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Abstract

Mineral residues from wastewater may constitute potential secondary resources; however,
their heterogeneous composition and potential to release contaminants through leaching
require careful evaluation. This case study compared grit chamber (GC) waste and sewer
cleaning (SC) waste collected from a municipal wastewater management system, focusing
on their physicochemical properties, chemical composition, particle size distribution, and
leaching behavior. The tested materials were separated into coarse (>2 mm) and fine
(<2 mm) fractions and subsequently subjected to solid-phase analyses and leaching tests.
Both types of waste had similar median particle sizes (D50: 0.247 mm for GC and 0.230 mm
for SC) but differed considerably in chemical composition and leaching behavior. The coarse
GC fraction contained substantially more organic carbon (22.79%) than the fine fraction
(1.78%), whereas the fine fractions were enriched in SiO,. Sulfate concentrations in aqueous
extracts from GC reached 1511 mg/L, compared with 98.6-105 mg/L in extracts from SC.
Under the applied leaching conditions, the release of selected trace elements was limited.
The results indicate that particle size alone does not fully explain the observed differences
in contaminant distribution and release. Although SC waste exhibited relatively favorable
properties for raw material recovery, these findings are limited to the tested material batches
and laboratory conditions. Therefore, before material recovery is considered, detailed
characterization is necessary, taking into account waste origin, appropriate pretreatment,
and an environmental assessment tailored to the intended application.
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including sand, gravel, glass fragments, and other mineral matter, thereby protecting down-
stream equipment from abrasion, deposition, clogging, and operational failure [1,2]. Sewer
cleaning similarly generates heterogeneous materials consisting of mineral particles mixed
with organic matter and contaminants accumulated during wastewater transport. The
quantity and composition of these residues vary depending on catchment characteristics,
sewer system type, wastewater composition, hydraulic conditions, seasonal variability, and
the efficiency of grit separation and washing processes [1-3].

In conventional waste management practices, wastewater-derived mineral residues
are generally classified and managed as waste, commonly through disposal rather than
material recovery. However, the transition towards a circular economy promotes waste
prevention, preparation for reuse, recycling, and other forms of material recovery over
disposal [4]. Because these residues frequently contain a substantial proportion of sand-
sized mineral particles, they may represent an alternative source of mineral aggregate.
Previous studies have investigated their potential use in construction materials, including
in non-structural concrete and other cementitious composites, as soil backfill, and in road
embankments and earthworks [5-8]. Recovery of the mineral fraction could reduce both
the consumption of natural sand and the volume of waste requiring disposal. Neverthe-
less, satisfactory engineering properties alone do not ensure environmental safety. Any
proposed recovery or reuse pathway should also be supported by reliable information
on contaminant concentrations, organic matter content, and the mobility of potentially
hazardous substances under conditions involving contact with water.

During transport through sewer systems and prolonged contact with municipal
wastewater, mineral particles may accumulate organic matter, nutrients, trace elements, and
other contaminants. Sorption onto particle surfaces, association with iron and aluminium
oxides, incorporation into organic surface coatings, and precipitation or co-precipitation re-
actions may transform apparently inert mineral grains into secondary carriers of pollutants.
Sewer sediments have been reported to contain variable concentrations of Zn, Cu, Cr, Nj,
Pb, Cd, and other trace elements. These concentrations depend, among other factors, on
the type of sewer system, sampling location, and characteristics of the contributing catch-
ment [9]. The disturbance, excavation, reuse, or disposal of these materials may therefore
create pathways for contaminant transfer to soils, groundwater, and surface waters.

The total concentration of an element in a solid material is an important indicator of
contamination, but it does not directly determine the resulting environmental impact. The
associated risk depends largely on the chemical form of the contaminant and its suscepti-
bility to mobilization. Elements incorporated into stable mineral structures may exhibit
low leachability despite relatively high total concentrations, whereas smaller amounts
present in soluble, exchangeable, or weakly bound forms may be readily released into
water. Leaching tests therefore provide information complementary to bulk chemical anal-
ysis and are particularly important when assessing potential recovery or reuse options for
waste materials. Previous studies have also demonstrated the suitability of leaching tests
for assessing trace-element mobility in sewer sediments [9,10].

Particle size may be another important factor controlling contaminant distribution
and mobility. Fine particles generally have a higher specific surface area, greater surface
reactivity, and a higher capacity to bind metals and organic compounds than coarse mineral
grains. Fine sediment fractions may also contain higher proportions of clay minerals, iron
and manganese oxides, and organic matter, which provide active sorption sites [11,12].
Consequently, enrichment of certain trace elements in fine-grained fractions has frequently
been observed in soils and aquatic sediments [11,13]. However, this relationship cannot be
assumed to apply universally to wastewater-derived mineral residues. Coarse particles may
occur as organic—mineral aggregates or retain fibrous and biodegradable matter. Further-
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more, washing, drying, and sieving may disrupt composite particles or redistribute organic
surface coatings, thereby affecting the measured properties of individual fractions [3,14,15].
Contaminant distribution and release should therefore be evaluated separately for differ-
ent particle size fractions rather than predicted solely from the total composition of an
unfractionated sample.

Previous research has focused predominantly on the physical and hydraulic properties
of wastewater grit, grit-removal efficiency, the overall composition of recovered sand, or
the engineering feasibility of its reuse [1-3,5-8]. Other studies have investigated contam-
inant concentrations and trace-element leaching from sediments collected from sanitary,
stormwater, and combined sewer systems [9,10]. To the authors” knowledge, however,
direct comparisons between grit chamber residues and mineral materials recovered during
sewer cleaning remain scarce. In particular, limited attention has been paid to the combined
effects of material origin and particle size fraction on bulk chemical composition, organic
matter content, nutrient release, trace-element distribution, and leaching behaviour. This
knowledge gap limits the identification of fractions that are potentially suitable for recovery
and those that require additional treatment or controlled disposal.

Accordingly, the aim of this study was to evaluate the physicochemical properties,
chemical composition, and leaching behaviour of contaminants in wastewater-derived
mineral residues originating from two sources within an urban wastewater management
system: grit removed at a municipal wastewater treatment plant and mineral material
recovered during sewer cleaning. The materials were separated into coarse (>2 mm) and
fine (<2 mm) fractions and compared with the corresponding unfractionated materials and
with a reference sand. The assessment included particle size distribution, moisture content,
bulk density, organic matter indicators, including loss on ignition, oxide and trace-element
composition, and the physicochemical and chemical characteristics of aqueous extracts
obtained using a leaching test.

It was hypothesized that both material origin and particle size fraction would affect
contaminant distribution and release, and that the direction and magnitude of these effects
would depend on material composition. Fine fractions were expected to retain more
contaminants because of their higher specific surface area and potentially greater abundance
of reactive mineral phases, whereas coarse fractions containing organic—mineral aggregates
could retain substantial amounts of organic matter and associated contaminants. The aim
of this study was to determine whether particle size alone accounts for the distribution and
mobility of contaminants or whether material origin and organic and mineral composition
also contribute.

2. Materials and Methods
2.1. Study Site and Wastewater Treatment Plant

The study was conducted at a full-scale municipal wastewater treatment plant (WWTP)
serving a population equivalent (PE) of 137,500. The plant employs a conventional me-
chanical and biological treatment process with biological nutrient removal (BNR). The
treatment train consists of mechanical pre-treatment (pumping, coarse screening, grit re-
moval, and primary sedimentation), followed by a multi-stage activated sludge system
with nitrification, denitrification, and enhanced biological phosphorus removal (EBPR).
Following biological treatment, activated sludge is separated from the treated wastewater
in secondary clarifiers. The resulting effluent is subsequently discharged into the receiving
water body, while return activated sludge (RAS) is returned to the biological reactors.
A simplified process flow diagram of the WWTP is presented in Figure 1, showing the
locations at which the investigated mineral residues were generated and collected.
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Figure 1. Simplified process flow diagram of the WWTP showing the grit sampling location. The
schematic was generated with the assistance of artificial intelligence and subsequently reviewed and
verified by the authors.

The materials investigated comprised two types of wastewater-derived mineral
residues generated within the urban wastewater management system. The first mate-
rial consisted of grit collected from the aerated grit chambers of the WWTP (Figure 1),
where dense inorganic particles were separated from municipal wastewater during the me-
chanical treatment stage. The second material comprised mineral residues recovered from
sewer cleaning operations (Figure 2). Sewer sediments transported to the sludge receiving
station by vacuum sewer-cleaning vehicles were processed using a grit separator and
washer, in which the material underwent screening, hydraulic washing, organic matter re-
moval and dewatering. The resulting mineral fraction consisted predominantly of washed
sand and other dense inorganic particles with a substantially reduced organic content.

