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ABSTRACT

This paper presents the results of a study on the comparative efficiency of phosphorus precipitation
using iron(Il) sulfate(VI) and pre-hydrolyzed coagulants. Among the hydrolyzed iron coagulants
were selected such as: PIX-113, PIX-110 and PIX-111 and among the aluminous ones: PAX XL60,
PAX XL10 and PAX XL19H. Tests were conducted for four different doses of iron(II) sulfate(VI) and
three different doses for each of the pre-hydrolyzed coagulants iron polychloride (PIX) and alumi-
num polychloride (PAX). The raw supernatant were characterized by high phosphate concentrations
(227-242 mg-POFL?), and the content of organic compounds expressed by the chemical oxygen
demand index was in the range of 130-190 mg-O,-L™". The study showed that the precipitation of
phosphorus from supernatant is effective with both iron(II) sulfate(VI) and pre-hydrolyzed coagu-
lants of the PIX (iron) and PAX (aluminum) groups. The highest efficiency of phosphorus removal
(99.5%) and removal of organic compounds (71%) was achieved using the iron coagulant PIX-
110. However, taking into account the other liquid quality indicators from the studied wastewater
treatment plant, it is economically reasonable to carry out the coagulation process using iron(Il)
sulfate(VI).
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1. Introduction

Phosphorus is a building material essential for the proper
functioning of all organisms. Its recovery from wastewater
and sewage sludge is of both ecological and economic impor-
tance. It is predicted that the world’s reserves of phosphate
deposits may run out within 50-100 y. Most of the extracted
phosphorus is processed into fertilizers, detergents, animal
feed and other products [1,2]. This element is also one of the
most important indicators of water pollution. Phosphorus
content in surface waters contributes to the intensification
of the eutrophication process, as it accelerates the growth
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of algae and seaweed, which die over time. As they set-
tle in the aquatic environment, they undergo processes of
biological degradation. The phenomenon of a deficit of
dissolved oxygen in the water then occurs, resulting in the
death of aquatic fauna [3-6].

One of the primary sources of phosphorus in water is
municipal as well as industrial wastewater. During waste-
water treatment using physical-chemical [7,8] and biologi-
cal [9] processes carried out at wastewater treatment plants,
sludge is separated. These are highly hydrated waste mate-
rials that are processed through biochemical processes.
Stabilized sludge is dewatered using organic polymers. The
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supernatant thus separated, are characterized by the pres-
ence of biogenic compounds, mainly nitrogen and phos-
phorus. The current method of managing these liquids at
the treatment plant is to direct them to the beginning of
technological system for wastewater treatment. Although
the amount of formed supernatant is not large compared
to the amount of raw sewage, this way of proceeding con-
tributes to an increase in the load of nitrogen and phospho-
rus compounds in the mainstream of treated wastewater.
Too high load of pollutants can pose a threat to the proper
functioning of the activated sludge microorganisms of the
biological part of treatment plants. Recirculation of super-
natant has an adverse effect on the biological efficiency of
wastewater treatment and can increase the concentration of
phosphorus and nitrogen in the treated wastewater. In addi-
tion, the increased pollutant load generates additional costs
related to the need to install additional equipment. Taking
into account the composition of the resulting supernatant
and their adverse impact on the operation of treatment
plant, before entering the main wastewater treatment sys-
tem, they should undergo prior pretreatment to eliminate
phosphorus and nitrogen compounds [10-12]. Phosphate
removal from the supernatant can be carried out using a
number of technologies. Due to the scarcity of phosphorus
and the introduction of circular economy principles into
water and wastewater management, phosphorus recov-
ery technologies have recently been developed. The most
important recovered phosphate salts include calcium phos-
phates (mainly hydroxyapatite Ca, (PO,),(OH),, HAp and
brushite CaHPO,-2H,0, DCPD) and magnesium and ammo-
nium (struvite MgNH, PO,-6H,0 — magnesium ammonium
phosphate). Struvite precipitates according to Eq. (1):

Mg? + NH; + PO}~ - MgNH, PO, -6H,0 )

Phosphorus can be recovered in the form of struvite
using, among others, fluidized beds (DHV Crystalactor
process [13], CSIR [14], Unitika Phoenix, Japan [15]), fixed-
fill beds (Kurita process [16]), ion-exchange (REM NUT
process [17]), fermentation process (OFMSW and BNR pro-
cess (organic fraction municipal solid waste and biological
nutrient removal) [18].

