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Employing geochemical hydrocarbon markers, 
this work aimed to identify the sources of organic 
matter in water bodies in the Metropolitan Region 
of Curitiba, State of Paraná, Brazil. Also, a 
reduced scale protocol assisted by ultrasonic 
bath was developed and applied to extraction, 
fractionation, and clean-up of the aliphatic 
hydrocarbons (AH), polycyclic aromatic 
hydrocarbons (PAH), and sterols in sediment 
samples from the rivers Barigui, Iguaçu, and 
Timbu and from the water supply reservoirs Iraí 
and Passaúna. The total concentrations 
determined in all samples ranged from 1.15 to 
509.65 µg g-1 for AH, between 97.3 and 440.65 

ng g-1 for PAH, and from 1.73 to 747.92 µg g-1 for sterols. The highest concentration of the three markers 
was observed at the Timbu River, which is in an environmental protection area. About the samples from 
the Barigui River and both reservoirs, more than 95% of the molecules were classified as natural input. On 
the other hand, in the samples from the Iguaçu and Timbu rivers, densely urbanized area rivers, 53% and 
88% of the markers, respectively, were classified as of anthropogenic origin. However, the ratios for PAH 
revealed the combustion of biomass as the main source of these compounds. The fecal marker coprostanol, 
which was detected in both the Iguaçu and Barigui rivers, shows contamination by domestic and industrial 
sewage, respectively. The ratios for sterols showed the presence of domestic sewage in rivers and reservoirs 
close to expanding urban areas. Thus, it was possible to conclude that the uncontrolled expansion of cities 
and their activities can compromise the integrity of the water bodies, their biota, and the supply of the 
population.
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INTRODUCTION
The presence of elevated concentration levels of biogeochemical hydrocarbon markers, such as 

aliphatic hydrocarbons (AH), polycyclic aromatic hydrocarbons (PAH), and sterols in aquatic sediments, are 
frequently used as indicators of water pollution by persistent organic pollutants (POPs). Since sediments 
accumulate these POPs, the relative distribution or ratios are often used as an indicator of the origins and 
chemical/physical processes contributing to the pollution. Often, these POPs are continuously discharged 
into the water bodies through anthropogenic activities, worsened by deficiencies in the sewage collection 
and treatment services in municipalities from an emerging economy such as Brazil’s.1–6 

The analytical protocols to determine AH, PAH, and sterols, as well as other organic compounds in the 
sediment samples, comprise extraction, clean-up, and chromatographic determination. One of the most 
widely used extraction of organic compounds involves the use of the Soxhlet apparatus7,8 and ultrasonic 
devices.9,10

Despite being efficient, the Soxhlet apparatus, which is recommended by the US EPA 3540C11 method has 
disadvantages such as high consumption of organic solvents, significant waste generation, long extraction 
time, and considerable consumption of electrical power. To improve selectivity and minimize interferences, 
EPA 3540C recommends further purification procedures using alumina and silica gel chromatographic 
columns, as specified in US EPA 3610B12 and US EPA 3630C13 methods. However, these traditional clean-
up methods have significant disadvantages, including high labor requirements, extensive solvent use, and 
substantial waste generation. 

While these methods improve analytical precision, they inherently contradict the principles of green 
chemistry by increasing process inefficiencies and environmental burdens. Therefore, the development of 
alternative, eco-friendly purification strategies is crucial to minimizing solvent use, reducing waste production, 
and enhancing the sustainability of analytical methodologies. Ultrasonic devices have proven to be more 
attractive for routine analysis because they are an environmentally friendly alternative for extracting organic 
compounds from solid samples. These devices have a lower acquisition cost, require less time of use, allow 
reactions with smaller sample volumes, and, consequently, generate less waste generation9,14–17 Due to 
these advantages, the EPA 3550C ultrasonic extraction method18 has been widely adopted over the EPA 
3540 method.

For instance, Martinez et al.19 used an ultrasonic device to extract 16 PAHs in water, sediment, and 
mussel samples 30 mL of HX/DCM (1:1) in three sonication cycles of 10 min, clean-up was optimized using 
a solid-phase extraction cartridge filled with alumina. From the recovery experiments, the values ranged 
from 22% to 112%. According to the authors, due to its easier use and faster operation, ultrasonic extraction 
was chosen as the preferred option ahead of the standard Soxhlet method.19 

Considering these aspects, the aim of determining the presence of PAH, AH, and sterols in sediments 
is to assess the environmental impacts of unregulated urban expansion, especially in developing countries 
like Brazil. Despite the economic growth observed in recent decades, sewage treatment has not followed 
at the same pace.20,21 

The objective of this work was to modify and optimize an environmentally friendly sample clean-up and 
fractionation protocol for the determination of AH, PAH, and sterols. The modification was aimed at having 
the following advantages: minimizing the amounts of solvents and sorbents used in the extraction and 
clean-up steps, and reducing the total time of analysis, power consumption, and the quantities of waste 
generated. After the optimization of the method, it was validated and applied in the analysis of sediments 
from rivers and reservoirs of the Metropolitan Region of Curitiba, Brazil.



MATERIALS AND METHODS
Reagents and standards

The organic solvents hexane (HX), dichloromethane (DCM), ethyl acetate (Et.Ac.), and methanol 
(MeOH) had a purity > 99% (Mallinckrodt, USA). The analytical standards androstanol (AND), cholestane 
(CLE), coprostanol (COP), epicoprostanol (ECOP), coprostanone (CTN), cholesterol (COL), cholestanol 
(CNL), stigmastanol (STN), stigmasterol (STR), and campesterol (CPL) as well derivatization reagent N,O-
bis(trimethylsilyl)-trifluoro-acetamide trimethyl-chloro-silane (BSTFA/TMCS, 99:1) were purchased from 
same supplier (Sigma-Aldrich, USA).

To determine AH, a mixed solution of AH standards (n-C8 to n-C40, pristane, and phytane) was used 
for calibration, and deuterated standards n-C20D, n-C24D, and n-C30D from Accustandard, USA were 
used as surrogates.

A mixed solution of PAH: naphthalene (Nap), acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), 
phenanthrene (Phe), anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene 
(Cry), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indene[1,2,3-cd]
pyrene (InP), dibenzo[a,h]anthracene (DahA) and benzo[g,h,i]perylene (BghiP) was used as analytical 
standard (Accustandard, USA). 

A mixed solution of deuterated PAH containing naphthalene-D8 (NapD8), acenaphthene-D10 (AceD10), 
phenanthrene-D10 (PheD10), chrysene-D12 (CryD12), perylene-D12 (PerD12) which was used as internal 
standard (IS), and p-terphenyl-D14 (Accustandard, USA) as surrogate standard. Alumina (Al2O3), anhydrous 
sodium sulfate (Na2SO4), and copper powder were obtained from J. T. Baker, USA.

