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Abstract
Purpose Adsorption on soil organic matter (SOM) and physical entrapment are the main mechanisms of nonextractable 
residue (NER) formation of polycyclic aromatic hydrocarbons (PAHs) in soil. Due to the SOM characteristics and pore 
structure in particle-size aggregates being different, the environmental fates of PAH NERs should be different as well. It’s 
valuable to understand the distribution and biodegradation of PAH NERs in soil particle-size aggregates.
Materials and methods Three field-contaminated soils (Phaeozems, Anthrosols, and Calcareous soil) were separated into 
four particle-size aggregates (coarse sand, fine sand, coarse silt, and fine silt). The contents, compositions, and biodegrada-
tion of parent PAH NERs in particle-size aggregates were studied. Moreover, the effects of soil physico-chemical properties 
on the distribution and biodegradation of PAH NERs in particle-size aggregates were analyzed.
Results The percentages of PAH NERs to total PAHs in particle-size aggregates were in the range of 6.7–9.8%, 2.8–6.0%, 
and 24.3–35.9% for Phaeozems, Anthrosols, and Calcareous soil, respectively. Comparing with the composition of extract-
able PAHs, the proportions of two- and three-ring PAHs increased and five- and six-ring PAHs decreased of PAH NERs in 
all particle-size aggregates for each soil. Moreover, the proportions of PAH NERs decreased with the increase of PAH ring 
numbers overall. The contents of PAH NERs had significantly positive correlation with the contents of organic carbon (OC) 
(p < 0.05) in particle-size aggregates; however, the proportions of PAH NERs had significantly positive correlations with 
specific surface area, pore area, and volume (p < 0.05). The biodegradation rates of PAH NERs in particle-size aggregates 
were different in each soil and the degradation rates of total PAH NERs were lowest in Phaeozems owning to the highest 
OC content.
Conclusions The content of OC was the main factor controlling the distribution and biodegradation of PAH NERs in par-
ticle-size aggregates, and the entrapment in soil pores was the main factor controlling the proportions of PAH NERs. The 
proportions of PAH NERs were higher in low-molecular-weight PAHs than in high-molecular-weight PAHs. Our findings 
help deeply understand the environmental fates of PAH NERs in soils.

Keywords Polycyclic aromatic hydrocarbons · Field-contaminated soil · Nonextractable residues · Particle-size aggregates · 
Distribution · Biodegradation

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of per-
sistent organic pollutants that are ubiquitous in the environ-
ment. Soil is a major reservoir for PAHs in the environment 
(Wild and Jones 1995). Great concerns on PAHs in soil are 
due to their carcinogenicity and mutagenicity that are threat-
ening human health through direct contact and food chain 
(Costera et al. 2009).

After entering into soil, the bioavailability and extract-
ability of PAHs decreased with increasing aging time (Ling 
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et al. 2010; Khan et al. 2012; Umeh et al. 2018a). During 
the aging processes, PAHs can form nonextractable residues 
(NERs) in soil that cannot be extracted by routine organic 
solvents and methods (Alexander 2000; Umeh et al. 2018a). 
The formation of NERs for parent or metabolite molecules 
of organic pollutants may result from chemical interactions 
with soil components and physical entrapment (Burauel and 
Führ 2000; Craven 2000).

Since the parent PAH compounds do not possess any cou-
pling groups, the types of interactions that may be included 
in the formation of PAH NERs are van der Waals forces, 
charge-transfer complexes, hydrophobic partitioning, and 
physical trapping (sequestration) (Mordaunt et al. 2005). 
The mechanisms of PAH sequestration in soil include par-
titioning into soil organic matter (SOM) fractions such as 
fulvic and humic acid, humin, and SOM-mineral complexes 
within different particle-size aggregates, especially silt and 
clay (Doick et al. 2005; Duan et al. 2014; Eschenbach et al. 
1998). Due to the components, chemical structure, and turn-
over time of SOM and physical structure of soil pores in 
different particle-size aggregates being different (Bol et al. 
2009; Schulten and Leinweber 2000; Regelink et al. 2015; 
Liang et al. 2019; Li et al. 2020; Guidi et al. 2021), the for-
mation and distribution of PAH NERs in them might also 
be different.

In the past work of research, the NERs of organic chemi-
cals in soil were believed not having bioavailability and envi-
ronmental threats to organisms, and the NER formation has 
been proposed as an substitute remediation approach for pol-
luted soils (Alexander 2000; Berry and Boyd 1985). Though 
the NER formation decreases disclosure and consequently 
toxicity and threat of organic chemicals, it does not exclude 
exposure and threats. The PAH NERs were still considerably 
phytoavailable in field-contaminated soils (Gao et al. 2013, 
2017). Umeh et al. (2018a) reported that benzo[a]pyrene 
(BaP) NERs could remobilize in soil, but the remobilized 
amounts significantly declined with aging time. Wang et al. 
(2017) also reported that much phenanthrene (Phe) NERs, 
particularly those physically sequestrated, were still bioavail-
able and might cause a toxic threat to soil organisms. After 
the exhaustion of the labile PAHs in a field-contaminated 
sediment, the nonlabile PAHs were transformed to the labile 
fraction with additional incubation for 30 days (Birdwell and 
Thibodeaux 2009). Remobilization and bioavailability have 
implications for the long-term fate of PAH NERs in soils as 
the related threats might be underestimated.

Many studies have reported the distribution of extractable 
PAHs in different particle-size aggregates in contaminated 
soils (Ni et al. 2008; Krauss and Wilcke 2002; Lu et al. 2012; 
Ray et al. 2012; Liao et al. 2013; Maqsood and Murugan 
2017). To our knowledge, however, there are few studies 
about the distribution and biodegradability of PAH NERs 
in soil particle-size aggregates. Thus, the aims of this study 

are to elucidate (1) the distribution characteristics and com-
position of PAH NERs in soil particle-size aggregates; (2) 
the biodegradability of PAH NERs in different particle-size 
aggregates. The results of this study help to deeply under-
stand the formation, bioavailability, and environmental fates 
of PAH NERs in field-contaminated soils.

