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A B S T R A C T   

The great interest of modern societies in the reuse of wastes opens up new horizons in the field of wastewater, as 
well. In particular, the treated sludge resulting from a Wastewater Treatment Plant (WWTP) is dealed with a new 
perspective in the context of circular economy. The aim of this study is the characterization of its complex matrix, 
and the evaluation for reuse. Biosolids (BS) collected from four urban WWTPs in the Western region of Greece i.e. 
Agrinio (AG), Amaliada (AM), Aegio (AE) and Itea (IT). Analytical and spectroscopical methods namely TGA, 
ICP-OES, Fluorescence, SEM/EDS, XRD, FT-IR and NMR were the means that served this purpose. SEM along 
with XRD proved the amorphous nature of BS. The dominant metals detected in the samples are: Fe, Zn, Mn, with 
concentrations which meet the guidelines included in 86/278/EEC Directive. The inorganic load is of great 
importance, along with their humic acid content, adding value at the samples as fertilizers. BS appeared to be 
rich in organic matter with long aliphatic chains and numerous functional groups, as capturedin FT-IR spectra. 
The applied methods form an analytical protocol of the BS mapping, highlighting its potential as a material to be 
utilized in agriculture.   

Abbreviations: WWTP, Wastewater treatment plants; WW, Wastewater; SS, Sewage Sludge; BS, Biosolids. 
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1. Introduction 

Wastewater (WW) treatment, which includes physical, chemical, 
biological and currently advanced oxidation methods, is the process of 
removing contaminants from WW in order to handle the produced by- 
products of water and sludge in a more sustainable way (Demirbas 
et al., 2017). In this context, treated water is released to the natural 
recipient (i.e. lake, open sea) or used for irrigation (Pollice et al., 2007). 
On the contrary, sewage sludge (SS), which is the solid residues of the 
treatment, is not further processed and ends up either for storage or 
landfill, both of which are considered as obsolete methods (Paz-Ferreiro 
et al., 2018). Sludge which has undergone further treatment such as 
aerobic or anaerobic digestion, dewatering via centrifugation, disin-
fection, thermal or chemical conditioning (Chaudhary and Y. K. G., 
2021; Wang et al., 2018), sanitation via advanced oxidation treatment 
processes; like cold plasma (Svarnas et al., 2020), and has met standards 
required for beneficial use, is known by the term Biosolids (BS) and can 
be used as fertilizer in agriculture (Aguilera et al., 2007; Silveira et al., 
2007). Specifically, BS are organic solid products rich in nutrients 
(Kanteraki et al., 2022), which according EPA's “A Plain English Guide 
to the EPA Part 503 Biosolids Rule”, can be recycled and used as fer-
tilizer in agriculture or soil conditioner or be discarded (Walker et al., 
1994), once specific limits are met and practices are implemented to 
protect public health and environment from chemical and microbial 
pollutants embedded in their matrix. 

The constant expansion of industrialization and population growth, 
has directly caused the generation of huge amounts of BS, which must be 
handled in a more rational way in the context of agricultural, economic 
and environmental sustainability (Collivignarelli et al., 2019; Kalav-
rouziotis and Koukoulakis, 2016). 

The latest decades, in the European Community, more than 45 % of 
produced BS is reported to be used as soil amendments in agriculture 
(Sharma et al., 2017). In Greece, the disposal guidelines of BS are 
regulated by the Directive 86/278/EEC (European Union, 1986) which 
sets specific concentrations limits of heavy metals, and mandates 
frequent monitoring of other values such as of pH, dry matter, nitrogen 
and phosphorus. This direction of reuse appears to be optimistic and the 
most beneficial option, since BS due to their inorganic and organic load 
can improve the physical properties of soil and prevent the use of 
chemical fertilizers (Kalavrouziotis, 2016; Silveira et al., 2003). The 
Directive has been in force for over 30 years and, although major 
milestones have been achieved, yet pollutants are still emerging that 
need to be tackled and included or addressed by the current rules. The 
scientific community and government parties are aware of the growing 
evidence of contaminants of emerging concern, including micro- 
pollutants such as pharmaceuticals and micro-plastics, as an increas-
ingly important issue. To address this, the Commission on 2022 pro-
posed an update of the Directive taking these issues into account. Kelly 
et al. (2020) reported the complex nature of BS. Physical, chemical, 
microbiological parameters, organic micro-pollutants and heavy metals, 
that are contained in BS (Collivignarelli et al., 2020) can reflect the 
quality of their matrix (Kanteraki et al., 2022). 

