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Hydrothermal carbonization (HTC) of corn straw causes hydrolysis and
pyrolytic reorganization of the carbon skeleton, leading to the formation of
polycyclic aromatic hydrocarbons (PAHs). When used as a soil
amendment, hydrothermal carbon can lead to soil contamination,
increased biotoxicity, and potential harm to ecosystem health. To
systematically evaluate PAHs formation mechanisms, single-factor
experiments were carried out by treating corn straw under varying
temperatures (180 to 300 °C) and durations (2 to 6 h) in a closed batch
reactor. PAHs were quantified via gas chromatography-mass
spectrometry (GC-MS) with deuterated internal standards. Results
revealed that total PAHs concentrations increased by 409%, 66.5%, and
68.3% at 180 °C, 210 °C, and 240 °C (4 h and 2 h), respectively, attributed
to intensified dehydration and aromatization reactions under subcritical
conditions. Conversely, PAHs levels decreased by 80.4% and 78.1% at
270 °C and 300 °C (4 h and 2 h), likely due to thermal cracking of PAHs
macromolecules into low-molecular-weight fragments. Prolonged
treatment (6 h and 4 h) reduced PAHs by 62.9 to 70.8% at <240 °C,
suggesting oxidative degradation pathways dominate over pyrolysis under
extended residence time. Mechanistic analysis indicated that optimizing
HTC at 270 °C for 4 h achieves a critical balance between carbonization
efficiency and PAHs suppression, providing a feasible strategy to mitigate
ecotoxicological risks of hydrothermal carbon in soil remediation.
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INTRODUCTION

Given the advantages of hydrothermal carbon in optimizing soil structure,
increasing soil organic matter, and promoting the diversity of soil microbial communities,
large-scale soil applications of hydrothermal carbon—either alone or in combination with
fertilizers—are inevitable in the future. However, before hydrothermal carbon can be
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applied to soils, more in-depth safety assessments and research into safer, more effective
processes are necessary. The physicochemical properties of hydrothermal carbon are
primarily influenced by reaction conditions, such as temperature and reaction time (He et
al. 2023). During the hydrothermal process, organic matter undergoes dehydration,
decarboxylation, condensation, and cyclization, leading to the formation of polycyclic
aromatic hydrocarbons (PAHS). As by-products of hydrothermal carbonization, PAHs
have drawn significant attention due to their structural stability and persistence in soil
(Hilber et al. 2012; Gondek et al. 2016).

PAHs are a class of organic compounds composed of two or more fused benzene
rings. They are classified into low molecular weight PAHs (2 to 3 rings), medium
molecular weight PAHSs (4 rings), and high molecular weight PAHSs (5 to 6 rings) (Zhang
et al. 2021). Biomass undergoes hydrothermal decomposition in an anoxic environment,
where the lack of oxygen inhibits complete oxidation reactions, promoting the incomplete
breakdown of organic molecules and the formation of PAHs (Nguyen et al. 2019). The
small molecular organic compounds generated from the decomposition of biomass
components further undergo condensation, cyclization, and restructuring to form PAHs
(Hilber et al. 2012). Additionally, the large number of free radicals produced during the
hydrothermal process further react, facilitating the formation of PAHs. Due to their
carcinogenic, mutagenic, and reproductive toxicity, PAHs pose potential risks to human
health and the ecological environment. PAHs are highly persistent in the natural
environment, and once they enter it, they are difficult to degrade or remove through natural
processes. This persistence allows them to remain in soils, sediments, and water bodies for
long periods, and they can spread to wider regions through atmospheric deposition or water
circulation (Nikiforova et al. 2019). Studying the formation mechanism, distribution
characteristics, and the relationship between PAHs and the physicochemical properties of
hydrochar during the hydrothermal carbonization process can further ensure the
environmental safety and sustainable use of hydrochar. This research will provide a
theoretical basis for optimizing the hydrothermal carbonization process and reducing the
generation of harmful by-products, ultimately minimizing the potential negative
environmental impact of PAHs (Wang et al. 2018).

The United States Environmental Protection Agency (EPA) has listed 16 PAHS,
including naphthalene (NAP) and phenanthrene (PHE), as priority pollutants. These PAHs
are present in various hydrocarbons and have become key targets for environmental
management due to their persistence and toxicity (Zhao et al. 2020). Several studies have
been dedicated to revealing the formation patterns of PAHs under different reaction
conditions. Temperature, for instance, influences the PAHs content. In a study on the
hydrothermal carbonization of municipal solid waste, Peng et al. (2017) found that
increasing the temperature (from 160 to 240 °C) led to higher total PAHSs content, but a
decrease was observed at 260 °C. Conversely, in a study on the hydrothermal carbonization
of pig manure, Lang et al. (2019) found that PAHs content decreased between 180 and 200
°C, but increased again at higher temperatures (220 °C). The temperature also affects the
formation of stable carbon during the hydrothermal carbonization process of different
feedstocks. Liu et al. (2018) suggested that hydrothermal carbonization enhanced the fuel
properties of sludge, but the PAHs content was concentrated in the solid carbon after
carbonization. Additionally, temperature influences the abundance of different PAHSs.
After biomass carbonization, the most abundant PAHs are typically NAP or PHE, and these
low molecular weight PAHs account for the majority of the total PAHs content (De la Rosa
et al. 2019). Similarly, Jeon et al. (2024) noted that NAP (41.9 to 115.2 ug-kg™) and PHE
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(55.4 to 144.3 pg-kg™) are the primary contributors to PAHs levels. Biochar from wheat
straw and pine needles contain predominantly three-ring and four-ring PAHs (Wang et al.
2018). The type and content of these PAHSs are not only influenced by temperature but are
also closely related to various other conditions during the carbonization process, with
reaction time being an important but under-researched variable. Currently, studies on the
total PAHs content and specific abundance distribution at different carbonization reaction
times are still limited. Especially under high-temperature and long-duration reaction
conditions, the formation patterns of PAHs with different molecular weights remain
unclear. Further research into the effects of carbonization reaction time on PAHSs is
essential for providing scientific evidence for evaluating their environmental safety.