2  Materials and methods

2.1  Chemicals

Acetonitrile (HPLC grade) was purchased from Merck 
& Co., Inc. Acetone (AR, ≥ 99.5%), dichloromethane 
(AR, ≥ 99.5%), hydrochloric acid (AR, 36.0–8.0%), sodium 
hydroxide (AR, ≥ 96.0%), and sodium sulfate anhydrous 
(AR, ≥ 99.0%) used in this study were bought from Sinop-
harm Chemical Reagent Co., Ltd., and organic solvents were 
redistilled before use. The standard mixture of 16 priority 
PAHs was bought from ANPEL Laboratory Technologies 
(Shanghai), Inc.

2.2  Soils

Three long-term PAH-contaminated soil samples were used 
in this study. The soil names were Phaeozems, Anthrosols, 
and Calcareous soil, and collected from a forest, liquid natu-
ral gas plant, and coking plant, respectively. The textures of 
Phaeozems, Anthrosols, and Calcareous soil are loam, sandy 
loam, and clayey loam, respectively, according to the inter-
national soil classification system. All soil samples were 
passed through a 2-mm metal sieve and thoroughly mixed 
and freeze-dried. The contents of soil organic carbon (OC) 
and total nitrogen (TN) were determined by elemental analysis 
at 1150 °C (Elementar Vario Max CN, Germany) after remov-
ing soil carbonate with 0.1 M HCl. Soil pH (soil:  H2O = 1:2.5) 
was determined with a glass electrode. Soil texture was meas-
ured by a laser particle size analyzer (Mastersizer 2000,  
Malvern Company, UK). Some of the soil’s physico-chemical  
properties are listed in Table 1. The specific surface area 
(SSA) of the soil sample was measured by a Micro ASAP2020 
SA analyzer using the Brunauer–Emmett–Teller (BET) nitro-
gen gas adsorption method. The parameters of the pore area 
and pore volume of the soil sample were also obtained from 
this measurement by using the BJH model (Table S1). The 
abbreviations of micropore, mesopore, macropore, and total 
pore area and volume were Amicro, Ameso, Amacro, Atotal, Vmicro, 
Vmeso, Vmacro, and Vtotal, respectively.

2.3  Soil particle‑size fractionation

All soil samples were fractionated into four size aggregates, 
namely coarse sand (2000–250 μm), fine sand (250–54 μm), 
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coarse silt (54–20 μm), and fine silt including clay (< 20 μm) 
according to the method of Ni et al. (2008) and Amelung 
et  al. (1998) with some modifications. Briefly, 50 g of 
freeze-dried soil samples was dispersed in an ultrasonic bath 
(40 kHz, 200 W) for 30 min with a soil/water ratio of 1:5. 
Particle-size aggregates > 54 μm were separated by wet siev-
ing with different mesh sieves and the aggregates < 54 μm 
were separated by a sedimentation method according to 
Stokes’ law. All particle-size aggregates were lyophilized for 
further analysis. Soil mass recoveries of Phaeozems, Anthro-
sols, and Calcareous soil were in the range of 98.2–99.2% 
after particle-size fractionation.

2.4  Determination of extractable PAHs

The extractable PAHs in bulk soil and particle-size aggre-
gates were determined according to the method of Richnow 
et al. (2000). Briefly, 2 g of freeze-dried soil sample was 
weighed precisely into a 40 mL PTFE centrifuge tube and 
firstly extracted with 10 mL acetone in an ultrasonic bath 
(40 kHz, 200 W) for 30 min, then centrifuged for 5 min 
at 4000 rpm; the supernatant was collected into a 100 mL 
round flask. Then, the soil sample was re-extracted as the 
same procedure above with one time of mixed solvent 
(dichloromethane: acetone = 1:1, v/v) and twice of dichlo-
romethane. The supernatants of four extractions were 
combined and concentrated to ~ 1 mL by rotary evapora-
tion. Then, 2 mL of acetonitrile was added and evapo-
rated to ~ 1 mL twice solvent exchange to acetonitrile. For 
cleanup, extracts in acetonitrile were transferred to a  C18 
column (8 mm i.d.) filled with (from bottom up) glass wool, 

3.5 cm of  C18 (CNWBOND LC-C18, 40–63 μm), and 1 cm 
of anhydrous  Na2SO4, which was pre-eluted with 2 mL of 
acetonitrile. The column was then eluted with 5 mL of 
acetonitrile. The eluent was filtered with a 0.45 μm PTFE 
filter before analysis.

2.5  Determination of nonextractable PAHs

After removal of the extractable PAHs, all PTFE tubes 
were put in a fume hood to totally volatilize organic sol-
vents left in soil samples. Then, the dried soil samples 
in the PTFE tubes were extracted to measure PAH NERs 
according to methods in the literature (Richnow et al. 
2000; Gao et al. 2013; Umeh et al. 2018b) with some 
amendments. In brief, 10 mL of 2 mol∙L−1 NaOH was 
added to each PTFE tube. The tubes were capped tightly 
and put in an oven at 100 ℃ for 2 h. The mixture in the 
tube was then centrifuged at 4000 rpm for 5 min. The 
supernatant was transferred to a clean PTFE tube. The 
soil residue was re-extracted with 2 mol∙L−1 NaOH as 
above. The combined supernatant was then acidified to 
a pH less than 2 with 6 mol∙L−1 HCl, and liquid–liquid 
extracted thrice with 10 mL dichloromethane each. The 
extracts in dichloromethane were condensed and cleaned 
as described above. The soil residue in the tube was 
lyophilized and extracted as the method of extractable 
PAHs. The total amounts of PAHs in the supernatant and 
soil residue were deemed as PAH NERs. The contents of 
extractable PAHs and PAH NERs in the three bulk soils 
are listed in Table S2.