The inorganic and organic load, the percentage of aromaticity, phys-
icochemical characteristics, and their ability to bind with nutrients define 
the suitability of BS in agriculture (Mossa et al., 2017). Beyond this 
context of reuse, the possible use of BS as raw material for biochar pro-
duction derives from the good knowledge of the porosity, moisture, 
elemental composition and thermal behavior (Paz-Ferreiro et al., 2018). 
Additionally, BS open up a new chapter in the construction industry as a 
raw material for the production of bricks, cement, concrete mix and ag-
gregates. Thus, the formation of a product of equal mechanical properties, 
require the knowledge of BS' particles size distribution, morphology, 
moisture content, chemical and mineral composition (Mymrin et al., 
2019). Consequently, having a detailed structural analysis, is possible to 
intervene in their production process, changing and improving their 
characteristics and making them suitable for their future utilization. 

So far, systematic risk assessment studies of the potential environ-
mental impacts caused by reusing BS in agriculture, have extensively been 
analyzed (Smith, 2008). A qualitative description of the actual risk of 
components such as potentially toxic elements, organic contaminants, 
pathogens and nutrients, against potentially impacted environmental 
parameters i.e. human and animal health, cop yields, soil fertility, quality 
of surface and ground waters, have been also ascribed. Main and widely 
measured indexes of BS are pH, conductivity, Total Organic Carbon and 
Volatile Solids since they are indicators of agricultural interest that should 
be taken into account, because they can affect soil quality and function-
ality (Medina-Herrera et al., 2020). Other less examined parameters are 
the texture mechanical analysis via Bouyoucos method (Garrido et al., 
2005) and CaCO3 concentration with Bernard calcimeter test (Aadraoui 
et al., 2017). The understanding of BS molecular structure can be ach-
ieved via spectroscopic techniques such as FT-Raman, NMR, UV–Vis, 
XRD, ICP and EDS (Onchoke et al., 2018). Scientific community has 
directed their effort towards examining one or two techniques at a time, 
mainly oriented to SS (Chiu and Tian, 2011; Kowalski et al., 2018; Li et al., 
2022; Martínez et al., 2012). Therefore, the interpretation of spectra is 
still challenging, due to the lack of data dedicated to BS. 

The proposed novelty of the present study is the holistic approach of 
BS characterization, combining analytical techniques to enhance the 
understanding the complex matrix of this always up-to-date topic. To the 
best of our knowledge no systematic investigations have been reported 
in the context of the characterization of BS from WWTPs in Greece and 
quite a few have been conducted worldwide. Hence, this collective case 
study evaluated the physical, chemical, and spectroscopic properties of 
BS which has been produced and collected from four (4) municipal 
WWTPs in the wider area of Western Greece, presenting data of 
particular importance for the quantitative and qualitative analysis of BS, 
contributing to literature's database. 

2. Materials & methods 

2.1. Study area 

BS were sampled during spring of 2022 from four (4) WWTPs in 
Western Greece (Fig. S1) that receive residential, hospital, commercial, 
industrial and septic tanks' WW. Key information such as population, 
geographical coordinates and treatment processes are presented in 
Table S1. BS derived from aerobic digestion processes and further 
dewatered and thickened by centrifugation and pressed band filtration 
systems, by belts pressing the sludge slightly enough to push water 
through a permeable media away. 

2.2. Sample collection and preparation 

During March, April and May of 2022, BS samples were collected 
every 15 days from AM, AG, AE and IT WWTPs following the guidelines 
of the sludge sampling protocol (DEP, 2021; Office Of Water, 1969). 
Approximately 5 kg of each sample was taken right after the pressure 
bands on the first day of the final process and transferred to the labo-
ratory sealed, in sample containers. Part of the raw sample was stored in 
wide mouth glass containers filled to capacity with Teflon-lined screw- 
cap top (Mattigod and Zachara, 1996) in the refrigerator at 4 ◦C for 
physicochemical analysis, and the remaining amount was dried over-
night in oven at 105 ◦C, pulverized and sieved with 1 mm sieve. The 
samples for the spectroscopic analysis were stored in polyethylene 
bottles in desiccator. The physicochemical analysis carried out within 
five days to avoid variances in values such as moisture (Ho et al., 
2010b), volatile solids and pH (DEP, 2021). This timeframe (Hossner, 
2018) offers safe accuracy among replicates before mold growth. Three 
(3) replicates of each sample were analyzed, by the chosen techniques 
and representative results of each one was chosen. Significant differ-
ences were not found neither among replicates of each sample nor be-
tween each sampling day. 
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2.3. Sample characterization 

2.3.1. Physicochemical analysis 
The pH of the initial samples was recorded in a suspension of BS and 

deionized water, at a ratio of 1:3 with a Mettler Toledo MP230 instru-
ment. Electrical conductivity (EC) was measured in a 1:3 solid-to-water 
suspension with a HANNA HI 993310 conductivity meter (Ho et al., 
2010a; Jan et al., 2018; Thomas, 2018). Moisture content of each sample 
was determined by the difference in weight before and after the drying 
cycle at 105 ◦C for 1 h. Total Organic Carbon (TOC) was calculated with 
the Shimadzu SSM-5000 A analyzer. Total Volatile Solids (TVS) were 
calculated with the Loss on Ignition (LOI) method by comparing the 
weight of the dried samples after heating at 550 ◦C for 3 h. 

