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Introduction

Wastewater treatment plants have become valuable elements of the concept of the cir-
cular economy through the implementation of the three Rs rule (reduce, reuse and recycle)
(Schanmugam et al. 2022). Other valuable by products that may be processed and reused can
be found during cleaning of streets to remove trash and dirt (Heshmati 2015). The products
recovered from the WWTP include sludge (produced in mechanical and biological process-
es) as well as screenings and sand (recovered in mechanical processes). Sewage sludge can
be further utilized for biogas production; biogas is a valuable source of heat and electricity
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at the treatment plant (Gorka et al. 2022). Subsequently, the stabilized sewage sludge can
be directly utilized either as a soil conditioning agent or, after thermochemical/biochemi-
cal treatment, recovered as material (e.g. hydrogen), energy (e.g. heat and synthesis gas) or
other resources (phosphorus) (Cieslik et al. 2015; Renfrew et al. 2022). Screenings, due to
their diverse composition (18% of plastics, up to 26% of textile and a high content of organic
compounds) are mostly neutralized in the combustion process (Wisniowska 2016). On the
other hand, sand, removed in grit chambers, may also be a raw material with great potential,
and its recovery and re-utilization offer major financial benefits. If properly processed, it can
have good properties as a raw mineral material with a “clean” composition.

Sand at the WWTP can be found in at least at two locations: in grit chambers (as a part
of grit) and as a result of sewer cleaning. Grit chambers are an important element of all
WWTP operations. The traditional design concept of the grit chambers is relatively simple
and is based on the settling rate of the particles, which depends on their specific weight.
An ideal sand particle considered in a design of grit chambers is a spherical, homogeneous
one, with a size of 200 microns and a specific gravity of 2.65 N-m— (Tchobanoglous et al.
2014). Typical sand specific gravity ranges from 2.64 to 2.72 N'm~, although the overall
specific gravity of the particles in wastewater is lower due to the layers of organic material
that normally cover the particle surface and range from 1.1 to 2.65 N-m— (Plana et al. 2020).
In real life, the ideal conditions for sand separation are rarely met, as the material can be of
a different origin, depending on the characteristic of the drainage area and the composition
of raw wastewater — both these factors have an impact on sand characteristics (Kolosovska
and Bauer 2022; Judd et al. 2017).

Grit chambers and sand removal are provided to reduce the risk of clogging of pipelines
and aeration diffusers as well as to protect mechanical elements of the pumps against abra-
sion. They also protect the digestion tanks from the excess accumulation of mineral com-
pounds, which reduce the active volume of the tanks (Malej 2004; Kolosovska and Bauer
2022). According to the Regulation of the Minister of Climate of January 2, 2020 on the
waste catalog (Ordinance MC 2020), sand from grit chambers is classified as waste with the
code 19 08 02. It is assumed that the average amount of sand collected at the treatment plant
varies from 2 to 5 dm? per capita or from 3.7 to 55 dm? per 1,000 m3 of wastewater (Imhoff
1996). Table 1 shows the amount of sand removed in real conditions at wastewater treatment
plants.

Sand handling is still a serious operational problem. The sludge has a high content of
organic compounds and high moisture and therefore, similar to screenings, is a potential
source of odor. In order to reduce the odor nuisance, sand washers have been introduced;
they reduce the content of organic compounds in the sand by washing (Yan et al. 2014). Sand
with an organic content above 8% is transferred to specialized companies, while sand with
an organic content below 8% can be reused, for example, it can supplement fine aggregate in
the production of concrete mixture (Chen et al. 2016).