Table 1  Physico-chemical 
properties of the tested soil 
samples

Soil samples pH OC
(g  kg−1)

TN
(g  kg−1)

C/N Mass 
percentage 
(%)

Phaeozems Bulk 5.15 45.95 3.66 12.6 -

Coarse sand - 54.20 4.58 11.8 51.7
Fine sand - 47.92 3.74 12.8 28.4
Coarse silt - 20.87 1.66 12.6 9.8
Fine silt - 32.64 3.64 8.9 10.1

Anthrosols Bulk 4.21 24.01 0.85 28.4 -
Coarse sand - 17.83 0.32 56.5 29.5
Fine sand - 23.15 0.65 35.6 49.3
Coarse silt - 20.45 0.58 35.1 14.5
Fine silt - 22.35 1.35 16.6 6.7

Calcareous soil Bulk 7.57 22.40 1.40 16.0 -
Coarse sand - 24.14 1.37 17.6 37.8
Fine sand - 23.44 1.51 15.5 35.5
Coarse silt - 20.16 0.93 21.6 9.2
Fine silt - 23.43 2.07 11.3 17.5
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2.6  Degradation of nonextractable PAHs 
          in particle‑size aggregates

High-efficiency degradation bacteria (Agromyces sp. PyB-
10) isolated from a paddy soil using pyrene (Pyr) as a sole 
carbon source were used in the degradation experiment of 
PAH NERs. A 1.0 mL portion of the cell suspension at the 
concentration of 3 ×  108 CFU·mL−1 was inoculated into a 
50 mL PTFE tube containing 9 mL of MSM and 2 g (dry 
weight) of soil with only PAH NERs (i.e., soil residue after 
removing extractable PAHs with organic solvents). All tubes 
were incubated at 30℃ in the dark with shaking (220 rpm) 
for 30 days. Then, the mixture in all tubes was lyophilized 
and extracted with the method described in Sect. 2.5.

2.7  PAH analysis and quality control

The 15 US EPA priority PAHs were analyzed in this 
study. They were naphthalene (Nap), acenaphthene (Ace), 
fluorene (Flu), Phe, anthracene (Ant), Pyr, chrysene 
(Chry), fluoranthene (FluA), benzo[a]anthracene (BaA), 
dibenz[a,h]anthracene (DBA), BaP, benzo[k]fluoranthene 
(BkF), benzo[b]fluoranthene (BbF), benzo[g,h,i]perylene 
(BP), and indenol[1,2,3-cd]pyrene (IP). Acenaphthylene 
was excluded due to its weak fluorescence. The PAHs were 
determined by an ultra-performance liquid chromatography 
system (UPLC) (Waters Co., USA) coupled with a fluores-
cence detector using a reversed-phase column BEH Shield 
RP18 (150 mm × 2.1 mm, 1.7 μm). The specific method and 
quality control were provided in our previous study (Yang 
et al. 2023).

2.8  Calculations and statistical analysis

The percentages/proportions of PAH NERs in soil and parti-
cle-size aggregates for total and different-ring-number PAHs 
were calculated by the below formula:

The biodegradation rates of PAH NERs in soil and parti-
cle-size aggregates for total and different-ring-number PAHs 
were calculated by the below formula:

The statistical analysis was performed using SPSS 17.0. 
A significant level of correlation between two sets of data 
(n = 12) was evaluated by using Pearson’s correlation test 
(two-tailed). One-way analysis of variance (ANOVA) with 

(1)

PAH NERs% =
PAH NERs

PAH NERs + Extractable PAHs
× 100%

Biodegradation rates (%) =

(

1 −
Contents of PAH NERs af ter biodegradation

Contents of PAH NERs before biodegradation

)

× 100%

Tukey’s HSD was used to identify significant differences 
between particle-size aggregates.

3  Results

3.1  Contents of extractable and nonextractable 
          PAHs in particle‑size aggregates

In Phaeozems, the average contents of total extractable 
PAHs in soil particle-size aggregates ranged from 13,851 
to 40,364  μg·kg−1, and decreased in the order of fine 
sand > coarse sand > fine silt > coarse silt (Table 2). The 
average contents of total PAH NERs in soil particle-size 
aggregates were in the range of 1119–3958 μg·kg−1 and had 
the same order as extractable PAHs (Table 2). The average 
percentages of PAH NERs to total PAHs in soil particle-
size aggregates ranged from 6.7 to 9.8%, and decreased in 
the order of fine silt > fine sand > coarse silt > coarse sand 
(Table 2). According to the mass percentages and PAH 
contents of each soil particle-size aggregate, the average 
calculated mass distribution of extractable PAHs and PAH 
NERs were in the order of fine sand (59.8%) > coarse sand 
(29.7%) > coarse silt (6.1%) > fine silt (4.4%) and fine sand 
(65.3%) > coarse sand (23.9%) > coarse silt (5.4%) ≈ fine silt 
(5.4%), respectively.