SLUDGE RECEIVING RECEIVING HOPPER DRUM WASHER GRIT SEPARATOR-WASHER DEWATERED MINERAL PARTICLE-SIZE
STATION + COARSE SCREEN (SCREENING) (WASHING + ORGANIC RESIDUES FRACTIONATION
MATTER REMOVAL)

SAMPLING LOCATION:

COARSE DEBRIS
(>10 mm)

Wastewater-derived mineral residues
collected after washing and dewatering
in the grit separator-washer.

Figure 2. Simplified sewer cleaning sediment processing flow diagram showing the mineral residue
sampling location. The schematic was generated with the assistance of artificial intelligence and
subsequently reviewed and verified by the authors.

Mineral residues generated during wastewater collection and treatment processes,
including grit removed from grit chambers and mineral materials recovered during sewer
cleaning, are commonly regarded as predominantly inert. However, prolonged contact with
municipal wastewater may promote the accumulation of trace metals, nutrients, organic
pollutants, and other contaminants on mineral particle surfaces. Consequently, despite
being regarded as inert, these materials may represent secondary sources of contaminant
release if reused or disposed of without appropriate characterization. Therefore, both
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types of wastewater-derived mineral residues were subjected to particle size fractionation,
physicochemical characterization, and the potential environmental release associated with
individual fractions.

Materials removed from grit chambers at the WWTP, as well as those generated during
sewer system cleaning (55C), are classified as waste under the applicable regulations. In
the system investigated, the material originating from the grit chambers was assigned
waste code 19 08 02—wastes from desanding—whereas the waste generated during sewer
cleaning was classified under code 19 08 99—wastes not otherwise specified [16,17]. This
classification establishes the formal and legal framework governing the subsequent man-
agement of these materials, including waste record-keeping, storage, transport, and the
selection of an appropriate recovery or disposal method.

According to data obtained from the wastewater treatment plant under study, from
January 2023 to June 2026, the monthly quantity of material removed from the grit chambers
ranged from 2.36 to 70.34 Mg, averaging 22.61 Mg per month. In comparison, the monthly
quantity of grit collected at the sludge receiving station and originating from sewer cleaning
operations ranged from 11.20 to 67.82 Mg, averaging 30.45 Mg per month. These substantial
quantities indicate that the recovered mineral residues could represent a valuable secondary
resource, provided that they meet the relevant technical and environmental requirements.

2.2. Materials

The study included unfractionated samples and their corresponding coarse and fine
fractions from both material streams: grit collected from the grit chambers of the wastewater
treatment plant under investigation and sand recovered during sanitary sewer cleaning
operations. In total, nine sample types were analysed under laboratory conditions. The
sample names and abbreviations used throughout this paper are presented in Table 1.

Table 1. Sample names and abbreviations used in the study.

Sample Origin Sample/Fraction Particle Size Abbreviation
Wastewater treatment plant grit chambers Raw sand Unfractionated GC-R
Wastewater treatment plant grit chambers Oven-dried sand (105 °C) Unfractionated GC-D
Wastewater treatment plant grit chambers Coarse fraction >2 mm GC-C
Wastewater treatment plant grit chambers Fine fraction <2mm GC-F
Sand from sewer cleaning Raw sand Unfractionated SC-R
Sand from sewer cleaning Oven-dried sand (105 °C) Unfractionated SC-D
Sand from sewer cleaning Coarse fraction >2 mm SC-C
Sand from sewer cleaning Fine fraction <2mm SC-F
Commercially available CEN standard Reference sand Standardized grading RS
sand (KWARCMIX, Poland) (EN 196-1) according to EN 196-1

Two sand samples, designated GC and SC, were investigated. The GC sample orig-
inated from the grit chamber and was characterised by a dark yellow colour and no dis-
tinctive odour (Figure 3a—d). The SC sample originated from the processed sewer-cleaning
residues. It had a slightly grey colour, no distinctive odour, and a relatively homogeneous
structure (Figure 3e-h). Reference sand (Figure 3i), consisting of standardised sand used in
construction testing, was analysed in parallel. It was characterised by a light-yellow colour,
a uniform composition, and no distinctive odour.
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Figure 3. Representative photographs of the investigated sand samples and their particle size
fractions: (a) GC-R, raw sand from the grit chambers; (b) GC-D, oven-dried sand (105 °C) from the
grit chambers; (¢) GC-C, coarse fraction (>2 mm) from the grit chambers; (d) GC-F, fine fraction
(<2 mm) from the grit chambers; (e) SC-R, raw sand from sewer cleaning; (f) SC-D, oven-dried sand
(105 °C) from sewer cleaning; (g) SC-C, coarse fraction (>2 mm) from sewer cleaning; and (h) SC-F,
fine fraction (<2 mm) from sewer cleaning; and (i) RS, reference sand.

Digital images of the investigated samples and their separated particle size fractions
were acquired using a Zeiss Stemi stereomicroscope equipped with an Axiocam digital
camera. Stereomicroscopic observations of the GC and SC samples were conducted to
qualitatively assess their composition, with particular emphasis on mineral, organic, and
anthropogenic constituents. Numerous quartz grains, fragments of organic matter, in-
cluding plant stems, seeds, and wood, as well as shell fragments, were observed in the
GC sample (Figure 4a—c). Anthropogenic constituents, including fragments of ceramics,
aluminium foil, and plastics, were also identified. Numerous quartz grains and fragments
of organic matter were also observed in the SC sample (Figure 4d—f), together with isolated
fragments of glass and plastics. Based on the visual assessment, the SC sample contained a
markedly lower proportion of visible organic and anthropogenic constituents than the GC
sample. The reference sample, consisting of standardised sand used in construction testing
(Figure 4g), was dominated by quartz grains, with only occasional organic inclusions. The
reference material was also more homogeneous and contained markedly fewer visible
foreign constituents than the GC and SC samples.
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Figure 4. Representative photographs of the investigated sand samples and their particle size
fractions: (a) GC-D, oven-dried sand (105 °C) from the grit chambers; (b) GC-C, coarse fraction
(>2 mm) from the grit chambers; (c¢) GC-F, fine fraction (<2 mm) from the grit chambers; (d) SC-D,
oven-dried sand (105 °C) from sewer cleaning; (e) SC-C, coarse fraction (>2 mm) from sewer cleaning;
and (f) SC-F, fine fraction (<2 mm) from sewer cleaning; (g) reference sand.

2.3. Methods and Sampling Fractionation

Samples of grit chamber (GC) residues and processed sewer-cleaning (SC) residues
were collected during a single sampling campaign at a wastewater treatment plant (WWTP).
The two materials were stored separately prior to sampling. Given their heterogeneous
nature, subsamples were collected from several spatially separated locations within each
residue batch to account for local variations in composition. The subsamples were combined
to obtain one composite sample for each material type.

The sampling strategy was designed to characterize the two residue batches present at
the facility at the time of collection. Because sampling was limited to a single campaign,
temporal and seasonal variations in residue composition were not assessed. The results
should therefore be interpreted as a comparative characterization of the investigated batches
rather than as a statistically representative assessment of the residue streams over time.

The composite samples were transported to the laboratory at the Silesian University
of Technology, where they were homogenized and their total moisture content was de-
termined [18]. The samples were subsequently dried in a laboratory oven at 105 °C until
constant mass was achieved. After cooling to room temperature, aggregates formed during
drying were gently disaggregated without deliberately crushing individual particles.

Drying was necessary to facilitate the subsequent disaggregation and separation of
the material by particle size. The moisture content of the raw residues hindered effective
sieving and separation into the <2 mm and >2 mm fractions. Drying was therefore adopted
as a sample-preparation step to enable a comparative assessment of contaminant leaching
from the individual particle size fractions.
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The dried materials were sieved through a 2 mm sieve to obtain two fractions: a
fine fraction (<2 mm), consisting of material passing through the sieve, and a coarse
fraction (>2 mm), consisting of material retained on the sieve. Each fraction was collected
separately and homogenized before further analyses. Analytical results were expressed on
a dry-mass basis.

For additional particle size characterization, sieve analysis was performed on the oven-
dried, unfractionated grit chamber residue (GC-D), oven-dried, unfractionated processed
sewer-cleaning residue (5C-D), and reference sand (RS). A series of sieves with nominal
aperture sizes ranging from 0.0125 to 31.5 mm was used. The cumulative percentage passing
through each sieve was calculated relative to the total mass of the analyzed sample [19].

