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1 Department of Chemistry and Bioengineering, Vilnius Gediminas Technical University, Sauletekio ave. 11,
10223 Vilnius, Lithuania
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Abstract: The most important advances in sustainability in the water industry are focused on the
reuse of water treatment sludge. The Antaviliai Water Supply Plant, which is located in Lithuania,
treats groundwater by removing iron and manganese from it. This technology does not produce water
waste, as the iron sludge is used for recycling. In this study, iron sludge received from groundwater
treatment is used to remove natural organic matter from river Neris water, which can be used as
drinking water. Twelve doses (from 1 to 6 g/L and from 0.1 g/L to 0.9 g/L) of iron sludge powder,
with acid and without it, were used. The most effective removal of organic compounds (55.51%) and
reduction in water colour (53.12%) were observed when 0.3 g of iron sludge powder and 8 ml of
0.95% H2SO4 solution were added to the tested water. It was found that the use of a conventional
coagulant (Al2(SO4)3*17H2O), with and without iron sludge powder, decreased the concentration of
organic compounds and water colour from 2.8 to 28.2% compared with the use of a pure coagulant
(Al2(SO4)3*17H2O) alone.
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1. Introduction

One of the 2030 Agenda for Sustainable Development goals of the United Nations is to achieve
the environmentally sound management of wastes throughout their lifecycle by 2020. In accordance
with international frameworks, the aim is to significantly reduce their release into the air, water, and
soil in order to minimize their adverse impacts on human health and the environment [1]. Europe 2020
is the European Union (EU)’s growth strategy for the circular economy, which offers an opportunity to
reinvent an economy by making it more sustainable and competitive. The reuse of water treatment
iron sludge may allow us to innovate new materials and processes that can be an integral part of
the circular economy. The actions to promote reuse and stimulate symbiosis include turning water
treatment iron sludge into a raw material for organic matter removal from water [2].

Natural organic matter (NOM) is present in all surface waters, shallow groundwater, and soil pore
waters. NOM is a group of heterogeneous macromolecules with aromatic and aliphatic hydrocarbon
structures of varying molecular weight/size, hydrophobicity, and functional groups [3,4]. Organic
compounds condition the taste and smell of drinking water that is not acceptable for consumption [5].
During the disinfection process, NOM forms carcinogenic disinfection by-products (such as haloacetic
acid and trihalomethanes) by reacting with disinfectants/oxidants [6]. Elevated levels of disinfection
by-products (DBPs) may pose health risks [7]. NOM deteriorates the performance of sorption processes
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with granular activated carbon and membrane filtration [8], has an influence on pipeline corrosion [9],
and has an influence on bacterial regrowth in distribution systems [10]. For these reasons, NOM should
be removed from drinking water. According to the European Union Council Directive 98/83/EC and
the Lithuanian hygiene norm HN24:2017 “Drinking Water Safety and Quality Requirements”, the total
amount of organic matter (the permanganate index (PI) determines the amount of organic matter)
should not exceed 5.0 mgO2/L.

The most common technologies used for NOM removal are coagulation [11–13], coagulation and
hallow-fibre nanofiltration [14], nanofiltration [15], biofiltration [3,4,16], ion exchange [17,18], various
oxidation processes [19], carbon nanotubes [20], and adsorption by granulated active carbon [21,22].

Coagulation is the most common method for NOM removal. Iron and aluminium salts are used
in large amounts, and play an essential role in the production of drinking water and the removal of
NOM, colour, and turbidity. A large amount of iron-rich drinking water treatment sludge is produced
during coagulation. That sludge requires handling and ultimate disposal through, e.g., landfill [23].
The term “water treatment sludge” (further referred to as the WTS) covers all wastes produced
during the treatment of water in the WTS, and the properties of the WTS depend typically on the
quality of the raw water and the applied treatment method [24]. The most important advances in
sustainability in the water industry are focused on minimizing energy usage and reusing wastewater
sludge. The conventional coagulant treatment has a considerable impact on the improvement of
sustainability through coagulant recovery, which enables the atoms of coagulant metals to be repeatedly
recycled and reused [25]. Different techniques have been adopted to recover iron or aluminium
salts from the precipitate: acid treatment, alkaline treatment, ion exchange with a cation resin [26],
liquid ion exchange [27], and pressure-driven membranes, such as ultrafiltration and electrodialysis
processes [25,27]. Ahmad and colleagues [24] present a summary of the WTS reuse options. WTS can
be used: (1) for coagulant recovery and reuse; (2) as a coagulant in wastewater treatment; (3) as an
adsorbent for contaminants and heavy metals in wastewater [28]; (4) as a substrate in constructed
wetlands; (5) in sewage sludge dewatering; (6) in cement production; (7) in manufacturing lightweight
aggregates; (8) in brick and ceramic production; (9) as a raw material for concrete and mortar; and
(10) in agricultural practices and other land-based activities. Other researchers have found that the
high iron concentration in drinking water sludge has the potential to be beneficially reused in sewer
networks for sulphide control [29]. Yoo and colleagues [30] reused iron sludge as an iron source for
a Fenton reaction. Many researchers have found that iron-based adsorbents generally have a higher
arsenic adsorptive capacity and efficiency [31].