In Anthrosols, the average contents of total extractable 
PAHs in soil particle-size aggregates ranged from 3016 to 
6718 μg·kg−1 and increased with decreasing particle size, 
i.e., coarse sand < coarse silt < fine sand < fine silt (Table 3). 
The average contents of total PAH NERs in soil particle-size 
aggregates were in the range of 86–430 μg·kg−1 and had 
the same order as extractable PAHs (Table 3). The average 
percentages of PAH NERs to total PAHs in soil particle-
size aggregates were highest in fine silt (6.0%) and the other 
three aggregates were nearly equal (2.8–3.0%) (Table 3). 
The average mass distribution of extractable PAHs and PAH 
NERs were in the order of coarse sand (40.7%) > fine sand 
(27.5%) > fine silt (17.8%) > coarse silt (14.0%) and coarse 
sand (32.5%) > fine silt (31.7%) > fine sand (24.0%) > coarse 
silt (11.8%), respectively.

In Calcareous soil, the average contents of total extract-
able PAHs in soil particle-size aggregates ranged from 2626 
to 5689 μg·kg−1 and increased with decreasing particle size, 

i.e., coarse sand < coarse silt < fine sand < fine silt (Table 4). 
The average contents of total PAH NERs in soil particle-
size aggregates were in the range of 1418–1992 μg·kg−1 
and decreased in the order of fine sand > fine silt > coarse 
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sand > coarse silt (Table 4). The average percentages of PAH 
NERs to total PAHs in soil particle-size aggregates were 
in the range of 24.3–35.9% and decreased with decreasing 

particle size, i.e., coarse sand > coarse silt > fine sand > fine 
silt (Table 4). The average mass distribution of extract-
able PAHs and PAH NERs was in the order of fine sand 

Table 2  Contents of extractable and nonextractable PAHs in soil particle-size aggregates of Phaeozems (μg·kg−1)

Values are means ± standard deviation (n = 3); ND indicates below detection limit. In the last row, values followed by different letters denote 
the significant differences among particle-size aggregates according to Turkey’s test (p < 0.05). NERs% was calculated by the formula of PAH 
NERs/(PAH NERs + Extractable PAHs) × 100%

PAHs Coarse sand Fine sand Coarse silt Fine silt

Extractable NERs Extractable NERs Extractable NERs Extractable NERs

Nap 946 ± 103 309 ± 3 1331 ± 50 523 ± 44 495 ± 17 127 ± 0 911 ± 30 244 ± 26
Ace 832 ± 161 ND 680 ± 39 ND 63 ± 23 ND 162 ± 94 ND
Flu 488 ± 78 39 ± 2 530 ± 13 63 ± 3 160 ± 8 4 ± 1 274 ± 15 39 ± 5
Phe 4756 ± 786 467 ± 66 4843 ± 77 760 ± 65 1739 ± 13 222 ± 8 2739 ± 6 463 ± 41
Ant 737 ± 141 26 ± 0 692 ± 1 39 ± 3 185 ± 1 16 ± 0 251 ± 3 37 ± 3
FluA 6526 ± 816 627 ± 137 6861 ± 159 1116 ± 113 2422 ± 268 295 ± 21 3818 ± 641 516 ± 43
Pyr 3175 ± 444 70 ± 9 2851 ± 115 105 ± 20 1192 ± 30 42 ± 5 1858 ± 7 100 ± 5
BaA 2783 ± 396 274 ± 59 2998 ± 0 457 ± 73 1189 ± 22 135 ± 12 1917 ± 19 261 ± 27
Chry 2982 ± 510 55 ± 14 2704 ± 48 79 ± 1 1038 ± 18 25 ± 2 1561 ± 50 68 ± 4
BbF 2543 ± 454 219 ± 64 2762 ± 104 305 ± 34 1180 ± 3 48 ± 27 1784 ± 79 200 ± 5
BkF 1327 ± 204 33 ± 6 1175 ± 3 54 ± 2 475 ± 0 17 ± 2 760 ± 4 53 ± 1
BaP 2915 ± 445 80 ± 21 2665 ± 30 150 ± 1 1046 ± 0 48 ± 2 1614 ± 3 104 ± 4
DBA 340 ± 76 14 ± 9 278 ± 13 26 ± 10 116 ± 5 7 ± 0 186 ± 14 17 ± 2
BP 1508 ± 521 85 ± 26 8645 ± 1606 131 ± 5 1965 ± 9 66 ± 2 3147 ± 94 151 ± 32
IP 1616 ± 243 114 ± 47 1347 ± 83 149 ± 0 588 ± 35 67 ± 1 991 ± 58 140 ± 8
∑PAHs 33,474 ± 4469 2412 ± 462 40,364 ± 1370 3958 ± 280 13,851 ± 196 1119 ± 20 21,975 ± 765 2395 ± 122
NERs% 6.7 ± 0.4 c 8.9 ± 0.9 ab 7.5 ± 0.0 bc 9.8 ± 0.1 a

Table 3  Contents of extractable 
and nonextractable PAHs in 
soil particle-size aggregates of 
Anthrosols (μg·kg−1)

Values are means ± standard deviation (n = 3); ND indicates below detection limit. In the last row, values 
followed by different letters denote the significant differences among particle-size aggregates according to 
Turkey’s test (p < 0.05). NERs% was calculated by the formula of PAH NERs/(PAH NERs + Extractable 
PAHs) × 100%