The article discusses the quality of sand collected at the Krakow—Ptaszow municipal
wastewater treatment plant (flow capacity Q = 165,000 m3/d). In 2019, the old sand separa-
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Table 1.  Sand removed at wastewater treatment plants

Tabela 1. Piasek usuni¢ty w oczyszczalniach Sciekow

Location of Capacity Amount of sand (19 08 02)
No. wastewater Online source
treatment plant m3-d-! Mg-year ! Mg'm3 dm3-1000 m=3
1 Nowiny 51,000 800 5.7 3.8 Kielce waterworks 2020
2 Kosciana 3,987 40 3.7 2.4 Koscian waterworks 2020
. Marshal of the Podkarpackie
3 | Rzeszow 45,000 150 1.2 0.8 Voivodeship 2021
4 Czgstochowa 46,616 600 4.7 3.1 Warta SA Czgstochowa 2018
N Jozefow.
5 | Jozefow 2,143 219 37.3 249 Portal of the City Hall 2020
6 | Stomniki 579 30 18.9 12.6 Stomniki 2020
7 Olesno 2,500 120 17.5 11.7 OPWIK 2020
8 Maszew 18,055 260 5.3 3.5 Ptock waterworks 2021
9 | Krakéw—Plaszow 165,000 3,156 7.7 5.1
Data collected by the authors
10 | Krakéw—Kujawy 53,000 1,608 5.7 3.8

tors were replaced with more efficient versions by Krakow Water, as part of the modernization
project. Thanks to these new high-performance devices, it was possible to optimize the process
and subsequently minimize the amount of waste and odor nuisance. The application of such
highly efficient devices offered the possibility of dropping the waste status. The final product
(sand) has become a mineral resource with some possibilities of reuse and management.

1. Description of the Krakéw—Plaszow WWTP

Sand samples have been collected from the technological line of the Krakow—Plaszow
WWTP. The plant comprises mechanical and biological wastewater treatment as well as
a sludge processing and biogas production line. The plant has been designed for 780,000
equivalent population (PE). According to the water permit, the average daily flow during the
dry-weather period is 165,000 m3/d~!. At the wastewater treatment plant, there are two dense
screen bars with a clearance of 30 mm and four rare screen bars with a clearance of 6 mm.
The Krakow—Plaszow WWTP operates four aerated grit chambers with a horizontal flow;
each unit consists of two chambers. Along each grit chamber there is a quite zone where
grease flotation takes place. Each grit chamber is equipped with a pump conveyor coupled
with two sand pumps. A wastewater and sand mixture is discharged to the sand separation
building and then to the sand separator (Figure 1).
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Fig. 1. Sand separator at the Krakow—Ptaszow WW TP

Rys. 1. Separator piasku na oczyszczalni Krakow—Plaszow

Initially, the sand enters the tank equipped with a rotating mixer which provides the
necessary agitation to separate the sand from the organic material. Water rich in organic
matter is discharged over the weir while clean sand is collected at the bottom of the tank and
then transferred on the inclined screw conveyer. Moving up the ramp, the sand is dewatered
by gravity forces and finally dropped into the container. The sand-separation process takes
place at two locations. The first one (W WTP — wastewater treatment plant) gets sand directly
from the grit chambers connected to the Krakow sewage system. The other location (WN —
wastewater network) treats sand from the sewer-cleaning vehicle (septic tankers) designed
to clean the sewage manholes in Krakow. The guaranteed efficiency of sand separation and
dewatering processes at the plant was as follows: sand will contain no more than 3% of or-
ganics and its moisture will be 10%.

2. Materials and methods

2.1. Laboratory experiments

During the laboratory experiments, the analysis of sand characteristic was performed.
The analysis included the basic parameters such as: dry matter (DM), dry mineral matter
(DMM) and graining. DM content was determined according to the standard PN-EN 15934,
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while organic (volatile) solids were determined according to the standard PN-EN 15935.
Sieve analysis was done following the standard PKN-CEN ISO/TS 17892-4, the dry method.
Diameters d10, d30 and d60 were determined from the sieve curve; the graining differentia-
tion index C, and curvature index C_ were also calculated. The sand samples were collected
according to the standard PN-EN ISO 5667-13:2011. Laboratory tests were performed over
six months (one sample per month in triplicate).