In Lithuania, which is rich in underground water resources, water utilities supply only
groundwater to residents. However, the iron concentration in 87% of groundwater resources exceeds
the permissible hygiene rates [32]. Although iron does not have a significant impact on human
health, iron compounds should be removed from the groundwater because when soluble ferrous
(bivalent) iron compounds interact with oxygen, insoluble ferric (trivalent) compounds, which fall
into sediments, are formed. As a result, the water’s turbidity increases, it takes on an unpleasant
metallic taste, and iron compounds give the water a brownish colour. Iron bacteria develop in the
accumulated iron, and, as a result, sludge is formed [33]. During water pressure fluctuation in the
system, more ferruginous sediments come from water taps [34]. Due to these aesthetic issues, the
World Health Organization recommends that the maximum permissible iron concentration in drinking
water should not exceed 300 µg/L. According to the European Union Council Directive 98/83/EC
and the Lithuanian hygiene norm HN24:2017 “Drinking Water Safety and Quality Requirements”, the
total amount of iron should not exceed 200 µg/L. In drinking water treatment plants, these ions and
compounds are efficiently removed by aeration and filtration through granular media filters [35,36] or
by other conventional technologies.

The Antaviliai Water Supply Plant is located in the north-eastern part of Vilnius, the capital of
Lithuania. This plant is the largest drinking water treatment plant in Lithuania, and removes iron
and manganese from the water. The facilities apply non-reagent technologies for water aeration and
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one-stage open filtration with a quartz sand filter. Drinking water is saturated with oxygen from the
air only. With this technology, it is not necessary to use extra chemical reagents. This technology does
not produce water damage waste. The backwash water is precipitated, filtrated, and then restored
back to the water preparation stream, where it is filtered again and then supplied. Iron and manganese
hydroxide sludge is dehumidified using a chamber draining press, then stored and transported for
recycling. This WTS is used in the production of ceramics.

The aim of this study is to sustainably reuse iron sludge, received from groundwater treatment,
to remove NOM from river Neris water, which can be used as drinking water, and to find the most
effective dose of WTS. While studying the works of other authors, we became acquainted with various
ways to use iron sludge in coagulation; however, we found no information on how to use iron sludge,
received from groundwater treatment. The only known uses for iron sludge are in landfill and the
ceramics industry. This study provides a sustainable way to reuse groundwater treatment iron sludge.

2. Materials and Methods

2.1. Materials

Water samples for testing were taken from the Neris River. The River Neris is the second largest
river (510 km) in Lithuania. Neris is the largest basin (24,942 km2) of the River Nemunas. The
headwaters of the stream are found in Belarus and reach the peripheries of Lithuania as a mature river,
the length of which is 275 km with a catchment area covering 10,961 km2. [37]. Neris water is rich in
organic matter. The water quality indicators are presented in Table 1.

Table 1. Water quality data on the Neris River.

Water Quality Indicator Unit Data

pH 7.71
Permanganate index mgO2/L 8.07

Colour mgPt/L 42.4
Total iron µg/L 190

The water samples were stored in plastic 20-litre containers, which were filled up to the top in
order to avoid contact with the air, at 4 ◦C for as short a time as possible before analysis. The handling
of water samples followed ISO (International Organization for Standardization) standard procedures
for refrigerated storage under laboratory conditions according to Water Quality–Sampling—Part
1: Guidance on the design of sampling programmes and sampling techniques (ISO 5667–1:2006).
All 20-litre plastic sampling containers were properly washed with distillate water before use. All
sampling bottles and caps were rinsed three times using water taken from the sampling sites.

The suppressed iron sludge was taken from the JSC (Joint-Stock Company) Vilniaus Vandenys
drinking water treatment plant. The iron sludge composition data are presented in Table 2.

Table 2. The composition of the iron sludge [38].

Element Quantity %

Iron (Fe) 33.9
Calcium (Ca) 4.5
Siliceous (Si) 2.7

Phosphorus (F) 2.2
Aluminium (Al) 0.4
Manganese (Mn) 0.25

Microelements (Zn, Ba, S, and ect.) 1.05



Sustainability 2019, 11, 639 4 of 15

The iron sludge was transported from the water treatment plant. They are humid and contained
55% water. To evaporate this water, the iron sludge was dried in a dryer at 105 ◦C for 3 hours. The
sludge was then crushed and sieved to obtain a homogenous powder (Figure 1).Sustainability 2018, 10, x FOR PEER REVIEW  4 of 17 
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Figure 1. The water treatment iron sludge and the iron sludge powder.