The cumulative particle size distribution curves were used to determine the charac-
teristic particle diameters D10, D50, and D90, corresponding to cumulative mass passing
values of 10%, 50%, and 90%, respectively. These diameters were calculated by logarith-
mic interpolation between adjacent sieve apertures bracketing the respective cumulative
passing percentages.

This additional characterization enabled comparison of the particle size distributions
of the investigated materials and complemented their separation into fine (<2 mm) and
coarse (>2 mm) fractions.

The experimental procedure, comprising sample preparation, separation into particle
size fractions, and subsequent analytical evaluation, is shown in Figure 5.

Sampling of GC and SC materials

Y

Composite sample preparation and
homogenisation

v

Moisture determination

v

Oven drying at 105°C to constant
mass

v

Granulometric analvsis
[grain-size analysis)

¥
Sieving at 2 mm

|
y ¥

[ Coarse fraction (22 mm) ] [ Fine fraction (<2 mm) ]

I b
| i
g i
1 i i

1 Fhy choch_em{cal XEF analysis Leaching test :
i characterisation : :
| 1
5

| -

N —— - - - - ——

v

[ Analysisof aqueous extracts ]

Comparison of composition and contaminant mobility

Figure 5. Procedure for the experimental work.
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Laboratory determinations performed in replicate were used to assess analytical
repeatability. Given the sampling design and scope of the study, the results were interpreted
primarily descriptively, with particular emphasis on differences associated with material
source and particle size fraction.

The presence of humic substances in the investigated samples was determined in ac-
cordance with PN-EN 1744-1+A1:2013-05 [20]. The test was performed using a 3% sodium
hydroxide (NaOH) solution. The samples were mixed with the NaOH solution, thoroughly
shaken, and left at room temperature for 24 h. After this period, the colour of the solution
above the aggregate was visually assessed by comparison with the reference colour speci-
fied in the standard. On this basis, the presence of humic substances in the investigated
aggregates was evaluated qualitatively.

In the next stage of the study, the basic physicochemical properties of the investigated
materials were characterized. The analyses included the determination of total and an-
alytical moisture content, bulk density, degradable organic substances (DOS), and total
organic carbon (TOC). The loss on ignition (LOI) was determined at temperatures of 500
and 950 °C, using separate samples of each material. The determination at 500 °C was
carried out until a constant mass was obtained, in accordance with the procedure used
to assess the organic matter content, whilst at 950 °C the samples were calcined for 1 h.
For the physicochemical analyses, each sample was analysed in triplicate to minimize the
influence of gross errors and ensure the repeatability of the results. The physicochemical
parameters determined in this study are summarized in Table 2.

Table 2. Methods, standards, and equipment used for the physicochemical characterization of the
investigated materials [18,19,21-24].

Parameter (Unit)

No. of Standard/

Test Procedure Analytical Method Analytical Equipment

Total moisture content

ECOCELL laboratory drying oven with
natural air circulation, BMT Medical
Technology s.r.0., Brno-Zébrdovice,
Ceska republika

PN-EN ISO 21660-3:2021-08 Weight method

Particle size distribution of

Sieve analysis . . .
Y Standard test sieves, mechanical sieve

aggregates PN-EN 933-1:2012 (dry sieving,: gra'vimetric shaker, laboratory balance, drying oven
(% by mass) determination)
Analytical moisture content PN-EN ISO 18134-3:2023-12 Weight method RADWAG moisture analyzer, Poland
Organic matter content PN-Z-15011-3:2001 Weight method Laboratory Mu{;ﬂoeli?énace, CZYLOK,
Loss on ignition, LOI PN-EN 1744-1+A1:2013-05 Weight method Laboratory Muffle Furnace, CZYLOK,
Dry bulk density PN-EN 1097-3:2000 Gravimetric-volumetric Laboratgry }?alance, cghbrated
method cylindrical container

Degradable organic substances,
DOS

The method involves oxidation
PN ISO 14235:2003 with dichromate (VI) in a
sulfuric acid (VI) environment.

Burette, pipettes, Erlenmeyer flask,
analytical balance

Total organic carbon, TOC

The method involves oxidation
PN ISO 14235:2003 with dichromate (VI) in a
sulfuric acid (VI) environment.

Burette, pipettes, Erlenmeyer flask,
analytical balance

The chemical composition of the investigated materials was analysed by X-ray fluores-
cence (XRF) at the Department of Applied Geology at the Silesian University of Technology.
Measurements were performed using an 52 PUMA spectrometer (Bruker Corporation,
Billerica, MA, USA). The material was prepared for analysis in the form of pressed pellets
produced by compressing the powdered samples under a load of 20 t. To ensure adequate
pellet cohesion, Licowax C (PD Instruments, Toszek, Poland) was added at a binder-to-
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sample ratio of approximately 1:10 (w/w). The XRF measurements were conducted under
vacuum conditions.

Loss on ignition (LOI) was determined gravimetrically as the difference in sample
mass before and after ignition at 950 °C for 60 min.

Batch leaching tests were conducted using demineralized water at a liquid-to-solid
ratio (L/S) of 10 L/kg of dry matter and a contact time of 24 h. The experimental proce-
dure was based on the general principles of PN-EN 12457-2:2006 [25] and PN-EN 12457-
4:2006 [26], which specify one-stage batch leaching tests for materials with particle sizes
below 4 mm and 10 mm, respectively. Prior to leaching, the GC and SC materials were
oven-dried at 105 °C and separated into fine (<2 mm) and coarse (>2 mm) fractions. The
fine fractions (GC-F and SC-F) met the particle size criterion specified in PN-EN 12457-
2:2006, whereas the coarse fractions (GC-C and SC-C) were tested with reference to PN-EN
12457-4:2006. The coarse fractions were tested without additional crushing or grinding
to preserve their original particle structure as far as possible. After 24 h of contact, the
suspensions were filtered using paper filters rather than the 0.45 um membrane filters
specified in the referenced standards. Therefore, the applied procedure should be regarded
as a modified batch leaching test based on PN-EN 12457-2:2006 and PN-EN 12457-4:2006,
rather than a test fully compliant with these standards. Supplementary particle size anal-
ysis of the unfractionated materials showed that all particles passed through the 8§ mm
sieve. However, these results do not independently confirm the particle size distribution
of the specific aliquots used in the leaching tests. The resulting aqueous extracts were
subjected to physicochemical and chemical analyses (Table 3). The results were interpreted
as comparative indicators of constituent release under the applied laboratory conditions.

For supplementary environmental interpretation, the concentrations measured in the
aqueous extracts were compared with selected reference values specified in the Regula-
tion of the Polish Minister of Maritime Economy and Inland Navigation of 12 July 2019
concerning substances particularly harmful to the aquatic environment and conditions for
wastewater discharge into waters or the ground [27]. This comparison was used solely as
an indicative benchmark to provide additional context for the concentrations of selected
constituents released under laboratory leaching conditions. The aqueous extracts obtained
in the batch leaching tests are not equivalent to wastewater effluents, and the referenced
discharge limits are not regulatory acceptance criteria for waste recovery or reuse. Conse-
quently, exceedances of these values were not interpreted as evidence of non-compliance
with requirements for material recovery.

Table 3. Analysed parameters, analytical methods, and equipment used in the study [28-39].

Parameter (Unit)

No. of Standard/

Test Procedure Analytical Method Analytical Equipment

pH ()

SensION meter + MM150 DL

PN-EN ISO 10523:2012 Potentiometric (Hach®, Loveland, CO, USA)

Total suspended solids, TSS (mg

TSS/L)

Photometric method at a
Hach Method 8006 wavelength of 810 nm and
measurement range 5-750 mg/L

Spectrophotometer DR 3900
(Hach®, Loveland, CO, USA)

Chemical oxygen demand, COD (mg

0,/L)

Spectrophotometer DR 3900

PN ISO 15705:2005 Spectrophotometric (Hach®, Loveland, CO, USA)

Five-day biochemical oxygen demand,

BODs
(mg O2/L)

PN-EN ISO 5815-1:2019-12
and DIN EN 1899-2

WTW, Xylem Analytics Germany

Respirometric method OxiTop® GmbH, Weilheim, Germany

Chlorides (mg C1~ /L)

Burette, pipettes,
Erlenmeyer flask,
analytical balance

Classical, argentometric

PN-ISO 9297:1994 (precipitation) method
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Table 3. Cont.

