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Abstract

The occurrence and distribution of polycyclic aromatic hydrocarbons (PAH) have been
investigated in the products derived from the pyrolysis of pig manure at low
temperatures (<550 °C) in a fixed bed reactor. The focus was on the sixteen PAH
identified as priority pollutants by the US Environment Protection Agency (EPA). The
pyrolysis does not generate a significant additional amount of EPA-PAH to that existing
in the original pig manure, under the operational conditions studied (<550 °C). While
the total EPA-PAH yield does not indicate a notable dependence on the pyrolysis
temperature, the EPA-PAH distribution among the three pig manure pyrolysis products
as well as the speciation changed significantly with the temperature. The proportion of
heavy PAH species increased as the temperature increased. The initial EPA-PAH in the
manure samples plays a significant role in both their concentration and speciation in the
biochar. The relationship of the EPA-PAH concentration and speciation in the biochar
with those of the raw material was corroborated with a cow manure sample and the
biochars obtained from its pyrolysis. For this reason, feedstocks with low EPA-PAH
concentrations are recommended in order to obtain biochars with concentrations below
the maximum allowed threshold established for their use as a soil enhancer by the

International Biochar Initiative (IBI) and in the European Biochar Certificate.
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1. Introduction
The conversion of biomass to biochar has long been recognized as a favorable
valorization strategy. Biochar addition to soils increases crop yields [1] and the organic
carbon in the biochar remains fixed for many years, which prevents its mineralization
and potential release as CO: [2, 3]. Utilization of waste biomass, such as sewage sludge,
municipal solid waste or livestock manure, is not only considered an ecofriendly
practice, but can also pave the way to an effective valorization of these waste streams
[4]. Converting livestock manure to biochar, instead of using it directly as organic
amendment, could therefore result in a more favorable CO2 balance [3].
However, biochar usually contains toxic polycyclic aromatic hydrocarbons (PAH)
which could end up in the soil and consequently might find their way into water
reservoirs and even into the food chain. This problem has long been recognized. As a
result, threshold values for the 16 high priority PAH (see Fig. 1) identified by the US
Environmental Protection Agency have been proposed by associations promoting
biochar usage, such as the International Biochar Initiative (1BI) and the European
Biochar Certificate Foundation (EBC), to ensure the safe application of biochar [5, 6].
IBI established a threshold value for the total sum of the 16 EPA-PAH (£16 EPA-PAH)
of 6 mg-kg* for Europe and 300 mg-kg* for Australia, while EBC requires the £16
EPA-PAH to be below 12 mg-kg for basic grade biochar and below 4 mg-kg for
premium grade biochar [5, 6].
16 EPA-PAH levels in biomass and waste biomass-derived biochars reported in the
literature show significant variability, with values ranging from 0.07 mg-kg* to 3000
mg-kg™* [7-13]. The operating conditions, particularly the temperature, the feedstock,
and the type of reactor have been reported to play a significant role in the £16 EPA-
PAH levels in biochar, although previous works have presented some contradictory
results regarding the effect of these factors. The pyrolysis temperature has an enormous
effect on the biochar properties [14, 15] and therefore the understanding of its effect on
the PAH content in biochar is another factor that could help to select the appropriate
temperature. Freddo et al. [12] (300 — 600 °C) found that the 16 EPA-PAH
concentration in the biochar samples obtained from four different biomass materials
(redwood, bamboo, maize and rice) decreases as the temperature increases. Hale et al.
[10], who analyzed 50 biochar samples obtained in a wide temperature range (250-900
°C), also found that the X16EPA-PAH concentration generally decreases as the

temperature increases. However, Kloss et al. [11] (400-525 °C) obtained a different



temperature effect on the 16 EPA-PAH concentration for each of the three raw
materials studied (straw, poplar wood and spruce wood). Keiluweit et al. [16] (100-

700 °C), Zielinska and Oleszczuk [17] (500-700 °C) and Buss et al. [9] (350-750 °C)
found different effects of the influence of temperature on the £16 EPA-PAH
concentration, including the maximum or minimum values within the intervals of
temperature studied, and decreasing or increasing trends.