2.2. Organic Matter Removal Procedure

According to an analysis of the scientific literature and from practical knowledge, six doses (1 g/L;
2 g/L; 3 g/L; 4 g/L; 5 g/L; and 6 g/L) of iron sludge powder were selected for the first stage of research,
and another six doses (0.1 g/L; 0.3 g/L; 0.5 g/L; 0.7 g/L; 0.8 g/L; and 0.9 g/L) of iron sludge powder
were selected for the second one. Different amounts (0 mL; 3 mL; 6 mL; and 8 mL) of sulfuric acid
(H2SO4 0.95%) were added to the samples in the coagulation process. To determine the most efficient
dose of iron sludge powder, an identification of the organic compounds and the colour of the water
should be carried out after some contact time. The laboratory experiment was performed by mixing 1 L
of sample with an iron sludge powder dose for 1 min at the speed of 200 rpm, and then for 10 min at
the speed of 50 rpm; after this, it was left to settle for 10 min. This regime was selected experimentally
and based on the recommendations in the scientific literature [39]. After mixing, water was filtered
through 0.45-µm filters and a quantitative analysis was performed. Each test was performed three
times. The conditions for this study are given in Table 3.

Table 3. The experimental conditions.

Dose of Iron Sludge Powder, g/L Dose of Sulfuric Acid, mL Speed and Duration of Mixing Filtering

1
2
3
4
5
6 0, 3, 6, 8 1 min 200 rpm, 10 min 50 rpm, 0.45 µm

0.1 10 min sedimentation
0.3
0.5
0.7
0.8
0.9

Further studies were conducted by using a traditional coagulant (Al2 (SO4)3*17H2O). Doses of
10 mgAl/L, 20 mgAl/L, and 30 mgAl/L (quantities are calculated in milligrams of pure aluminium
to 1 litre of water) were used for the study. The pure coagulant and the coagulant with iron sludge
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powder were added to the tested water in doses of 0.1 g and 0.5 g, respectively. The above-described
procedures were used for the coagulation process. The conditions for this study are given in Table 4.

Table 4. The experimental conditions.

Dose of Coagulant, mgAl/L Dose of Iron Sludge Powder, g Speed and Duration of Mixing Filtering

10 1 min 200 rpm, 10 min 50 rpm,
20 0, 0.1, 0.5 10 min sedimentation 0.45 µm
30

After filtration, tests of water quality were performed.

2.3. Analytical Methods

The water quality assessment tests were performed based on the following methodologies.
The permanganate index (PI) was determined according to LST EN ISO 8467:2000 “Water

quality—Determination of permanganate index”. The tube was filled by a pipette of 25 ± 0.25 mL
of the test sample, and 5 ± 0.5 mL of sulfuric acid was added and mixed gently with stirring. The
tube was placed in a boiling water bath for 10 ± 2 min. Then, 5 ± 0.05 mL of titrated potassium
permanganate solution was added and the time was labelled. After 10 min, 5 ± 0.05 mL of standard
titrated sodium oxalate solution was added and the solution was allowed to fade. Then, the solution
was titrated, while hot, with a titrated solution of potassium permanganate to a light pink colour that
did not disappear after about 30 s.

The colour was determined according to ISO 7887:2012 “Water quality—Examination and
determination of colour”. A Genesys 10Vis spectrophotometer, a 50 mm optical cell, a Sartorius
vacuum pump, and membrane nitrate cellulose filters (pore size, 0.45 µm) were used to determine
the colour of the water. The water sample was filtered through a membrane filter, and the colour was
measured on the spectrophotometer at 436 nm. Optically clear water (deionized water, twice filtered
through a 0.1-µm membrane filter) was used for comparison and calibration.

The pH was determined according to LST ISO 10523:2008 “Water quality—Examination of water
pH”. The pH value can change rapidly due to chemical, physical, and biological processes in the
water sample. For this reason, pH was measured as soon as possible. The electrode was washed with
distilled water and sample water and then immersed in the sample. The solution was stirred, and the
pH was read off after mixing.

The results of the analysis are expressed as the average concentration of three samples when the
distribution does not exceed 5%. When the distribution was higher, the tests were repeated.

3. Results and Discussion

3.1. Removal of Organic Matter Using Larger Doses of Iron Sludge Powder

Figure 2 shows the concentration of organic compounds expressed as the permanganate index,
depending on the different doses of iron sludge powder (1, 2, 3, 4, 5, and 6 g/L).