 The purity of the gases (hydrogen, nitrogen, synthetic air, and helium) was 99.999% and supplied by 
White Martins, Brazil. Before using anhydrous sodium sulfate, it was heated at 400 °C for 4 h to purge 
humidity and organic contaminants. Copper was activated using HCl (6.0 mol L-1) followed by MeOH rinsing, 
MeOH: DCM (1:1 v/v), and DCM. Silica and alumina gel, 70-230 mesh (Merck, Germany), were activated 
at 165 °C for 16 h and deactivated with ultra-pure water.

Assessing the efficiency of the extraction and clean-up steps
Extraction and clean-up steps were adapted from Mater et al.22 Experiments of fortification and recovery 

related to extraction and clean-up steps were performed with standard solutions of AH, PAH, and sterols 
at the following concentrations of 10 µg, 96 ng, and 75 µg, respectively. To optimize the extraction step, 
1.0 g of activated copper and 3.0 g of Na2SO4 were transferred into a glass conical tube, followed by the 
standard solutions of AH, PAH, and sterols. 

The extractions were carried out in an ultrasonic bath (120 W, 25 kHz) using 7 mL of DCM: MeOH 
(2:1 v/v). Three cycles of extraction (20 min cycle-1) were carried out and, after each one, the tubes were 
centrifuged (2000 rpm for 6 min) and the supernatants were transferred to a glass beaker. The extract was 
preconcentrated in a rotary evaporator (50 °C) and then submitted to clean-up.

Recovery was evaluated after the extract pre-concentration to approximately 100 µL followed by 
reconstitution in 1.0 mL of HX. Clean-up optimization was performed in glass columns (7 mm i.d. × 30 cm 
length) packed with silica gel, neutral activated alumina, calcinated Na2SO4, and activated copper standard 
solutions of AH, PAH, and sterols. Different amounts of alumina were evaluated, as well as the silica activation 
influence on the compound’s fractionation (Table I). 

The initial 5.5 mL eluted from the AH fraction (F1) and the final 1.0 mL (Experiments 1 and 2 of Table I) 
were collected into distinct beakers. In all experiments, F1 and PAH fraction (F2) have been pre-concentrated 
in a rotary evaporator up to 2 mL and then up to 1 mL under N2 (g) flow. The sterols fraction (F3) was pre-
concentrated to dryness and derivatized (40 µL BSTFA/TMCS, 70 °C for 1 h). Then, the derivatizing reagent 
was volatilized under N2 flow and redissolved with 1 mL of HX.
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Table I. Terms used in experiments to elute the AH, PAH, and sterols

Experiment
m of SiO2 m of Al2O3

a V of HX (F1) V of DCM:HX (F2) V of Et.Ac.:MeOH (F3)

g mL

1 2b 2 6.5 10 (3:2 v/v) 12 (3:1 v/v)

2 2b 1 6.5 10 (3:2 v/v) 12 (3:1 v/v)

3 2b 1 5.5 10 (4:1 v/v) 12 (3:1 v/v)

4 2c 1 5.5 10 (4:1 v/v) 12 (3:1 v/v)
a alumina was calcinated at 400 °C during 4 h and activated at 160 °C for 16 h; b silica gel activated at 160 °C, 16 h; c silica activated 
at 160 °C, 4 h, and then deactivated with 2% ultrapure water; F1: AH fraction; F2: PAH fraction, F3: sterols fraction; HX: hexane, 
DCM: dichloromethane, Et.Ac., ethyl acetate, MeOH: methanol.

Instrumental analysis
AH determination was performed using a gas chromatograph (Focus GC, Thermo Corporation, USA) 

with a flame ionization detector (GC-FID), equipped with a DB-5 capillary column (30 m length × 0.32 mm 
i.d. × 0.25 µm film thickness). The injector was set at 280 °C and operated in splitless mode. The detector 
temperature was set at 300 °C. The injection was performed (1.0 µL) by an autosampler (AS 3000, Thermo 
Corporation, USA). GC oven’s initial temperature was 60 °C held for 1.5 min, 6 °C min-1 to 310 °C and held 
at 310 °C for 30 min. Nitrogen was used as carrier gas at a flow rate of 3 mL min-1. 

PAH determination was performed using a GC-MS (Focus-GC Polaris Q, Thermo Corporation, USA). 
The capillary column specifications were: 30 m length, 0.25 mm i.d., 0.25 µm film thickness (DB-5ms, 
Agilent, USA) and helium as carrier gas at 1.0 mL min-1. F2 (1.0 µL) was injected in splitless mode. GC 
oven temperature was programmed from 50 °C (held for 5 min) to 230 °C at 5 °C min-1, up to 250 °C at  
2 °C min-1, and finally to 300 °C at 5°C min-1 held for 8 min.

The mass spectrometer was operated in the electron ionization (EI) mode at 70 eV selected ion monitoring 
(SIM) mode, observing the ions in 3 segments: scan 1 (5-29 min): m/z 128, 136, 152, 154, 162, 164, 166, 
178; scan 2 (30-47 min): m/z 178, 202, 228, 244; and scan 3 (47 min, until the end of run): m/z 228, 236 
240, 252, 260, 264, 276, 277, 278, 279. The ion source and the transfer line temperatures were kept at 
250 °C. A dwell time of 0.2 seconds was used for each m/z, resulting in 15 cycles/s for each SIM segment.

The injector temperature was kept at 270 °C. PAH quantification was performed by injecting a standard 
mixed solution containing 16 PAH and comparing their mass spectra to the NIST MS library. 

Derivatized sterols were determined by injecting 1.0 µL of the sample in split mode (split ratio 1/20). The 
injector temperature was set up to 300 °C, and GC oven temperature was programmed: 60 °C to 250 °C 
at 15 °C min-1, then up to 280 °C at 1 °C min-1, and finally up to 300 °C at 5 °C min-1, holding for 5 min. The 
mass spectrometer was operated in the EI mode at 70 eV. The ion source and transfer line temperatures 
were set up at 200 °C and 280 °C, respectively. Mass spectra were obtained in full scan mode (50 and 
550 m/z).

Quality assurance of the analytical method
Validation parameters and acceptance criteria used in our study were based on US EPA Method 8270E.23 

Blank sample extractions using sodium sulfate previously heated at 450 °C were performed. Calibration 
and linearity were measured by the correlation coefficient (R) obtained from analytical curves. The limit 
of detection (LOD) for PAH and sterols was calculated based on the parameters of the analytical curve: 3 
times the ratio of the estimated standard deviation of the regression equation and the curve slope (Table 
S1 and S2).

To quantify AH, analytical curves (n=3) were plotted to range from 0.3 to 25 µg mL-1 using n-C16D (10 
µg mL-1) as internal standard and the concentration of surrogate standards (n-C20D, n-C24D, and n-C30D) 
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ranged from 1 to 25 µg mL-1 (Table S3); analytical curves were used to obtain the response factor (RFx), 
which was used to determine the AH concentrations (CHA) according to Equation 1.