Parameter (Unit)

No. of Standard/
Test Procedure

Analytical Method

Analytical Equipment

Sulfates (mg S042~ /L)

Analytical procedure
according to Hach, using
LCK153 and LCK353
cuvette tests

Spectrophotometric method with
barium chloride

Spectrophotometer DR 3900
(Hach®, Loveland, CO, USA)

Total nitrogen (mg N /L)

PN-EN ISO 11905-1

Spectrophotometric

Spectrophotometer DR 3900
(Hach®, Loveland, CO, USA)

Total organic carbon, TOC (mg

PN-EN 1484:1999

Catalytic oxidative combustion at

TOC-L series analyzer (Shimadzu,

TOC/L) 680 °C Japan)
Total carbon, TC (mg TC/L) PN-EN 1484:1999 Catalytic ox1dat1voe combustionat ~ TOC-L series analyzer (Shimadzu,
680 °C Japan)
Inorganic carbon, IC . . Catalytic oxidative combustion at ~ TOC-L series analyzer (Shimadzu,
(mg IC/L) PN-EN 1484:1999 680 °C Japan)
Phosphorus (mg PO~ /L) PN-EN ISO 6878:2006 Spectrophotometric Spectrophotometer DR 3900

(Hach®, Loveland, CO, USA)

Fluorides (mg F~ /L)

REF 918142, Test 1-42

Photometric method

NANOCOLOR®
spectrophotometer VIS

Arsenic (mg As/L), Barium (mg
Ba/L), Cadmium (mg Cd/L),
Chromium (mg Cr/L), Copper (mg
Cu/L), Mercury (mg Hg/L),
Molybdenum
(mg Mo/L), Nickel (mg Ni/L), Lead
(mg Pb/L), Antimony (mg Sb/L),
Selen (mg Se/L), Zinc (mg Zn/L),
Cobalt (mg Co/L), Manganese (mg
Mn/L), Sodium (mg Na/L), Calcium
(mg Ca/L), Potassium
(mg K/L)

PN-EN ISO 11885:2009

Inductively coupled plasma
optical emission spectroscopy
method (ICP-OES)

Spectrophotometer Agilent 5800
(Agilent Technologies, Santa
Clara, CA, USA)

To quantitatively assess element release and retention relative to the total element

content in the solid phase, the leached fraction (LF) was calculated [25,26].

LF; =

Ci,e X (L/S)
Ci,s

x 100%

The leached fraction for element i (LF;) was calculated using Equation (1):

where:

C; .—concentration of element i in the aqueous extract [mg/L];

C; s—concentration of element i in the solid material [mg/kg];

(L/S)—liquid-to-solid ratio applied during the leaching process, equal to 10 L/kg.

The LF values represent the proportion of the total solid-phase content of each element
released into the aqueous extract under the specified batch-leaching conditions. They were
used to compare the relative release of selected elements across the investigated materials
and particle size fractions.

2.4. Al Tool Disclosure

Figures 1 and 2 were prepared with the assistance of ChatGPT (OpenAl), based on
descriptions of the technological processes provided by the authors. The Al-generated
schematics were subsequently reviewed and verified by the authors to ensure their technical
accuracy and consistency with the actual processes investigated in this study.
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3. Results

The cumulative particle size distribution curves of the grit chamber residue (GC-D),
processed sewer-cleaning residue (SC-D), and reference sand (RS) are presented in Figure 6.
The characteristic particle diameters D10, D50, and D90 are summarised in Table 4.

=~GC-D -0-SC-D -B-RS

0

0.0125 0.063 0.125 0.25 0.5 1 2 1 8 16 31.5

Sieve aperture [mm]

Figure 6. Cumulative particle size distribution curves of grit chamber residues (GC-D), processed
sewer-cleaning residues (5C-D), and reference sand (RS).

Table 4. Characteristic particle diameters of the investigated materials determined from cumulative
particle size distribution curves.

Sample D10 (mm) D50 (mm) D90 (mm)
GC-D 0.128 0.247 0.821
SC-D 0.126 0.230 1.056

RS 0.162 0.770 1.680

The GC-D and SC-D materials exhibited broadly similar particle size distributions,
particularly within the finer particle size range. The median particle diameters (D50)
were 0.247 mm for GC-D and 0.230 mm for SC-D, while the D10 values were 0.128 and
0.126 mm, respectively. These results indicate that the two wastewater-derived residues
had comparable characteristic particle sizes within the finer and central portions of their
particle size distributions.

More pronounced differences were observed in the coarser portion of the distributions.
The D90 value was 0.821 mm for GC-D and 1.056 mm for SC-D, indicating that the upper
part of the SC-D particle size distribution extended towards larger particle sizes. At a sieve
aperture of 0.5 mm, the cumulative percentages passing were approximately 82.0% for
GC-D and 79.5% for SC-D.

The reference sand exhibited a distinctly coarser particle size distribution. Its D10, D50,
and D90 values were 0.162, 0.770, and 1.680 mm, respectively. Only approximately 32.4%
of the reference sand passed through the 0.5 mm sieve, compared with approximately 80%
of both wastewater-derived residues.
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Overall, the detailed sieve analysis revealed similar median particle diameters for
GC-D and SC-D, with differences in the coarser portions of their distributions. These
findings provide a more detailed basis for interpreting the physicochemical characteristics
and leaching behaviour of the investigated materials.

Figure 7a—f presents the results of the visual assessment of humic substance content in
the investigated samples and their separated particle size fractions. The solutions obtained
from the GC-D, GC-C, and GC-F samples exhibited markedly darker colouration than
those obtained from the corresponding SC-D, SC-C, and SC-F samples. These differences
may indicate a higher humic substance content in the grit chamber residues. The solutions
obtained from the SC samples were lighter in colour, suggesting a lower humic substance
content than in the GC samples. Differences in colour intensity were also observed among
the individual particle size fractions. Among the samples analysed, the solution obtained
from SC-F exhibited the lightest colouration, which, within the limitations of the visual

assessment applied, may indicate the lowest humic substance content.

Figure 7. Visual assessment of humus content in the analysed sand samples: (a) GC-D, oven-dried
sand (105 °C) from the grit chambers; (b) GC-C, coarse fraction (>2 mm) from the grit chambers;
(c) GC-F, fine fraction (<2 mm) from the grit chambers; (d) SC-D, oven-dried sand (105 °C) from
sewer cleaning; (e) SC-C, coarse fraction (>2 mm) from sewer cleaning; and (f) SC-F, fine fraction
(<2 mm) from sewer cleaning.

Loss on ignition (LOI) was determined at 500 and 950 °C using separate samples of
each material under investigation (Figure 8). At 500 °C, samples were heated to constant
mass, following the procedure used to assess organic matter content, whereas separate sam-
ples were heated at 950 °C for 1 h. Consequently, the results obtained at both temperatures
represent independent measurements and should not be interpreted as successive stages of
thermal treatment of the same sample.
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M Loss on Ignition M Residue after ignition
SC-F I —
SC-C
SC-D | —
GC-F I ——
GC-C I
GC-D
RS I —————
0 10 20 30 40 50 60 70 80 90 100
Mass fraction, %
(a)
B Loss on Ignition B Residue after ignition
SC-F I
SC-C I ———
SC-D E—
GCF
GC-C I —
GC-D TS
RS —
0 10 20 30 40 50 60 70 80 90 100
Mass fraction, %
(b)

Figure 8. Loss on ignition (LOI) of the tested materials, determined independently using sepa-
rate sample portions under the following conditions: (a) 500 °C until constant mass was reached;
(b) 950 °C for 1 h.

At 500 °C, the LOI values for the GC materials ranged from 25.67% for GC-D to 59.33%
for GC-C, whilst GC-F showed a value of 30.25% (Figure 8a). Substantially lower values
were obtained for the SC materials, ranging from 1.59% for SC-F to 4.84% for SC-C. The
reference sand had an LOI of 0.09%.

At 950 °C, the highest loss on ignition (LOI) was again recorded for GC-C (56.98%),
followed by GC-D (41.85%), whilst GC-F showed a substantially lower value of 4.18%
(Figure 8b). In the case of the SC material, the highest LOI value was observed for SC-C
(11.54%), whilst SC-D and SC-F showed values of 3.78% and 1.35%, respectively. In contrast,
the reference sand showed an LOI of 0.29%.