Evaluating the PAHSs content in hydrothermal carbon derived from corn straw is
crucial for mitigating its potential negative impacts when applied to soil. This study
investigated the effects of temperature and reaction time on the PAHSs content in corn straw
hydrothermal carbon through a series of single-factor experiments, with a focus on the total
PAHs content and toxicity, as well as the content and toxicity of different PAHs isomers.
The aim was to analyze the influence of temperature and time on PAHSs formation, explore
the generation mechanism and distribution characteristics of PAHSs, and identify an optimal
combination of reaction temperature and time to reduce PAHs content. By comparing the
experimental results with literature values and current standards for PAHs content, this
study seeks to provide an effective strategy for reducing toxicity.

CHEMISTRY BACKGROUND

Cellulose and hemicellulose, the main components of plant cell walls in
lignocellulosic biomass, differ in their structure and function. Cellulose is a linear
polysaccharide composed of D-glucose units connected by B-1,4-glycosidic bonds, while
hemicellulose is a heterogeneous polysaccharide made up of various monosaccharides
(such as xylose, mannose, galactose, arabinose, and glucose) linked by different types of
glycosidic bonds. Lignin is a high-molecular compound formed by the random
polymerization of three main phenylpropanoid monomers (p-coumaric acid, coniferyl
alcohol, and sinapyl alcohol) through phenolic ether bonds and carbon-carbon bonds. In
the initial stage (180 to 210 °C), hydrolysis reactions dominate, breaking down cellulose
and hemicellulose into soluble sugars and small organic acids, while lignin partially
decomposes into monomeric aromatic compounds. In the intermediate stage (210 to 250
°C), the hydrolysis products further decompose, generating more organic acids, aldehydes,
and ketones. Lignin continues to break down, producing additional aromatic compounds.
This stage is also the primary phase for hydrochar formation, as solid products begin to
form. In the high-temperature stage (250 to 300 °C), recombination and condensation
reactions occur, leading to the formation of more complex organic compounds, including
PAHSs. Further degradation products of cellulose, hemicellulose, and lignin undergo
polymerization reactions, resulting in solid char. By understanding the chemical reaction
mechanisms, the hydrothermal carbonization process can be better controlled to reduce
PAHs formation and enhance the environmental friendliness of hydrochar (Fig. 1). The
transformation of cellulose and hemicellulose into PAHs under hydrothermal conditions is
a critical aspect of this process.
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The formation process of PAHSs from lignin under hydrothermal conditions:
Lignin—CgHsOH + C¢H, (CH;)OH—C¢Hs—C,Hg(NAP).
C¢HsOH—C4Hs—C oHg (NAP).
CeH4(CH3)OH—C 4H;,0—C 4H;((PHE).

At approximately 300 °C, PAHs are generated via a radical mechanism, forming
larger aromatic structures. Initially, organic compounds partially decompose into smaller
hydrocarbon fragments, such as acetylene, 1,3-butadiene, and H.C=CH-CH=CH. These
smaller molecules then undergo thermal reactions, where the radicals combine to produce
stable, low molecular weight PAHSs like naphthalene. As the temperature and residence
time increase, these low molecular weight PAHs continue to grow, forming higher
molecular weight PAHSs through a “zigzag addition process”. This process leads to the
synthesis of more complex and potentially toxic PAHSs, such as BaP and BgP.
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Fig. 1. PAHs formation pathways from corn straw hydrothermal treatment. (a) Acenaphthene via
Diels-Alder, (b) Acenaphthylene via HACA, (c) BaP and PYR structures. (1) Hemicellulose
decomposition; (2) Cellulose decomposition; (3) Glucose—furfural; (4) Glucose—benzene ring;
(5 Lignin decomposition; (6) Diels-Alder ring—HACA; (7) Aromatization; (8)(9) PAH
polymerization.

EXPERIMENTAL

Chemicals

The PAHs standard solution (a mixture of 16 PAHs at a concentration of 1 pg-L™")
and a mixed internal standard solution containing 5 PAHSs (including naphthalene-D8,
acenaphthene-D10, phenanthrene-D10, chrysene-D12, and perylene-D12, each at a
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concentration of 150 mg-L™') were both obtained from Tanmo Quality Inspection
Technology Co., Ltd. (Jiangsu, China). Acetone (CsHsO, purity >99.5%), n-hexane (CsHisa,
purity >99%), dichloromethane (CH:Clz, purity >99.9%), copper powder (Cu, purity
>99.9%), and anhydrous sodium sulfate (Na2SOa, purity >99%) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). All chemicals were of chromatographic
grade or higher. Unless otherwise stated, deionized water was used for all aqueous
solutions in the experiments.

Preparation of Hydrothermal Carbon

The corn stover utilized in this study was collected from farmland in the suburbs of
Jinan City, Shandong Province. The material underwent a preparation process that included
washing, air-drying, and pulverization using a high-speed multifunctional grinder
(HD2500, LINGSUM, China). The resulting powder was sieved through a 2 mm mesh and
stored in sealed bags until use. Hydrothermal carbon was prepared using a 2000 mL
electric-heated reaction vessel (GKCF-2L, Gongyi Yingyu High-tech Instrument Factory,
Gongyi, China). A 100 g portion of sieved corn stover powder was combined with 500 mL
of deionized water, thoroughly mixed, and then transferred into the reaction vessel. The
reaction temperatures were set at 180, 210, 240, 270, and 300 °C, with each temperature
maintained for 2, 4, or 6 h. After the reaction, the vessel was allowed to cool naturally to
room temperature. Solid-liquid separation was conducted using a vacuum filtration system.
The resulting hydrothermal carbon solids were dried in an oven until a constant weight was
achieved. The hydrothermal carbon samples were labeled as X-Y, where each “X-Y”
indicates the reaction temperature and time, respectively.