  (Equation 1)

where Ax and AIS correspond to area values obtained for target AH and C16D, respectively; 
CIS corresponds to n-C16D concentration in the extract, and RFx is the response factor 
of target AH.

For PAH, linear analytical curves (n=3) were plotted to range from 4.9 to 490 ng mL-1 using a mixed 
solution of deuterated PAH containing NapD8, AceD10, PheD10, CryD12, PerD12 was used as internal 
standard (IS) at 102.4 ng mL-1 (Table S1). Besides, linear analytical curves (n=3) for the surrogate standard 
p-terphenyl-D14, whose concentrations ranged from 9.6 to 200 ng mL-1, were plotted. To quantify sterols, 
linear analytical curves were plotted ranging from 0.24 to 15 µg mL-1 (COP, ECOP, CTN, COL, CNL, STR, 
and STN) and 0.4 to 20 µg mL-1 for CPL using CLE as IS (15 µg mL-1) (Table S2). Efficiency extraction was 
determined using AND as a surrogate standard, and analytical curves (n=3) ranged from 2 to 20 µg mL-1. 
Concentrations of sterols were obtained from RF according to Equation 1. 

The LOD values for AH were calculated based on the signal-to-noise ratio: 3 times the ratio of the lowest 
concentration of the calibration curve and the signal-to-noise ratio regarding the point of least concentration 
of the calibration curve (Table S3). The limit of quantification (LOQ) for the three classes of compounds 
was considered as the ratio of the lowest concentration of the calibration curve and the sediment mass.

Due to the absence of sediment certified containing sterols, the accuracy of the method was verified 
from recovery experiments using a sediment reference prepared in the laboratory. Reference material was 
prepared by decontaminating 20 g of natural sediment through Soxhlet extraction for 8 h, using 180 mL of 
DCM: MeOH (2:1 v/v). Then, 3.0 g of decontaminated sediment was transferred to an extraction tube with 
dichloromethane and spiked with 3.33 µg g-1 of AH, 32 ng g-1 of PAH, and 15 µg g-1 of sterols standards. 
Surrogate standards at 5 µg mL-1 n-C20D and n-C24D, 102.4 ng mL-1 p-terphenyl-D14, and 15 µg mL-1 
androstanol were also added, followed by manual shaking. Analysis of spiked reference material was carried 
out in five replicates, and the precision was evaluated from relative standard deviation values obtained 
through recovery experiments. 

Sediment sampling
The study area is presented in Figure 1. Samples included three rivers and two reservoirs belonging to 

the Iguaçu River basin. The sampling sites were selected to include densely urbanized regions under intense 
industrial activity and environmental protection areas. This strategy was adopted to permit the evaluation 
of the effects of human occupation and its activities along the Iguaçu Basin. 

Surface sediment samples were collected with a polyvinyl chloride sampler (50 mm diameter × 25 cm 
length). Samples were transferred and stored in previously combusted (450 °C) glass jars sealed with 
aluminum foil-lined lids and kept frozen (-30 °C) until drying in the laboratory. Thereafter, they were dried 
(40 °C) until constant weight was attained. Dried samples free of leaves and other impurities were ground 
in a porcelain mortar and, without sieving, stored in previously cleaned glass vials until analysis. The 
determination of AH, PAH, and sterols was performed in triplicate according to the modified method.
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Figure 1. Main rivers and reservoirs of the Iguaçu River Basin in the MRC. The marks (▲) 
indicate the approximate locations of sediment sampling in the Barigui River, Iguaçu River, Timbu 
River, Iraí Reservoir, and Passaúna Reservoir.

RESULTS AND DISCUSSION
Clean-up and fractionation

According to the literature, the clean-up step is essential for complex matrices such as aquatic sediments 
because it reduces the interferences, then increases the signal/noise ratio, provides greater analytical 
reliability, and minimizes maintenance of chromatographic system.24–26 Based on this, the clean-up step 
was evaluated using different amounts of alumina (1.0 and 2.0 g), activated silica (2.0 g), and activated/
deactivated silica (2.0 g), according to Table I. 

The optimized conditions for AH, PAH, and sterols fractionation were obtained through Experiment 4 
of Table I, that is, 2.0 g of deactivated SiO2 and 1.0 g of Al2O3. In this experiment, when the first aliquot of 
solvent was eluted through the column, corresponding to approximately 5.5 mL of hexane, the AH was 
separated. In the second fraction, PAH obtained after elution was 10 mL of DCM:HX (4:1 v/v), and the third 
fraction contained 12 mL of Et.Ac.:MeOH (3:1 v/v), the most polar compounds (sterols).27

Under these conditions, the obtained recoveries of AH ranged from 85% to 104%. The relative standard 
deviation (RSD) was up to 9.6%. PAH recoveries ranged from 65% to 112%, RSD was up to 21.2%, sterols 
recoveries were between 74% and 89%, and maximum RSD was up to 9.2%. These values of precision and 
accuracy were considered suitable for these three classes of compounds, and the conditions of Experiment 
4 were selected to continue the next steps of the work.28

Method performance
The performance of the proposed method was evaluated according to some parameters, such as 

correlation coefficient, limits of detection (LOD) and quantification (LOQ), recovery, and relative standard 
deviation (RSD). The analytical curves showed satisfactory linearity since the regression coefficients 
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varied from 0.9924 to 0.9998 for AH, 0.9861 to 0.9973 for PAH, and 0.9765 to 0.9957 for sterols and were 
considered satisfactory.29,30 

LOD values ranged from 0.021 to 0.069 µg g-1 for AH, 0.027 to 0.168 ng g-1 for PAH, and 0.039 to 0.159 
µg g-1 for sterols. LOQ values were considered as the lowest concentration levels of the analytical curve 
(0.100 µg g-1 for aliphatic, 1.633 ng g-1 for 16 PAH, and 0.080 µg g-1 for all sterols, except for campesterol, 
which was 0.133 µg g-1).31 Therefore, the values of LOD and LOQ demonstrated the high sensitivity of the 
optimized method. The average recovery ranges for experiments of accuracy and precision were 67% to 
88% for AH, 44% to 105% for PAH, and 40% to 76% for sterols.29,32,33

Surrogate internal standards recoveries ranged satisfactorily from 82% and 83% to n-C20D and n-C24D, 
respectively, 85% for p-terphenyl-D14, and 83% for androstanol (Table S7). Some PAHs, like naphthalene, 
acenaphthylene, and acenaphthene, presented recoveries below 70%. It can be attributed to the loss by 
volatilization and co-elution in the fraction of aliphatic hydrocarbons, as previously mentioned. RSD of AH, 
PAH, and sterols ranged from 1% to 19%, these values are regarded as satisfactory since in trace analysis 
and complex matrices such as sediments, values of up to 20% were acceptable.

