PACL became better than ferric chlo-
ride in spite of adding coagulant aid. Also, the effect of
Alum in turbidity removal was the least.

4.1.5. Different Turbidity Ranges of 10,001 – 20,000 and > 20,000
NTU

Jar-test results in turbidity ranges of 10,001 - 20,000
and > 20,000 NTU with the minimum and maximum co-
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Figure 3. Jar-Test Results in Turbidity Range of 131 - 300 NTU With the Minimum and Maximum Coagulants Injection

I, Jar-test results in turbidity range of 131 - 300 NTU with the minimum coagulants injection (3 ppm) and without coagulant aid; J, Jar-test results in turbidity range of 131-300
NTU with the maximum coagulants injection (3.5 ppm) and without coagulant aid.

Figure 4. Jar-Test Results in Turbidity Ranges of 301 - 700, 701 - 1000, 1001 - 2000 and 2001 - 5000 NTU with the minimum and maximum coagulants injection

K, Jar-test results in turbidity range of 301 - 700 NTU with the minimum coagulants injection (3 ppm) and the minimum coagulant aid (0.0087 ppm); L, jar-test results in
turbidity range of 301 - 700 NTU with the maximum coagulants injection (3.5 ppm) and the maximum coagulant aid (0.01 ppm); M, jar-test results in turbidity range of 701
- 1000 NTU with the minimum coagulants injection (3.5 ppm) and the minimum coagulant aid (0.025 ppm); N, jar-test results in turbidity range of 701 - 1000 NTU with the
maximum coagulants injection (4 ppm) and the maximum coagulant aid (0.053 ppm); O, jar-test results in turbidity range of 1001 - 2000 NTU with the minimum coagulants
injection (3.5 ppm) and the minimum coagulant aid (0.05 ppm); P, jar-test results in turbidity range of 1001 - 2000 NTU with the maximum coagulants injection (4.1 ppm)
and the maximum coagulant aid (0.0725 ppm); Q, jar-test results in turbidity range of 2001 - 5000 NTU with the minimum coagulants injection (3.5 ppm) and the minimum
coagulant aid (0.1 ppm); R, jar-test results in turbidity range of 2001 - 5000 NTU with the maximum coagulants injection (4.5 ppm) and the maximum coagulant aid (0.2 ppm).

Figure 5. Jar-Test Results in Turbidity Range of 5001 - 10,000 NTU With the Minimum and Maximum Coagulants Injection

S, jar-test results in turbidity range of 5001 - 10,000 NTU with the minimum coagulants injection (4 ppm) and the minimum coagulant aid (0.2 ppm); T, jar-test results in
turbidity range of 5001 - 10,000 NTU with the maximum coagulants injection (4.55 ppm) and the maximum coagulant aid (0.3 ppm).

agulants injection are shown in Figure 6.

According to Figure 6, PACL had the better result in

comparison with ferric chloride in turbidity removal, al-
though they were very close together. According to Figures
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Figure 6. Jar-Test Results in Turbidity Ranges of 10,001 - 20,000 and > 20,000 NTU With the Minimum and Maximum Coagulants Injection

U, jar-test results in turbidity range of 10,001 - 20,000 NTU with the maximum coagulants injection (4.6 ppm) and the maximum coagulant aid (0.3 ppm); V, jar-test results in
turbidity range of > 20,000 NTU with the maximum coagulants injection (4.6 ppm) and the maximum coagulant aid (0.3 ppm).

2 - 6, in high initial turbidity ranges, turbidity after jar-test
with adding of PACL, ferric chloride and coagulant aid were
more than 5 NTU. Considering turbidity standard of drink-
ing water in Iran (5 NTU), it is clear that with increasing ini-
tial turbidity and with injection of Table 1 doses the turbid-
ity after the jar-test increases (more than 5 NTU). This result
has been confirmed by Takdastan et al. (25); Neisi et al. (8)
and Mirzaiy et al. (29). Therefore, it shows that in high ini-
tial turbidity, coagulants and coagulant aid doses in Table
1 are not enough and injection of Table 1 doses should be
increased.

According to Figures 2 - 6, it was clear that PACL and
ferric chloride had the better results in turbidity removal
in comparison with Alum. This result has been confirmed
by Baghvand et al. (3); Kord-Mostafapoor et al. (30) and
Sid-Mohammadi et al. (31). Considering ferric chloride
is cheaper than PACL and Alum, WTPs prefer to use from
ferric chloride. Sid-Mohammadi et al. (31) recommended
using ferric chloride for turbidity removal in comparison
with PACL, because it was cheaper and more available than
PACL. Economic analysis in WTP of Kut-e Amir showed that
using of Ferric Chloride achieved less costs in comparison
with PACL and Alum (Figure 7).