2.3.2. Thermogravimetric analysis (TG/DTG) 
TG analysis of the samples was carried out under nitrogen atmo-

sphere at flow rate of 200 mL min− 1 in a PerkinElmer Diamond Ther-
mogravimetric/ Differential Thermal Analyzer (TG/DTA). About 10 mg 
of powdered sample was placed in a platinum pan at room temperature. 
Initially the temperature was raised at 100 ◦C and kept constant at this 
value until moisture removal and weight stabilization. After this step, 
the temperature was increased from 100 ◦C to 600 ◦C at a heating rate of 
10 ◦C min− 1 and remained at this temperature for 1 min. 

2.3.3. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES) 

10 g of pulverized sample of BS were weighted and 20 mL of the 
DTPA extraction solution [0.005 M diethylenetriaminepentaacetic acid, 
0.01 M calcium chloride (CaCl2), and 0.10 M triethanolamine adjusted 
to pH 7.3] was prepared for the extraction of micronutrients (Lindsay 
and Norvell, 1978). The duration of the extraction was 2 h and the ex-
tracts were filtered through Whatman No. 2 filter paper. The filtrates 
were analyzed by ICP-OES (Perkin Elmer Avio 220 Max) in certain 
wavelengths which are detailed mentioned at S.2.3.3. 

2.3.4. Fourier-Transform Infrared Spectroscopy (FT-IR) 
In order to classify the nature of functional groups of BS, IR spectra of 

the four WWTPs' samples obtained using Fourier Transform Infrared 
(FT-IR) spectrophotometer under ambient conditions. FT-IR spectra 
were obtained with PerkinElmer 100. Approximately 1 mg of powdered 
BS was grounded and agitated with 100 mg KBr (spectroscopy grade). 
The pill (1 mm thickness, 13 mm diameter) was formed by pressing the 
milled matrix using a hydraulic bench press. Spectra collected over the 
frequency range of 400–4.000 cm− 1 region on a sampling pad with a 2 
cm− 1 resolution and corrected against air as background via Perkin 
Elmer Spectrum 100 spectrometer. Spectra finally processed using 
Spectrum software. 

2.3.5. X-Ray Diffraction (XRD) 
Bruker AXS D8 Advance diffractometer (XRD) was used to charac-

terize the crystallinity. Part of the air-dried BS samples were grounded 
into a homogenized smooth powder and then carefully placed on a 
Bruker AXS D8 Advance diffractometer's sample holder. Patterns of the 
fine powdered samples were performed in the 2θ range of 5◦ - 70◦ for 
determining the crystal structure. Diffractometer was configured with a 
Cu Kα radiation (40 kV, 40 mA, λ = 1.5418 Å) using a Ni filter at 
scanning speed of 2◦/min. Spectra initially evaluated via diffraction file 
of the Bruker AXS DIFFRAC.EVA software (DIFFRAC EVA, n.d.). This 
software was also used to smooth the spectra, and to determine the 
diffraction peaks positions and intensities. Owing to the complex nature 
of the samples, the subset of Crystallography Open Database was 
queried. Crystallinity and crystallite size were also determined by this 
software. 

2.3.6. Cross Polarization (CP) Magic-Angle Spinning (MAS) NMR 13C 
The molecular structure of the organic matter of BS was determined 

by Nuclear Magnetic Resonance (NMR) spectroscopy. The solid state 13C 
CPMAS NMR spectra were acquired with a Bruker AV300 instrument 
equipped with a 4 mm wide-bore MAS probe. The powdered samples 
were filled in 4 mm zirconium rotors with Kel-F caps. The operational 
parameters were set as follows: a rotor spin rate of 10,000 Hz, 2 s of 
recycle time, 1 ms of contact time, 30 ms of acquisition time and 4000 
scans. 

NMR spectra were processed using MestreNova software version 
4.1.2 (Mestrelab Research S.L., Madrid, Spain) to evaluate the contri-
bution of each functional group by splitting the overall chemical-shift 
range into the main resonance intervals, corresponding to organic 
components following literature (Table S4). The relative percentage 
contents of different C functional groups were determined by the inte-
gration of the peak areas within each spectrum (Chiu and Tian, 2011). 