Table II summarizes the steps optimized in this work and compares them to a method described in the 
literature. Comparing our modified method to the US EPA 8270 method, there is a significant decrease in 
the amounts of reagent. Another key issue is also present, and this method is a substantial reduction in 
sample preparation and instrumental analysis elapsed time. 

Thus, it is possible to conclude that the method proposed in this work presents satisfactory results when 
compared to the consolidated method. In addition, the results were obtained through less expensive and 
polluting processes and caused less harm to the health of the analysts. 

In this sense, Da Silva et al.34 presented very approximate recovery values; however, the number of 
reagents and their toxicity were greater when compared to this work. For example, the extraction was 
carried out with 200 mL of organochlorine solvent with the assistance of an ultrasound bath, and the mass 
of sorbent was 10 g. Likewise, Kawakami et al.7 developed a method for the determination of sterols that 
was proposed using Soxhlet extraction followed by a clean-up step.

 
Table II. Summary of extraction and clean-up steps for the methods optimized, 
standard according to US EPA 8270, and performance from the recovery (%)

Variables Proposed method US EPA 8270 a

Clean-up column 7 mm i.d. × 30 cm 13 mm i.d. × 30 cm 

Silica 2 g 8 g

Alumina 1 g 1 g 

F1 Solvent 5.5 mL of Hexane 40 mL of Hexane

F2 Solvent 10 mL of HX/DCM (4:1) 75 mL of HX/DCM (1:1) 

F3 Solvent 12 mL of Et.Ac./MeOH (3:1) ---

Equipment Ultrasound Soxhlet 

Solvent b 21 mL DCM/MeOH (2:1) 200 mL of DCM 

HA Recovery (%) 67 to 88% 45 to 110% 

PAH Recovery (%) 44 to 105% 60 to 105% 

Esterols Recovery (%) 40 to 76% ---

Elapsed time (h)c 1:30 5:00
a Optimization based on US EPA standard method; b Total volume of solvent in the extraction step,  
c Total time of analysis, except chromatographic determination.
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Distribution of AH, PAH, and sterols in sediments of rivers in the MRC
The modified method was then applied to sediment samples obtained from aquatic bodies in the MRC: 

Iraí and Passaúna reservoirs and the Iguaçu, Barigui, and Timbu rivers. Table III shows the concentrations 
of AH, PAH, and sterols obtained from these analyses.

The total AH concentrations ranged from 1.15 µg g-1 to 509.69 µg g-1, and the highest concentration 
obtained was from the Timbu River sample. Regarding the total levels of PAH, the sediment collected in 
predominantly urban and industrial areas, represented by the Iguaçu and Barigui rivers, showed lower 
concentrations compared to the sample from the Timbu River, located in an environmental protection area. 

According to the literature, it is possible to distinguish the degree of contamination in impacted hydrographic 
environments based on the correlation between the total concentrations of PAH present in its sediments. 
In this classification, values of concentrations greater than 500 ng g-1 are called “highly contaminated”, 
between 250 to 500 ng g-1 are “moderately contaminated,” and below 250 ng g-1 are “slightly contaminated”, 
and these criteria are used in several studies involving environmental assessment.35–39 

Table III. Determination of AH, PAH, and sterols in sediment samples obtained from the Iraí 
and Passaúna reservoirs and the Iguaçu, Barigui, and Timbu rivers (n=3)

Parameter Iraí
Reservoir

Passaúna
Reservoir

Iguaçu
River

Barigui
River

Timbu
River

AH (µg g-1)

∑alkanes (C16 - C36 /UCM) 3.05 1.18 1.15 4.18 509.69

UCM - - - - 488.26

REC (%) C20d 69 84 82 86 118

REC (%) C24d 65 85 65 78 84

PAH (ng g-1)

Nap 17.20 16.30 24.56 9.11 17.93

Ace 9.14 8.63 8.99 9.06 < 1.63

Acy 6.20 4.99 5.53 5.32 13.50

Fl 9.97 7.93 9.28 8.44 25.50

Phen 12.20 8.26 13.06 8.21 37.40

Ant 9.92 9.19 12.80 9.56 30.70

Flu 10.10 8.96 16.90 10.70 65.10

Pyr 7.67 6.46 16.20 8.91 56.40

BaA < 1.63 < 1.63 2.38 2.51 5.62

Chry 5.89 5.13 11.80 7.93 20.50

BbF 3.59 3.30 10.20 12.40 39.70

BbK 7.79 7.62 12.40 9.94 26.60

BaP 5.79 6.64 16.10 6.84 34.90

IP 4.15 3.90 10.90 5.63 23.60
(continued on next page)
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Parameter Iraí
Reservoir

Passaúna
Reservoir

Iguaçu
River

Barigui
River

Timbu
River

DahA 6.29 < 1.63 8.68 5.70 18.30

BghI < 1.63 < 1.63 10.70 8.84 24.90

∑PAH 116 99 190 129 440

REC (%) p-terphenyl-D14 103 87 88 119 63

Sterols (µg g-1)

Cop < 0.08 < 0.08 0.75 0.15 410

E-cop < 0.08 < 0.08 0.35 < 0.08 24.6

Coprostanone < 0.08 < 0.08 0.27 < 0.08 173

Cholesterol 0.44 0.08 0.22 0.08 11.2

Cholestanol 0.48 0.10 0.47 < 0.08 36.1

Stigmasterol 3.06 0.37 0.28 0.14 7.67

Stigmastanol 2.11 0.37 0.60 0.68 13.8

β-sitosterol 3.33 0.36 0.28 0.22 7.15

Campesterol 10.3 1.34 0.52 0.46 64.4

∑sterols 19.8 2.62 3.73 1.73 749

REC (%) Androstanol 112 87 102 87 125
AH: Aliphatic Hydrocarbons; PAH: Polycyclic Aromatic Hydrocarbons; UCM: Unresolved complex mixture; REC: Surrogate 
standard recovery; *Ratio is calculated from the area values   of each compound.

Thus, the Timbu River sample is classified as moderately contaminated and the samples from the Iguaçu 
and Barigui Rivers and reservoirs samples as low level of contamination. Meniconi et al.40 detected 532 
ng g-1 and 70 ng g-1 (Σ16 PAH) in sediment samples collected in 2000 from the Barigui and Iguaçu rivers, 
respectively, after the rupture of the pipeline of a Petrobras oil refinery that caused the spill of 4000 m3 of 
crude oil into the bed of the Barigui River. Leite et al.41 showed that sediments from the rivers Iguaçu and 
Barigui collected in 2005 in the same local in this study were classified as highly contaminated, with total 
PAH concentrations of 1713 ng g-1 and 1206 ng g-1, respectively.