Chemical removal of phosphorus compounds from
wastewater is based on the precipitation processes of
mainly orthophosphates and their transformation into
insoluble suspensions. These compounds are then removed
from wastewater by sedimentation. Elimination of pollut-
ants by chemical precipitation also has the effect of reduc-
ing suspended solids by about 70%, reducing the content
of organic compounds expressed by the chemical oxygen
demand (COD) index by about 70%, and biological oxygen
demand (BOD,) by about 70%-80%. During the precipita-
tion process, the precipitating agent is mixed with either
wastewater or sludge liquids. iron(ll) sulfate(VI), alumi-
num sulfate(VI) and pre-hydrolyzed coagulants such as
iron polychloride (PIX) and aluminum polychloride (PAX)
are typically used as the chemical agent. Calcium hydrox-
ide Ca(OH), can also be used. Chemical precipitation can be
divided into four basic stages: specific precipitation, coagu-
lation, flocculation and separation. The latter stage is usu-
ally carried out by sedimentation. The first stage, specific

precipitation, involves mixing the wastewater with a pre-
cipitating agent. In this process, dissolved orthophosphates
present in the wastewater are converted to metal phos-
phates. Rapid coagulant mixing with wastewater enables
high efficiency of the precipitation process. Coagulation,
the second stage of chemical phosphorus precipitation, is
a mechanism for neutralizing the surface load of particles
contained in the wastewater, as well as forming hydroxides.
Metal ions contribute to the formation of flocs, or larger
hydroxide complexes, which are responsible for binding
the precipitated phosphates. Flocs can also bind other sus-
pended substances present in the wastewater and reduce
chemical and biological oxygen demand indicators. The
third stage is flocculation, during which flocs are combined
into agglomerates of larger size. The final stage is particle
separation. It involves the removal of sludge from the sys-
tem, after prior sedimentation. The formation of insoluble
or sparingly soluble salts by chemical binding of phospho-
rus can be written according to reactions (2)—(5) [19-22]:

Fe’" + PO} — FePO, { )
3Fe™ +2PO; — Fe,(PO,), ¥ ®3)
AP’ +PO; — AIPO, 4)
10Ca* +6PO; +20H™ — Ca,, (PO, ) (OH), ¥ ®)

The aim of this study was to determine the efficiency
of phosphorus removal from the supernatant in the pro-
cess of chemical precipitation using different precipitants,
taking into account the process economics.

2. Materials and methods
2.1. Materials

Supernatant obtained during sludge dewatering on
presses at the Municipal Wastewater Treatment Plant in
Lomianki were used for the study. The municipal waste-
water treatment plant carries out biological treatment of
wastewater in Carrousel-type bioreactors, where oxidation
of organic compounds, phosphorus removal, denitrifica-
tion and nitrification take place. Sewage sludge is stabilized
under aerobic conditions in open reactors. Stabilized sludge
is directed to mechanical presses, where it is dewatered.
Supernatant from the presses are returned to the main line
of the treatment plant.

2.2. Phosphorus precipitation

Test stand consisted of reactors placed in a set for con-
ducting the chemical precipitation process. The reactors were
provided with mechanical stirrers. Tests were conducted
using chemical reagents from the PIX group and PAX. In the
first series, iron preparations were used: iron(II) sulfate(VI)
and PIXs: 113, 110, 111. In the second, aluminous prepara-
tions were used: PAX XL60, PAX XL10 and PAX XL19H.
For the study, 5%—-10% solutions of coagulants were pre-
pared. The characteristics of coagulants used are shown in
Tables 1 and 2.



B. Macherzyniski et al. / Desalination and Water Treatment 301 (2023) 209-215 211

Based on the phosphorus concentration in the super-
natant, the dose of iron(Il) sulfate(VI) heptahydrate was
calculated.

The doses of PIX and PAX were calculated according
to Eq. (6). Tests were carried out for three different doses
of each of the coagulants PIX and PAX, in the calculation
of iron(Ill) and aluminum doses, a multiplication factor of
B=0.7; p=1.0; p = 1.5 was adopted. The B factor represents
the stoichiometric dose multiplication factor. This means
that coagulants were used in the study at a dose lower (by
30%), equal to and higher (by 50%) than the calculated dose.
In fact, in addition to the doses traditionally applied, result-
ing from the course of reaction, a dose correction factor is
used, the so-called B-factor. It determines the molar ratio of
metal cations used during precipitation to the amount of
phosphorus precipitated in the process. In order to econom-
ically manage the precipitant and reduce the formation of a
large amount of precipitate through precipitate formation,
it is recommended to keep B values between 1.0-1.5.