Also, some eluviation tests were carried out, as follows: 100 g sample of sand was filled
with water up to 1 dm3. Then the sample was shaken for 24 h and filtered. The results are
the average of individual years. Eluvation analysis were performed six times a year. The
following were analyzed in the sample: chromium, cadmium, copper, nickel, lead, mercury,
zing, antimony, barium, fluorides, arsenic, selenium and dissolved organic carbon. Table 2
presents the methodology for determining eluvation indicators. Due to the extensiveness of
the table, only methods from three measurement years (2017, 2018 and 2021) are presented.
In those years, there were significant changes in the methods used to determine the individ-
ual indicators.

There are two locations where sand have been collected at the Krakow—Plaszow WWTP.
They are:

¢ grit chamber (sample WWTP),

¢ sand from sewer manholes (sample WN).

To check whether mixing of these two types of sand has any impact on graining char-
acteristics the sands were mixed at different ratios and the sieve curves were prepared. The
tests were done for the following ratios (by mass): 25% WWTP + 75% WN, 50% WWTP +
+50% WN, 75% WWTP + 25% WN and also for the control samples with WWTP and WN
only. The mixture was prepared after the sand samples were dried in temperature of 105°C.

3. Results

3.1. Volume and quality of the sand in the years 2016-2021

As part of the research, the annual mass balance of sand collected at the wastewater
treatment plant was carried out. The balance sheet covers the years 2016—2021. In the early
years, an upward trend in sand production can be noticed. Once new, high-performance
devices (2019) have been in place, the amount of sand decreased by 20 to 28%. The decrease
in amount of sand generated at the plant is related to the fact that less contaminated “clean”
sand is produced at the sand separators.

Figure 3 shows the content of DM and DMM in sand in 2017-2022. From 2019 — the year
when new sand separators were installed — the content of both DM and DMM increased
significantly. The DMM exceeded 90% (10% of the organic content), while the DM in
2019-2022 was approx. 93% (reduction of the organic content to approx. 7%). Once high-
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Fig. 2. Annual mass of sand generated at the Krakow—Ptaszow WW TP in the years 2016-2021

Rys. 2. Roczna masa piasku wytwarzanego w oczyszczalni Krakow—Ptaszow w latach 20162021

Fig. 3. DM and DMM content in sand collected at the Krakow—Ptaszow WWTP in the years 2017-2022
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Rys. 3. Zawarto$¢ SM i DMM w piasku pobranym z oczyszczalni Krakow—Ptaszow w latach 2017-2022

-performance sand separators have been installed, the sand parameters improved, and a pos-
itive change in waste appearance was also noticeable. This is a very much needed phenom-
enon due to the technological and economic aspect of the treatment plant. Table 3 shows the
results of the sand leachability tests. It was observed that concentrations of heavy metals
analyzed in sand remained below the detection range (the values are either zero or close to

Z€ero).

The results indicate that just a simple method, namely the introduction of a new more
advanced washing unit, produces material with a relatively low organic content and with
the potential for various applications, for example, the production of construction materials.
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Table 3.  Summary of the results of sand leaching in 2017-2021 — the Krakéw—Plaszoéw wastewater treatment
plant

Tabela 3. Zestawienie wynikow wymywania piasku w latach 2017-2021 — oczyszczalnia $ciekow
Krakéw—Plaszow

2020 2020 2021 2021
Parameter Unit 2017 2018 2019

WWTP WN WWTP WN
Chrome <0.20 <0.20 <0.20 <020 <020 <020 <0.20
Cadmium <0.004 | <0004 | <0004 | <0004 | <0004 | <0040 | <0.040
Copper <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
Nickel <0.02 <0.02 <0.02 <0.02 <0.02 <020 <0.20
Lead <0.02 <0.02 <0.02 <0.02 <0.02 <0.20 <0.20
Mercury <0.0010 | <0.0010 | <0.0003 | <0.0004 | <0.0004 | <0.0004 | <0.0004
Zinc | <008 <0.08 <0.08 <0.08 0100 | <0.08 <0.08