Adding 1, 2, and 3 g of acid-free iron sludge powder to the tested water did not decrease the
permanganate index. Following the introduction of more iron sludge powder (4, 5, and 6 g) into the
water, the organic matter amount was reduced, but not to the HN24:2017 “Drinking Water Safety
and Quality Requirements” concentration (PI 5.00 mgO2/L). The amount of organic matter in the
tested water decreased upon the addition of 4 g, 5 g, and 6 g of acid-free iron sludge powder to 5.24%,
9.23%, and 24.09%, respectively. The adsorption process took place by the incorporation of iron sludge
powders, the majority of which contained Fe(OH)3. However, to remove enough organic matter to
reach the HN24:2017 “Drinking Water Safety and Quality Requirements” limit (PI 5.00 mgO2/L), one
has to add more than 6 g of iron sludge powder. Furthermore, the same doses of iron sludge powder
were added to the tested water together with 3 mL of 0.95% H2SO4 acid solution. Figure 2 shows
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that the reduction in the amount of organic matter in the tested water was insufficient to reach the
permissible concentration (PI 5.00 mgO2/L) under the HN24:2017 “Drinking Water Safety and Quality
Requirements” standards. The coagulation process only began when 1 g of iron sludge powder and
3 mL of 0.95% H2SO4 solution were added to the tested water. The amount of organic matter decreased
by 1.49%. The amount of organic matter in the tested water decreased with the increase in the amount
of acid up to 6 mL and the addition of 1 g and 2 g of iron sludge powder. The amount of organic
matter in the tested water decreased by 15.86% and 6.82%, respectively. However, a reduction in the
organic matter amount down to that allowed by HN24:2017 was not achieved. By further increasing
the amount of acid to 8 mL, the amount of organic matter was found to decrease with 1 g and 2 g
of iron sludge powder. The organic matter amount in the tested water decreased by 36.18% and
8.05%, respectively.Sustainability 2018, 10, x FOR PEER REVIEW  6 of 17 
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Figure 2. The dependency of the permanganate index on the different iron sludge powder doses (1; 2;
3; 4; 5; and 6 g/L).

The dependency of water colour on different iron sludge powder doses (1; 2; 3; 4; 5; and 6 g/L) is
shown in Figure 3.

Adding 1, 2, and 3 g of acid-free iron sludge powder to the tested water did not result in a
reduction in the colour of the water. Furthermore, more iron sludge powder (4, 5, and 6 g) was
added to the tested water. The colour of the water decreased, but not to the permissible level under
HN24:2017 “Safety and Quality Requirements for Drinking Water” (30 mgPt/L). The water colour
in the tested water decreased upon the addition of 4 g, 5 g, and 6 g of acid-free iron sludge powder
to 5.24%, 9.23%, and 24.09%, respectively. Furthermore, the same doses of iron sludge powder were
added to the tested water together with 3 mL of 0.95% H2SO4 acid solution. Figure 3 shows that the
water colour has not been reduced to the permissible level under the HN24:2017 “Drinking Water
Safety and Quality Requirements” standards. The water colour was reduced by 1.37% when 1 g of iron
sludge powder and 3 mL of 0.95% H2SO4 solution were added to the tested water. When the amount
of iron sludge powder was increased, the colour of the water began to increase. With the increase in
the acid content up to 6 mL, the colour of the test water decreased when 1 g and 2 g of iron sludge
powder were added to the tested water by 14.90% and 6.40%, respectively. However, a reduction in the
water colour down to that allowed in HN24:2017 was not achieved. When the amount of iron sludge
powder was increased up to 6 g, the colour of the water began to intensively grow. Further, when the
amount of acid was increased to 8 ml and 1 g and 2 g of iron sludge powder were added to the water,
the colour decreased by 34.04% and 7.56%, respectively. However, a reduction in the water colour
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down to that allowed by HN24:2017 was not achieved. When the amount of iron sludge powder was
increased, the colour of the water began to intensively increase.Sustainability 2018, 10, x FOR PEER REVIEW  7 of 17 
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Figure 3. The dependency of water colour on different iron sludge powder doses (1; 2; 3; 4; 5; and
6 g/L).

Similarly, different iron sludge powder and sulfuric acid doses were used to measure pH values.
The results of the studies are presented in Table 5.

Table 5. The pH measurement results.