2.3.7. Three-dimensional Excitation-Emission (EEM) Matrix fluorescence 
spectrophotometer 

Fluorescence spectra were obtained from the Dissolved Organic 
Matter (DOM) of BS. DOM derived from a ratio of 5 g of dry powdered 
sample with 50 mL H2O after overnight equilibration at room temper-
ature (~20 ◦C) and centrifugation at 4.000 rpm for 10 min. The super-
natant was then filtered through a 0,22 μm nitrocellulose membrane 
filter and the pH was adjusted with 0,05 M NaOH solution to approxi-
mately 7,3. The EEM spectra obtained by Agilent Cary Eclipse Fluores-
cence Spectrophotometer equipped with the Cary WinFLR software. The 
emission and excitation slits were set to 5 and 10 nm, respectively. The 
constant scale setting was chosen for each sample in such a way that the 
maximum fluorescence intensity of the most intense peak in each 
spectrum could approach 90 % of the relative intensity (Senesi et al., 
1991). In this way, the relative intensity for the various samples can then 
be calculated with comparable values. To obtain the EEM, the excitation 
wavelengths adjusted from 220 to 600 nm and the scanning emission 
wavelength modulated between 280 and 800 nm with a step of 5.0 nm. 

2.3.8. Scanning Electron Microscopy/Energy Dispersive X-ray Spectrometer 
(SEM/EDS) 

SEM equipped with EDS was used for the surface morphology of BS 
and their chemical composition. Powdered samples were applied on top 
of the steel stubs and coated with gold using BALTEC MED 020 sputter 
coater to avoid electron-charging of BS. SEM micrographs recorded with 
a JEOL 6300 (JEOL GmbH, Freising, Germany) at 15 kV at 800× and 
2.000× magnification level. The EDS spectrum (OXFORD, Link Penta-
Fet) (inlet) allowed the element distribution of the samples. 

3. Results & discussions 

In preface to the results that will be presented in detail, it is 
considered important to emphasize the need to manage BS in a more 
sustainable way. In the context of the circular economy, more attention 
should be given to the various ways of using BS that are suitable as soil 
amendments, eliminating environmental risks such as eutrophication, 
while maximizing the benefits of their reuse (Medina-Herrera et al., 
2020). Thus, mapping techniques and methods that can give us infor-
mation about this complex organic matter, is meaningful. 

3.1. Physicochemical properties of BS 

The physicochemical characteristics of BS are summarized in 
Table S2. The recorded pH values ranged among 6,8 and 7,4. In other 
studies, using samples of BS from urban WWTPs, pH mean values have 
been reported equal to 6,9 ± 0.1 (Tapia et al., 2010). Conductivity 
values showed significant observed differences; varying between 70 μS 
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cm− 1 and 1.150 μS cm− 1 were observed. The percentages of moisture 
ranged from 60 to 70 % which is high as expected due to the nature of 
the samples. Values of TOC did not differ significantly and were com-
parable to other reports (i.e. 36–57 %) (Medina-Herrera et al., 2020). 
Rowell et al. (2001) have recorded even lower values (31–35 %). Vol-
atile solids ranged from 76 % to 92 % which was in line with the findings 
of literature (i.e. 86 %) (Vochozka et al., 2016). These data from the 
measured parameters showed minimal differences among the BS, with 
the exception of conductivity, which was an indication of geographic 
location of the samples. In particular, the EC of BS sample from the 
WWTP of AE showed the highest value, which is probably due to the 
high salinity of the coastal area (Laidlaw et al., 2015). Overall, however, 
the results of the physicochemical analysis were in accordance with the 
guidelines of the Directive of 86/278/EEC guidelines (European Union, 
1986) meeting the initial prerequisites for their assessment as materials 
suitable for reuse. 

3.2. Thermal analysis of BS 

The TG analytical technique has been extensively used to study the 
pyrolysis behavior of various types of biomass (e.g. lignocellulosic ma-
terials, BS, polymeric materials, meat waste, etc.). It has been found that 
the effect of pyrolysis temperature, heating rate and biomass composi-
tion can be studied in detail by TG analysis (Patel et al., 2018). 

The present TG/DTG analysis focused on the second (180 to 350 ◦C) 
and third (350 to 600 ◦C) stages of pyrolysis, aiming to study the two 
fractions of the organic matter contained in the BS, the volatile fraction 
and the difficult to biodegrade part. The TGA/DTG graph of sample IT 
(Fig. 1) is presented in the current study as a representative result of the 
BS TG analysis. The samples having first been dehydrated, were not 
tested for Stage I (25 to 180 ◦C) pyrolysis. For this reason, the selected 
temperature range was 100 to 600 ◦C. 

The DTG curve of BS showed a strong peak at the volatilization stage, 
between 300 and 310 ◦C, which is probably due to the degradation of 
proteins and carboxyl groups to carbon dioxide (CO2) to a greater extent 
and to a lesser extent to carbon monoxide (CO) and volatile organic 
compounds (Gao et al., 2014). The percentage of mass loss at this stage 

varies from 25 to 34 %, because of the pyrolysis of hydrocarbons and 
dead microorganisms, which are the most readily biodegradable fraction 
of volatile organic matter of BS. The majority of these organic compo-
nents tend to decompose in the volatilization phase producing bio-gas 
and bio-oil. In the third stage, a “shoulder” appears between 440 and 
450 ◦C in the samples, which is probably due to the degradation of 
higher molecular weight compounds to methane (CH2) and light volatile 
compounds (Chen and Jeyaseelan, 2001). A lower percentage of mass 
loss rate of 18 to 21 % was observed at Stage III, due to the degradation 
of the smaller fraction of lignin, macromolecular humic compounds, as 
well as, synthetic organic polymers in the BS matrix. 