The Timbu River and Iraí Reservoir samples were classified as slightly contaminated, with a total 
concentration of PAH 222 ng g-1 and 131 ng g-1, respectively. Regarding the presence of sterols, the largest 
concentrations were found in the Timbu River and Irai Reservoir. 

Positive detection of coprostanol is widely used as evidence of sewage contamination in aquatic 
environments.42–44 Other sterols were found in a broad range of concentrations, with the highest levels in 
the Timbu River.

Composition of organic matter sources and source quantified
The composition of the total concentrations of each group of quantified compounds in Timbu, Barigui, 

and Iguaçu Rivers and Passaúna and Iraí Reservoirs is shown in Figure 2. For all samples, except the 

Table III. Determination of AH, PAH, and sterols in sediment samples obtained from the 
Iraí and Passaúna reservoirs and the Iguaçu, Barigui, and Timbu rivers (n=3) (continued)
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Barigui River, the quantified compounds were mainly composed of sterols. The Barigui River sample was 
characterized by the predominance of AH, while the PAH, molecular markers of anthropogenic source, had 
the lowest contributions. Organic matter can have various sources, and when derived from the anthropogenic 
origin is directly related to the types of activities in that area.42,45,46 Of the samples from the Barigui River 
and reservoirs, more than 95% of the compounds quantified were of natural input. For the samples from 
the Iguaçu and Timbu rivers, 53% and 88% of the markers quantified, respectively, are of anthropogenic 
origin, as presented in Figure 3.

Figure 2. Composition of organic matter quantified. Sterols: 
Cop, e-cop, coprostanone, cholesterol, cholestanol, 
stigmasterol, stigmastanol and campesterol; PAH: ∑16 
PAH; AH: C16 to C36, pristane, phytane and UCM.

Figure 3. Comparison of quantitative molecular markers of 
natural and anthropogenic origin.
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The sampling encompasses areas with different types of anthropogenic activities. The reservoirs are 
characterized by the presence of rural areas and proximity to industrialized regions. Barigui River is present 
in a densely urbanized area, and Timbu River in a region with high demographic expansion exhibits low 
levels of sanitation, finally the sample from the Iguaçu River is in an industrial site.45,47,48

The compounds quantified were classified according to their possible sources. The calculated (Table 
IV) by carbon preference index, CPI according to Equation 2.

  (Equation 2)

The distinction between PAH from petrogenic and pyrogenic sources can be made by the presence 
of a higher concentration of PAH of low molecular weight (2 – 3 rings) and alkylated PAH, which suggest 
petrogenic sources since PAH of high molecular weight (4 – 6 rings) are indicated pyrogenic sources.49 
Another very effective way to identify the possible sources of these compounds, in sediment, is the calculation 
of the ratio of isomers of molecular weight 202 (Flu, Pyr), 228 (BaA, Chry), and 276 (IP, BghiP), that, due 
to thermodynamic stability and to a greater abundance of these compounds.4

Table IV. Reasons and specific limits for distinguishing the origin of the AH, PAH, and sterols

AH and PAH

Petrogenic Pyrogenic Natural

CPI a < or ≈ 1 – > 1

Ant/(Ant+Fen) b < 1 > 1: coal and diesel oil combustion

Flu/(Flu+Pyr) b < 0.4 > 0.5: biomass combustion
< 0.5 e > 0.4: fossil fuels

BaA/(BaA+Cris) b < 0.2
0.2 to 0.35

0.2 to 0.35: fossil fuels
> 0.35: biomass combustion

IP/(IP+BghiP) b < 0.2 0.2 to 0.5: fossil fuels
> 0.50: biomass combustion

Sterols

Domestic sewage

% (cop + e-cop)/ ∑sterols c > 50 %: highly contaminated

e-cop/cop d < 0.2: effluent not treated; > 0.8: treated effluent

cop/cholesterol c > 1.0: contaminated; < 1.0 natural

cop / (cop + cholestanol) e > 0.7 contaminated; < 0.3: not contaminated
AH: Aliphatic Hydrocarbons; PAH: Polycyclic Aromatic Hydrocarbons; CPI: Carbon Preference Index; a Aboul-Kassim;50  
b Yunker;4 c

 Venkatesan;3 d Mudge;51 e Grimalt52.

According to the data shown in Table III and the data presented in Figure 4, it is noted that combustion 
was the predominant source of the isomeric pairs of PAH in the sediment analyzed. However, the combustion 
source cannot be made clear since there are discrepancies among the ratios used to determine them (Figure 
3). Nevertheless, it is possible to assume that vegetation burning in the surrounding areas of the water 
reservoirs was the major source of these compounds related to the combustion of biomass.53,54
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AH of biogenic origin is characterized by a predominance of compounds with odd carbon numbers. 
Small molecular chains, from 15 to 23 carbon atoms, indicate the presence of aquatic organisms, while 
the predominance of long molecular chains, between 23 and 33 carbons, suggests the presence of higher 
plants.55 

For the samples of Iraí Reservoir and Barigui River, there is a predominance of AH containing an odd 
number of the linear carbon chain, especially those of higher molecular weight (n-C25, n-C27, and n-C29). 
The presence of n-C27 and n-C29 is typical of lacustrine sediments where higher plants are predominant, 
whereas the presence of n-C25 alkane is related to the proliferation of floating macrophytes.55–57

Figure 4. Representation of two-dimensional 
calculated ratios to identify specific sources of the 
isomeric pairs of PAHs (202, 228, and 276).

Due to the morphometric characteristics of the Iraí Reservoir, the proliferation of macrophytes plants is 
abundant, which justifies the presence of n-alkane n-C25 in the sample. The presence of AH of biogenic 
sources in the Barigui River and the reservoir samples can be confirmed by the CPI>1. CPI values for 
samples from the Iguaçu and Timbu Rivers (Table V) suggest the petrogenic input of AH (CPI<1). 

The chromatographic profile of the Timbu River sample is characteristic of a UCM (Unresolved Complex 
Mixture) with a concentration of 488 µg g-1. UCM is characterized by a broad hump in the baseline of the 
chromatogram resulting from the analysis of sediment contaminated with biodegraded petroleum, unburned 
petroleum, lubricants, and asphalts from urban runoff.57,58 The Timbu River, despite being present in the 
environmental protection area of Iraí, cuts across one of the busiest highways for motor vehicles in the MRC. 
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Table V. Values of AH calculated for specific reasons and sterols

Parameter Irai 
Reservoir

Passaúna 
Reservoir

Iguaçu 
River

Barigui 
River

Timbu 
River

AH

CPI 2.67 3.46 0.91 3.59 1,19

Sterols

% (cop + e-cop) / ∑sterols 0.31a 1.32 a 30.44 9.06 a 75.62

e-cop / cop 0.42 a 0.37 a 0.46 0.10 a 0.06

cop/cholesterol 0.10 a 0.28 a 3.39 2.00 36.64

cop / (cholesterol + cholestanol) 0.05 a 0.12 a 1.00 1.14 8.68

cop / (cop + cholestanol) 0.08 a 0.16 a 0.59 0.73 0.92
AH: Aliphatic hydrocarbons; CPI: Carbon Preference Index; a Ratio calculated from the area values   of each compound.