B-c-M,,
d:TF(AI)gPIX-m’3 ©)

P

where B - precipitant consumption factor (mol-Fe/mol-P);
¢ — concentration of phosphorus P in sludge liquids (g-P/m)?;
M, — molar mass of iron (55.85 g'mol™); M,, — molar mass
of aluminum (27.0 g:mol™); M, — molar mass of phos-
phorus (30.97 g-mol™).

The doses of coagulants used are shown in Table 3.

P

2.3. Course of study

For coagulants of the PIX and PAX groups, beakers were
filled with 1 L each of raw supernatant, and then the calcu-
lated dose of coagulant was added (B = 1.0), as well as less
(B =0.7) and more (B = 1.5) than the calculated dose, respec-
tively. Tests using each of the above-mentioned coagulants
were carried out in three parallel replicates. After introduc-
ing the reagents at predetermined doses, the reactors were
placed in a flocculator and agitators were turned on. Two

process was finished, the samples were left for 60 min to sedi-
ment the precipitates. After the precipitation process, 400 mL
each of the test liquids were decanted from the samples.
The following parameters were determined in the collected
supernatant before and after the precipitation process:

e phosphates — with the molybdenum method using a
DR6000 spectrophotometer,

e pH - with the potentiometric method,

e alkalinity — by the titration method in the presence of
indicators (phenolphthalein, methylene orange),

¢ COD - with the American abbreviated method.

3. Results and discussion
3.1. Characteristics of supernatant

The characteristics of supernatant taken are shown
in Table 4. In the first stage, in the supernatant taken
after the presses, the pH was 7.5, and the alkalinity was
610 mg-CaCO,- L. phosphate concentration was 227.0 mg:-
POL7 (74.2 mg-P-L7"). The content of organic compounds
expressed by the COD index remained at 190 mg-O,-L™".

In the second series, pH was 6.93 and alkalinity was
441 mg-CaCO, L. Phosphate concentration was 242.0 mg--
PO>L" (79.0 mgP-L"), and COD was 130 mg-O,L™"
Supernatant isolated from sludge after presses are char-
acterized by a high pollutant load, mainly high concentra-
tions of phosphorus and organic compounds.

3.2. Precipitation with iron coagulants

The values of supernatant quality indicators depend-
ing on the dose and type of iron coagulants are shown in
Table 5.

Table 3
Coagulant doses used in the study

Concentration, g-Fe-m™

minutes were followed by high-speed stirring — 200 rpm, fol- =94 4,=138 d,=200 d,=300
lowed by slow stirring at 20 rpm, for 30 min. After the mixing  Multiplicity of the 05 07 10 15
dose FeSO,7H,0 ' ' ’ '
Table 1 Wear factor (B) PIX 0.7 1.0 15 —
Characteristics of the iron-based coagulants used Concentration, g-Al'm™
Coagulant Iron, % Density, g-mL™ pH d =114 d,=163 d,=245 -
PIX-113 11.8+0.4 1.52 +0.06 <1 Wear factor (B) PAX 0.7 1.0 1.5 -
PIX-110 12.5+0.5 1.46 +0.08 <1
PIX-111 13.4+0.6 1.44 +0.06 <1
Table 4
Characteristics of supernatant after filter presses
Table 2

Characteristics of the aluminum-based coagulants used

Coagulant A, % Density, g-mL™ pH

PAX XL60 75+03 1.31£0.02 1.5+£0.5
PAX XL10 50+0.2 1.22 £0.02 25+0.5
PAX XL19H 125+0.3 1.35 £ 0.04 35+04

Indicator I stage II stage
pH 7.5 6.93
Alkalinity, mg-CaCO, L 610 441
Chemical oxygen demand, mg-O,- L™ 190 130
Phosphates, mg-PO,*L™ 227.0 242.0
Phosphorus, mg-P~L"! 74.2 79.0
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Table 5

Change in physical and chemical properties during precipitation of phosphorus from supernatant using iron-based coagulants