According to the results, costs of ferric chloride were
less than PACL and Alum in WTP of Kut-e Amir. Thus, con-
sidering close and suitable results of ferric chloride and
PACL in turbidity removal and more economical efficiency
of Ferric Chloride than PACL, it’s recommended to be used
from ferric chloride with Besfloc when the initial turbid-
ity is under 6500 NTU. When the turbidity is under 6500
NTU, there is not any exploitation problems for WTPs. How-
ever, according to Figures 5 and 6, in initial turbidity more
than 6500 NTU, the efficiency of PACL was better than Fer-
ric Chloride in the turbidity removal of the Karoun river
water and it’s recommended to be used form PACL in this
conditions and ignore economic aspects. Due to the WTP
of Kut-e Amir and high initial turbidities with efficiency re-
duction of ferric chloride, taking water from Karoun river
is cut. In addition, the experiences have confirmed that
with a pause in taking water from Karoun river even for

one hour, water subscribers in Ahvaz city will have a short-
age about 25,000 m3. So, it’s important to use form the
PACL with Besfloc in high initial turbidity (more than 6500
NTU) for achieving better results and better turbidity re-
moval. Confirmed by Safaifar et al. (32); Wang et al. (12);
Hart (33); Luan (34); Hongxiao and Zhaokun (35); Malhutra
(36); O’Melia et al. (37); Takdastan et al. (25); Neisi et al. (8)
and Mirzaiy et al. (29) PACL is the most effective coagulant.

Besides, Alum had the least effect on turbidity removal
in entire experiment.Alum maybe cheaper than PACL but it
never has suitable efficiency of turbidity removal in com-
parison with PACL. In addition, it should be considered
that coagulation with Alum might increase aluminum
concentration in drinking water as reported in many texts
(38). Aluminum in coagulated drinking water has been re-
garded as a subject of human and environmental health
concerns (39). Driscoll and Letterman (38) observed that
the use of Alum could increase the total Al (III) concentra-
tion from 0.37 ± 0.33 µmol l-1 in raw water to 1.8 ± 0.33
µmol/L-1 in filtered water. Alum human health hazards
have been well documented (3).

4.2. Evaluation of pH Variations Under Coagulants Injection

Researches results have indicated that pH is one of the
parameters, which causes turbidity removal efficiency to
change, whereas, Volk et al. (40) indicated that the pH of
coagulation was the most influential parameter in natu-
ral organic matter (NOM) removal from water. According
to the results, injection of coagulants different doses (Ta-
ble 1) did not vary pH samples significantly and samples of
pH after injection of coagulants different doses was in the
standard range (10, 33). Figure 8 shows pH variations un-
der minimum and maximum doses and injection of coag-
ulants respectively. This result is confirmed by Takdastan
et al. (25); Neisi et al. (8); Farhadi et al. (27) and Mirzaiy et
al. (29).

4.3. Conclusions

According to the results, PACL and ferric chloride had
the better results in turbidity removal in comparison with
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Figure 7. The Costs of Coagulants and Coagulant Aid Injection in WTP of Kut-e Amir

W, Monthly costs of coagulants injection in WTP of Kut-e Amir; X, monthly costs of coagulants and coagulant aid injection in WTP of Kut-e Amir; Y, annual costs of coagulants
and coagulant aid injection in WTP of Kut-e Amir.

Figure 8. pH Variations Under Minimum and Maximum Doses Injection of Coagulants

Z1, pH variations under minimum dose injection (1.5 ppm) of coagulants; Z2, pH variations under maximum dose injection (5 ppm) of coagulants.

Alum. Considering close and suitable results of Ferric Chlo-
ride and PACL in turbidity removal and a more economical
efficiency of Ferric Chloride than PACL, it is recommended
to be used from ferric chloride with Besfloc when turbidity
is under 6500 NTU. Since the efficiency of PACL was better
than ferric chloride in turbidity removal of Karoun river
water in initial turbidity of > 6500 NTU, it’s recommended
to be used from PACL in this condition and ignore eco-
nomic aspects. Otherwise, it causes a pause in taking wa-
ter from the river. In conclusion, injection of coagulants
different doses did not vary pH of samples significantly.
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