mg-dm

Antimony 0.001 | <0001 | <0020 | <0020 | <0020 | <0.020 | <0.020
Bar <0.010 0010 | <0010 | <0010 | <0.010 0014 | <0.010
Fluorides 0.330 0.310 0.220 0.830 0.055 0.280 0.063
Arsenic 0.0006 | <0.0005 | <0.0200 | <0.0200 | <0.0200 | <0.0200 | <0.0200
Selenium <0.0005 | <0.0005 | <0.0200 | <0.0200 | <0.0200 | <0.0200 | <0.0200
Dissolved 37.80 229.00 16.00 8.95 1.46 76.30 49.70
organic carbon

3.2. Characteristics of the sand grain composition

The grain composition of the sand mixture which will later be used to make a concrete

mix can be selected only after sieve analysis of all aggregate fractions. A content of organic
compounds which are not wanted in concrete mixtures is an important feature if sand is to
be used in construction. Figure 4 shows the content of DM and DMM in the control samples
(WWTP and NW) as well as in the mixed samples. For each of the samples, the DM content
was 97-98%. The lowest content of organic materials (only 0.8%) was found in the control
sample from site 80 (WN) and for the mixture of 25% WWTP + 75% WN. In the control sam-
ple of sand coming from the separator fed from the grit chamber, the organic content re-
ached 1.8%. Both parameters, i.e. DM and the organic content for all analyzed samples,
reached the guaranteed values.

After the sieve analysis, a complete set of information on material graining was availa-
ble. A good distribution of particle size provides various fractions of the material, (with the
optimal crumb pile) including mostly fine particles and several types of coarse material.



Gorka et al. 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(2), 109-123

117

(%)

%
80
70
60
50
40
30
20
10

0

WWTP 25%WWTP+75%WN 50%WWTP+50%WN 75%WWTP+25%WN

W DRY MATTER W DRY MINERAL MATTER

Fig. 4. Content of DM and DMM in the control samples of sand and the sand mixture
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Fig. 5. Sieve curves for the analyzed samples

Rys. 5. Krzywe sitowe dla analizowanych probek




118 Gorka et al. 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(2), 109-123

Graining should be continuous enough to ensure a good tightness of the concrete mix crumb
pile. Fine material (sand) stabilizes the concrete mix, maintains its mouldability, viscosity
and resistance to stratification. Coarse aggregate (gravel, grit), on the other hand, provides
the necessary volume. An important element of the grain size selection is the so-called “sand
point”, denoting fractions of up to 2 mm. The designing of concrete mixes often begins
and ends with the development of concrete mix recipes for a specific sand point, for which
adequate workability is ensured. Figure 5 shows the particle size distribution curves of the
individual sand samples that had been mixed at different ratios.

The curve for the WWTP control sample (sand from grit chamber separators) has only
2% of the material with a diameter above 2 mm, while the curve for the WN control
sample (sand from cleaning sewer manholes) has 10% of material with a diameter of over
2 mm. All the curves stay within the area where granulation is suitable for stabilization
with cement.

Mixing both types of sand (WWTP and WN) had an effect on the granulation of ag-
gregates. The Cu heterogeneity index (Table 4) reached a value of 1.8-2.2, proving that
the material is uniformly grained. However, the particle size curvature coefficient Cc stays
within the range of 0.9-1.0, as in a well-grained material; the higher the Cu index, the bet-
ter the soil compaction. Sand obtained from cleaning the sewers (WN) shows the highest
grain differentiation index, so it can be well compacted. The sand point, i.e. the content of
the fraction below 2 mm, stays within the range of 90-98%, depending on the type of sand
and its mixing ratio. It means that the sand separated at the plant is a fine aggregate (see
Table 5, according to the PN-EN 12620 standard Aggregates for concrete). A higher amount
of fine aggregates may result in a higher demand for cement slurry due to a higher water
demand. It is also worth noting that the maximum size of sand grains remained below 4 mm.
Consequently, the sand removed at the plant can be used as aggregate for concrete making.
However, coarse fractions should be added to this sand if there are the specific requirements
for particular cement.