The TG analysis did not reveal different thermal behavior between 
the BS samples that were collected from the different WWTPs. Through 
the analysis, the opinion that BS are organic protein-rich materials was 
reinforced. Their organic matter ranged from 50 to 60 % and the exis-
tence of humic substances made them value-added products for land 
application. 

3.3. Metal concentrations in BS 

The dominant metals present in the studied BS were Fe, Mn, Zn, Ni 
and Cu. In smaller quantities Cd, Co, Cr and Pb were also present. 
Table 1 shows the concentrations of trace metals in the measured con-
centrations and the limits that are regulated by the Directive 86/278/ 
EEC. 

Initially, the values do not exceed the permissible limits of metals in 
the sludge according to the regulated limits of heavy metals in BS for 
agricultural application. The only exception being Cu in the AG. Vari-
ation in concentrations between WWTPs, may be due either to the 
location of the plant, the nature of the influents or the treatment pro-
cesses. In a more general context, the values follow the same trend 
compared to a corresponding studies that have taken samples from units 
that fit the above profile of the above (Demitrelos et al., 2022; Gian-
nakopoulos et al., 2017). 

With minor variations, all the units followed this order: Fe > Zn >
Mn > Cu > Pb > Ni > Co > Cd > Cr. The high value of Mn recorded in 
the IT is noteworthy (213 mg kg− 1) and is the only record that breaks the 

IT_WWTP
TGA,10 oC/min
DTG

Fig. 1. TG/DTG graph of IT sample.  
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Fe > Zn > Mn sequence. It also appears that Cd, Co, Cr, Ni, Pb follow 
similar trend of concentrations. 

3.4. Identification of functional groups of BS 

The identification of the functional groups present in BS was carried 
out via FT-IR spectroscopic analysis (Fig. 2). A detailed matching of the 
wavenumbers of samples' detected peaks with the characteristic bands 
recorded from the literature is listed in the Table 2. 

The transmittance peaks located between 3650 and 3250 cm− 1 [#1] 
of the FT-IR spectra indicate the existence of hydrogen bonding in OH 
group (Smidt and Meissl, 2007). The OH groups can be free or belong to 
carboxylic acids, phenols, polysaccharides or other saturated aliphatic 
species (K. Wang et al., 2013). The absorption bands in [#2], [#3] and 
[#4] are attributed to aliphatic methylene groups and assigned to fats 
and lipids. Lipids are an important fraction of BS that could affect the 
water holding capacity of amended soils, their structural stability and 
the biodegradation-moisture balance in soils (Grube et al., 2006). 
Dominant FT-IR absorption peaks of the various sample fractions were at 
the following wavelengths: 3432–3420 cm− 1 (H-bands, OH groups), 
2962–2955 cm− 1 (C–H stretching from –CH2 and –CH3), 1466–1424 
cm− 1 (distortion of C–H groups from CH2 or CH3), 1247–1235 cm− 1 

(P––O, C-O-C stretching and amides III). 
Several intense characteristic bands [#6, #8, #11] can be attributed 

to functional groups present in proteins and polysaccharides. Two bands 
of weak intensity around 1545 cm− 1 and 1655 cm− 1 are of protein origin 
(Amide II and Amide I respectively). A peak at 1577 cm− 1 [#7] detected 

only in the AM matter and is attributed possibly to an ammonium 
bending vibration. Some bands were also observed in the “fingerprint” 
area. Previous studies have shown that the IR spectra of SS differ from 
other organic wastes with an intense, broad, typically asymmetric ab-
sorption band around 1034 cm− 1, such as those shown in [#11] and 
attributed to the presence of phosphate-containing minerals and 
silicates. 

Whereas, the vibration at 800 cm− 1 may be the indication of C–O 
stretching associated with carbonate and/or silica, as observed from FT- 
IR results of vermicomposts by Carrasquero-Durán and Flores (2009) 
and Ravindran et al. (2008) (Carrasquero-Durán and Flores, 2009; 
Ravindran et al., 2008). 

Small band at 874 cm− 1 and other peaks from 700 to 400 cm− 1 are 
also related to Ca(OH)2 present in SS. The weak band around 535 cm− 1 

could be attributed to PO4
3− which may be related to phosphate com-

pound in the activated sludge. In general, vibrations smaller than 1000 
cm− 1 are the result of functional groups containing sulfur and phos-
phorus (Flores-Álvarez et al., 2011). 