Dose of Iron Sludge
Powder, g/L

pH
0 mL of H2SO4

pH
3 mL of H2SO4

pH
6 mL of H2SO4

pH
8 mL of H2SO4

1 7.71 7.30 6.94 6.50
2 7.70 7.38 6.96 6.66
3 7.71 7.50 6.97 6.82
4 7.72 7.50 7.04 6.89
5 7.70 7.53 7.06 6.92
6 7.70 7.55 7.18 6.94

The results show that the pH of the tested water is 7.70–7.72 with no acid, and the pH decreases
with an increasing amount of acid. When the same amount of acid and different amounts of iron
sludge powder were added, it was observed that the pH increased as the amount of iron sludge
powder increased. After adding the highest amount of acid (8 mL) and the lowest amount of iron
sludge powder (1 g), the pH decreased to 6.50. This means that, when using all of these doses, the
pH of the tested water corresponds to the permissible HN24:2017 Drinking Water Safety and Quality
Requirements pH (6.5–9.5).

An analysis of the results shows that the use of iron sludge powder alone results in the adsorption
of organic compounds. Adsorption efficiency is achieved by an increase in the amount of iron sludge
powder. Increasing the amount of acid-free iron sludge powder reduces the concentration of organic
compounds and also decreases the water colour intensity. The adsorption process occurred when 4, 5,
and 6 g of iron sludge powder were added to the water. However, such adsorbent doses were still not
very effective in reducing the levels of organic compounds and water colour to the permissible values
of HN24:2017 “Drinking Water Safety and Quality Requirements” (PI 5.00 mgO2/L and 30 mgPt/L,
respectively). The coagulation process was triggered with the addition of acid to the powder. The
coagulation process was more effective when using lower doses of iron sludge powder (1 and 2 g)
and larger amounts of acid (6 and 8 mL). When using these amounts of iron sludge powder and acid,
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the concentration of organic compounds and the colour of the water decreased. The most effective
coagulation process took place when 1 g of iron sludge powder and 8 mL of 0.95% H2SO4 solution
were added to the tested water. The increase in iron doses and acid levels did not result in the removal
of organic matter, as the acid dissolved large amounts of iron and neither sorption nor coagulation
processes occurred. When adding 3, 4, 5, and 6 g of iron and 3, 6, and 8 mL of acid to the water, the
colour of the water began to increase. This is because the acid dissolved the iron and the amount of iron
in the water increased, which resulted in the water being coloured not only by organic compounds, but
also by soluble iron compounds, which increased the colour of the water compared to the colour of the
untreated water. Although the concentration of organic matter and the water colour were somewhat
reduced, the tests with 1–6 g doses of iron sludge powder and different amounts of acid did not result
in a reduction of the organic matter concentration and the water colour down to the permissible limits
according to HN24:2017 “Drinking Water Safety and Quality Requirements” (PI 5.00 mgO2/L and
30 mgPt/L, respectively).

3.2. Removal of Organic Matter Using Smaller Doses of Iron Sludge Powder

As the coagulation process was more efficient with smaller doses of iron sludge powder (1 and
2 g), we decided to perform the tests using doses of 0.1 g/L, 0.3 g/L, 0.5 g/L, 0.7 g/L, 0.8 g/L, and
0.9 g/L. Figure 4 shows the concentration of organic compounds expressed as the permanganate index,
depending on the different doses of iron sludge powder (0.1; 0.3; 0.5; 0.7; 0.8; and 0.9 g/L).Sustainability 2018, 10, x FOR PEER REVIEW  9 of 17 
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Figure 4. The dependency of the permanganate index on different iron sludge powder doses (0.1; 0.3;
0.5; 0.7; 0.8; and 0.9 g/L).

Figure 4 demonstrates that, when using 0.1, 0.3, 0.5, 0.7, 0.8, and 0.9 g/L iron-free acid doses, the
organic matter concentration remained completely unchanged and a reduction to acceptable levels
under the HN24:2017 “Safety and Quality Requirements for Drinking Water” was not achieved. Adding
3 mL of 0.95% H2SO4 acid solution to the water samples reduced the organic matter concentration when
0.1 g/L, 0.3 g/L, and 0.5 g/L of iron sludge powder were added to the tested water by 26.86%, 10.30%,
and 1.61%, respectively. However, a reduction of the organic matter concentration to the permissible
level under the HN24:2017 “Drinking Water Safety and Quality Requirements” (PI 5.00 mgO2/L) was
not achieved. Adding 6 mL of 0.95% H2SO4 acid solution to the water samples reduced the organic
matter concentration with all iron sludge powder doses. The amount of organic matter in the tested
water decreased by 27.75%, 31.07%, 34.29%, 32.68%, 29.36%, and 35.90% for the 0.1 g/L, 0.3 g/L,
0.5 g/L, 0.7 g/L, 0.8 g/L, and 0.9 g/L iron sludge powder doses, respectively. However, a reduction in
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the concentration of organic matter to HN24:2017 levels has not been achieved. Increasing the acid
content up to 8 mL in the samples decreased the concentration of organic matter with all iron sludge
powder doses. The amount of organic matter in the test water decreased by 45.75%, 55.51%, 52.28%,
52.19%, 47.36%, and 44.14% for the 0.1 g/L, 0.3 g/L, 0.5 g/L, 0.7 g/L, 0.8 g/L, and 0.9 g/L iron sludge
powder doses, respectively. The most effective coagulation process occurred when 0.3 g of iron sludge
powder and 8 mL of 0.95% H2SO4 solution were added to the tested water. Using this combination,
we managed to reduce the concentration of organic substances below the permissible HN24:2017 limit
(PI 5.00 mgO2/L).