The chromatographic profile of the Timbu River sample is characteristic of a UCM (Unresolved Complex 
Mixture) with a concentration of 488 µg g-1. UCM is characterized by a broad hump in the baseline of the 
chromatogram resulting from the analysis of sediment contaminated with biodegraded petroleum, unburned 
petroleum, lubricants, and asphalts from urban runoff.57,58 The Timbu River, despite being present in the 
environmental protection area of Iraí, cuts across one of the busiest highways for motor vehicles in the MRC. 

Thus, the presence of AH petrogenic sources in this river’s sediments can be caused by the leaching 
of oil vehicles that travel on this road or asphalts from runoff. In general, we can say that the contribution 
of AH by petrogenic origin occurred in areas near roads with intense traffic of vehicles (Timbu River) and 
highly urbanized areas (Iguaçu River), thus giving a large anthropogenic input into these environments. 

In contrast, the sediment from the Barigui River, despite being collected near a significant highway vehicle 
traffic in a highly industrialized and urbanized area, showed no indications of AH derived from petroleum 
and derivatives. Due to the specificity and high half-life of fecal sterols (coprostanol, epicoprostanol, and 
coprostanone), these compounds have been widely mentioned in studies involving fecal contamination 
and effluents.3,59,60

Coprostanol concentration > 0.1 µg g-1, may be indicative of sewage contamination,52 however, this 
parameter cannot be conclusive since this compound can be produced in situ anoxic conditions.61 Thus, 
to confirm the sediment examined received input from domestic sewage is necessary to consider the 
concentrations of other sterols and the main relationships between them. The ratios used in this study and 
the results obtained are listed in Table III and Table IV, respectively.

The ratios obtained for the Timbu River indicate strong contamination by sewage. The discharge of sewage 
in nature in the vicinity of the Timbu River is a reality and accounts for more than 700 illegal connections to 
sewers along the bed of the river.60 The value obtained from the E-COP/COP ratio (0.06) allows estimates 
of the degree of effluent treatment plant disposed of in an area. This value demonstrated that there is a 
predominance of coprostanol relative to epicoprostanol, noting the contribution of untreated sewage. Note 
also that for this sample, there is a relative abundance of coprostanone (173 µg g-1). According to Grimalt et 
al.,52 coprostanone is an estanone produced in smaller quantities than coprostanol in the biotransformation 
of cholesterol, and its presence is associated with fecal contamination, thus proving contamination by 
sewage at this site. 

Regarding the Iguaçu River, it was found by the percentage ratio cop + e-cop/∑sterols that the value 
obtained for the sampled sediment (30%) is slightly below the threshold to be considered highly polluted. 
The value of E-COP/COP for this sediment was 0.46 within the maximum and minimum levels used in 
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predicting the presence or absence of treated effluent. However, it can be said that this river receives the 
discharge of treated effluent since the collection point is located downstream of the WWTP-Belem. It was 
found for the sample Barigui River, which is an industrialized and urbanized region, which although not 
heavily polluted (COP + E-COP/∑sterols = 9%), there is no influence of wastewater treated on-site sampled 
(e-cop/cop = 0.10). 

This result corroborates the study by Froehner and Martins,62 which evaluated the presence of fecal 
sterols in 6 different regions of the river Barigui and found that all sampling sites were contaminated by 
sewage, especially in regions of greater human interference. The values of individual concentrations of 
fecal sterols obtained for the sources were below LOD, showing that there is little or no evidence that these 
samples are contaminated by sewage. The sterol that occurred at higher concentrations for these samples 
was campesterol, which is associated with sources of natural organic material of terrestrial or aquatic origin 
and, specifically, in this case, can result from the contribution of these algae present in the water reservoir.

From the evaluation of individual markers, it was possible to make an approximation of the relative 
contributions of anthropogenic markers quantified in this study (Figure 5). For reservoir samples, where no 
suppression demographic, combustion was the predominant source of molecular markers quantified, with 
no contribution of markers of the fecal source. However, for the samples of the Iguaçu, Barigui, and Timbu 
rivers, located in urbanized and industrialized areas, contributions of molecular markers from combustion 
and sewage were approximately the same proportion.

Figure 5. Distribution of quantitative molecular markers 
of anthropogenic origin for the samples analyzed.

Comparative analysis with previous studies
PAH concentrations in sediment samples from rivers and reservoirs in Curitiba, Brazil, were evaluated 

against previously published data (Table S4). The total PAH concentrations (ΣPAHs) ranged from 97.3 to 
440.65 µg kg⁻¹, which are relatively low compared to many other global regions. For example, the Yinma 
River Basin in China63 reported concentrations between 1000 and 5750 µg kg⁻¹, while the Niger Delta in 
Nigeria64 had even higher levels, ranging from 1620 to 19800 µg kg⁻¹. In southeastern Poland,65 ΣPAHs 
reached as high as 33900 µg kg⁻¹. In contrast, the Poxim River in Brazil showed much lower concentrations, 
between 2.2 and 28.4 µg kg⁻¹.66 
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The PAH profile in Curitiba indicates a dominant contribution from pyrogenic sources, particularly 
biomass burning. This contrasts with numerous other areas where sources are typically mixed. For 
instance, petroleum-related pollution is significant in the Yinma River (China), Salt River (Taiwan), and Niger 
Delta (Nigeria), often accompanied by pyrogenic contributions from vehicle emissions and coal burning. 
This variation in source distribution may be indicative of different levels of industrialization and land-use 
practices. Regarding ecological and human health risks, the concentrations observed in Curitiba are likely 
to pose a lesser concern compared to heavily impacted environments such as the Salt River and the Tigris 
River.67,68 In these regions, high molecular weight polycyclic aromatic hydrocarbons (PAHs) are prevalent 
and associated with increased carcinogenic risks. Studies in these areas frequently report moderate to high 
ecological threats, including significant adverse effects on aquatic biota. 