PAHs Coarse sand Fine sand Coarse silt Fine silt

Extractable NERs Extractable NERs Extractable NERs Extractable NERs

Nap 78 ± 48 ND 161 ± 6 14 ± 1 179 ± 3 18 ± 1 167 ± 9 29 ± 1
Ace ND ND ND ND ND ND ND ND
Flu 10 ± 2 ND 37 ± 1 ND 78 ± 4 ND 85 ± 7 4 ± 6
Phe 185 ± 102 10 ± 4 321 ± 8 19 ± 3 625 ± 38 28 ± 2 615 ± 60 74 ± 0
Ant 18 ± 11 2 ± 0 39 ± 1 2 ± 0 54 ± 1 4 ± 1 51 ± 4 9 ± 0
FluA 315 ± 150 16 ± 2 670 ± 30 15 ± 2 1084 ± 14 28 ± 3 1138 ± 110 90 ± 2
Pyr 238 ± 96 13 ± 0 381 ± 29 20 ± 10 517 ± 4 25 ± 0 785 ± 44 46 ± 4
BaA 158 ± 19 6 ± 2 241 ± 10 8 ± 4 324 ± 7 10 ± 3 429 ± 17 23 ± 1
Chry 183 ± 25 2 ± 0 249 ± 14 2 ± 0 295 ± 6 2 ± 0 418 ± 18 9 ± 1
BbF 358 ± 19 6 ± 3 304 ± 7 6 ± 3 465 ± 36 8 ± 1 709 ± 26 22 ± 1
BkF 99 ± 2 3 ± 1 108 ± 7 5 ± 0 141 ± 4 5 ± 0 213 ± 10 9 ± 0
BaP 192 ± 29 7 ± 0 236 ± 19 8 ± 1 292 ± 15 8 ± 0 441 ± 17 17 ± 0
DBA 168 ± 90 ND 495 ± 188 ND 726 ± 296 12 ± 0 650 ± 106 68 ± 3
BP 316 ± 70 6 ± 0 244 ± 48 5 ± 0 366 ± 28 5 ± 0 460 ± 6 12 ± 2
IP 700 ± 188 13 ± 3 230 ± 32 11 ± 2 318 ± 2 12 ± 0 556 ± 178 17 ± 3
∑PAHs 3016 ± 117 86 ± 8 3715 ± 373 116 ± 14 5463 ± 316 165 ± 1 6718 ± 246 430 ± 10
NERs% 2.8 ± 0.1 b 3.0 ± 0.1 b 2.9 ± 0.2 b 6.0 ± 0.1 a
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(38.5%) > fine silt (25.7%) ≈ coarse sand (25.6%) > coarse 
silt (10.2%) and fine sand (41.2%) > coarse sand 
(32.5%) > fine silt (18.7%) > coarse silt (7.6%), respectively.

3.2  Composition of extractable and nonextractable 
          PAHs in particle‑size aggregates

For the extractable PAHs in Phaeozems (Fig. 1A), four-
ring PAHs were the dominant PAHs in all particle-size 
aggregates and ranged from 38.2 to 46.2%; two-ring PAHs 
were the lowest PAHs and ranged from 2.8 to 4.2%. The 
compositions of the extractable PAHs in all particle-size 
aggregates were generally similar with some exceptions. 
In coarse sand, the proportion of six-ring PAHs was sig-
nificantly lower than that of all other aggregates and the 
proportion of four-ring PAHs was significantly higher 
than that of fine sand (p < 0.05). For the PAH NERs in 
Phaeozems (Fig. 1B), four-ring PAHs were also the domi-
nant PAHs in all particle-size aggregates and ranged from 
39.5 to 44.4%; three-ring PAHs were the second-highest 
concentration PAHs and ranged from 21.7 to 22.5%. The 
composition of PAH NERs in all particle-size aggregates 
was similar except for six-ring PAHs. The proportions of 
six-ring PAH NERs in coarse silt and fine silt were similar 
and significantly higher than that of fine sand (p < 0.05). 
Comparing with the composition of extractable PAHs, the 
proportions of two- and three-ring PAHs increased and 

those of five- and six-ring PAHs decreased for PAH NERs 
in all particle-size aggregates (Fig. 1).

For the extractable PAHs in Anthrosols (Fig. 2A), four-
ring PAHs were the dominant PAHs in all particle-size 
aggregates except coarse sand and ranged from 29.5 to 
41.6%; two-ring PAHs were the lowest PAHs and ranged 
from 2.5 to 4.4%. The compositions of the extractable 
PAHs in all particle-size aggregates were similar except 
for coarse sand. In coarse sand, six-ring PAHs were the 
dominant PAHs (33.9%) and their proportion was signifi-
cantly higher than that in coarse silt (p < 0.05) (Fig. 2A). 
For the PAH NERs in Anthrosols (Fig. 2B), four-ring 
PAHs were also the dominant PAHs in all particle-size 
aggregates and ranged from 38.4 to 43.8%. The compo-
sitions of PAH NERs in fine sand and coarse silt were 
similar. In coarse sand, the proportions of six-ring PAH 
NERs were significantly higher than those of coarse silt 
and fine silt (p < 0.05). Moreover, two-ring PAH NERs 
were undetected in coarse sand (Fig. 2B). Comparing with 
the composition of the extractable PAHs, the proportions 
of two- and three-ring PAHs increased and five- and six-
ring PAHs decreased in PAH NERs in general (Fig. 2).

For the extractable PAHs in Calcareous soil (Fig. 3A), 
four-ring PAHs were the dominant PAHs in all particle-size 
aggregates and ranged from 39.0 to 43.4%; two-ring PAHs 
were the lowest PAHs and ranged from 7.2 to 10.0%. The 
compositions of the extractable PAHs in all particle-size 

Table 4  Contents of extractable and nonextractable PAHs in soil particle-size aggregates of Calcareous soil (μg·kg−1)

Values are means ± standard deviation (n = 3); ND indicates below detection limit. In the last row, values followed by different letters denote 
the significant differences among particle-size aggregates according to Turkey’s test (p < 0.05). NERs% was calculated by the formula of PAH 
NERs/ (PAH NERs + Extractable PAHs) × 100%

PAHs Coarse sand Fine sand Coarse silt Fine silt
Extractable NERs Extractable NERs Extractable NERs Extractable NERs