Hydrothermal Carbon Extraction and Chromatographic Conditions

The extraction and quantification of PAHSs in hydrothermal carbon followed the
method outlined by Liu et al (2018). A 10 g hydrothermal carbon sample was placed into
a 60 mL glass tube, to which 1 g of copper reductant and 40 mL of a mixed solvent (acetone
and n-hexane in a 1:1 volume ratio) were added. Subsequently, 1 mL of a PAHSs internal
standard solution was introduced, containing equivalent ratio concentration naphthalene-
D8, acenaphthene-D10, phenanthrene-D10, chrysene-D12, and perylene-D12 at a
concentration of 1 pg-L™. The tube was then sealed. The recovery yield for the extraction
process was assessed, resulting in an average recovery range of 80.0% to 105.0%. The
sample mixture underwent sonication for 30 min, with manual shaking every 5 min to
ensure thorough mixing, followed by a 5 min resting period. The supernatant was collected,
and the sonication process was repeated four additional times. The combined extracts were
concentrated using rotary evaporation to a volume of 60 mL. To eliminate water content,
2 g of anhydrous sodium sulfate was added. The solution was further concentrated to 1 to
2 mL and subjected to purification through neutral alumina and silica columns. Elution was
conducted in three stages using 9 mL of a 1:1 mixture of n-hexane and dichloromethane.
The resulting eluate was collected, and nitrogen gas was employed to reduce the volume
to approximately 1 mL. The purified extract was sealed and reserved for subsequent
analysis. Gas chromatography-mass spectrometry (Agilent Technologies 6890N GC,
USA) was employed for PAHs analysis under specific conditions: an injection port
temperature of 310 °C, an ion source temperature of 230 °C, and a helium gas flow rate of
1 mL/min. Each sample was analyzed three times, see supplementary material Table S1.
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Polycyclic Aromatic Hydrocarbon Content and Toxicity Evaluation

The Toxicity Equivalency Quotient (TEQ) of PAHs was determined using the
approach outlined by Yin et al. (2020). This method utilizes the Toxic Equivalency Factor
(TEF) concept to evaluate the total toxicity equivalent relative to benzo(a)pyrene (BaP).
The TEF values are assigned to individual PAH based on their relative toxicological
potency compared to BaP. By applying these factors, the TEQ of each PAH was calculated,
providing an insight into its toxicological significance. The TEQ of PAHs was computed
using the following expression,

TEQ=Y(C,xTEF)) 1)

where C; is the concentration of each PAH, and TEEF; is the toxicity equivalency factor of
each PAH.

Analysis of the Physicochemical Properties of Hydrothermal Carbon

The elemental composition of carbon (C), hydrogen (H), and oxygen (O) in the
hydrothermal carbon was determined using an elemental analyzer (Element Analyzer,
Elementar-UNICUBE, Germany). The analyzer was operated in CHNS mode for the
analysis of carbon, hydrogen, and nitrogen (N) content, and in O mode for oxygen
determination.

Fourier-transform infrared (FT-IR) spectroscopy (Thermo Scientific Nicolet
1520,USA) was employed to examine the chemical bonds and functional groups present in
the hydrothermal carbon molecules. The FT-IR measurements were conducted over a
wavelength range of 4000 to 400 cm™™.

Classification of PAHs

This research focused on identifying the 16 priority PAHSs recognized by the U.S.
Environmental Protection Agency (EPA), organizing them into three categories based on
their molecular weight and the number of aromatic rings. The first category includes PAHs
with low molecular weights (Il to Il rings), such as NAP, acenaphthylene (ACY),
acenaphthene (ACE), fluorene (FLU), PHE, and anthracene (ANT).

The second group was made up of medium molecular weight PAHs (1V rings),
including fluoranthene (FLT), pyrene (PYR), benzo(a)anthracene (BaA), and chrysene
(CHR).

The third group consisted of high molecular weight PAHs (V to VI rings), such as
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP),
dibenzo(a,h)anthracene (DhA), indeno(1,2,3-c,d)pyrene (IcP), and benzo(g,h,i)perylene
(BgP). Detailed information on the molecular weights, structures, and TEF values for these
compounds are provided as supplementary material (Appendix, Table S2).

Statistical Analysis

The experimental and measurement data were organized and summarized using
Microsoft Excel 2021. Linear regression and chart creation were carried out with Origin
2021. For statistical analysis, one-way analysis of variance (ANOVA) was performed using
IBM SPSS 27 software to examine differences both between and within groups, with a
significance threshold of 0.05.
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RESULTS AND DISCUSSION

Effect of Hydrothermal Temperature and Hydrothermal Reaction Time on
PAHs Content

The total PAHs content (Y PAHs, consisting of 16 PAHs) ranged from 161 pg-kg™
(270-4) to 2100 pg-kg? (300-2). According to the U.S. EPA, the maximum allowable
PAHs content in biochar for agricultural land use is 6 mg-kg™ (Yang et al. 2021). Although
the PAHSs content in hydrothermal carbon is below this threshold, it does not imply that the
potential long-term environmental impact of biochar can be ignored. At 2 h, Y PAHs
gradually increased with temperature. At 4 h, ) PAHs first decreased and then increased as
temperature rose. After 6 h, > PAHs remained largely unaffected by reaction temperature
(Table 1). PAHSs in hydrothermal carbon exist through two main pathways: On the one
hand, PAHs were produced during the hydrothermal reaction due to the solid-phase
aromatization process. Although some of these PAHs were volatilized during thermal
decomposition, a certain amount remained in the hydrothermal carbon. On the other hand,
in the current hydrothermal carbon preparation process, hydrothermal carbon was removed
after the reaction system is cooled, which inevitably leads to the PAHs from the reaction

system being deposited back onto the hydrothermal carbon during the cooling process.

Table 1. PAHs Content of Different Configurations Prepared at 180, 210, 240,
270, and 300 °C for 2,4, and 6 h

Samples PAHs (ug-kg™)
Time (h) Tem?fé;““’e I-Rs II-Rs IV-Rs V-Rs VI-Rs Total
180 11+0.4d 53+1.3d 12+0.2d 96+1.3e 9+0.4d 18114.0e
210 31+1.3c 19748.2c | 22+0.5¢c | 273+6.7c | 29+0.4b | 553+16.8¢c
5 240 9+0.8e 44+1.3d 9+0.4d 327+7.1b | 45+2.9a 435+9.5d
270 1M11+1.4b | 377+8.3b | 93+1.9b | 210+5.6d | 27+0.2c | 818%18.7b
300 600+0.3a | 684+5.7a | 251+4.7a | 531+£12.8a | 31+0.4b | 2097+20.3a
180 235+2.5b | 413+13.7a | 1174+6.1a | 141+5.6a | 16+0.1c | 922+43.4a
210 321+16.1a | 379+18.2b | 67+3.0c | 128+3.9b | 26+0.9a | 921+20.5a
4 240 195+2.2c | 275+4.9c | 97+2.7b | 143+3.8a | 23+1.3ab | 732+5.1b
270 17+1.3e 48+0.9¢ 24+1.6d 54+1.7c 16+0.2c | 160+11.8d
300 83+0.1d 201+£9.0d | 90+0.8b 64+1.3c 21+0.6b 459+9.3c
180 115+0.2a 57+0.9d 54+2.1a | 106+1.8c | 11+0.1b 342+7.1a
210 2110.76¢ 65%1.7¢c 44+0.5b | 121+2.1b 9+0.3c 260+5.5¢
6 240 17+0.7d 62+1.3c 28+0.4c 90+3.4d 17+0.3a 214+3.3e
270 46+3.7b 90+1.8b 19+0.2d 65+2.3e 9+0.5¢ 230+7.6d
300 11£0.3e 119+2.5a | 25+1.3c | 152+5.1a | 6.5+0.1d | 314%4.0b
Tlme * * % * * % * % % * % * * * * * * %
Temperature * * % * * % * % % * % * * * * * * %
Tlme* * * % * * % * % % * % * * * * * * %
Temperature
Values are presented as mean * standard deviation (n=3). Lowercase letters (a to e) indicate
statistically significant differences.
* * * indicates a correlation < 0.01.
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Fig. 2. PAHs content at various reaction times: (a) 2 h reaction time, (b) 4 h, and (c) 6 h