The use of sand recovered at the wastewater treatment plant, initially as waste, and af-
ter the cleaning processes, obtaining a valuable raw material from it, is a process that has
been used for many years and is quite widely described. An example may be the develop-
ment of sand for specific needs of municipal and communication construction (Warta SA
Czestochowa 2011; Borges et al. 2015). It should be remembered that in order to use such

Table 4.  Granulations in the different sand samples

Tabela 4. Ziarnisto$¢ w réznych probkach piasku

25% WWTP + 50% WWTP + 75% WWTP +
Parameter WWIP | WN +75% WN +50% WN +25% WN
Soil differential index (Cu) 1.84 2.17 2.14 1.86 1.86
Grain size curvature index (Cc) 1.02 0.89 1.02 0.96 1.03
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a recovered raw material as a building material, it must be analyzed in terms of strength,
porosity, densification ability, and in our climatic conditions, even frost resistance
(Bieniowski et al. 2020).

Very good results were obtained in quite unusual studies from the processing of techno-
logical waste from wastewater treatment plants and water treatment plants. As a result of au-
tothermal combustion in a fluidized bed furnace of mixtures of primary (high mineral) and
secondary sludge, with the addition of sludge from water treatment, ashes were obtained,
which were successfully used to create components of building materials used in road con-
struction (concrete blocks, curbs, road surface) (Intowge 2020).

Conclusions

Following the idea of sustainable development, wastewater treatment plants become the
water and raw material recovery plants that enable the minimization of the environmental
footprint (Szulc 2018). The reasonable use of resources is one of the solutions to environ-
mental problems as well as to the economic challenges of the Europe. However, this requires
giving up the linear economy based on the “production — consumption — disposal” model
and replacing it with a circular economy in which waste can be a source for the recovery of
various raw materials, including minerals. The economical use of raw materials can bring
significant savings and contribute to the reduction of greenhouse gases and other emissions,
including emission to water and soil (Pietrzyk-Sokulska 2016).

Sand is a raw material that can be recovered with mechanical treatment. However, such
recovery is not efficient at many sites, which limits its possibilities. The scale of the problem
can be illustrated by the fact that the Krakow—Plaszow WWTP removes over 3,000 tons
of sand each year. The current cost of its disposal (the price as in the tender documents) is
PLN 2,000 per ton. Legal regulations (sand has its waste code) also make matters difficult.
However, a higher efficiency of its accumulation, and a lower organic content have opened
possibilities of research on the use of this raw material e.g. in construction works.

In the Krakow—Ptaszow WWTP, due to the replacement of sand separation/washing
units, the amount of sand has significantly decreased resulting in real economic and en-
vironmental benefits. In addition, the quality of sand has improved significantly. In 2019,
approx. 4,265 Mg of sand was produced. The annual operation of new separators reduced
the amount of sand down to 3,054 Mg (2020), i.e. by approx. 28%. Once optimization of the
separation/washing process took place, a significant improvement in the sand quality was
observed (laboratory tests confirmed the reduction of organic compounds to below 3% of
dry weight). The leachability tests showed no environmental impact of this raw material. In
addition, sand removed in the treatment plant can become a useful product. Based on the
sand-grain analysis, it was proven that sand from the wastewater treatment plant can be used
as fine-grained aggregate in the production of concrete. Wastewater treatment plants can be
a good source of a sand fraction of 0—4 mm, with a variety of applications.
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CHARACTERISTICS OF SAND RECOVERED
FROM THE MUNICIPAL WASTEWATER TREATMENT PLANT