Figure 5 shows the dependency of the water colour on the different iron sludge powder doses
(0.1; 0.3; 0.5; 0.7; 0.8; and 0.9 g/L).Sustainability 2018, 10, x FOR PEER REVIEW  10 of 17 
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Figure 5. The dependency of the water colour on different iron sludge powder doses (0.1; 0.3; 0.5; 0.7;
0.8; and 0.9 g/L).

Figure 5 demonstrates that the use of 0.1, 0.3, 0.5, 0.7, 0.8, and 0.9 g/L iron-free acid doses did
not reduce the colour of the water; on the contrary, the increase in the iron sludge powder quantity
increased the colour of the water. Adding 3 mL of 0.95% H2SO4 acid solution to the water samples
resulted in a reduction in the colour of the water when 0.1 g/L, 0.3 g/L, and 0.5 g/L of iron sludge
powder were added to the tested water. The water colour decreased by 26.86%, 10.30%, and 1.61%,
respectively. However, a reduction in the water colour to the permissible HN24:2017 “Drinking
Water Safety and Quality Requirements” limit (30 mgPt/L) was not achieved. When adding 6 mL
of 0.95% H2SO4 acid solution to the water samples, the water colour decreased with all iron sludge
powder doses. The water colour decreased by 26.55%, 29.69%, 32.81%, 31.25%, 28.11%, and 34.37% for
the 0.1 g/L, 0.3 g/L, 0.5 g/L, 0.7 g/L, 0.8 g/L, and 0.9 g/L iron sludge powder doses, respectively.
However, a reduction in the water colour to the allowed HN24:2017 limit was not achieved. When
the amount of acid in the sample was increased to 8 ml, the water colour, depending on the iron
sludge powder quantity, was further reduced. The water colour decreased by 43.74%, 53.12%, 50.00%,
49.95%, 45.32%, and 42.18%, for the 0.1 g/L, 0.3 g/L, 0.5 g/L, 0.7 g/L, 0.8 g/L, and 0.9 g/L iron
sludge powder doses, respectively. The water colour was effectively reduced to below the acceptable
threshold (30 mgPt/L) for the HN24:2017 “Drinking Water Safety and Quality Requirements” when
0.3, 0.5, and 0.7 g of iron sludge powder and 8 mL of 0.95% H2SO4 acid solution were added to the
tested water.

Similarly, different iron sludge powder and sulfuric acid doses were used to measure pH values.
The results of the studies are presented in Table 6.
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Table 6. The pH measurement results.

Dose of Iron Sludge
Powder, g/L

pH
0 mL of H2SO4

pH
3 mL of H2SO4

pH
6 mL of H2SO4

pH
8 mL of H2SO4

0.1 7.71 7.07 6.35 3.78
0.3 7.69 7.20 6.39 4.18
0.5 7.70 7.27 6.41 4.47
0.7 7.68 7.29 6.52 4.80
0.8 7.73 7.31 6.56 5.25
0.9 7.70 7.46 6.62 5.48

The results show that the pH of the test water is 7.68–7.73 with no acid, and the pH decreases
with an increasing amount of acid. When the same amount of acid and different amounts of iron
sludge powder were added, it was observed that the pH increased as the iron sludge powder amount
increased. After the addition of the lowest amount of acid (3 mL), the pH of the tested water decreased
to 7.07–7.46, which corresponds to the permissible HN24:2017 “Drinking Water Safety and Quality
Requirements” (pH 6.5–9.5). After the addition of a higher amount of acid (6 mL), the pH of the
water was reduced to 6.35–6.62. The addition of 0.7, 0.8, and 0.9 g/L of iron sludge powder still meets
the permissible limits for HN24:2017 “Drinking Water Safety and Quality Requirements”; however,
the addition of 0.1, 0.3, and 0.5 g/L iron sludge powder no longer complies with the permissible
HN24:2017 “Drinking Water Safety and Quality Requirements”. The addition of the highest amount of
acid (8 mL), which most effectively removes organic matter, reduces the pH to 3.78–5.48. This means
that, when using all of these doses, the pH of the test water does not comply with the permissible
HN24:2017 “Drinking Water Safety and Quality Requirements” (pH 6.5–9.5).