In the present study, coprostanol concentrations ranged from 0.75 to 410 µg g⁻¹. These values suggest 
moderate to high levels of fecal contamination, particularly in densely populated areas and regions with direct 
untreated sewage discharge. In comparison to other studies (Table S5), the levels in Curitiba ranged across a 
wide international spectrum, indicating different levels of urbanization, sanitation facilities, and anthropogenic 
influence. The Ipojuca River in Brazil showed a significantly elevated coprostanol concentration of 557.3 
µg g⁻¹, attributed to intense human activity and the proximity of urban settlements to the riverbanks.69 In 
South Korea, the Geumho River exhibited a wide range of coprostanol concentrations (9 to 1282 µg g⁻¹), 
and these elevated levels were associated with extensive urbanization and industrialization in the area.70  
These findings highlight the significant impact of land-use patterns on sewage contamination levels. In 
contrast, the Guamá River in Brazil had a coprostanol concentration of 292.52 µg g⁻¹ linked to insufficient 
sewage treatment infrastructures and intense port operations.71 The Kibera River in Kenya72 showed 
considerable levels of contamination, ranging from 55 to 298 µg g-1, a result of the continuous discharge 
of untreated domestic wastewater, echoing the circumstances in Curitiba where direct sewage inputs 
are a major concern. On the other hand, rivers in areas with more advanced wastewater management 
systems exhibited considerably substantially reduced concentration levels. For instance, the Thames River 
in England presented coprostanol levels ranging from 0.0091 to 0.42 µg g⁻¹.73 Historical sediment core 
analyses revealed a significant decrease in coprostanol levels over time, correlating with the increasing 
use and effectiveness of sewage treatment systems. The results of this study highlight the urgent need for 
investments in basic sanitation infrastructure in urban centers to reduce environmental and public health 
risks associated with untreated sewage discharge.

Aliphatic hydrocarbon (AH) concentrations ranging from 0.75 to 410 µg g⁻¹ and these values suggest 
moderate contamination, primarily driven by the discharge of untreated sewage and the influence of a 
densely populated urban area. In comparison to other aquatic systems throughout the world (Table S6), 
AH levels in Curitiba varied widely, indicating variances in land use, pollution sources, and environmental 
management techniques. Whereas the Tehran River in Iran74 had values ranging from 2.94 to 114.7 µg g⁻¹ 
in a densely populated region. However, in this situation, the hydrocarbon input was primarily petrogenic, 
as opposed to the Curitiba region, which is likely influenced by both anthropogenic and biogenic sources. Al 
Wajh Lagoon in Saudi Arabia, located near the Red Sea and vulnerable to hydrocarbon contamination from 
neighboring oil-related operations, showed a similar petrogenic effect (64-302.6 µg g⁻¹).75 The concentration 
range in Brazil’s rural aquatic system, the Mangueira Lagoon, was larger and wider (5.0–652.7 µg g⁻¹), with 
hydrocarbons mostly coming from petrogenic and biogenic sources.76 This implies that natural and diffuse 
anthropogenic influences might cause significant AH levels to be present even in regions with lower metropolitan 
densities. Lower concentrations were recorded in the Lafayette River (USA), with values ranging from 4.94 
to 40.83 µg g⁻¹, where the sources were attributed to atmospheric deposition and automotive activity.77 This 
scenario reflects a more diffuse contamination profile typical of urban areas with relatively controlled direct 
discharge. The Norilsk–Pyasino water system in Russia78 had the highest AH values among the examined 
studies, with concentrations ranging from 15 to 1914 µg g⁻¹, resulting from a large-scale diesel fuel spill. In 
contrast to the ongoing urban and domestic inputs seen in Curitiba, this is an acute contamination episode. 
In summary, the AH concentrations in Curitiba are moderate when viewed in the global context, with values 
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exceeding those of more regulated urban areas (e.g., Lafayette River) but significantly lower than those 
impacted by major industrial or accidental events (e.g., Norilsk–Pyasino). The sources in Curitiba appear 
to be primarily related to untreated domestic sewage and urban runoff, reinforcing the need for improved 
wastewater infrastructure to mitigate hydrocarbon inputs into aquatic systems.

CONCLUSIONS
This work has resulted in a significant decrease in the number of reagents and the total analysis time 

compared to the official methodology described in the literature. Some figures of merit of the method 
demonstrated that the accuracy and precision obtained are suitable for the determination of the compounds 
in sediments; results were obtained with high-reliability analysis.

The use of geochemical markers for preliminary assessment of sources of organic matter and contamination 
in the sediments showed that the sediment with a higher input of organic matter of anthropogenic origin 
corresponds to the sample the Timbu River, this river despite being in an area of environmental protection. 
The presence of coprostanol as an indicator of fecal contamination showed that the pollution of the Iguaçu 
and Barigui rivers is heavily influenced by urban and industrial activities, respectively, and was a significant 
contribution to domestic sewage. Overall, the results obtained regarding the origin of the PAH demonstrate 
that combustion was the predominant source of this class of compounds evaluated for sediment.
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SUPPLEMENTARY MATERIAL

Table S1. Analytical curves, linear range, correlation coefficient, and detection and 
quantification limits for PAHs determination

Compound Concentration range 
(ng mL-1) R LOD

(ng g-1)
LOQ

(ng g-1)

Nap 4.9 a 490 0.9946 0.087 1.633

Ace 4.9 a 490 0.9883 0.078 1.633

Acy 4.9 a 490 0.9967 0.093 1.633

Flu 4.9 a 490 0.9920 0.111 1.633

Phen 4.9 a 490 0.9937 0.123 1.633

Ant 4.9 a 490 0.9888 0.150 1.633

Flua 4.9 a 490 0.9909 0.168 1.633

Pyr 4.9 a 490 0.9970 0.105 1.633

BaA 4.9 a 490 0.9973 0.066 1.633

Chry 4.9 a 490 0.9965 0.027 1.633

BbF 4.9 a 490 0.9967 0.027 1.633

BbK 4.9 a 490 0.9861 0.078 1.633

BaP 4.9 a 490 0.9933 0.123 1.633

IP 4.9 a 490 0.9967 0.144 1.633

DahA 4.9 a 490 0.9970 0.129 1.633

BghI 4.9 a 490 0.9941 0.111 1.633

Table S2. Analytical curves, linear range, correlation coefficient, and detection and 
quantification limits for determination of sterols

Compound Concentration range 
(ng mL-1) R LOD

(µg g-1)
LOQ

(µg g-1)

Cop 0.24 a 15 0.9957 0.051 0.080

E-cop 0.24 a 15 0.9924 0.051 0.080

Coprostanone 0.24 a 15 0.9950 0.042 0.080

Cholesterol 0.24 a 15 0.9916 0.039 0.080

Cholestanol 0.24 a 15 0.9892 0.060 0.080

Stigmasterol 0.24 a 15 0.9960 0.051 0.080

Stigmastanol 0.24 a 15 0.9916 0.051 0.080

β-sitosterol 0.24 a 15 0.9952 0.051 0.080

Campesterol 0.40 a 20 0.9765 0.051 0.080
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Table S3. Analytical curves, linear range, correlation coefficient, and detection and 
quantification limits for aliphatic hydrocarbon determination