Keywords

circular economy, sand, grit chamber, sand separator, mineral resources

Abstract

This article investigates the possibilities of the recovery of raw materials at the Krakéw—Plaszow
municipal wastewater treatment plant (W WTP). The materials include sand coming with raw sewage
and delivered by septic tankers, after cleaning sewage systems. Following the Regulation of the Min-
ister of Climate (January 2020), sand from grit chambers is classified in the waste catalog as waste,
with the code of 19 08 02. (Journal of Laws of 2020, item 10). The purchase of very efficient units has
optimized the grit chamber operation and minimized the amount of waste generated as well as being
an odor nuisance. The paper presents a mass balance for sand collected at the WWTP. Due to the use
of new sand separators, the amount of this waste has been reduced by 28%. The paper presents the
sieve curves of sand collected at the wastewater treatment plant and during the cleaning of sewage
wells, as well as for sand mixtures. The sand mixture was prepared to allow some variations in the
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grain size characteristics of the sand. The graining differentiation indexes and curvature indexes were
calculated. In addition, in laboratory tests, the leachability of heavy metals and the content of dry
matter (DM) and dry mineral matter (DMM) were determined. The laboratory tests confirmed the
reduction of organic solids to a level below 3% of dry weight; the content of heavy metals remained
below the level of detection. The experiments confirmed that sand from the WWTP can be used as
fine-grained aggregate in the production of concrete.

CHARAKTERYSTYKA SUROWCOW ODZYSKIWANYCH
Z MIEJSKIEJ OCZYSZCZALNI SCIEKOW — PIASEK Z PIASKOWNIKOW

Stowa kluczowe

gospodarka o obiegu zamknigtym, oczyszczalnia §ciekow, piasek z piaskownikow

Streszczenie

W artykule przedstawiono mozliwosci odzysku surowcow z miejskiej oczyszczalni $ciekow
Krakéw—Ptaszow. Do surowcow tych zalicza si¢: piasek ze Sciekow doptywajacych miejska sieciag
kanalizacyjna oraz piasek z czyszczenia sieci kanalizacyjnej dowozony samochodami asenizacyjny-
mi. Zgodnie z rozporzadzeniem Ministra Klimatu ze stycznia 2020 r. w sprawie katalogu odpadow
(Dz.U. z 2020 r., poz. 10) piasek z piaskownikéw klasyfikowany jest jako odpad o kodzie 19 08 02.
Zastosowanie wysokosprawnych urzadzen pozwolito zoptymalizowaé pracg piaskownikow, zmini-
malizowa¢ ilo$¢ wytwarzanych odpadow, a takze zmniejszy¢ ich ucigzliwos$¢ zapachowa. W pracy
przedstawiono bilans ilosciowy piasku pochodzacego z oczyszczalni Sciekow. Dzigki zainstalowaniu
nowych separatoré6w zmniejszeniu ulegta ilo$¢ generowanego piasku o 36%. Przedstawiono krzywe
sitowe piasku pochodzacego z oczyszczalni §ciekdw i z procesu czyszczenia studzienek kanalizacyj-
nych oraz ich mieszaniny w ustalonych proporcjach. Mieszanie miato na celu zmiang charakterystyki
uziarnienia piasku. Obliczono wskazniki réznoziarnistoéci oraz wskazniki krzywizny uziarnienia.
Ponadto wykonano analizy laboratoryjne piasku, tj. badania wymywalnos$ci metali cigzkich oraz za-
wartosci suchej masy i suchej masy organicznej. Badania laboratoryjne potwierdzily skuteczno$¢
redukcji zwigzkéw organicznych do poziomu ponizej 3% suchej masy oraz warto$ci metali cigzkich
znajdowaly si¢ poza zakresem oznaczalno$ci. Na podstawie oceny sktadu ziarnowego oraz analiz
laboratoryjnych udowodniono, ze piasek z oczyszczalni $ciekéw moze by¢ wykorzystany jako kru-
szywo drobnoziarniste w produkcji betonu.
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