Buss et al. [9] explained the discrepancies in the impact of temperature by its positive
effect in both the formation of PAH and their volatilization from biochar during
pyrolysis, both processes being favored by an increase in the temperature, but
presenting a contrary effect on the final PAH concentration in biochar. It seems that at a
high pyrolysis temperature (over 750 °C) [8, 9] or under gasification conditions (750-
850 °C) [7, 10], the formation of PAH is so significant that the biochar obtained at these
operating conditions presents the highest £16 EPA-PAH concentration independently of
the raw material or the technology used. However, many years of research in this topic
did not yield a clear understanding of how to control the PAH content in biochars
obtained at typical pyrolysis temperatures for biochar production (<650 °C), probably
because at these temperatures the formation of PAH is not so significant and the effect
of volatilization is more noticeable. The important effect of volatilization in PAH levels
in biochar was corroborated by the study of the effect of the carrier gas flow-rate
conducted by Buss et al. [9]. These authors found that increasing the carrier gas flow-
rate (0.0-6.7 L-mint) through the bed during biomass pyrolysis in a fixed bed reactor
decreased the 16 EPA-PAH level in biochars because of the enhanced devolatilization.
Apart from the operating conditions, another important factor affecting the PAH
concentration in biochar is the raw material. However, existing studies have not been
able to establish correlations between the content of macro-components in biomass
(lignin, cellulose and hemicellulose) and the PAH level in biochar. For example, some
studies have pointed out that lignin-rich feedstocks yield high £16 EPA-PAH [18, 19],
while in others this was not observed [9, 20]. Recent studies conducted at temperatures
lower than 700 °C, in which the PAH levels in the raw materials and in the biochars
have been compared, have shown that the £16 EPA-PAH concentration in both solid
matrices are of the same order of magnitude [21] or significantly lower in the biochars
than in the feedstock [17]. These results suggest that, at low temperatures (<650 °C), the
formation of PAH is not significant and the final concentration of PAH in biochar

would be determined by the amount of PAH contained in the feedstock and by the



extent of the volatilization from the solid matrix during the pyrolysis reaction.
Therefore, in order to control the PAH concentration in the biochar obtained at low
temperatures (<650 °C), it would be necessary to know the contribution of each process
(formation and volatilization) to the final PAH concentration for different feedstocks,
technologies and operating conditions. A good strategy to know the contribution of
these processes to the final 16 EPA-PAH content in biochar could be to evaluate both
the content of EPA-PAH in the feedstock and the distribution of the EPA-PAH among
the three pyrolysis products (biochar, liquid and gas). However, in the few studies
existing in the literature in which the distribution of EPA-PAH among pyrolysis
products has been studied, the initial content of PAH in the raw materials was not
determined [22, 23].

It is important to clarify the possible relation between the content of PAH in the raw
materials and in the biochars. This is particularly important for waste-derived types of
biomass, such as livestock manures, which due to their origin or pretreatment are more
likely to contain substantial amounts of PAH [24-26]. This raises the question of how to
manage PAH-containing biomass such as livestock manure. Its direct application as an
organic amendment in agriculture could release the adsorbed PAH into the soil and
therefore cause the same problems as those discussed above for biochar. If the
conversion of livestock manure to biochar under controlling conditions reduced the £16
EPA-PAH level, then such a procedure would be beneficial. In the present experimental
study, the following questions are addressed: What is the relationship, if any, between
the 216 EPA-PAH concentration in the raw materials and in biochars? Will the total
amount of PAH change after pyrolysis, i.e. is there significant PAH net formation? Will
pyrolytic conversion form, destroy, transform or just volatilize the PAH contained in
manure to biochar? How will the PAH be distributed among the three pyrolysis
products? Will the PAH composition in the original manure change during pyrolysis?
Will the biochar toxicity change due to the pyrolysis treatment?