The hydrothermal carbon prepared under a 2 h reaction time is considered to be an
initial improvement of soil physical structure, suitable for loose or slightly improved soils
(Atallah et al. 2019). At the lowest hydrothermal temperature (180 °C), the total PAHS
content in the 180-2 sample was 1814+4.0 pg-kg™!, with the highest content of V-Rs PAHSs
(53.0%). The 180-2 sample was also rich in 1I-Rs PAHs (only NAP, 6.1%), I11-Rs PAHs
(29.3%), IV-Rs PAHSs (6.6%), and VI-Rs PAHSs (5.0%) (Table 1, Fig. 2a). The total PAHS
content at this condition was relatively low because the lower temperature prevents
complete carbonization, leading to incomplete release of PAHs from the straw
(Mohammed et al. 2020). As the temperature was increased to 210 °C, the total PAHS
content (Y PAHs) and the levels of various PAHS types in the 210-2 sample increased.
However, the proportions of I1-Rs PAHs (5.6%), 1V-Rs PAHs (6.0%), and V-Rs PAHSs
(49.3%) decreased compared to 180-2, while the proportions of 111-Rs PAHs (35.6%) and
VI-Rs PAHs (5.2%) increased (Table 1). Notably, the ANT content in the I11-Rs PAHs
increased by 158.8% compared to 180-2, and the reduced release intensity of NAP was
attributed to the formation of ANT (Fig. 3a, b). Two possible pathways can explain the
formation of NAP. The first is that NAP is released from hydrothermal carbon following
the low-temperature formation mechanism of PAHSs (Zhu et al. 2017). The second is the
conversion of phenol into cyclopentadiene, with cyclopentadiene radicals subsequently
forming NAP (Caster et al. 2021). It is noteworthy that in the 240-2 sample, the proportions
of V-Rs PAHSs (75.2%) and VI-Rs PAHs (10.3%) both increased, with BaP accounting for
about 83.0% of the V-Rs PAHSs content (Fig. 3a, b). Additionally, the content of ACY in
the 111-Rs PAHs decreased by 77.6 pg-kg*. Based on previous studies, acetylene appears
at temperatures between 200 and 300 °C, suggesting that ACY may originate from the
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dehydrogenation-addition of acetylene (HACA) pathway (Reizer et al. 2021). The decrease
in ACY release indicates that ACY might serve as an intermediate in the formation of other
PAHSs. In the 270-2 sample, there was an increase in low and medium molecular weight
PAHs and a decrease in high molecular weight PAHs. At the highest hydrothermal
temperature of 300 °C, YPAHs in the 300-2 sample was 2097+20.3 pug-kg™. NAP was the
sole representative of 11-Rs PAHSs, constituting 28.6% of the total PAHSs. I11-Rs PAHs
accounted for 32.6%, with FLU and PHE being the most abundant, comprising 38.2% and
26.5%, respectively, of the IllI-Rs PAHs. IV-Rs, V-Rs, and VI-Rs PAHs represented
12.0%, 25.3%, and 1.5% of the total PAHSs, respectively (Table 1, Fig.3a, b). For V-Rs
PAHs, BaP was detected in all samples (180-2, 210-2, 240-2, 270-2, 300-2). BaP is
regarded as an indicator of contamination and one of the most carcinogenic PAHSs. As the
temperature increased, BaP exhibited a sinusoidal fluctuation. Given the presence of BaP
in biologically available components, careful attention is required before agricultural use.

The hydrothermal carbon prepared with a 4 h reaction time exhibited ) PAHs
ranging from 60 + 11.80 to 922 + 43.40 pg-kg™. Unlike the 2 h reaction, at lower
hydrothermal temperatures, the 180-4 sample showed the highest abundance of IlI-Rs
PAHSs, accounting for 44.8% (Table 1, Fig. 2b). Due to the dominance of low molecular
weight PAHSs, which exceeded 70.3%, the proportion of V-Rs PAHSs decreased from 53.0%
to 15.3%. However, the BaP content increased, and its proportion exceeded 85.2%. As the
temperature was increased to 210 °C, the Y PAHs in the 210-4 sample remained relatively
stable (921 + 20.50 pg-kg™). The content of 11-Rs PAHs and VI-Rs PAHs showed an
increasing trend, accounting for 34.9% and 2.5%, respectively, while 111-Rs, 1V-Rs, and
V-Rs PAHs showed a decreasing trend, accounting for 41.2%, 7.3%, and 13.9%,
respectively (Fig. 3c, d). As the reaction temperature was increased, the PAHSs in the
hydrothermal carbon underwent splitting and recombination. The extracted PAHSs
structures displayed a trend of transitioning from low molecular weight PAHs to medium-
and high-molecular weight PAHs. I11-Rs PAHSs could form high molecular weight PAHs
through additional “naphthalene-like” reactions (Harrison et al. 2018). In comparison to
210-4, the 240-4 sample showed an overall decrease in low molecular weight PAHs (a
reduction of 32.9%) and an increase in medium molecular weight PAHs (an increase of
44.8%), while the content of high molecular weight PAHs remained almost unchanged.
Notably, in the 270-4 sample, > PAHs dropped to 160 + 11.80 ug-kg™!, with V-Rs PAHs,
dominated by BaP, accounting for 33.8%. BaP alone made up 62.5% of the V-Rs PAHs
(Fig. 3c, d). However, in the 300-4 sample, compared to the 270 °C sample, both the total
PAHSs content and the content of different PAH types increased. Specifically, 11-Rs PAHs
accounted for 18.1%, I11-Rs PAHs for 43.8%, IV-Rs PAHSs for 19.6%, and V-Rs and VI-
Rs PAHs accounted for 13.9% and 4.6%, respectively. In comparison to the 300-2 sample,
> PAHs and the content of different PAH types were reduced in 300-4. With the extension
of the reaction time, some PAHs were affected by oxidation, a process that disrupts the
original aromatic ring structure, leading to the formation of oxygen-containing compounds
or other degradation products, thereby further reducing PAHs content. BaP was detected
in all samples (180-4, 210-4, 240-4, 270-4, 300-4). As the temperature increased, BaP
showed a cosine-wave fluctuation pattern.
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Fig. 3. Variation of a content at different temperatures after various reaction times: (a, b) after 2 h,
(c, d) after 4 h, (e, f) after 6 h