FeSO,7H,0 PIX-113 PIX-110 PIX-111

Dose d, d, d, d, d, d, d, d, d, d, d, d, d,
pH 704 696 687 683 712 701 689 704 701 698 716 698 6.81
Alkalinity, mg-CaCO,-L™ 505 470 445 410 395 315 300 375 310 260 345 260 140
Chemical oxygen demand, mg-O, L 123 98 59 51 99 94 83 78 71 55 148 143 130
Phosphates, mg-PO, L™ 970 769 556 448 545 162 25 556 193 12 51.1 19.6 43
Phosphorus, mg-P~L™ 321 251 182 146 178 53 08 182 63 04 167 64 14

With the use of FeSO,-7H, O, the phosphorus concentra-
tion in the tested supernatant decreased from 74.2 to 32.1,
25.1, 18.2 and 14.6 mg-P-L" for the doses d,, d,, d, and d,,
respectively. In the supernatant after the precipitation pro-
cess, the content of organic compounds, determined as
COD, ranged from 123 to 51 mg-O,-L". Phosphorus con-
centrations decreased to 0.8, 0.4 and 1.4 mg-P-L", respec-
tively, when PIX-113, 110 and 111 were applied at the high-
est coagulant dose. The organic compound content after
precipitation for d, doses ranged from 78 to 148 mg-O, L™,
for d, doses from 71 to 143 mg-O,-L", and for d, from 55 to
130 mg-O,-L.

The efficiency of phosphorus removal in all sam-
ples increased as the dose of a given precipitant increased
(Fig. 1). Phosphorus removal efficiency using different iron
coagulants in supernatant ranged from 56.7 (iron(Il) sul-
fate(VI), dose 0.5) to 99.5% (PIX-110, dose 1.5).

The highest phosphorus removal efficiency for a dose
of d, was obtained using PIX-111, for which the decrease
in phosphorus concentration was 77.5%, and the lowest
— for iron(Il) sulfate(VI), for which the value of phospho-
rus removal was 66.1%. The highest phosphorus removal
efficiency for a dose of d, was obtained using PIX-113, for
which the phosphorus removal value was 92.9%. However,
the lowest was observed for iron(Il) sulfate(VI), for which
the phosphorus removal value was 75.5%. The highest phos-
phorus removal efficiency for a dose of d, was obtained
using PIX-110, for which the phosphorus removal value
was 99.4%, and the lowest for iron(II) sulfate(VI), for which
the phosphorus removal value was 80.3%.

An increase in coagulant dose had the most effective
effect on phosphorus reduction for PIX-110, the differ-
ence in phosphorus removal efficiency between the lowest
and highest dose for this precipitant was 24%. The least
effect of precipitant dose on phosphorus removal efficiency
was observed for PIX-111, for which the difference in effi-
ciency between the lowest and highest dose was 20.6%.

The content of organic compounds determined as
COD in the tested supernatant also decreased during the
chemical precipitation process. The efficiency of organic
compound removal depending on the dose and type of
coagulant is shown in Fig. 2. The COD removal efficiency
increased as the applied dose of each precipitant increased.
The efficiency did not exceed 72%. The best effect for COD
removal was reported with PIX-110 coagulant, using the
maximum dose. While the least contribution to the reduc-
tion of COD in the studied liquids was made by PIX-111,
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Fig. 1. Efficiency of phosphorus removal depending on iron
coagulant type and dose.
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Fig. 2. Chemical oxygen demand removal depending on iron
coagulant type and dose.

the highest dose of which resulted in a reduction of COD
by only 31.6%. The effect of dose on COD reduction in the
group of PIX pre-hydrolyzed coagulants is most noticeable
with PIX-110 — increasing the stoichiometric dose from
0.7 to 1.5 allowed to increase the efficiency by 12.2%. The
smallest difference in efficiency depending on the dose
was recorded for PIX-113, it was 6.1%. With 98.8% phos-
phate elimination, COD organic compound removal was
53.4% (PIX-113; 1.5 dose). On the other hand, with the
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highest COD removal of 71.1%, the phosphate reduction
was 99.1% (PIX-110; 1.5 doses).