In order to answer these questions, the 216 EPA-PAH inventory before and after the
reaction and their individual distribution among the three pyrolysis products (gas, solid
and liquid) during manure pyrolysis at low temperatures (350 — 550 °C) has been
studied with a sample of pig manure stored outdoors. In order to study the possible
relation between the PAH in the pig manure sample and in its derived biochars, the 16
EPA-PAH levels and the toxicity of the biochars obtained at the different pyrolysis

temperatures have been compared with those of the feedstock using two different



manures, pig manure and co-digested cow manure. The £16 EPA-PAH level in the co-

digested cow manure is two orders of magnitude lower than that in the pig manure,
which will help to identify the influence of the feedstock EPA-PAH levels in those of

the biochars obtained.
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Fig. 1. 16 EPA-PAH studied in the present work. BP: Boiling Point.

2. Experimental section
2.1 Materials
The study of the EPA-PAH production and distribution has been conducted with

outdoor-stored pig manure (OS-PM), which was not subjected to any stabilization
treatment apart from its outdoor storage (00°12'39.53", N40°56'14.03") at ambient
conditions during several months. Apart from the OS-PM, co-digested cow manure
(CD-CM) was also used for the biochar study. The CD-CM was supplied by the HTN

Biogas Company located in Caparroso (Navarra, Spain) and was obtained by anaerobic

co-digestion of cattle manure with agro-industrial wastes. The anaerobically co-digested
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manure was separated in a decanter centrifuge and prepared for the experiment by
drying at 105 °C. The main characteristics of both residues are shown in Table 1. The

particle size of both was between 0.075 to 5 mm.

Table 1. Ultimate, proximate and metal composition of CD-CM and OS-PM as

received.
OS-PM CD-CM OS-PM CD-CM

C (Wt.%)? 273 317 Al (mg gh)f 13.9 8.1

H (wt.%)P 5.3 4.2 Ca(mgg?h)f 170.9 49.5

N (Wt.%)? 2.0 1.9 Fe (mgg?)f 23.9 7.0

O (Wt.%)3b< 32 50.7 K (mggh)f 49.9 7.7

S (Wt.%)? 1.0 0.5 Mg (mg g2)f 411 7.2
Ash (wt.%)¢ 327 20 Na (mg g %) 14.5 43
Moisture (wt.%)® 20.2+0.4 13 P(mgg")f 45.8 13.5

2 Ultimate analysis was performed using a Leco TruSpec® Micro Elemental Analyzer.

b The percentages of H and O include contribution from moisture.

¢ O was calculated by difference as O(wt.%) = 100-C(wt.%)-H(wt.%)-N(wt.%)-S(wt.%)-ash(wt.%).

d According to 1SO-18122-2015.

¢ According to 1ISO-589-1981.

f Metal concentration determined by inductively coupled plasma optical emission spectrometry (ICP-
OES).

The EPA-PAH concentration in both materials was analyzed following the same
method as that utilized with the biochar samples obtained in the experiments (see
Section 2.3). The results obtained from these analyses are shown in Table 4 (see Section
3.3). According to these analyses, the total EPA-PAH concentration in CD-CM

(0.85 mg-kg) is twice the order of magnitude lower than the concentration in OS-PM
(115 mg-kgt). This difference is especially interesting for checking the relationship

between the EPA-PAH occurrence in feedstocks and their biochars.