The trends in PAHs with different configurations in the 210-6 sample, compared to
180-6, and in the 210-2 sample, compared to 180-2, tended to align. Specifically, the
content of 11-Rs PAHs decreased, while the content of 111-Rs PAHSs increased. However,
the total PAH content (3 PAHs) in the 180-6 and 210-6 samples decreased overall, with
values of 342 + 7.10 pug-kg™ and 260 + 5.50 pg-kg™?, respectively (Table 1, Fig. 2c). As the
temperature increased to 240 °C, low molecular weight and medium molecular weight
PAHSs in the 240-6 sample showed a decreasing trend, while VI-Rs PAHSs significantly
increased. During this reaction time, PAH splitting caused high molecular weight PAHSs to
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decompose and recombine into low or medium molecular weight PAHSs. In the 270-6
sample, 1I-Rs PAHs and IlI-Rs PAHSs increased by 2.71 and 1.45 times, respectively,
compared to the 240 °C sample, while IV-Rs, V-Rs, and VI-Rs PAHs decreased by 1.47,
1.38, and 1.89 times, respectively. As the hydrothermal temperature increased, V-Rs PAHs
accounted for 48.4%, with BaP having the highest abundance, constituting 59.7% (Fig.
3f). BaP was detected in all samples (180-6, 210-6, 240-6, 270-6, 300-6). Generally, as the
temperature increased, BaP showed a sinusoidal fluctuation pattern. According to the
Chinese GB18918-2002 standard, the BaP concentration limit for biochar is 3 mg-kg*
(Harmsen and Rietra 2018). Although the > PAHs and BaP levels detected in this study did
not exceed the standard, the presence of accumulating PAHSs should not be overlooked.

In summary, the changes in PAHSs content in hydrothermal carbon can be attributed
to two main factors: the decomposition of biomass components and the cleavage and
condensation of PAHs. Under shorter hydrothermal reaction times (2 h, 4 h), an increase
in temperature tends to elevate the PAHSs content in the hydrothermal carbon. However,
under longer reaction times (6 h), the total PAHSs content is no longer significantly affected
by the reaction temperature.

Evaluation of PAHs Toxicity

Due to the persistence of PAHS, their gradual accumulation in the soil poses
potential environmental risks. Numerous studies have shown that PAHs not only inhibit
normal plant growth but also reduce soil biodiversity (He et al. 2023). As PAHs migrate
from soil to water bodies and the atmosphere, they may pose adverse effects on human and
animal health through skin contact, inhalation, and the food chain. A low concentration
does not necessarily imply low toxicity. Whether considering the total > PAHs or the
individual PAH compounds, it is not possible to accurately determine the degree of PAHSs
dissolution in materials based solely on their concentrations. In addition to total PAHs
content, the toxicity of PAHs is often assessed using the TEQ. The TEF is an effective
method for evaluating PAHSs toxicity, allowing for a comprehensive assessment of the
toxicity of different PAH and providing a comparative value for their overall toxicity (Chen
et al. 2019).

The results showed that the TEQ value for the 270-4 sample was 39.02 ug-kg™.
Although the total PAHs content decreased by approximately 75% when toxicity
equivalents were not considered, it is important to note that BaP, which has the highest
toxicity equivalent and strong carcinogenic potential, contributed the most to this value
(Fig. 4b). BaP is classified as a Group 1 carcinogen by the International Agency for
Research on Cancer (IARC). It not only poses a threat to human health but also has the
potential to disrupt the ecological balance of other biological communities. The structure
of BaP consists of a core five-ring structure (including a central ring) with external benzene
rings connected by different chemical bonds. The formation of BaP involves the
polymerization of four benzene rings, first forming structures with two benzene rings (such
as ANT, PHE, etc.), which then continue to undergo cyclization, hydrogenation, and
rearrangement reactions to form the basic structure of BaP (Harrison et al. 2018). Studies
have shown that in soils, BaP forms stable complexes with organic matter and minerals,
which reduces its bioavailability (Wang et al. 2024). This makes it more difficult for
microorganisms or plants to absorb and degrade these pollutants. Research has found that
BaP significantly inhibits root growth in plants such as wheat and corn, with root length
and weight significantly reduced (Belousov et al. 2021). At high concentrations, BaP can
also cause yellowing of plant leaves and decrease chlorophyll content. In polluted soils,
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BaP significantly reduces the diversity of bacterial and fungal communities related to soil
health. Microbial populations capable of degrading PAHSs, such as Pseudomonas and
Bacillus, are restricted in growth under high concentrations of BaP (Rabodonirina et al.
2019). Compared to BaP, DhA has a slightly different structure due to the presence of a
dihydro group. Although this dihydro group may reduce some of its reactivity, DhA can
still be metabolized into substances with strong carcinogenic properties. DhA is a reduction
product of BaA and shares a similar structure with BaA, but it contains a hydrogen atom
on one of BaA's rings. DhA can be metabolized into carcinogenic metabolites, and as a
persistent organic pollutant, it is highly stable in the environment, remaining in soils and
water bodies for extended periods. It can enter the human body through the food chain,
posing potential health risks. The toxic effects of DhA are weaker than BaP, but it still
impacts plant growth, particularly inhibiting root and seedling growth (Ali et al. 2016).
Although the formation of PAHs during the hydrothermal process of biomass is
unavoidable, future research aimed at reducing the harmful environmental impacts of
PAHs should focus on controlling the concentrations of BaP and DhA, with particular
attention to BaP levels.
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Fig. 4. PAHs TEQ after various reaction times: (a) after 2 h, (b) after 4 h, (c) after 6 h, (d) after
total 2,4,6 h