Nap 192 ± 7 165 ± 3 305 ± 15 314 ± 81 338 ± 18 187 ± 29 570 ± 9 303 ± 27
Ace ND 66 ± 9 ND 172 ± 27 ND 61 ± 27 ND 62 ± 8
Flu 31 ± 19 37 ± 5 68 ± 2 57 ± 5 84 ± 4 23 ± 2 152 ± 0 29 ± 1
Phe 471 ± 15 340 ± 19 683 ± 22 494 ± 67 826 ± 16 298 ± 12 1253 ± 21 357 ± 11
Ant 31 ± 1 25 ± 8 49 ± 1 57 ± 31 55 ± 1 20 ± 0 83 ± 0 25 ± 1
FluA 591 ± 24 420 ± 30 815 ± 40 501 ± 16 992 ± 33 428 ± 12 1272 ± 54 512 ± 13
Pyr 168 ± 27 72 ± 18 281 ± 19 56 ± 0 290 ± 14 74 ± 7 385 ± 30 96 ± 9
BaA 297 ± 31 173 ± 13 407 ± 22 147 ± 8 406 ± 8 133 ± 2 594 ± 1 172 ± 19
Chry 85 ± 10 10 ± 0 138 ± 12 12 ± 0 120 ± 3 13 ± 1 170 ± 6 29 ± 3
BbF 164 ± 15 53 ± 15 234 ± 20 54 ± 7 235 ± 27 76 ± 1 393 ± 7 94 ± 33
BkF 48 ± 4 8 ± 2 87 ± 9 11 ± 0 77 ± 1 11 ± 0 113 ± 1 18 ± 1
BaP 83 ± 10 18 ± 2 162 ± 26 18 ± 0 135 ± 5 16 ± 1 158 ± 2 23 ± 2
DBA 19 ± 1 6 ± 1 31 ± 2 6 ± 0 28 ± 0 4 ± 0 36 ± 0 9 ± 2
BP 231 ± 49 18 ± 2 412 ± 40 44 ± 1 365 ± 14 20 ± 2 231 ± 99 36 ± 2
IP 214 ± 52 63 ± 1 545 ± 211 49 ± 3 356 ± 21 52 ± 6 279 ± 27 59 ± 9
∑PAHs 2626 ± 91 1472 ± 99 4216 ± 60 1992 ± 197 4306 ± 83 1418 ± 72 5689 ± 11 1823 ± 126
NERs% 35.9 ± 2.4 a 32.0 ± 1.9 a 24.8 ± 1.3 b 24.3 ± 1.3 b
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aggregates were very similar except for fine silt. In fine 
silt, the proportions of two- and three-ring PAHs were 
significantly higher than all other aggregates (p < 0.05), 

and six-ring PAHs were significantly lower than fine sand 
(p < 0.05) (Fig. 3A). For the PAH NERs in Calcareous soil 
(Fig. 3B), four-ring PAHs were also the dominant PAHs 

Fig. 1  Compositions of extractable and nonextractable PAHs in particle-size aggregates of Phaeozems

Fig. 2  Compositions of extractable and nonextractable PAHs in particle-size aggregates of Anthrosols
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in all particle-size aggregates except fine sand and ranged 
from 36.2 to 45.8%; three-ring PAHs was the second-highest 
PAHs and ranged from 26.0 to 39.1%. The compositions 
of PAH NERs in all particle-size aggregates were similar 
except for fine sand. In fine sand, the proportion of three-ring 
PAHs was significantly higher than that in other aggregates 
(p < 0.05) (Fig. 3B). Comparing with the compositions of 
the extractable PAHs, the proportions of two- and three-ring 
PAHs increased and five- and six-ring PAHs decreased in 
PAH NERs in all particle-size aggregates (Fig. 3).

In order to explore the effect of ring numbers on the for-
mation of PAH NERs in different particle-size aggregates, 
the proportions of PAH NERs to total PAHs in respect of 
different ring numbers were calculated, and the results are 
shown in Fig. 4. In all particle-size aggregates of the three 
soils, the average proportions of PAH NERs decreased with 
the increase of PAH ring numbers in general and the propor-
tion of two-ring PAH NERs was especially higher than other 
ring number PAH NERs.

In Phaeozems (Fig. 4A), the proportion of two-ring PAH 
NERs in fine sand was significantly higher than that of coarse 
silt and fine silt. The proportions of three- and four-ring PAH 
NERs in coarse sand were significantly lower than those of fine 
sand and fine silt. The proportion of five-ring PAH NERs in 
fine silt was significantly higher than that of coarse sand and 
coarse silt. The proportion of six-ring PAH NERs in fine sand 
was significantly lower than that of coarse sand and fine silt.

In Anthrosols (Fig. 4B), the proportions of PAH NERs 
with different ring numbers in fine silt were all significantly 
higher than those of other particle-size aggregates in gen-
eral (p < 0.05) except six-ring PAH NERs that was no sig-
nificant difference among the four particle-size aggregates. 
There were no significant differences in the proportions of 
PAH NERs with different ring numbers among the other 
three particle-size aggregates except that the proportion of 
four-ring PAH NERs in coarse sand was significantly higher 
than that of fine sand and coarse silt (p < 0.05).

In Calcareous soil (Fig. 4C), there were no significant 
differences in the proportions of PAH NERs with differ-
ent ring numbers among all particle-size aggregates except 
that the proportions of three- and four-ring PAH NERs in 
coarse sand and three-ring PAH NERs in fine sand were 
significantly higher than those of in coarse silt and fine silt 
(p < 0.05).