It was observed that small quantities of acid-free iron sludge powder, when used for the removal
of organic compounds from water and the reduction of the water colour, did not yield the desired
result. Such powder quantities are insufficient. The removal intensified with the addition of the
acid into the sample. The tests showed that 3 mL of acid is insufficient to intensify the removal
of organic compounds and the reduction in the water colour. However, with higher amounts of
acid (6 and 8 mL), the efficiency of the elimination of organic compounds and the reduction in the
colour of the water significantly increased. Six millilitres (6 mL) of acid is not sufficient to reduce
the concentration of organic compounds and the colour of the water to the acceptable levels under
HN24:2017; however, when using 8 ml of acid and the corresponding iron sludge powder doses, the
concentration of organic compounds and the water colour were reduced to the permissible level under
the HN24:2017 “Drinking Water Safety and Quality Requirements” (5.00 mgO2/L and 30 mgPt/L,
respectively). However, it should be noted that increasing the acid content reduces the pH of the water
to 3.78–5.48. This means that using these dosages will require additional alkalis to ensure that the
water complies with the permissible HN24:2017 Drinking Water Safety and Quality Requirements
(pH 6.5–9.5).

3.3. Removal of Organic Matter Using an Aluminium Sulphate Coagulant and Iron Sludge Powder Together

Further to the removal of organic compounds from water using different doses of iron sludge
powder, tests using aluminium sulphate as a coagulant with and without iron sludge powder were
also performed. Figure 6 shows the dependency of the permanganate index on different amounts of
aluminium coagulant with iron sludge powder.

The results presented in Figure 6 demonstrate that the concentration of organic matter decreased
by 13.2% when using 10 mgAl/L of coagulant aluminium sulphate. Using 10 mgAl/L of coagulant
with 0.1 g of iron sludge powder reduced the concentration of organic compounds by 37.7%. When
the dose of iron sludge powder was increased to 0.5 g, the concentration of organic compounds was
reduced by 30%. However, using such coagulant and iron sludge powder doses, the concentration of
organic compounds was still above the HN24:2017 levels. When 20 mlAl/L of coagulant was added,
the concentration of organic matter was reduced by 47.1%, but still exceeded the norm of 5.00 mgO2/L
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under HN24:2017. Using 20 mgAl/L of coagulant with 0.1 g of iron sludge powder, the concentration
of organic compounds was reduced by 48.9% and was no longer above the HN24:2017 threshold
of 5.00 mgO2/L. Increasing the dose of iron sludge powder up to 0.5 g reduced the concentration
of organic compounds by 37.7%, and the concentration of organic compounds again exceeded the
permissible values. Increasing the dose of coagulant to 30 mgAl/L reduced the concentration of
organic compounds to 62.2% and did not exceed the permissible rates. Using 30 mgAl/L of coagulant
with 0.1 g of iron sludge powder reduced the concentration of organic compounds by 67.3%. Increasing
the dose of iron sludge powder to 0.5 g reduced the concentration of organic compounds by 63.3%.
Using the maximum dose of coagulant with and without iron sludge powder, the concentration of
organic compounds was effectively reduced and did not exceed HN24:2017 at 5.00 mgO2/L.Sustainability 2018, 10, x FOR PEER REVIEW  12 of 17 
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Figure 6. The dependency of the permanganate index on different amounts of aluminium coagulant
with iron sludge powder.

Figure 7 shows the dependency of water colour on different amounts of aluminium coagulant
with iron sludge powder.

Figure 7 shows the water colour dependency on different doses of coagulant and iron sludge
powder. One can see from the results presented in Figure 7 that the colour of the water decreased by
12.5% when using 10 mgAl/L of coagulant aluminium sulphate. When using 10 mgAl/L of coagulant
with 0.1 g of iron sludge powder, the colour of the water decreased by 35.7%. Increasing the dose
of iron sludge powder to 0.5 g, the colour of the water decreased by 28.5%. However, using such
coagulant and iron sludge powder doses, the water colour still exceeded the permitted HN24:2017
concentrations. When 20 mlAl/L of coagulant was added, the concentration of organic matter was
reduced by 44.6% and no longer exceeded the HN24:2017 norm. Using 20 mgAl/L of coagulant with
0.1 g of iron sludge powder, the water colour decreased by 46.4%. Increasing the dose of iron sludge
powder to 0.5 g, the colour of the water decreased by 35.7%, and the colour of the water again exceeded
the permissible limits. Increasing the dose of coagulant to 30 mgAl/L reduced the colour of the water
to 62.2% and did not exceed the permissible values. Using 30 mgAl/L of coagulant with 0.1 g of
iron sludge powder, the colour of the water decreased by 63.9%. Increasing the dose of iron sludge
powder to 0.5 g, the colour of the water decreased by 60%. Using the maximum dose of coagulant
with and without iron sludge powder, the water colour was effectively reduced and did not exceed the
HN24:2017 limit at 30.00 mgPt/L.
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Figure 7. The dependency of the water colour on different amounts of aluminium coagulant with iron
sludge powder.