The physicochemical properties of the materials varied depending on both their source
and particle size fraction (Table 5). The highest total organic carbon (TOC) content, 22.79%,
was recorded in the coarse fraction of the grit chamber residues (GC-C). This fraction also
exhibited the highest degradable organic substances (DOS) content, at 48.48%. In the fine
fraction of this material (GC-F), the TOC and DOS contents were considerably lower, at
1.78% and 3.79%, respectively. These results demonstrate marked compositional differences
between the GC-C and GC-F fractions, consistent with their respective loss on ignition
(LOI) values at 950 °C of 56.98% and 4.18%.
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Table 5. Basic physicochemical properties of the investigated materials.
Substance Name GC-D GC-C GC-F SC-D SC-C SC-F RS

Total moisture content, % 13.50 n/a? n/a? 2.98 n/a? n/a? n/a?

Analytical moisture content, % n/a? 4.41 0.66 n/a? 0.77 0.46 0.33

Dry bulk density (pn), kg/m3 1330 1041 1333 1350 393 1350 1329
Degradable organic substances (DOS), % 3.79 48.48 3.79 8.85 8.03 <LOQ!  <LOQ!
Total organic carbon (TOC), % 1.78 22.79 1.78 2.75 3.77 <LOQ! <LOQ!

Note(s): 1 <LOQ—below the limit of quantification. 2 n/a—not applicable.

The differences between the fractions of the processed sewer-cleaning residues were
less pronounced. In the SC-C fraction, the TOC and DOS contents were 3.77% and 8.03%,
respectively, whereas the values of both parameters were below the limit of quantification
(<LOQ) in the SC-F fraction. The SC-C fraction had a considerably lower dry bulk density
(393 kg/ m?) than the values measured for the SC-F fraction (1350 kg/ m?) and the reference
sand (RS; 1329 kg/m?). The results indicate that particle size separation of the GC and SC
materials yielded fractions that differed in organic matter content and physical properties.
These differences, particularly those related to organic matter content, may affect the
behaviour of the materials upon contact with water. Organic matter may influence element
sorption and mobility and, consequently, element release into the aqueous phase.

The chemical composition varied markedly among the samples analysed (Table 6).
510, was the predominant oxide, with contents ranging from 30.59% in the GC-C sample to
86.73% in the SC-F sample, while the reference sand (RS) contained approximately 93% SiO;.
Clear differences were also observed between the individual particle size fractions. For
both residue types, the fine fractions (<2 mm) contained more SiO, than the corresponding
coarse fractions (>2 mm). This difference was particularly pronounced in the grit chamber
residues, with SiO; contents of 75.13% in GC-F and 30.59% in GC-C. The inverse pattern
was observed for loss on ignition (LOI) at 950 °C, with considerably higher values in
the coarse fractions. The highest LOI value was recorded for GC-C (56.98%), whereas
GC-F exhibited a value of only 4.18%. A similar, although less pronounced, difference
was found between SC-C (11.54%) and SC-F (1.35%). These results demonstrate that the
composition of the materials varied substantially with particle size fraction, particularly
in the grit chamber residues. Several trace elements of potential environmental concern,
including Cr, Ni, Zn, As, Cd, W, and Pb, were detected in the materials analysed. The
highest concentrations measured in the waste-derived samples were 854 mg/kg for Cr,
1272 mg/kg for Zn, and 568 mg/kg for W, while Pb concentrations ranged from 56 to
89 mg/kg. Differences in the concentrations of individual elements were observed both
between the two materials and among their respective particle size fractions. It should be
emphasised that the total concentration of an element in a material does not alone determine
the associated potential environmental impact; this also depends on the element’s mobility
and susceptibility to release upon contact with water. Therefore, the observed differences in
elemental composition provide an important basis for interpreting the leaching test results.

Table 6. Chemical composition of the unfractionated dried sand samples, their particle size fractions,
and the reference sand.

Chemical Component GC-D GC-C GC-F SC-D SC-C SC-F RS
Major components (wt. %)

Sodium oxide (NayO) 0.01 <LOQ! 0.14 0.03 0.74 0.20 0.40

Magnesium oxide (MgO) 0.44 0.28 0.63 1.10 3.86 0.84 0.19

Aluminium oxide (Al,O3) 2.51 1.18 4.89 5.94 6.00 4.65 4.10
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Table 6. Cont.

Chemical Component GC-D GC-C GC-F SC-D SC-C SC-F RS

Silicon dioxide (SiO5) 39.37 30.59 75.13 80.74 55.53 86.73 93.00
Phosphorus pentoxide (P,Os) 2.14 1.42 2.15 0.29 0.65 0.20 <LOQ!

Sulfur trioxide (SO3) 6.40 3.58 3.90 0.67 1.12 0.42 0.04

Potassium oxide (K,O) 0.63 0.31 1.17 1.30 0.94 1.11 1.10

Calcium oxide (CaO) 3.57 3.50 4.72 2.73 11.76 2.06 0.17

Titanium dioxide (TiO5) 0.14 0.12 0.19 0.24 0.33 0.16 0.07

Manganese (II) oxide (MnO) 0.03 0.03 0.05 0.07 0.31 0.05 0.01

Iron (IIT) oxide (Fe,O3) 2.70 1.85 242 2.67 6.92 2.06 0.46
Chlorine (Cl) 0.03 0.04 0.24 0.01 0.02 0.01 <LOQ!

Trace elements (mg/kg)

Vanadium (V) <LOQ! <LOQ! <LOQ! <LOQ! 14 <LOQ! 4.63

Chromium (Cr) 355 168 854 430 638 462 98.7

Nickel (Ni) 147 79 82 100 115 123 414

Copper (Cu) <LOQ! <LOQ! 175 <LOQ! <LOQ! <LOQ! 2.08

Zinc (Zn) 570 413 465 396 1272 324 2.68
Arsenic (As) 5 <LOQ! <LOQ! 11 24 7 <LOQ!
Bromine (Br) <LOQ! 1 <LOQ! <LOQ! <LOQ! <LOQ! <LOQ!
Rubidium (Rb) 16 15 20 36 29 25 <LOQ!

Strontium (Sr) 132 231 133 140 212 102 0.01
Yttrium (Y) <LOQ! <LOQ'! <LOQ! 6 <LOQ! 1 <LOQ!
Zirconium (Zr) 66 68 52 73 99 58 <LOQ!

Barium (Ba) <LOQ! 53 <LOQ! <LOQ! <LOQ! <LOQ! 0.03
Cadmium (Cd) <LOQ! <LOQ! <LOQ! <LOQ! 57 <LOQ! <LOQ!
Tungsten (W) 419 158 <LOQ! 367 293 568 <LOQ!

Lead (Pb) 71 56 78 89 61 60 432

Loss on ignition (LOI), % 41.85 56.98 4.18 3.78 11.54 1.35 0.29

Note(s): 1 <LOQ—Dbelow the limit of quantification.

The differences in chemical composition among the individual samples are also re-
flected in the X-ray fluorescence (XRF) spectra presented in Figure 9. The spectra are
dominated by characteristic Si peaks, accompanied by signals attributed to Al K, Ca, Tj,
Mn, and Fe. Differences in peak intensities among the samples are consistent with the
variations in chemical composition presented in Table 6.

Table 7. Physicochemical properties and chemical composition of the aqueous extracts obtained from
the investigated materials.