The concentration of total EPA-PAH determined in CD-CM is in the same range as
those reported for raw cow manure samples by Zhao et al. [25] (0.237-0.542 mg-kgt),
and Qiu et al. [21] (0.562 mg-kgt), lower than those reported for co-digested cow
manure by Suominen et al. [26] (mean of 6 solid digestate samples 5.20 mg-kg™) and
significantly higher than those also determined in cow manures by Rey-Salgueiro et al.
[24] (9-10° mg-kg™). The high concentration of total PAH in OS-PM in comparison
with the other manure samples might be due to the air deposition of PAH during its
outdoor storage in lagoons (00°12'39.53", N40°56'14.03"). Deposition rates of PAH
reported in the literature such as 70-670 ng-m2-d-* [31] or 18.8-278 ng-m2-d* [32] and
its storage during months in the lagoons could justify the high concentrations
determined in OS-PM.



OS-PM only showed the presence of PHEN, FANTH and PYR, which were also some
of the most abundant PAH species in CD-CM (see Table 4). Apart from these three
PAH species, NAPH, B[a]P and B[ghi]P were also present in high concentrations in
CD-CM (see Table 4). The speciation found, with PHEN being outstanding as very
abundant, is consistent with that reported in the literature for these types of materials
[25, 26].

2.2 Experimental set-up
The pyrolysis experiments were performed in a fixed bed reactor shown schematically
in Fig. 2. The experimental system consists of two different zones: the reaction zone
and the condensation zone. The fixed bed reactor (5), a vertical cylinder of stainless
steel 316-L, was heated by an electrical furnace. In the experiments, 300 g of pig
manure were loaded inside the reactor, which corresponds to % of the reactor volume. A
flow rate of 0.25 dm?-min"t (STP) Nz, as inert gas, was fed into the lower zone of the
reactor bed. The vapors passed through an externally heated hot filter (8) to retain char
fines elutriated from the reactor. The hot filter and first condenser were joined by a
10 cm stainless steel tube. The hot filter was kept at the same temperature as the
temperature of the pyrolysis reactor. The connecting tube was isolated with glass wool
in order to maintain the hot filter temperature and to avoid the condensation of tar

compounds.
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Fig. 2. Schematic view of the fixed bed reactor set-up.

The condensation zone consisted of two condensers refrigerated by a chiller at 0 °C (9)
and an electrostatic precipitator (10). In this zone, the condensable vapors (both organic
compounds and water) were collected, and a known amount of methanol was used as
washing liquid for these three devices and the stainless steel tube connecting the hot
filter and the first condenser. A cotton filter (11) was placed downstream of the
condensation zone. Char and liquid yields were calculated by weight difference of the
devices used for their collection before and after the experiment. Following the
procedure described by Sanchez et al. [33], the PAH present in the outlet gas were
collected in a thin tube of 300 mm in length and 10 mm of external diameter packaged
with XAD-2 resin (12). The resin was divided in two parts: (a) the first part containing 3
g of resin was used to collect the PAH and (b) the second part, consisting of 2 g of resin,
was used as a blank. Both parts were separated by quartz wool. Finally, the composition
(vol.%) of the non-condensable gases was analyzed continuously by a micro gas
chromatograph (Agilent MicroGC 3000A) connected online (13), which took a gas
sample every 3 minutes during the experiment. The gas species analyzed were COz,

CO, CHg4, C2Hs, C2H2, H2S, H2 and N2. Nitrogen served as an internal standard for the

calculation of the mass flow of each gas species. For the determination of the total mass



of each gas species, an integration of their mass flows with the experimental time was

performed.

The pyrolysis experiments were carried out at three different final temperatures: 350,
450 and 550 °C using a heating rate of 8 °C-mint. Once the final pyrolysis temperature
was reached, it was maintained for 30 min. The experiments were replicated to evaluate
the repeatability of the results. The biochars were named CD-CM-X and OS-PM-X,
with X indicating the final pyrolysis temperature (350, 450 and 550 °C). For example,
0S-PM-350 stands for biochar produced from outdoor-stored pig manure at 350 °C. The
feedstocks were referred to as OS-PM and CD-CM.