The trend in the variation of TEQ values with temperature is primarily due to
differences in the content of individual PAH and their corresponding TEF values. For
example, compared to the 270-6 sample, the 240-6 sample contained higher levels of V-Rs
and VI-Rs PAHSs, which have higher TEF values, resulting in a higher TEQ value (Fig. 5c).
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After extending the heating time to 6 h at high temperatures, although some aromatic
structures remain, many high-toxicity PAHSs further decompose or volatilize, leading to a
significant decrease in the TEQ value. This is because the degree of aromatization has
reached saturation, and the long-term high-temperature treatment results in the
recombination or further transformation of aromatic structures, which reduces the overall
toxicity. TEQ analysis revealed that the primary factor influencing the toxicity of PAHs in
hydrothermal carbon was the presence of high molecular weight PAHs. For example, at a
2 h hydrothermal reaction time, the proportion of VV-Rs PAHs in the TEQ at 210 °C and
240 °C was 20.1%, while at 270 °C, VI-Rs PAHSs accounted for 23.5% of the TEQ (Fig.
5a). For the 4-h hydrothermal reaction time, at 240 °C, V-Rs PAHs made up 32.2% of the
TEQ, while at 210 °C, VI-Rs PAHSs contributed 25.2% (Fig. 5b). Under the 6 h reaction
time at 300 °C, V-Rs PAHs accounted for 25.3% of the TEQ, while at 240 °C, VI-Rs PAHs
contributed 32.8% (Fig. 5c). Notably, under the 300-2 hydrothermal conditions, PAHs
TEQ accounted for 36.3%, the highest among all the conditions, while under the 270-4
hydrothermal conditions, PAHs TEQ accounted for only 9.0%, making it the least toxic
hydrothermal carbon condition in the study (Fig. 5d). Overall, the PAHs toxicity analysis
generally follows the same pattern as the PAHs content. Under different conditions, BaP
and DhA contributed significantly to the TEQ values of the hydrothermal carbon products,
while PAHSs with fewer rings, such as NAP, ACY, PHE, and FLT, exhibited lower toxicity.

(@) (b)
Ri 2.9% 1579 II-Rings  10.4% 130 -Ri o, 37% -Rings 18.1% . 130
1I-Rings ' 30.8% 11.3% =2To T-Rings 2% 27-6% 101-Rings p 31% [ 210
9 240
15.2% 31% 22.9% 29% et
. 00 20.2% I 300
63.5% 27%
44.5% 37.8% 27.8%
IV-Rings 204% V-Rings 20% _ 20% IV-Rings 22% __ 21.3% V-Rings o, """ 226%
43.1% 7.2% .
2.4% 19.8% 20.1% 1.1% 6%
322% 25.3%
26.9% 20.1% 31.1%
VI-Rs 10.6% 2330, VI-Rings 20.8% 15.7%
23.5%
15.6% 252%
21.3%
21.2% 22.8%
(c) (d)100 -
Il-Rings =~ 52% 1I-Rings 19.8% 243% [ 150
21.9% o
B 240 80 -
" "
1% 54.8% 15% —
1% 11 23.2% [ 300
-
IV-Rin V-Rings 25,30 19% iy 60
2 19.2% 85 25.3% o]
374% &
46% c
11.1% a
12.1% 24.9% 8 404
27.6% 18.6% Ll
VI-Rings 126% __ 20,6%
17.1% 20
16.9%
32.8%
0 -

2

4

6

Different post-temperatures of hydrochar (°C)

Fig. 5. Contribution of different PAH configurations to TEQ. (a) after 2 h, (b) after 4 h, (c) after 6

h, (d) Total TEQ.

Si et al. (2025). “Hydrothermal carbon & PAHs,” BioResources 20(3), 5445-5466.

5457



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Formation Mechanism of PAHs in Hydrothermal Carbon

To reveal the potential sources and formation mechanisms of PAHSs, elemental
analysis was conducted, as shown in Table 2. Compared with the raw corn stalk (CS)
material, the carbon (C) content in the hydrothermal carbon showed an increasing trend,
while the oxygen (O) and hydrogen (H) contents decreased significantly. The ratios of
(O+N)/C and O/C also showed a declining trend, which can be attributed to dehydration
and decarboxylation reactions. Additionally, the H/C values of CS and 180-2 showed little
difference, supporting the analysis in the manuscript that the lower PAHSs content in 180-2
was due to incomplete carbonization. Under reaction times of 2 hand 4 h, as the temperature
increased, the carbon content rose, while the contents of hydrogen and oxygen decreased.
The polarity of surface functional groups (represented by the (O + N)/C ratio) also
decreased, and hydrophobicity (represented by the O/C ratio) was reduced. This
phenomenon can be attributed to dehydration and decarboxylation reactions (Naderi and
Vesali-Naseh 2019). As the reaction time was extended to 6 h, organic molecules in the
reaction system continued to undergo dehydration and deoxygenation processes. This
resulted in further fixation of carbon in the product, forming a more stable carbon structure
(such as aromatization and polymerization), leading to an increase in the carbon content.