The pH values were also measured at different doses of iron sludge powder and aluminium
sulphate (Al2 (SO4)3*17H2O) coagulant. The results of the studies are presented in Table 7.

Table 7. The pH measurement results.

Dose of Iron Sludge Powder, g/L Dose of Coagulant, mgAl/L pH

10 0.1 7.65
10 0.5 7.68
20 0.1 7.55
20 0.5 7.53
30 0.1 7.48
30 0.5 7.45

The results show that using different doses of coagulant and iron sludge powder does not change
the pH of the tested water. The pH value ranges from 7.45 to 7.65. When the dose of coagulant
is increased, the value of pH is slightly decreased, but corresponds to the permissible HN24:2017
“Drinking Water Safety and Quality Requirements” (pH 6.5–9.5).

The tests with the conventional coagulant with and without iron sludge powder led to the
observation that, when using a coagulant with iron sludge powder, the concentration of organic
compounds and the colour of the water decreases from 2.8 to 28.2% when the coagulant alone is
used. It was observed that, with low doses of coagulant, iron sludge powder does not reduce the
concentration of organic compounds and the colour of the water to acceptable levels. When increasing
the doses of the coagulant, the concentration of organic compounds and the colour of the water
decreases. It has also been noted that small iron sludge powder doses (0.1 g) help to eliminate organic
compounds and reduce the water colour more efficiently than the larger ones (0.5 g). The results of
the tests showed that the concentration of organic compounds in the water and its colour no longer
exceed the permissible HN 24:2017 levels when 0.1 g of iron sludge powder in a 20 mgAl/L coagulant
were used. The most effective reduction in the concentration of organic compounds and the water
colour (the PI decreased by 67.3%, and the water colour decreased by 63.9%) was achieved by adding
30 mgAl/L of coagulant and 0.1 g of iron sludge powder into the tested water. It was also observed
during the tests that the resulting flakes were deposited two times faster when adding a coagulant and
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iron sludge powder than when adding a coagulant alone. The flake deposition took 20 minutes when
adding aluminium sulphate, and 10 min when adding a coagulant with iron sludge powder.

The sustainable use of water treatment iron sludge can be achieved by means of a circular economy
and, especially, biotechonomic principles for the extraction of resources in the production of secondary
material utilizations. A circular economy can be treated as a “panacea” to save the planet’s finite
resources, as the current linear economy, which is based on a “take-cook-exclude everything” approach,
creates large amounts of waste. This waste, such as water treatment iron sludge, is then sent to landfills,
resulting in the loss of valuable materials that can be useful to humans and the environment.

4. Conclusions

1. The organic compounds concentration (PI 8.07 mgO2/L) and the colour (42.4 mgPt/L) of river
Neris water were reduced to the permissible HN24:2017 “Drinking Water Safety and Quality
Requirements” (PI 5.00 mgO2/L and 30 mgPt/L, respectively) when 0.3 g of iron sludge powder
and 8 mL of 0.95% of H2SO4 solution were added to 1 L of the tested water, mixed for 1 min at the
speed of 200 rpm and 10 min at the speed of 50 rpm, and 10 min were allowed for sedimentation.
The efficiency of the organic compounds removal was 55.51% and the reduction in water colour
was 53.12%.

2. It was found that, when using aluminium sulphate as a coagulant with iron sludge powder, the
concentration of organic compounds and water colour decreased from 2.8 to 28.2% compared
with the use of a pure coagulant alone. The most effective reduction in the concentration of
organic compounds and the colour of the water (the PI decreased by 67.3% and the water colour
decreased by 63.9%) was achieved when we added 30 mg Al/L of aluminium sulphate coagulant
and 0.1 g of iron sludge powder to 1 L of river Neris water (Mixing: 1 min at the speed of 200 rpm
and 10 min at the speed of 50 rpm; sedimentation: 10 min). When using a coagulant with iron
sludge powder, the sedimentation of flakes is 50% faster compared with the sedimentation that
occurs with a pure coagulant only.

3. It can be concluded that the investigated process can be beneficial and effective in solving
problems encountered in the more sustainable reuse of groundwater treatment iron sludge and
alternative methods for removing organic matter from surface water, especially in areas where
drinking water is produced from surface water. Such processes still need to be substantiated in
more extensive research; however, the results of this study show that groundwater treatment iron
sludge can be used to remove organic matter from surface water.
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