Compound Concentration 
range (µg mL-1) R LOD

(µg g-1)
LOQ

(µg g-1)
Hexadecane (C16) 0.3 a 25 0.9993 0.069 0.100

Heptadecane (C17) 0.3 a 25 0.9985 0.045 0.100

Pristane 0.3 a 25 0.9992 0.048 0.100

Octadecane (C18) 0.3 a 25 0.9985 0.048 0.100

Phytane 0.3 a 25 0.9997 0.036 0.100

Nonadecane (C19) 0.3 a 25 0.9992 0.036 0.100

Eicosane (C20) 0.3 a 25 0.9995 0.021 0.100

Heneicosane (C21) 0.3 a 25 0.9924 0.027 0.100

Docosane (C22) 0.3 a 25 0.9950 0.024 0.100

Tricosane (C23) 0.3 a 25 0.9995 0.024 0.100

Tetracosane (C24) 0.3 a 25 0.9998 0.024 0.100

Pentacosane (C25) 0.3 a 25 0.9998 0.021 0.100

Hexacosane (C26) 0.3 a 25 0.9997 0.024 0.100

Heptacosane (C27) 0.3 a 25 0.9996 0.024 0.100

Octacosane (C28) 0.3 a 25 0.9997 0.027 0.100

Nonacosane (C29) 0.3 a 25 0.9996 0.027 0.100

Triacontane (C30) 0.3 a 25 0.9995 0.042 0.100
n-Hentriacontane 
(C31) 0.3 a 25 0.9993 0.024 0.100

Dotriacontane (C32) 0.3 a 25 0.9992 0.027 0.100

Titriacontane (C33) 0.3 a 25 0.9992 0.063 0.100
Tetratriacontane 
(C34) 0.3 a 25 0.9994 0.024 0.100

Pentatriacontane 
(C35) 0.3 a 25 0.9991 0.078 0.100

Hexatriacontane 
(C36) 0.3 a 25 0.9995 0.027 0.100

Table S4. Polycyclic aromatic hydrocarbon (PAH) levels in sediment from rivers and 
reservoirs found in this study and globally

Study Area Range ΣPAHs
(µg kg-1) Characteristics Reference*

Rivers and Reservoirs 
Curitiba, Brazil 97.3 – 440.65 PAH revealed the combustion of biomass  

as the primary source This work

(continued on next page)
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Study Area Range ΣPAHs
(µg kg-1) Characteristics Reference*

Yinma River Basin, 
China 1000 – 5750

Predominantly light PAHs (2-3 rings), 
naphthalene: 825.06 µg kg-1. Mixed  
sources: petroleum and combustion

Sun et al., 
20171

Poxim River, Brazil 2.2 – 28.4 Predominantly pyrogenic sources, 
anthropogenic influence

Souza et al., 
20182

Brisbane River, 
Australia 148 – 3079

Pyrogenic sources (vehicular emissions), 
low ecological risk, some degree of cancer 
risks for children

Duodu et al., 
20173

South-Eastern Poland 
Reservoirs 150 – 33900

Both pyrolytic and petrogenic sources, 
varying ecological risks: moderate and 
substantial effects on biological communities

Baran et al., 
20174

Salt River, Taiwan 343 – 29400 Coal and petroleum combustion, moderate 
to high ecological risks

Chen et al., 
20205

Ovia River, Nigeria 5.25 – 573.33 Predominantly 2-3 ring PAHs, exceeding 
safe drinking water guidelines

Tongo et al., 
20176

Niger Delta, Nigeria 1620 – 19800 High molecular weight PAHs, high ecological 
and human health risks

Iwegbue et 
al., 20217

Nenjiang and Second 
Songhua Rivers, China 76.5 – 9447

Biomass combustion and vehicle emissions 
are significant sources with negligible 
ecological risks.

Yang et al., 
20238

Tigris River, Iraq 5619.2 – 12795.0 High molecular weight PAHs prevalent; 
pyrogenic sources; high cancer risk.

Grmasha et 
al., 20239

*Supplementary Material Reference

Table S5. Coprostanol in sediment from rivers and reservoirs found in this study and globally

Study Area Coprostanol  
(µg g-1) Characteristics Reference*

Rivers and Reservoirs 
Curitiba, Brazil 0.75 – 410 Densely populated areas and discharge of 

untreated sewage directly into the river. This work

Ipojuca River, Brazil 557.3 Contamination is due to intense anthropogenic 
activities close to the river.

Oliveira et 
al., 202210,11

Kibera River, Kenya 55 – 298 Discharge of untreated sewage directly into the 
river.

Vane et al., 
202211

Thames River, 
England 0.0091 – 0.42 Decrease in COP concentration in sediment core 

over time due to the evolution of sewage treatment.
Vane et al., 
202212

Geumbo River, S. 
Korea 9 – 1282

High levels of urbanization and industrialization 
near the Geumho River and land-use types 
involving human activities

Lee et al., 
202113

Guamá River, Brazil 292.52 Region with low sewage treatment, densely 
populated, and intense port activity

Rodrigues et 
al., 202314

*Supplementary Material Reference

Table S4. Polycyclic aromatic hydrocarbon (PAH) levels in sediment from rivers and 
reservoirs found in this study and globally (continued)
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Table S6. Aliphatic hydrocarbons in sediment from rivers and reservoirs found in this study and globally

Study Area AH (µg g-1) Characteristics Reference*

Rivers and Reservoirs 
Curitiba, Brazil 0,75 – 410 Densely populated areas and discharge of 

untreated sewage directly into the river. This work

Tehran river, Iran 2.94 - 114.7 Densely populated area with predominance  
of petrogenic origin of AH

Hasani et al., 
202115

Mangueira Lagoon, 
Brazil 5.0 - 652.7 Relevant lagoon located in a rural area slightly  

by petrogenic and biogenic AH
Sanches et al., 
202116

Al Wajh Lagoon, Saudi 
Arabia 64 - 302.6 Lagoon, located close to Red Sea, influenced  

by petrogenic activities
Al Otaibi et al., 
202417

Lafayette River, USA 4.94 - 40.83
Possible sources such as automotive and 
atmospheric transport of coal dust contribute  
to the AH into urban area

Maynard et al., 
202318

Norilsk-Pyasino water 
system, Russia 15 -1914 Accidental spill of Diesel fuel Nemirovskaya 

et al., 202219

*Supplementary Material Reference

Table S7. Recovery rates of AH, PAH, and sterols (%)

AH PAH Sterols

C16 82 Nap 63 Coprostanol 93

C17 92 Acy 72 E-cop 82

Pristane 88 Ace 70 Coprostanone 60

C18 98 Flu 88 Cholesterol 87

Phytane 97 Phe 103 Cholestanol 88

C19 102 Ant 92 Stigmasterol 88

C20 102 Flt 98 β-sitosterol 89

C21 103 Pyr 109 Stigmastanol 89

C22 104 BaA 99

C23 104 Chr 108

C24 104 BbF 54

C25 102 BkF 114

C26 104 BaP 113

C27 107 IcdP 110

C28 107 DahA 112

C29 104 BghiP 119

C30 105

C31 104

C32 105

C33 103

C34 102

C35 103

C36 99
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