3.3  Biodegradation of nonextractable PAHs in soil 
          particle‑size aggregates

In Phaeozems, the average degradation rates of total PAH 
NERs in the four particle-size aggregates were all negative 
(Fig. 5A). In respective of different-ring-number PAHs, the 
average degradation rates of five- and six-ring PAH NERs in 
coarse sand and fine silt and six-ring PAH NERs in fine sand 
and coarse silt were positive, and the average degradation 

Fig. 3  Compositions of extractable and nonextractable PAHs in particle-size aggregates of Calcareous soil
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rates of other ring-number PAH NERs in all particle-size 
aggregates were negative. The average degradation rates of 
PAH NERs in the four particle-size aggregates increased 
with increasing PAH ring numbers on the whole.

In Anthrosols, the average degradation rates of total PAH 
NERs in the four particle-size aggregates ranged from 21.1 to 
63.2% (Fig. 5B). In respective of different-ring-number PAHs, 
the average degradation rates of two-ring PAH NERs in all 
particle-size aggregates and three-ring PAH NERs in coarse 
silt were negative, and the average degradation rates of other 
ring-number PAH NERs in all particle-size aggregates were 
positive. Six-ring PAH NERs were biodegraded completely 
in all particle-size aggregates except fine silt. Overall, the 
average degradation rates in the four particle-size aggregates 
increased with increasing PAH ring numbers.

In Calcareous soil, the average degradation rates of total 
PAH NERs in the four particle-size aggregates ranged from 
23.0 to 55.1% and decreased with decreasing particle size 

in general (Fig. 5C). In respective of different-ring-number 
PAHs, there was no consistent trend for the average degra-
dation rates of PAH NERs in all particle-size aggregates.

4  Discussion

4.1  Distribution and formation of nonextractable 
          PAHs in soil particle‑size aggregates

In this study, there was no uniform trend for the content 
of extractable PAHs and PAH NERs and the proportions 
of PAH NERs in different particle-size aggregates in the 
three soils (Tables 2, 3, and 4), which might be due to the 
differences in contamination history, type, and degree and 
the physico-chemical properties of each soil. Krauss and 
Wilcke (2002) reported that an accumulation of PAHs in 
fine sand and silt fractions of soils might be due to the 

Fig. 4  Proportions of nonextractable PAHs to total PAHs with differ-
ent ring numbers in soil particle-size aggregates. Different annotated 
letters above the bars denote the significant differences of PAHs with 

same ring numbers among particle-size aggregates according to Tur-
key’s test (p < 0.05)
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main source being the deposition from the atmosphere. 
Other studies have shown that the sorption of PAHs by 
SOM increased with increasing aromaticity (Chin et al. 
1997; Wilcke et al. 1996; Xing 1997). However, the pro-
portions of two- and three-ring PAHs increased and five- 
and six-ring PAHs decreased in the composition of PAH 
NERs in all particle-size aggregates when comparing with 
the extractable PAHs for every soil (Figs. 1, 2, 3). Fur-
thermore, the average proportion of PAH NERs decreased 
with the increase of PAH ring numbers in all particle-size 
aggregates of the three soils in general (Fig. 4). The above 
results indicated that the molecular size and water solubil-
ity of different-ring-number PAHs might affect their NER 
formation. Large or long molecules can interact concur-
rently at several points on soil particles, which make them 
more difficult to migrate into micropores than small or 
short molecules after being adsorbed (Pignatello and Xing 
1996). Additionally, the water solubility of small PAHs is 
greater than that of large PAHs. Hence, small PAHs can 
move into more distant interior micropores in soil aggre-
gates than large PAHs and form more NERs. Furthermore, 
small PAHs were more biodegradable than large PAHs 

in the extractable form (Haritash and Kaushik 2009). 
When more extractable small PAHs were biodegraded, 
the amount of total small PAHs in soil decreased and the 
proportion of their NERs was accordingly increased based 
on the calculation formula (1). Thus, the behavior of small 
PAHs in soil was governed by both biodegradation and 
NER formation (Ding et al. 2020). Guo et al. (2017) also 
reported that PAHs with smaller molecular sizes formed 
more NERs in sediments.

In order to explore the main factors affecting the forma-
tion of PAH NERs in soil particle-size aggregates, the data 
of the three soils was combined to analyze the relation-
ships between soil physico-chemical properties and PAH 
NERs by Pearson’s correlation. Soil organic matter is the 
main adsorbent for hydrophobic organic compounds in soil 
(Ukalska-Jaruga et al. 2019). All the contents of PAHs with 
different ring numbers and total PAHs in soil particle-size 
aggregates had significantly positive correlations with the 
contents of OC and TN for both the extractable PAHs and 
PAH NERs (p < 0.01 or p < 0.05) (Table S3); however, the 
content of PAH NERs had a significantly negative correla-
tion with soil C/N ratio (p < 0.05) (Table S3). Moreover, the 

Fig. 5  Biodegradation rates of nonextractable PAHs with different ring numbers in soil particle-size aggregates
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percentages of PAH NERs to total PAHs in soil particle-size 
aggregates had no significant correlation with the contents of 
OC and TN. Thus, the content of SOM was the main factor 
that controlled the distribution of PAHs in soil particle-size 
aggregates but not the formation of PAH NERs.

It is believed that NERs of organic chemicals can be 
formed in the soil through physical entrapment and chemical 
bonding (Loiseau and Barriuso 2002). Since the parent PAH 
compounds do not possess any coupling groups, they can 
form PAH NERs through physical trapping (sequestration) 
and chemical interactions including van der Waals forces, 
charge-transfer complexes, and hydrophobic partitioning 
(Burauel and Führ 2000; Craven 2000; Mordaunt et  al. 
2005). From Table S4, all the percentages of PAH NERs to 
total PAHs in soil particle-size aggregates for different-ring-
number PAH NERs and total PAH NERs had significantly 
positive correlations with SSA and pore parameters (e.g., 
micro-, meso-, and macropore area and volume) except 
two-ring PAHs. The percentages of two-ring PAH NERs 
had no significant correlation with macropore area and  
volume, which indicated that two-ring PAHs were not easily 
sequestered in macropores due to their smaller molecular 
size and higher water solubility than other PAHs. The above 
results suggested that physical trapping was the main factor  
that controlled the formation of PAH NERs in soil particle-
size aggregates and two-ring PAH NERs were mainly in 
micro- and meso-pores.