Summarizing all the above mentioned findings, analysis of the IR 
spectra showed the presence of numerous functional groups, through the 
various peaks, following the trend of corresponding spectra of BS and SS 
(Flores-Álvarez et al., 2011; Kang et al., 2007; Medina-Herrera et al., 
2020; Onchoke et al., 2018). The spectra of the four BS of different or-
igins were qualitatively similar. This can be attributed to the common 
origin of BS and that the WWTPs' processes are identical with minor 
modifications. Also, the SS stabilization process is shown to produce BS 
of stable structure (Medina-Herrera et al., 2020). The relative intensity 

Table 1 
Elemental composition of BS from WTTPs.   

Fe Zn Mn Cu Cd Co Cr Ni Pb 

mg kg− 1 

AG 245,5 205,7 176,1 151,9 0,4 1,0 0,3 6,9 18,7 
AM 554,0 65,3 27,4 12,0 0 0,4 0,5 5,7 14,9 
AE 671,3 117,9 42,8 17,6 0 0,4 0,4 7,3 18,0 
ІΤ 392,4 111,7 213,3 10,6 0,1 0,9 1,1 6,6 11,7 
DIRECTIVE 86/278/EEC – 150–300 – 50–140 1–3 – – 30–75 50–300  

Fig. 2. FT-IR spectra of BS from AM, IT, AE, AG.  
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Table 2 
Infrared spectra bands assignments of BS from FT-IR spectra.   

AM IT AE AG  

Vibration Bond Functional Type Reference 

1  3428  3420  3428  3432 Stretching H-bands, OH groups Hydroxyl groups in carboxylic groups, 
phenols, polysaccharides, saturated aliphatic 
species 

(Chefetz et al., 2006; Medina-Herrera 
et al., 2020) 

2  2955  2956  2962  2962 Stretching, 
asymmetric 

C-H, -CH2 and -CH3 Fatty chains (Chefetz et al., 2006) 

3  2919  2924  2924  2931 Stretching 
asymmetric 
Vibration 

C-H, CH2 Alkyl C (Fialho et al., 2010; Guibaud et al., 
2003; Kang et al., 2007) 

4  2852  2851  2853  2855 Stretching, 
symmetric, 
vibration 

CH2 Aliphatic methylene groups and assigned to 
fats & lipids 

(Grube et al., 2006; Gulnaz et al., 
2006; Wijesekara et al., 2018) 

6  1656  1650  1657  1655 Stretching 
asymmetric 
vibration 

C=C in aromatic 
structure, COO-, H- 
banded C=O 

Amide I, peptidic band, protein origin, 
protein dominant, aromatic ring, ketones, 
aldehydes 

(Chefetz et al., 2006; Grube et al., 
2006; Kowalski et al., 2018) 

7  1577  –  –  – Deforming 
vibration 

NН2 Amide II (Chefetz et al., 2006; Kowalski et al., 
2018) 

8  1541  1545  1548  1541  N-H bend Protein origin, amide II (Grube et al., 2006; Kang et al., 2007) 
9  1466  1454  1424  1425 Stretching O-H and C-O Phenolic (Gulnaz et al., 2006) 
10  1235  1245  1247  1236 Stretching 

asymmetric, 
sharp band, 
deforming 
vibration 

P=O, C-O-C, C=O Amide III, fats, Lipopolysaccharides (LPS), 
nucleic acids, ribose 

(Kang et al., 2007; Kowalski et al., 
2018) 

11  1035  1035  1035  1024 Stretching C-H in plane, C-O Minerals containing phosphates and silicates 
CH2OH carbohydrates, polysaccharides 

(Elakiya and Arulmozhiselvan, 2021;  
Quilès et al., 2010; Tapia et al., 2010) 

12  878  880  877  880 Stretching 
vibrations 

C-O, Ca(OH)2 Polysaccharides and carbonate species (Lü et al., 2018; Pullket, 2015) 

13  778  802  800  800 Stretching C-O Carbonate (Elakiya and Arulmozhiselvan, 2021)  

Fig. 3. Powder XRD patterns of BS from AM, IT, AE, AG. Data was obtained via DIFFRAC-EVA.  
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and the identification of the peaks revealed that the dominant part of the 
samples is the organic (Flores-Álvarez et al., 2011), confirming the TG 
analysis results. This part includes biodegradable molecules, such as 
carboxylic acids, lipids, proteins and aliphatic hydrocarbons and the 
recalcitrant molecules of cellulose and lignin, which are also present into 
their matrix. So, this knowledge of the composition of BS content in 
bioavailable organic matter is crucial because it is related to microbial 
activity and thus to the “bio stability” of BS as organic residues (Lü et al., 
2018). In addition, the existence of positively or negatively charged 
functional groups such as amines and carboxylates, respectively, gives to 
BS the ability to adsorb anions and cations from a theoretical point of 
view (Kang et al., 2007). Therefore, the addition of BS to the soil makes 
it possible to bind metals by complexation or adsorption mechanisms, 
contributing to the remediation of polluted soils and preventing them 
from ending up in the underground aquifer (Lu et al., 2012). 