Indicative
Parameter GC-D GC-C GC-F SC-D SC-C SC-F RS Wastewater Discharge
Reference Value [27]
pH, - 7.0 6.8 7.3 8.6 7.0 6.9 8.9 6.5-9.0
Total suspended solids (TSS), mg/L 24 235 11 18 10 11 32 35
Chemical oxygen demand (COD), mg/L 246 353 345 263 43 21 5.75 125
Five-day biochemical oxygen demand 1
y (BODs), me /ng 28 170 130 25 13 6 <LOQ 25
Chlorides (C17), mg/L 50.69 47.00 69.12 9.22 7.59 <LOQ!' <LOQ! 1000
Sulphates (SO427), mg/L 1348.00 400.00 1511.00 105.00 98.60 99.70 2.88 500
Sulfur (S), mg/L 484.00 123.00 674.00 27.00 19.70 21.30 0.60 ng 2
Total nitrogen (TN), mg/L 0.56 52.40 17.90 3.68 3.56 1.55 1.05 10
Total organic carbon (TOC), mg/L 116.20 208.70 100.50 5.05 2.59 4.78 1.92 30
Total carbon (TC), mg/L 120.10 215.10 104.50 13.05 5.57 9.61 9.29 ng 2
Inorganic carbon (IC), mg/L 3.85 6.34 3.97 7.99 2.98 4.82 7.37 ng?
Phosphate (PO437), mg/L 3.29 5.27 2.72 0.17 0.27 0.19 0.11 ng?
Phosphorus (P), mg/L 1.07 1.72 0.88 0.06 0.09 0.06 0.04 1
Potassium (K), mg/L 20.30 19.30 21.00 1.34 1.82 0.99 043 80
Magnesium (Mg), mg/L 13.50 13.50 13.50 2.84 3.54 2.24 0.51 ng?
Calcium (Ca), mg/L 418.00 117.00 419.00 38.10 32.50 34.20 5.27 ng?
Sodium (Na), mg/L 22.00 20.60 21.10 2.54 4.40 2.03 0.77 800
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Table 7. Cont.
Indicative
Parameter GC-D GC-C GC-F SC-D SC-C SC-F RS Wastewater Discharge
Reference Value [27]
Fluoride (F~), mg/L 1.26 0.79 0.40 <LOQ'! 0.55 0.37 0.13 25
Barium (Ba), mg/L 0.04 0.11 0.05 0.05 0.04 0.05 0.02 2
Silicon (Si), mg/L 12.07 22.74 14.06 3.76 6.30 237 2.02 ng 2
Aluminium (Al), mg/L 0.04 0.21 0.03 0.01 0.01 0.04 0.63 3
Antimony (Sb), mg/L <LOQ! <LOQ! 0.005 <LOQ!' <LOQ! <LOQ!' <LOQ! 0.3
Arsenic (As), mg/L <LOQ! 0.003 <LOQ! <LOQ!' <LOQ! <LOQ!' <LOQ! 0.1
Beryllium (Be), mg/L <LOQ! <LOQ! <LOQ! <LOQ!' <LOQ! <LOQ!' <LOQ! 1
Boron (B), mg/L 0.11 0.14 0.10 0.01 0.02 <LOQ! <LOQ! 1
Zinc (Zn), mg/L 1.22 0.14 1.66 0.10 0.02 0.02 0.002 2
Copper (Cu), mg/L 0.05 0.07 0.03 0.006 0.01 0.007 0.002 0.5
Lead (Pb), mg/L <LOQ! <LOQ! 0.004 <LOQ! <LOQ! <LOQ! <LOQ! 0.5
Cadmium (Cd), mg/L 0.002  <LOQ'! 0.003 <LOQ!' <LOQ! <LOQ! <LOQ'! ng 2
Chromium (Cr), mg/L 0.003 0.006 0.003 <LOQ! <LOQ! <LOQ! 0.001 0.1
Cobalt (Co), mg/L 0.02 0.01 0.02 <LOQ! <LOQ!' <LOQ! <LOQ!? 1
Manganese (Mn), mg/L 2.34 0.46 1.99 0.09 0.12 0.11 0.005 ng?
Molybdenum (Mo), mg/L 0.004 0.01 0.005 0.002 0.002 0.002 <LOQ! 1
Iron (Fe), mg/L 0.86 5.06 0.99 0.01 0.02 0.06 0.27 10
Nickel (Ni), mg/L 0.24 0.12 0.29 0.008 0.007 0.004 <LOQ! 0.5
Mercury (Hg), mg/L <LOQ! <LOQ! <LOQ! <LOQ! <LOQ! <LOQ! <LOQ! 0.03
Lanthanum (La), mg/L <LOQ! <LOQ! <LOQ! <LOQ' <LOQ! <LOQ!' <LOQ! ng?
Lithium (Li), mg/L 0.01 0.008 0.01 0.003 0.005 0.002 <LOQ! ng 2
Titanium (Ti), mg/L 0.003 0.021 <LOQ! <LOQ' <LOQ! 0.002 0.03 1
Selenium (Se), mg/L <LOQ! <LOQ! 0.003 <LOQ! <LOQ! <LOQ!' <LOQ! 1
Strontium (Sr), mg/L 212 0.64 2.36 <LOQ! <LOQ' <LOQ! <LOQ'! ng 2
Tungsten (W), mg/L 0012  <LOQ! <LOQ! <LOQ! <LOQ!' <LOQ! <LOQ! ng 2
Vanadium (V), mg/L <LOQ! <LOQ! 0.01 <LOQ! <LOQ! <LOQ! 0.002 2

Sik

40000
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Note(s): 1 <LOQ—below the limit of quantification. 2 ng—no guidelines.
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Figure 9. XRF spectra of the analysed sand samples: (a) GC-D, oven-dried sand (105 °C) from the grit
chambers; (b) GC-C, coarse fraction (>2 mm) from the grit chambers; (c) GC-F, fine fraction (<2 mm)
from the grit chambers; (d) SC-D, oven-dried sand (105 °C) from sewer cleaning; (e) SC-C, coarse
fraction (>2 mm) from sewer cleaning; and (f) SC-F, fine fraction (<2 mm) from sewer cleaning.
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Table 7 presents the physicochemical characteristics and chemical composition of the
aqueous extracts obtained from the investigated materials. For additional context, selected
results were compared with indicative reference values derived from Polish wastewater dis-
charge regulations [27]. These reference values were used solely for comparative purposes
and were not considered regulatory limits applicable to waste leachates.

The pH values of the aqueous extracts ranged from 6.8 to 8.9. Clear differences between
the GC and SC materials were observed in the concentrations of organic constituents. In
the GC extracts, chemical oxygen demand (COD) ranged from 246 to 353 mg/L, exceeding
the indicative reference value of 125 mg/L. Total organic carbon (TOC) concentrations
ranged from 100.5 to 208.7 mg/L and were higher than the reference value of 30 mg/L.
The highest TOC concentration was observed in GC-C. The five-day biochemical oxygen
demand (BODs) values for GC-D, GC-C, and GC-F extracts were 28, 170, and 130 mg/L,
respectively, compared with the indicative reference value of 25 mg/L.

The SC extracts generally exhibited lower concentrations of organic constituents. TOC
concentrations ranged from 2.59 to 5.05 mg/L, while BODs ranged from 6 to 25 mg/L.
However, COD in SC-D reached 263 mg/L, exceeding the indicative reference value. These
results indicate differences in the release of organic constituents between the investigated
residue streams under the applied laboratory conditions.

Sulphate concentrations were also higher in the GC extracts. They reached 1348 mg/L
in GC-D and 1511 mg/L in GC-F, compared with the indicative reference value of 500 mg/L,
while the concentration in GC-C was 400 mg/L. In the SC extracts, sulphate concentrations
were substantially lower, ranging from 98.6 to 105 mg/L. The GC extracts also exhib-
ited higher concentrations of several dissolved mineral constituents, including calcium,
magnesium, sodium, and potassium.

Total nitrogen concentrations exceeded the indicative reference value of 10 mg/L
in GC-C and GC-F, reaching 52.4 and 17.9 mg/L, respectively. The remaining samples
exhibited concentrations ranging from 0.56 to 3.68 mg/L. Phosphorus concentrations were
slightly higher than the indicative reference value of 1 mg/L in GC-D and GC-C, reaching
1.07 and 1.72 mg/L, respectively.

The concentrations of the investigated trace metals were generally low relative to their
corresponding indicative reference values. The highest Zn concentrations were recorded in
GC-F (1.66 mg/L) and GC-D (1.22 mg/L), compared with the reference value of 2 mg/L.
Similarly, the measured concentrations of Cr, Cu, Pb, Ni, and Fe remained below the
corresponding reference values adopted for comparison.

Opverall, the aqueous extracts from GC materials generally contained higher concentra-
tions of organic constituents, sulphates, and selected nutrients than those obtained from SC
materials. These differences highlight constituents that may require particular attention
in further environmental assessments. However, comparisons with wastewater discharge
reference values do not establish whether the investigated materials meet the requirements
for any specific recovery application. Despite the relatively high contents of some metals in
the solid materials, their concentrations in the aqueous extracts were low.

The relationship between the total content of selected trace elements in the solid
materials and their release into aqueous extracts was evaluated using the leached fraction
(LF) (Table 8). Calculations were performed for elements quantified in both the solid phase
and the corresponding aqueous extracts. The LF values ranged from approximately 0.004%
to 3.570%, indicating that only a relatively small proportion of the total content of the
investigated elements was released under the applied batch-leaching conditions.
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Table 8. Leached fraction (LF) of selected trace elements under the applied batch-leaching conditions.