Alkalinity consumption was also observed after the
precipitation process. In the raw supernatant, the alka-
linity value remained at 610 mg-CaCO,L™. The greatest
level of alkalinity consumption was caused by the PIX-111.
The post-process alkalinity was 140 mg-CaCO, L™ for the
maximum dose. The smallest reduction in this value was
reported for iron(Il) sulfate(VI), where the alkalinity was
410 mg-CaCO, L™, using the highest dose.

3.3. Precipitation with aluminum coagulants

The change in supernatant liquid parameters depend-
ing on the dose and type of aluminum coagulants is
shown in Table 6.

The highest phosphorus removal efficiency for a
dose of 0.7 was obtained with PAX XL19H (from 79.0 to
33.0 mg-P-L7), the lowest removal value was obtained with
PAX XL19H coagulant (39.5 mg-P-L). Phosphorus con-
centration with PAX XL60 decreased to 4.6 mg-P-L7, PAX
XL10 to 15.5, PAX XL19H to 24.8 at 1.5 times the dose.

After the precipitation process, the content of organic
compounds expressed by the COD index in the superna-
tant ranged from 39 to 102 mg-O,L™". The lowest value
was obtained for PAX XL10 and dose d..

The efficiency of phosphorus removal is shown in
Fig. 3. The highest phosphorus removal efficiency for a
dose of d, was obtained with PAX XL60 (the percentage
of phosphorus removal was 58.2%), the lowest removal
value was obtained with PAX XL19H coagulant where it
was 50%. The highest phosphorus removal efficiency for d,
was obtained using PAX XL60 (74.2%), the lowest removal
value was obtained using PAX XL19H coagulant where it
was 59%. The highest phosphorus removal efficiency for
a dose of 1.5 times was obtained using PAX XL60 (94.2%),
the lowest removal value was obtained using PAX XL19H
coagulant, which was 68.6%.

The removal efficiency of organic compounds depend-
ing on the dose and type of aluminum coagulant is shown
in Fig. 4. The COD removal efficiency when using alumi-
num coagulants did not exceed 70%. The best COD removal
effect was reported with PAX XL10 coagulant, using a dose
of d,. The least effective removal of organic compounds
determined as COD PAX XL60 at a dose of d, (22%). The
effect of dose on the reduction of COD content in the group
of PAX pre-hydrolyzed coagulants is most noticeable with
PAX XL10 - increasing the stoichiometric dose from 0.7 to

Table 6

1.5 allowed to increase the efficiency by 47%. The small-
est dose-dependent difference in efficiency was noted for
PAX XL19H, it was 5%.

When each of the selected coagulants was applied to
the chemical precipitation process, very good phospho-
rus removal results were obtained. In addition, the added
coagulants resulted in a reduction in the concentration of
phosphorus and organic compounds in the tested super-
natant. A reduction in the content of organic compounds
determined as COD was also reported. The results of our

% removal of phosphorus [%]
v
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coagulantdose

W PAX XL60 PAX XL10 PAX XL19H

Fig. 3. Efficiency of phosphorus removal depending on alumi-
num coagulant type and dose.

80
70
60
50

40

30
20
10 I
0
d2 d3

di

% removal COD [%]

coagulantdose

B PAX XL60 PAX XL10 PAX XL19H

Fig. 4. Chemical oxygen demand removal depending on alumi-
num coagulant type and dose.

Change in physical and chemical properties during precipitation of phosphorus from supernatant using aluminum-based coagulants

PAX XL60 PAX XL10 PAX XL19H

Dose d, d, d d, d, d, d, d, d,
pH 663 642 626 676 652 652 692 688 683
Alkalinity, mg-CaCO, L 324 278 324 355 332 275 390 385 360
Chemical oxygen demand, mgO,L 102 97 85 100 57 39 9% 94 9
Phosphates, mg-PO, L 9.1 613 138 1094 679 465 1186 981 745
Phosphorus, mg:P-L" 330 204 46 365 26 155 395 327 248
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own study corresponded with those of other authors. In a
study conducted by Sperczynska [23], four coagulants were
used on digestion supernatant: aluminum sulfate(VI), low
alkali PAX 18, medium alkali PAX XL10 and high alkali
PAX XL1905. Three series were carried out for each of the
three stoichiometric doses (0.7; 1; 1.5), and fast stirring for
2 min (200 rpm), slow stirring for 28 min (30 rpm) were
used. Sedimentation time was 1 h. The sedimentary liquids
tested were characterized by high concentrations of nitro-
gen (891 mg-NKj-L™"), phosphate (125 mg-PO,L™) and
COD (592 mg-O,-L™). The highest efficiency was observed
for the highest coagulant doses, and the highest phosphate
removal efficiency was observed for PAX 18 (96%). It was
also noted that with the reduction in phosphate concen-
tration there was a simultaneous slight reduction in COD.
The maximum reduction in organic content was observed
for the highly alkaline PAX XL1905 (47%). The lowest
dose of coagulants allowed phosphate removal by a max-
imum of 83% (PAX 18).