3.5. Mineralogical crystalline phase of BS 

XRD provided the mineralogical composition of the sampled BS. The 
X-ray diffraction patterns of the BS, are presented in Fig. 3. The patterns 
are qualitatively similar, although some differences in peak intensities 
are clearly noticed, but overall, sharp peaks are seen, indicative of the 
crystalline nature of the samples. Silicon dioxide (SiO2) was detected as 
the main crystalline material in their structure, followed by calcium 
carbonate (CaCO3) (Onchoke et al., 2018), All four patterns show peaks 
at 2θ = 26.5◦, which are attributed to SiO2 with crystallite size varying 
from 58 nm to 65 nm. The peak of calcium carbonate (CaCO3) at 2θ =
29.2◦ appears also in all four samples, with crystallite size from 43.2 nm 
to 55.8 nm, indicating better dispersion. 

Since BS are neither fully crystalline nor amorphous, as we can see 
from the values of Table S5, the crystallinity is expressed in terms of a 

degree of crystallinity, which is a measure of extent to which the ma-
terial can be considered as crystalline (Bishnoi et al., 2017). The 
amorphous part of BS is also confirmed through the SEM images. 

3.6. Solid-state NMR spectroscopy of BS 

Solid-state 13C CPMAS NMR spectroscopy was performed addition-
ally to FT-IR spectroscopy. For the comparative evaluation of the sam-
ples and the understanding of their structure, the degree of aromaticity 
was calculated from the following equation: 

Degree of aromaticity

=
aromatic C110 − 160 ppm

aromatic C (110 − 160 ppm) + aliphatic C (0 − 110 ppm)
*100%

(1) 

(Piterina et al., 2009). 
The organic carbon composition of the BS fraction evaluated by solid 

state NMR, revealed the chemical shifts characteristic for aliphatic C, O- 
substituted aliphatic C, aromatic C and carboxylic C (Fig. 4). Specif-
ically, the intense resonances centered around 30 ppm refer to poly-
ethylene chains found in simple lipids (e.g. alkanes, fatty acids, alcohols) 
and lipid polyesters. In the region of substituted aliphatic C the peaks 
included in the 45–60 ppm range may be assigned to C–N groups 
whereas the weak intensity of specific signatures related to lignin de-
rivatives in phenolic region (145–160 ppm) suggested a lower presence 
of methoxyl groups O-CH3, substituents in aromatic rings. The broad 
bands at 70 ppm are mainly associated to O-alkyl functions of poly-
hydroxyl components such as those of pyranose and furanose units of 
carbohydrates, while the signals shifted towards 100–105 ppm highlight 
the presence of di-O-alkyl O− CH− O groups typical of anomeric C 
involved in glycosidic linkage (Mao et al., 2003). The coexistence of 
these peaks in the spectrum indicates the presence of a large fraction of 

Fig. 4. Solid state 13C cross-polarization magic-angle-spinning NMR spectra of BS.  
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polysaccharides in the BS samples (Mao et al., 2003; Smernik et al., 
2003). Less intense peaks were located in the aromatic region, with the 
chemical shift at 128 ppm being an indication of substituted or unsub-
stituted aromatic C. A high intensity peak occurs at a chemical shift of 
173 ppm, due to the presence of carboxyl groups involved in amide and/ 
or ester structures (Piterina et al., 2009). The lower degree of aroma-
ticity which ranged from 7.7 to 11,4 % (Table S4) is attributed to the 
immaturity of the samples, in terms of their humification degree. This 
fact is due to the characterization of the samples immediately after their 
production in the WWTP. In case of storage of the BS or its further 
processing, its percentage of aromaticity would show an increase, due to 
the possible synthesis of the protein-rich, EPS components, by the pre-
sent bacterial communities. The relative contribution of each functional 
group (Table S4) was determined by dividing the area of each spectral 
region by the sum of all spectral areas. It is observed that all samples are 
rich in aliphatic compounds (45–0 ppm) and carbohydrates derivatives 
(110–60 ppm) with a noticeable contribution of carboxylate (190–160 
ppm) functions. A lower abundance was found for both phenolic and 
aromatic C (160–145 ppm, 145–100 ppm). The results follow literature 
records (Al-Faiyz, 2017; Chiu and Tian, 2011; Piterina et al., 2009; 
Rowell et al., 2001). 

3.7. Fluorescence emission spectrum of BS DOM (EEM) 

Fluorescence spectra can be quantified using various methods, 
depending on the specific application and the type of data to be 

extracted. In this case, the five-region separation according to Chen 
et al., 2003 (Chen et al., 2003) was followed, as shown in Table S5. 