Samole Element Solid-Phase Concentration, Extract Concentration, Leached Fraction,

P C; s (mg/kg) Ci,c (mg/L) LF (%)

Cr 355 0.003 0.008

Ni 147 0.240 1.633

GCD Zn 570 1.220 2.140
W 419 0.012 0.029

Cr 168 0.006 0.036

GC-C Ni 79 0.120 1.519
Zn 413 0.140 0.339

Cr 854 0.003 0.004

Ni 82 0.290 3.537

GC-F Zn 465 1.660 3.570
Cu 175 0.030 0.171

Pb 78 0.004 0.051

Ni 100 0.008 0.080

SC-D Zn 39 0.100 0.253
Ni 115 0.007 0.061

sC-C Zn 1272 0.020 0.016
Ni 123 0.004 0.033

SC-F Zn 324 0.020 0.062

The highest relative release was observed for Zn and Ni in the fine grit chamber
fraction (GC-F), with LF values of 3.570% and 3.537%, respectively. Lower values were
recorded in the unfractionated grit chamber material (GC-D), reaching 2.140% for Zn and
1.633% for Ni. In the coarse grit chamber fraction (GC-C), the corresponding LF values
were 0.339% and 1.519%, respectively.

Chromium exhibited particularly low LF values. Although the GC-F fraction contained
the highest solid-phase Cr concentration (854 mg/kg), its LF value was only approximately
0.004%. Similarly low values were obtained for GC-D (0.008%) and GC-C (0.036%), indicat-
ing limited Cr release under the applied test conditions.

The processed sewer-cleaning residues generally exhibited lower relative release of
Ni and Zn than the corresponding grit chamber residues. The LF values for Zn ranged
from 0.016% in SC-C to 0.253% in SC-D, while those for Ni ranged from 0.033% in SC-F to
0.080% in SC-D. Notably, SC-C contained the highest solid-phase Zn concentration among
the analysed materials (1272 mg/kg), but only approximately 0.016% of this content was
released during the leaching test.

Overall, these results indicate that the total content of a trace element in the solid phase
does not necessarily correspond to its relative release into the aqueous phase. The observed
differences emphasize the importance of considering both solid-phase composition and
leaching behaviour when assessing the investigated materials.

4. Discussion

The results indicate that the environmental behaviour of wastewater-derived mineral
residues is associated not only with their particle size characteristics but also with their
origin, composition, and previous processing. Although the investigated GC and SC
materials exhibited broadly similar particle size characteristics, substantial differences were
observed in their physicochemical properties and leaching behaviour. The predominance
of SiO,, particularly in the fine fractions, indicates the predominantly mineral nature
of these materials may warrant further investigation as potential substitutes for natural
aggregates [5-8]. However, their suitability for recovery cannot be established on the
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basis of chemical composition alone and requires additional technical and environmental
assessment. Compared with GC-F, the coarse grit chamber fraction (GC-C) exhibited a lower
5iO; content, higher solid-phase contents of total organic carbon (TOC) and degradable
organic substances (DOS) contents, and substantially higher loss on ignition (LOI) at 500 °C.
Together, these findings indicate a markedly higher proportion of organic matter in the
coarse GC fraction. This pattern may be associated with the presence of organic-mineral
aggregates rather than mineral grains alone, as similar composite particles have previously
been reported in grit chamber residues [3].

The detailed particle size characterization provides additional insight into the relation-
ship between particle size and the composition of wastewater-derived mineral residues.
The GC-D and SC-D materials exhibited similar median particle diameters (D50) of 0.247
and 0.230 mm, respectively, although differences were observed in the coarser portions of
their particle size distributions, as reflected by D90 values of 0.821 and 1.056 mm. Despite
these similarities in particle size characteristics, the two materials differed substantially
in their chemical composition, organic matter indicators, and leaching behaviour. These
observations suggest that particle size distribution alone is insufficient to explain the differ-
ences in the environmental behaviour of the investigated residues. Other factors, including
material heterogeneity and previous processing, may also contribute. In particular, the SC
material underwent separation and washing before sampling, which may have influenced
its organic matter content and the availability of selected constituents for leaching. Nev-
ertheless, the present study does not allow the independent contributions of particle size,
material origin, and previous processing to be quantified. Further investigations, including
detailed mineralogical characterization and repeated sampling, would be necessary to
better understand the processes responsible for the observed differences.

The LOI values obtained at 500 and 950 °C provide complementary information about
material composition but are not directly comparable. The determination at 500 °C, carried
out to constant mass, was used to estimate organic matter content, whereas LOI at 950 °C
was determined independently using a separate sample portion heated for 1 h. At the higher
temperature, the measured mass loss cannot be attributed exclusively to organic matter, as
thermal transformations of inorganic constituents may also contribute. Consequently, the
LOI values should not be interpreted as successive stages of thermal treatment of the same
sample, and the difference between them should not be attributed solely to organic matter
decomposition. Taken together, these results highlight the compositional heterogeneity of
the investigated materials and their particle size fractions.

The results did not fully confirm the initial hypothesis that contaminants would pref-
erentially accumulate in the fine fractions. Although the larger specific surface area of fine
particles may favour the sorption of trace elements and organic compounds [11-13], the
coarse GC-C fraction exhibited the highest LOI value at 500 °C and was characterised by a
significant proportion of organic matter in the solid phase. This result indicates that the
distribution of organic matter and its associated contaminants in sewage-derived mineral
residues cannot be predicted solely on the basis of particle size. The retention of fibrous
matter, organic coatings, and organic-mineral aggregates in the coarse fraction may be
equally important [3,14,15]. Consequently, separate characterization of the individual parti-
cle size fractions provides more comprehensive information than analysis of unfractionated
material alone.

The leaching results showed that total elemental contents in the solid materials did not
necessarily correspond to the amounts released into water. Despite elevated concentrations
of Cr, Zn, W, and Pb in some solid samples, the concentrations of the metals analyzed
in the aqueous extracts generally remained below the reference values adopted for com-
parison. These findings suggest that a substantial proportion of these elements was not
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readily leached under the applied test conditions, possibly because they are associated
with relatively stable mineral phases or strongly bound to particle surfaces. Similar dis-
crepancies between total metal concentrations and leachable fractions have been reported
for sewer sediments [9,10]. Therefore, total elemental concentration alone is insufficient for
assessing environmental risk, and standardized leaching tests are essential for evaluating
the suitability of these materials for recovery or reuse.

In contrast to the limited mobility of most trace elements, grit chamber (GC) residues
released substantially greater quantities of organic matter and soluble mineral components
than sewer cleaning (SC) residues. Elevated COD, BODs, and TOC values and sulphate
concentrations, together with higher concentrations of Ca, Mg, Na, and K, suggest that
organic matter and soluble salts may pose a greater obstacle to the direct reuse of GC
residues than trace elements. Solid-phase total organic carbon (TOC) and degradable
organic substances (DOS) contents characterize the organic matter associated with the
solid matrix, whereas TOC in aqueous extracts reflects the organic carbon released under
the applied leaching conditions. These parameters provide complementary information
on organic matter content and mobility and should not be treated as interchangeable.
Consequently, a high organic matter content in the solid phase does not necessarily imply
a proportionally high release of organic carbon into the aqueous phase. These results
suggest that GC residues may require pre-treatment, such as washing, organic matter
removal, or stabilization, before recovery, whereas SC residues showed lower release of
these components under the test conditions. The suitability of each material for reuse should
be assessed in relation to its intended application and anticipated exposure conditions,
rather than inferred solely from its mineral appearance.

The calculated LF values provide a quantitative measure of the relative release of
selected trace elements under the applied batch-leaching conditions. For the elements
quantified in both the solid phase and the corresponding aqueous extracts, the LF values
did not exceed 3.570%, indicating limited short-term release relative to their total contents
in the solid materials. However, these results should not be interpreted as evidence of
permanent contaminant immobilisation, as the leaching tests were conducted under specific
laboratory conditions and did not reproduce long-term environmental exposure.

The differences in LF values among the investigated materials further demonstrate
that total element content alone is insufficient to predict relative leaching behaviour. In
particular, the low LF values observed for Cr in GC-F and Zn in SC-C indicate that relatively
high solid-phase concentrations may be accompanied by limited release during a single
batch-leaching test. Similar observations of limited relative element release have been
reported for washed mineral waste derived from wastewater treatment processes [40].
Nevertheless, without mineralogical characterization or chemical speciation analysis, the
mechanisms responsible for the observed behaviour cannot be identified.