2.3 PAH analysis
The analyses of the EPA-PAH concentration in the solid product and the resin used to
collect the EPA-PAH from the gas product were carried out following the methodology
proposed by Sanchez et al. [33], which is based on the recommendations of the 8270D
EPA method. This methodology has been successfully applied in a number of earlier
studies addressing the quantification of EPA—-PAH from the pyrolysis of different
hydrocarbons over a wide range of operating conditions, (e. g.[33-36]). It consists of
two steps: a solid-liquid Soxhlet extraction with dichloromethane (DCM), followed by
concentration, and the subsequent analysis of the extracted EPA-PAH by gas GC-MS.

In the extraction method, the sample (manure, biochar and XAD-2 resin) was submitted
to a Soxhlet extraction during 24 h using a total amount of 200 mL of DCM and 4
extraction cycles per hour [33]. A mixture of five deuterated PAH (Mix 26, Dr.
Ehrenstorfer-Schafers acenaphthene-d10, chrysene-d12, naphthalene-d8, perylene-d12
and phenanthrene-d10) was used as an internal standard to correct for possible losses of
analytes during sample handling and extraction. The sample extracts were reduced to
approximately 5 mL by rota-evaporation (bath temperature around 308 K). They then
underwent micro-concentration using a gentle nitrogen stream to give a final volume of
1.5 mL [33]. In the case of the liquid product, a known volume of the mixture of the
internal standards was added to a known volume of liquid sample (liquid product and

washing solvent) and placed in the chromatographic vial.



The EPA-PAH were identified and quantified by GC-MS. The GC-MS system (Agilent
7890A gas chromatograph coupled to an Agilent 5975C mass selective detector) was
operated in Selected lon Monitoring (SIM) mode. A medium-polarity capillary column,
DB-17Ms (Agilent 60 m x 0.25 mm x 0.25 pm), was used. An EPA-PAH standard
mixture (PAH-Mix 63, Dr. Ehrenstorfer-Schéfers) containing the 16 EPA-PAH was
employed for calibration purposes following the internal standard method. Calibration
curves with eight concentration levels were constructed. The slope, intercept and
regression of the linear calibration curves are provided in Table S1 of the
Supplementary Material. The limits of detection (LOD) and quantification (LOQ) were
established with 95% confidence [33]. This method allows quantification of the
different EPA-PAH with a high degree of sensitivity because it operates in SIM mode,
selecting specific ions for the 9 defined time windows. This chromatographic method
was also utilized for the determination of the EPA-PAH concentration in the pyrolysis

liquid product collected from the condensers with a known amount of methanol.

Grouped standard deviations, calculated as the square root of the mean square for error
in the analysis of variance (ANOVA) [37], were used as an estimation of the sampling

variability. These values are shown as error bars in the figures.

The concentration of the EPA-PAH determined in the feedstocks and in the biochars
obtained from the pyrolysis was used to assess their toxicity. The toxicity of each EPA-
PAH relative to B[a]P was determined by using the toxicity equivalent factor (TEF),
which is a parameter used to express the toxicity of each EPA-PAH relative to
B[a]P(reference compound) [38]. Table S2 shows the TEF values for each EPA-PAH
analyzed in the present work. The toxicity of a sample expressed as benzo[a]pyrene

equivalent concentration (B[a]P-eq) can be calculated using the TEF values as follows:

Bla]P —eq = Xi((TEF) - [PAH] (Eq. 1)

where [PAH;] means PAH concentration in the solid sample.
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3. Results and discussion
The experimental results for the distribution of the pyrolysis products obtained from
both feedstocks are shown in Table 2. These results have been used to determine the
EPA-PAH yields. The trends observed for the product distribution with the temperature
agree with those obtained in previous works on pyrolysis with similar feedstocks [39,
40].

Table 2. Product yields (wt.%) and mass balance (%) expressed as average +/- grouped

standard deviation obtained in the different pyrolysis experiments.