Studies conducted by Bien [24] on the supernatant
formed after mechanical dewatering of sewage sludge
were carried out using PIX-113 and PIX-113 combined with
Zetag 8160 polyelectrolyte. In the raw wastewater, the con-
centration of phosphorus was 7.94 mg-P-L™, and organic
compounds determined as COD - 784 mg-O,L™". The use
of coagulant PIX-113 without the addition of polyelectro-
lyte proved to be more effective. After the phosphate pre-
cipitation process using PIX-113, a decrease in pH values
was reported with an increase in the precipitant dose. A pH
reduction of 17.6% was reported for the lowest dose. The
highest phosphorus removal efficiency was reported for the
highest dose of PIX-113 and was 93.8%. In another study
[25], in the supernatant separated from digested sludge,
the phosphorus concentration was 40 mg-P-L, and the
content of organic compounds determined as COD was
2,240 mg-O, L. After the addition of coagulant PIX-113,
phosphorus concentration decreased in the range of 75% to
89%, and COD from 66% to 88%.

The results of our own research in terms of the efficiency
of phosphorus removal from supernatant corresponded
with the results of studies reported in the literature. The
results obtained confirm the possibility of obtaining high
phosphorus removal efficiency from the supernatant during
the precipitation process. It can be noted the similarity of
phosphorus removal efficiency for PIX-113, which both
in our own studies and those presented by Bien [24] were
above 90% at the highest precipitating agent dose.

3.4. Economics of the coagulation process

In order to determine the economic viability of the
coagulation process, a cost analysis of the coagulants used
was carried out on the basis of phosphorus reduction in
the supernatant. The assumed prices of coagulants and the
comparison of process costs are shown in Table 7.

In addition to the maximization of phosphorus com-
pound removal, it is undoubtedly necessary to always pay
attention to the economic aspect. In case of wastewater treat-
ment plants in the economic context, iron(Il) sulfate(VI)
should be indicated as the optimal coagulant, but in terms
of phosphorus removal efficiency, PIX-110 was a better
coagulant.

Table 7
Cost comparison of the precipitation process

Coagulant ~ Average unit Unit price of the precipita-
price tion process, EURO-m™
dl dZ d3 d4
FeSO,7H,O 30EURO-25kg™® 0.11 016 024 036
PIX-110 40 EURO-25L' 1.27 1.81 2.72 -
PAX XL60 70 EURO-25L" 427 6.08 9.15 -

4. Conclusion

Based on the study, the following conclusions were
drawn:

e supernatant formed during sludge dewatering on
presses are characterized by a high phosphorus concen-
tration of 74.2-79.0 mg-P-L~' and a high content of organic
compounds designated as COD of 130-190 mg-O,-L™;

e efficiency of phosphorus removal from supernatant,
using iron(II) sulfate(VI) was in the range of 56.7%-80.3%;

e efficiency of phosphorus removal from superna-
tant, using pre-hydrolyzed iron coagulants was in the
range of 75.5% to 99.5%;

e efficiency of phosphorus removal from supernatant,
using pre-hydrolyzed aluminum coagulants was in the
range of 58.2% to 94.2%;

* among the iron coagulants, PIX-110 was the most effec-
tive and its use allowed to achieve an efficiency of up to
99.5%;

* among the aluminum coagulants, PAX XL60 was the
most effective, with an efficiency of up to 94.2%;

e efficiency of phosphorus removal was dependent on
the dose of coagulant and was highest after the use of
PIX-110 for a dose 50% higher than the calculated one;

e the highest removal efficiency of organic compounds
determined as COD was obtained for PIX-110 (71%)
and iron(Il) sulfate(VI) (73%);

e for the supernatant tested, in terms of economics,
iron(Il) sulfate(VI) is the optimal coagulant.
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