Region A (ex. 250–400 nm, em. 380–500 nm) relates to humic acid- 
like substances, region B (ex. 250–400 nm, em. 280–380 nm) refers to 
soluble microbial byproduct-like materials, region C (ex. 220–250 nm, 
em. 380–450 nm) usually associated with fulvic acid-like substances, 
and regions D and E (ex. 220–250 nm, em. 330–380 nm and 280–330 
nm, respectively) involving proteins, such as tryptophan and tyrosine 
(Wang et al., 2013). 

As shown in Fig. 5, AM has a strong microbial load (Region B) and is 
the only sample that showed intensities in all regions, i.e. B, C, D, E, 
which demonstrates a material with a rich organic matrix. Overall, it 
appears that humic acid-like organics were the dominant part of DOM in 
the aqueous extraction of all four samples. However, the maximum 
fluorescence intensity of AG, AM, AE (390–520 AU) differentiates IT 
which intensity is obviously lower (250 AU). 

3.8. Morphological characteristics of BS surface 

SEM/EDS analysis performed in order to study the morphological 
characteristics of the BS surface and provide additional information to 
ICP-OES. EDS spectra collected at different locations on each sample to 
identify the remaining elements. The EDS spectra show the presence of 
macro and micro elements (Na, K, Mg, Ca, Al, P, Si, Cl) of the BS. As for a 
representative sample for the elemental analysis was chosen the AE 
WWTP (Fig. S7). Heavy metals, such as: Pb, Cd, Co and Ni, were not 

Fig. 5. EEM fluorescence spectra of DOM extracted from BS from different WWTPs, derived in the five-regions according to Chen et al., 2003.  
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detectable using EDS, probably due to the spot analysis of this technique, 
in contrast to the ICP-OES results. Au was ignored, as it is attributed to 
the gold coated step of the sample preparation procedure. Spectrum 
peaks and detected elements follow the literature (Bolan et al., 2013; 
Onchoke et al., 2018; Roychand et al., 2021). 

The surface of the samples shows a clear heterogeneity and follow a 
common pattern. Analysis of the SEM micrographs (Fig. 6) reveals that 
the BS are amorphous materials, with compact structure, which is in 
agreement with the rest of the studies (Kelly et al., 2020; Roychand 
et al., 2021). AE present larger particles with a diameter of ~20 μm and 
AG has smoother surface. The similarity of the SEM images is attributed 
probably to the fact that all the WWTPs undergo more or less similar 
processes of treatment (Table S1). The color difference in individual 
points probably represent a different composition of the materials. 

4. Conclusions 

The characterization of natural organic matter is the subject of many 
analytical techniques reported extended in literature. However, the 
complexity of its structure, and especially that of BS, is an obstacle to 
drawing clear conclusions about their exact composition. In the current 
study, the structural characterization of BS from four (4) WWTPs was 
studied by means of spectroscopic and analytical techniques. This pro-
posed approach, demands expertise in terms of instrument handling and 
interpretation of their outputs. Nevertheless, this study contributes to 
literature with some comprehensive data of elemental composition, 
morphological pore sizes and chemical structure of these organic resi-
dues. BS have pH values close to seven (7) and conductivity permissible 
for their use as fertilizers or soil conditioners. In reference to the mo-
lecular composition of the samples, determined by FT-IR, Fluorescence 
and 13C CP MAS NMR analysis, proved to be rich in organic matter, 
independent from the location of WWTPs or the treatment processes 
they have undergone. Eliminating the problem of their variability. In 
this way, BS application is independent of their origin. It is safe to state 
that the studied BS presented the same characteristic groups and were 
evaluated as materials with long aliphatic chains, and at a smaller per-
centage aromatic character. Their aromaticity may be attributed to 
humic substances, but their low concentration is a limitation for appli-
cation in agriculture as soil amendments. On the contrary, they can be 

characterized as N-rich materials because of the existence of Organic-N 
in complex molecules such as proteins, nucleic acids, amines and other 
cellular materials, which can enhance soil fertility. SEM proved that BS 
are non-porous materials, which confirmed the findings of XRD analysis 
for a randomly amorphous structure. The inorganic load of the BS is of 
great importance, as the micro and macro-nutrients determined are in 
permissible concentrations, allowing their use as possible mineral fer-
tilizers in alkaline and sandy soils. In this way, they enhance the 
bioremediation process as they provide microorganisms with the 
necessary food to grow and consequently degrade organic matter, 
including emerging organic pollutants. Another challenging study 
complementary to the present one in the context of estimating the de-
gree of BS suitability for industrial and agricultural applications beyond 
pathogen load, is the detection of emerging pollutants, such as phar-
maceuticals or microplastics. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.168425. 
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