Consequently, LF should be regarded as a test-specific indicator of relative element
release rather than a measure of long-term contaminant retention or environmental safety.
The assessment of potential recovery applications should therefore consider both total
concentrations and leaching results, together with the expected conditions of material use.

The most pronounced differences between total element concentrations and relative
release were observed for Cr in GC-F and Zn in SC-C. Despite their relatively high con-
centrations in the solid phase, the corresponding LF values were only 0.004% and 0.016%,
respectively. These observations indicate that high total element concentrations do not nec-
essarily correspond to high relative release under the applied leaching conditions. Previous
studies have reported that particle size distribution and mineral composition may influence
trace-element distribution in sediments [14]. However, the specific factors responsible for
the low relative release observed in the present study could not be identified.
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In contrast, the highest relative release of Zn and Ni was observed in the fine grit chamber
fraction (GC-F), with LF values of 3.570% and 3.537%, respectively. This indicates that the
relative release of individual elements varied among the investigated particle size fractions.
Although particle surface characteristics, mineral composition, and organic matter associations
may contribute to such differences, their individual effects were not determined in the present
study. Furthermore, the highest values of organic matter indicators were observed in GC-
C, whereas the maximum concentrations of individual trace elements occurred in different
fractions. These findings suggest that particle size characteristics alone are insufficient to
explain the observed differences in element distribution and release. Similar variability has
been discussed in previous studies [40,41]. The importance of particle size separation in
controlling trace-element behaviour has also been highlighted by Sun et al. [42] in their
meta-analysis of heavy-metal-contaminated soils. Although the materials and processes
investigated differ from those examined in the present study, their findings provide additional
context for the role of particle size fractions in contaminant management.

The importance of material origin is also supported by recent studies of sewer sedi-
ments. Wu et al. [43] reported that these sediments act as important carriers of elements and
other particle-bound contaminants and that their composition and distribution are strongly
influenced by particle size distribution, particle sources, and transport and sedimentation
conditions within sewer systems.

The lower relative release of Ni and Zn observed in the processed sewer-cleaning
residues may be associated with differences in material composition and previous treat-
ment. Before sampling, the SC material underwent mechanical separation and washing,
which could have influenced its physicochemical properties and the distribution of soluble
constituents. Previous studies have indicated that washing and mechanical treatment may
affect contaminant concentrations and their distribution in recovered mineral materials [40].
However, because the present study did not include samples collected before treatment,
the contribution of the washing process to the observed differences cannot be quantified.
Consequently, the lower relative release observed in the SC material should be interpreted
as a characteristic of the investigated processed residue rather than as direct evidence of
contaminant removal during washing. From a practical perspective, the results indicate
that wastewater-derived mineral residues should not be treated as a uniform waste stream.
Their potential for recovery should be assessed individually, taking into account mate-
rial origin, previous processing, chemical composition, and particle size characteristics.
Recent research has also addressed potential resource recovery pathways for grit origi-
nating from faecal sludge and wastewater pretreatment [44]. These approaches provide
a broader context for the recovery-oriented assessment of wastewater-derived mineral
residues. However, the selection of an appropriate recovery pathway should be based on
the specific physicochemical properties, contaminant mobility, and intended application
of the recovered material. The processed sewer-cleaning residues, particularly its fine
fraction, exhibited a predominantly mineral character and comparatively low release of
organic constituents, nutrients, and several trace elements, making it a promising candidate
for further recovery-oriented investigation. In contrast, the coarse grit chamber fraction
contained substantial amounts of organic matter, suggesting that additional treatment, such
as washing or separation of organic matter, may be beneficial before considering potential
recovery. Although the fine grit chamber fraction exhibited a higher mineral content, its
elevated sulphate release and greater relative release of certain trace elements indicate
the need for further environmental assessment. Therefore, the present findings should
be regarded as a basis for identifying potentially relevant treatment and recovery options
rather than as confirmation of the suitability or unsuitability of individual fractions for
direct reuse.
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The present study was based on two composite samples collected during a single sam-
pling campaign from separately stored grit chamber residues and processed sewer-cleaning
residue batches at the investigated wastewater treatment plant. Although subsamples were
obtained from different locations within each accumulated batch to account for spatial
heterogeneity, the sampling design did not allow temporal or seasonal variability to be
evaluated. Therefore, the findings should be regarded as a descriptive comparison of the
investigated residue batches rather than as a statistically representative assessment of the
long-term characteristics of the two residue streams.

The drying process at 105 °C was necessary to facilitate separation of the material
into two particle size fractions. As this preparation stage may affect the physicochemical
properties of certain organic and readily soluble constituents, the results of the leachability
tests should be interpreted primarily as a comparison of the prepared fractions under
controlled laboratory conditions, rather than as a direct representation of leaching under
field conditions. Furthermore, the leachability tests reflect short-term constituent release
under specific laboratory conditions and do not capture all potential storage, reuse, or
long-term environmental exposure scenarios.

Future studies should include repeated sampling campaigns across seasons and sew-
erage systems, as well as long-term leaching studies and application-specific analyses.

5. Summary and Conclusions

This study demonstrated that wastewater-derived mineral residues cannot be regarded
as homogeneous or environmentally inert materials solely because of their predominantly
sandy character. Although the fine fraction (<2 mm) accounted for more than 89% of the
mass of both the grit chamber residues (GC) and processed sewer-cleaning residues (5C)
materials, their physicochemical properties, chemical composition, and leaching behaviour
varied considerably depending on both material origin and particle size fraction.

The fine fractions exhibited the highest SiO, contents, reaching 75.13% in GC-F and
86.73% in SC-F, suggesting their potential as secondary mineral resources. However, the
coarse GC-C fraction exhibited high organic matter indicators, including a TOC content
of 22.79%, together with an LOI of 56.98% at 950 °C. This finding demonstrates that the
distribution of organic matter and associated contaminants cannot be predicted solely on
the basis of particle size and may also be related to organic-mineral aggregates retained in
the coarse fraction. Despite relatively high total concentrations of some trace elements in
the solid materials, including Cr, Zn, W, and Pb, their concentrations in the aqueous extracts
were generally low and remained below the reference values adopted for comparison. This
finding indicates limited short-term mobility under the applied batch-leaching conditions
and confirms that total elemental concentrations alone are insufficient to assess the potential
for environmental release.

The main constituents requiring further environmental consideration in the GC mate-
rial were organic substances, sulphates, and selected nutrients. The concentrations of these
constituents in several GC aqueous extracts exceeded the indicative wastewater discharge
reference values used for supplementary comparison, with sulphate concentrations reach-
ing 1511 mg/L. In contrast, the aqueous extracts from the SC material generally contained
lower concentrations of these constituents under the applied laboratory leaching condi-
tions. However, these comparisons do not establish regulatory compliance or determine the
suitability of either residue stream for a specific recovery application. The results provide a
basis for identifying potentially relevant environmental concerns and prioritising further
investigations before considering material recovery.

The calculated LF values indicated limited relative release of the trace elements for
which LF could be quantified under the applied batch-leaching conditions, with values
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ranging from 0.004% to 3.570%. The highest relative release of Zn and Ni was observed in
GC-E whereas the corresponding LF values for the processed sewer-cleaning residues were
generally lower. However, these results do not provide evidence of permanent contaminant
immobilisation or establish the mechanisms responsible for the observed differences.
From a practical management perspective, the findings support a source- and fraction-
specific assessment of wastewater-derived mineral residues. The SC material, particularly
its fine fraction, appears to be the most promising candidate for further recovery-oriented
assessment because of its high mineral content and comparatively low release of organic
matter and other soluble constituents. However, these findings provide a basis for pri-
oritising this material for further testing and should not be interpreted as confirmation
of its suitability for any specific application. The GC material requires a more cautious
management strategy. The coarse GC fraction would require pretreatment to reduce its
high organic matter indicators, for example through enhanced washing or organic matter
separation, before recovery could be considered. Despite its predominantly mineral compo-
sition, the fine GC fraction should not be considered suitable for direct recovery solely on
the basis of its particle size or SiO, content because it exhibited elevated sulphate release
and greater relative mobility of certain trace elements under the applied test conditions.
Overall, particle size separation may be useful as a preliminary management step, but
it should be combined with source-specific chemical characterisation and leaching assess-
ment before selecting a recovery pathway. In practical terms, screening alone should not be
regarded as a sufficient upgrading process for wastewater-derived mineral residues. The
suitability of each material for reuse in a specific application should therefore be verified us-
ing both environmental and engineering criteria under the anticipated exposure conditions.
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