Table 2. Elemental Analysis of Hydrothermal Char

Samples PAHSs (ng/g)
C H (0] N Yield
(%) (%) (%) (%) H/C | O/C | (N + O)/C (%)
CS 49.13 | 6.16 | 43.98 | 0.72 | 1.49 | 0.67 0.68 -
Time Temperature
(h) (°C)
180 51.82 | 5.75 | 40.29 | 1.12 | 1.32 | 0.58 0.61 62.3
210 53.25| 5.72 | 39.76 | 1.18 | 1.28 | 0.56 0.54 60.3
2 240 50.96 | 5.69 | 4245 | 1.56 | 1.33 | 0.63 0.34 57.6
270 54.85 | 5.62 | 38.35| 1.63 | 1.22 | 0.52 0.26 60.3
300 57.75| 5.60 | 35.05| 2.38 | 1.16 | 0.46 0.23 50.2
180 55.75 | 5.64 | 37.34 | 1.26 | 1.21 | 0.51 0.52 48.7
210 55.75 | 5.74 | 37.62 | 0.87 | 1.23 | 0.52 0.52 46.6
4 240 55.36 | 5.79 | 37.98 | 0.86 | 1.25 | 0.53 0.53 45.0
270 54.22 | 5.70 | 39.29 | 0.78 | 1.25 | 0.55 0.56 43.1
300 66.11 | 5.04 | 26.83 | 2.01 | 0.91 | 0.31 0.33 45.2
180 72.98 | 5.29 | 19.71 | 2.01 | 0.86 | 0.20 0.23 43.0
210 70.15 | 5.20 | 23.86 | 0.82 | 0.88 | 0.26 0.29 42.4
6 240 68.32 | 510 | 2546 | 1.11 | 0.89 | 0.28 0.29 42.3
270 69.89 | 5.11 | 23.65| 1.35 | 0.87 | 0.25 0.27 39.6
300 69.91] 5.04 | 22.74 | 2.3 |0.86 | 0.24 0.27 37.2

O/C, (N + O)/C, H/C = Molar ratios

For the aromaticity of hydrothermal carbon, the H/C ratio at two levels is crucial.
When the H/C ratio is less than 0.30 or greater than 0.70, the studied material exhibits
either a highly condensed or non-condensed structure. All the hydrothermal carbons in this
study showed H/C ratios greater than 0.70, confirming that the prepared hydrothermal
carbon possessed a high degree of aromatization and carbonization, with no non-condensed
structure. PAHs are highly aromatic compounds, and their content typically increases as
the H/C ratio decreases. That is, at lower H/C ratios, the molecules in the hydrothermal
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carbon are more likely to undergo polymerization reactions to form polycyclic structures.
At the same time, the polarity and hydrophobicity of hydrothermal carbon influence the
content of PAHs monomers. More polar hydrothermal carbons tend to accumulate low-
molecular-weight PAHs, while more hydrophobic hydrothermal carbons accumulate high-
molecular-weight PAHs. For example, in the 180-2 sample, the O/C and (N + O)/C ratios
were 0.58 and 0.61, respectively, and the abundance of NAP, FLR, PHE, and BaP was
highest under this condition. This is due to the partial decomposition of the biomass
components, generating low-molecular-weight PAHs, and on the other hand, to the high
polarity of the 180-2 hydrothermal carbon, which leads to a greater accumulation of NAP,
FLR, and PHE. Its higher hydrophobicity results in greater accumulation of BaP. A lower
O/C ratio indicates fewer oxygen-containing functional groups in the material, making it
easier to form condensed aromatic structures, which in turn promotes the formation of
PAHSs. Over the entire HTC process, as the temperature increases, the carbon structure of
the biomass gradually tends toward aromatization, accompanied by the formation of
aromatic rings and graphite-like structures (Reza et al. 2015). During this process, any
remaining oxygen atoms typically embed into more stable carbon-oxygen structures (such
as ether or hemiacetal bonds). Therefore, even as the temperature continues to rise, the
oxygen removal efficiency decreases, and the oxygen content stabilizes. In contrast, the
removal of hydrogen occurs over a broader temperature range. At higher temperatures,
hydrogen is released in the form of gases (such as Hz) or volatile small molecules (such as
CH.) (Harmsen and Rietra 2018). This means that although oxygen content stabilizes, the
removal of hydrogen may still continue, leading to a further decrease in the H/C ratio.
Although oxygen content stabilizes at higher temperatures, the continued removal of
hydrogen results in a further decrease in the H/C ratio. The difference in the behavior of
hydrogen and oxygen elements explains the observed elemental changes during
hydrothermal carbonization. The enhanced aromaticity (decreased H/C ratio) correlates
with an increase in PAHSs generation, while the stabilization of oxygen content is related to
the formation of more stable carbon-oxygen bond structures.

Previous studies have shown that the release of PAHSs is related to the aromaticity
of hydrothermal carbon. Fourier-transform infrared spectroscopy (FTIR) characterizes the
chemical structure of compounds by detecting the characteristic frequencies of molecular
vibrations. The trend of PAHs variation can be explained by the following infrared
absorbance peaks corresponding to functional groups: C=C stretching vibration (aromatic
rings): 1400 to 1600 cm™*; C-O and C-O-C stretching vibrations: 1100 to 1300 cm™; -OH
stretching vibration: 3300 to 3500 cm™; C-H stretching vibration: 2800 to 3000 cm™ (Gao
et al. 2013; Zhu et al. 2015). As the temperature was increased from 180 to 300 °C, the
intensity of the O-H peak gradually weakened, especially in the 270-2 and 300-2 (Fig. 6a)
and 4 h (Fig. 6b) treatments, where the O-H peak nearly disappeared. This indicates that
high temperatures intensify dehydration reactions and break down the hydroxyl functional
groups in hydrothermal carbon, resulting in a reduction in hydroxyl groups. This trend
suggests that prolonged heating at high temperatures destroys the hydrophilicity of
hydrothermal carbon, increasing its hydrophobicity, which is conducive to PAHs
formation. At 180-2 (Fig. 6a), the C-H peak is quite pronounced, indicating that the
hydrothermal carbon still retained a significant amount of aliphatic structures, specifically
carbon-hydrogen chains. These aliphatic carbon-hydrogen bonds typically originate from
the molecular structures of the original biomass, such as alkyl chains in lignin and
cellulose. In this temperature range, due to insufficient thermal energy, the aliphatic
structures are not completely degraded, and the C-H bonds do not undergo significant
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cleavage. Therefore, the resulting polycyclic aromatic hydrocarbons (PAHS) are relatively
low in content. As the heating time was extended (Fig. 6b and Fig. 6c), the intensity of the
C-H peak further decreased, especially at 270 and 300 °C. This corresponds to the
aromaticization trend of PAH formation, as the cleavage of aliphatic C-H bonds leads to
the formation of free radicals and smaller carbon-based fragments. These small molecular
fragments, driven by thermodynamic forces, undergo polymerization reactions and
recombine into stable aromatic structures, generating PAHSs. In Fig. 6a, the PAHs content
increased significantly with temperature, especially at 300 °C, where the total PAHS
content reached 2097 ng-g. This high content is closely related to the increased intensity
of the C=C absorption peak shown in Fig. 6a. The short-term high-temperature treatment
promoted the formation of a large number of aromatic structures in the hydrothermal
carbon, thereby increasing PAHSs generation. In Fig. 6b, the C=C peak remained relatively
strong but was somewhat weaker than the 2 h sample. As time progressed, some aromatic
structures underwent further rearrangement or decomposition, leading to a decrease in
PAHs content. Moreover, PAHs generated at higher temperatures tended to have a higher
ring number (such as BaP, BbF), while lower temperatures mainly generated PAHs with
fewer rings (such as NAP, ACY, ANT). The enhancement of the aromatic C=C peak is
consistent with this, as increased aromaticity at higher temperatures leads to the formation
of more high-ring PAHSs.