4.2  Biodegradation of nonextractable PAHs in soil 
          particle‑size aggregates

The biodegradation rates of PAH NERs in the different parti-
cle-size aggregates were different in each soil and there was 
no consistent trend in all three soils (Fig. 5). The biodeg-
radation rates of PAH NERs in all particle-size aggregates 
were lower in Phaeozems than those in Anthrosols and Cal-
careous soil, which might due to the higher OC contents and 
proportions of micropores in Phaeozems (Table 1, Table S1). 
The biodegradation rates of some PAH NERs were negative 
in particle-size aggregates of the three soils (Fig. 5), which 
meant that the amount of these PAH NERs in soils increased 
after biodegradation instead of decreasing. The increase 
of these PAH compounds in particle-size aggregates after 
biodegradation experiments might be from microbial pro-
duction. Wakeham et al. (1980) reported that some PAHs 
were abundant in very young sediment layers and might be 
derived by microbially mediated transformations of biogenic 
precursors. A microcosm experiment suggested that Nap can 
be produced by fungi and bacteria associated with termites 
(Musa Bandowe et al. 2009). Nap and Phe had been reported 
as intermediates during the biodegradation of Pyr and BaP 
in some studies (Abo-State et al. 2021; Li et al. 2018; Liang 
et al. 2014; Xu et al. 2022). On the other hand, the increase 

of these PAHs might also be caused by measurement error 
due to the complex pretreatment of quantifying PAHs.

The results of correlation analysis showed that the  
biodegradation rates of total PAH NERs were significantly 
negatively correlated with OC (p < 0.05) and TN (p < 0.01) 
in soil particle-size aggregates (Table S5); however, there 
was no significant correlation between the biodegradation 
rates of total PAH NERs and SSA and pore parameters 
(e.g., Amicro, Ameso, Amacro, Atotal, Vmicro, Vmeso, Vmacro, Vtotal). 
Thus, the biodegradation rates of total PAH NERs were 
mainly determined by the content of SOM in particle-size 
aggregates. In respective of different-ring-number PAHs, the 
degradation rate of four-ring PAH NERs had a significantly 
negative correlation with OC and TN (p < 0.05). The 
degradation rate of five-ring PAH NERs had a significantly 
negative correlation with SSA, Amicro, and Vmicro (p < 0.05) 
(Table S5). The results indicated that biodegradation rates 
of some high-molecular-weight PAH NERs were hindered 
by the sorption of SOM and/or occlusion in micropores. 
Soil organic matter is the main adsorbent for PAHs in soil 
(Ukalska-Jaruga et al. 2019) and the molecules of high-
molecular-weight PAHs can interact simultaneously at 
multiple points on soil particles (Pignatello and Xing 1996), 
which make them adsorb tightly on soil particles and reduce 
their biodegradability. Moreover, once the molecules of 
high-molecular-weight PAHs entered soil micropores, their 
bioaccessibility was restricted and the biodegradation rates 
decreased accordingly. By contrast, the degradation rates 
of two-ring and three-ring PAH NERs in different particle-
size aggregates were significantly positively correlated with 
SSA and pore parameters (e.g., Amicro, Ameso, Amacro, Atotal, 
Vmicro, Vmeso, Vmacro, Vtotal) (p < 0.05 or 0.01) (Table S5). 
Two-ring and three-ring PAH NERs were formed mainly 
through sequestration; more pore structures in soil particle-
size aggregates caused more NER formation. During the 
biodegradation experiments, the pore structure in soil 
particle-size aggregates might be collapsed or changed and 
the two-ring and three-ring PAH NERs were then exposed. 
When the contents of the two-ring and three-ring PAH NERs 
were higher in soil particle-size fractions, their exposure and 
biodegradation probability were also higher, and thus the 
biodegradation rates were increased consequently.

5  Conclusions

The percentages of PAH NERs to total PAHs in soil particle-
size aggregates were in the range of 6.7–9.8%, 2.8–6.0%, 
and 24.3–35.9% for Phaeozems, Anthrosols, and Calcare-
ous soil, respectively. Four-ring PAHs were generally the 
dominant PAHs in the compositions of the extractable PAHs 
and PAH NERs in all particle-size aggregates for the three 
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soils. Comparing with the extractable PAHs, the proportions 
of two- and three-ring PAHs increased and five- and six-ring 
PAHs decreased in the composition of PAH NERs in all 
particle-size aggregates for every soil on the whole. Moreo-
ver, the average proportion of PAH NERs decreased with the 
increase of PAH ring numbers in all particle-size aggregates 
of the three soils in general. The contents of the extract-
able PAHs and PAH NERs in soil particle-size aggregates 
had significantly positive correlations with the contents of 
OC and TN (p < 0.01 or p < 0.05). The proportions of PAH 
NERs in soil particle-size aggregates had significantly posi-
tive correlations with SSA and pore parameters (e.g., micro-, 
meso-, and macropore area and volume) in general (p < 0.01 
or p < 0.05). Due to the higher OC contents and proportions 
of micropores, the biodegradation rates of PAH NERs in all 
particle-size aggregates of Phaeozems were lower than those 
of Anthrosols and Calcareous soil.

The results in this study indicated that the distribution and 
formation of PAH NERs in soil particle-size aggregates were 
mainly controlled by different soil physico-chemical proper-
ties, which helped to deeply understand the environmental 
fates of PAHs in field-contaminated soils.
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