(a) (b)

300 O-H CH =0 =€ c.oCH 300

. _—
I \ N
] K{.—-/\// e _r//

Absorbance (a.u.)
®
(=]
Absorbance (a.u.)
;
\
\

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber/cm™!

C-H . X
a0 OF C=0¢=C (g CH

Absorbance (a.u.)

\ . A A . )
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/em™!

Fig. 6. FT-IR of hydrothermal char at various reaction times: (a) 2 h, (b) 4 h, (c) 6 h

Si et al. (2025). “Hydrothermal carbon & PAHs,” BioResources 20(3), 5445-5466. 5460



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

The reduction of C-O and C-O-C functional groups correlated negatively with the
increase in PAHs content. As the temperature rose, the cleavage of oxygen-containing
functional groups resulted in a gradual loss of hydrophilicity in the hydrothermal carbon,
with an increase in aromatic structures, which led to higher PAHSs generation. Maintaining
a moderate amount of oxygen-containing functional groups can help reduce PAHs
formation, thus lowering the environmental risks of hydrothermal carbon. Under the 270-
4 hydrothermal conditions, the C=C peak intensity was the lowest, indicating that the
hydrothermal carbon under these conditions contained fewer aromatic structures and had
not undergone excessive polymerization or aromatization. The lower C-H peak value
reflected the organic structure of the hydrothermal carbon, suggesting that this carbon
underwent a dehydrogenation reaction during the hydrothermal process, removing some
hydrogen and forming a more stable carbon structure. The reduction in C-H bonds usually
indicates that the organic matter in the hydrothermal carbon has undergone some oxidation
or cleavage processes, reducing the part that is easily degraded by microorganisms while
increasing the aggregation of carbon, thereby enhancing the stability of the hydrothermal
carbon. A more stable structure can increase the persistence of hydrothermal carbon in soil,
reducing the risk of releasing harmful substances. In summary, hydrothermal carbon
prepared under conditions of 270 °C for 4 h, with the lowest PAHs content, low C=C and
C-H peak values, indicates that this hydrothermal carbon had a relatively simple and stable
structure, containing fewer harmful substances. Its good stability and low toxicity make it
highly suitable for soil applications, particularly in soil improvement, pollutant adsorption,
and promoting soil microbial activity.

CONCLUSIONS

1. The study examined the content, distribution, and toxicity of 16 priority polycyclic
aromatic hydrocarbons (PAHS) in corn straw hydrothermal carbon under different
temperature and reaction time conditions. PAHs content ranged from 160.8 to 2097.3
ug-kg?, while TEQ ranged from 78.0 to 849.1 pg-kg™.

2. Hydrothermal carbonization produced at 270 °C for 4 h showed significantly lower
PAHSs levels compared to traditional methods (210 °C for 2 h and 240 °C for 2 h),
with reductions of 393.8 and 275.7 pg-kg?, respectively. This suggests that the
hydrothermal carbon is more environmentally friendly, reducing health risks and
harmful substance accumulation in various applications.

3. This study systematically revealed the formation mechanisms and influencing factors
of PAHSs during the hydrothermal carbonization of biomass, filling a gap in research
on the environmental risks of hydrothermal carbonization.

4. This study quantified the environmental release potential of PAHSs in hydrothermal
carbonization products, challenging the conventional perception that “hydrothermal
carbon is absolutely environmentally friendly,” and emphasizes the necessity of risk
assessment before their application to soil or aquatic environments.
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Table S1. Gas Chromatography-Mass Spectrometry Instrument Detection

Parameters

Experimental Conditions

Experimental Parameters

Instrument model

Agilent GC 6890N

Sample injection method

splitless injection

Injection volume 1L
Injection port temperature 310 °C
Type of carrier gas He
Carrier gas flow rate 1mL: min~?!
Type of chromatographic column HP-5 Capillary Column
Initial column temperature 50 °C

Column temperature ramp conditions

1. Ramp the temperature at 4 °C/min to
220 °C and hold for 5 min.
2. Ramp the temperature at 10 °C/min to
280 °C and hold for 0 min
3. Ramp the temperature at 3 °C/min to
310 °C and hold for 15.5 min

Signal acquisition mode

Single lon Monitoring (SIM)

Table S2. Classification of the 16 priority control PAHs monitored by the U.S.

Environmental Protection Agency (EPA)

Rings Compound Abbreviation | Molar mass | p-p Molecular
(g/mol) structure
I-Rs Naphthalene NAP 128.17 0.001 L\
@
Acenaphthylene ACY 152.20 0.001 CO
[
Acenaphthene ACE 152.20 0.001 OQ
I-Rs Fluorene FLU 166.00 0.001
Phenanthrene PHE 178.23 0.001 O‘O
Anthracene ANT 178.23 0.01
Fluoranthene FLT 202.25 0.001 Q‘%
Pyrene PYR 202.00 0.001 “
R 9
Benz(a) anthracen BaA 228.29 0.1 Oog
Chrysene CHR 228.29 0.01 [*ﬁijj‘j
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Y
Benzo(b) fluoranthene BbF 252.31 0.1 %
Benzo(k) fluoranthene BkF 252.31 0.1 CO/\%;
V-Rs
Benzo(a) pyrene BaP 252.31 1 Og‘o
Dib h O
ibenz( a, h) DhA 278.35 1 Soe
anthracene J
Indeno (1, 2, 3-c, d) ‘O
rome IcP 276.33 0.1 Oi‘O
VI-Rs O ‘
Benzo (g, h, i) perylene BgP 278.34 0.01 ”.?
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