Reactor OS-PM CD-CM
Temperature (°C) 350 450 550 350 450 550
Solid (wt. %) 49+2 43+2 43+2 51+2 47+2 45+2
Liquid (wt. %6) 43+1 46+1 42+1 37+1 37+1 38%1
Gas (wt. %) 5+1 741 8+1 8+1 14+1 16%1
Balance (%) 98+4 96+4 93+4 96+4 98+4 99+4

3.1 Occurrence of total EPA-PAH in pig manure pyrolysis
Table 3 shows the concentration of the £16 EPA-PAH in the OS-PM feedstock, and the
total 16 EPA-PAH yield and closure of the mass balances obtained from the pyrolysis
experiments at the three different temperatures (350, 450 and 550 °C).

Table 3 Concentration of the X16 EPA-PAH in the OS-PM feedstock, and total X16 EPA-
PAH yield expressed as average +/- grouped standard deviation and closure of the 16

EPA-PAH mass balances obtained from the pyrolysis experiments.

OS-PM OS-PM-350  OS-PM-450  OS-PM-550
Y 16 EPA-PAH
total yield
115 118+ 9 122 +9 108 +9
(mg-kg* of OS-
PM)
Y 16 EPA-PAH
103 106 94
mass balance (%0)

The amounts of EPA-PAH detected in the pyrolysis products of OS-PM at the three
temperatures investigated are very similar to the amount of PAHs found in the raw OS-

PM. Taking into account the experimental error, neither significant formation nor
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significant consumption of £16 EPA-PAH is observed at any of the pyrolysis
temperatures used in the OS-PM experiments.

3.2 Effect of the pyrolysis temperature on the EPA-PAH distribution and
speciation

The distribution of £16 EPA-PAH in the three pyrolysis products obtained from OS-PM
is presented in Fig. 3. It can be observed that the EPA-PAH yields in the gas fractions
are almost negligible. Even the highest yields obtained at 550 °C are at least two orders
of magnitude lower than those found in the char or liquid products. This means that
EPA-PAH either stay in the solid fraction or they are efficiently condensed in the
current setup.
In general, the £16 EPA-PAH yields in the liquid and char are of similar magnitude, with
the exception of the experiment performed at 450 °C, in which the yield of £16 EPA-
PAH in the liquid was approximately double that in the biochar.

The increase in the 16 EPA-PAH yield in the liquid product from 350 °C to 450 °C can
be explained by an increased evaporation and entrainment of these compounds from the
solid matrix. A further increase to 550 °C favors growth of volatile PAH from other less
volatile ones (bigger ones), which would remain adsorbed in the solid matrix due to
their higher boiling point. The EPA-PAH yields in biochar obtained in this work
suggest that a large fraction of the EPA-PAH molecules in pig manure are strongly
adsorbed to the solid, preventing them from being flushed away by the gas stream
within the temperature range studied. These results clearly deviate from the work by
Fagernas et al. [22] who observed that PAH formed in the pyrolysis of birch at 450 °C
in a batch retort ended up almost exclusively in the liquid and gas products, while only
0.6% remained in the solid. The experiments by Fagernés et al. [22] were performed at
very low heating rates and much longer solid residence times than those used in the
present work. Another important difference is the feed material: lignocellulosic biomass

[22] as opposed to the PAH contaminated pig manure used in this study.
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Fig. 3. £16 EPA-PAH yield obtained in the three pyrolysis products from OS-PM (error

bars show grouped standard deviation).

Fig. 4 shows the individual EPA-PAH yields obtained in the OS-PM pyrolysis
experiments carried out at the different pyrolysis temperatures (350, 450 and 550 °C).
At the temperatures studied, new EPA-PAH species, apart from the three identified in
the feedstock (PHEN, FANTH and PYR), have been detected. The EPA-PAH
compounds with relatively high yields are NAPH, FLUO, PHEN, FANTH and
(B[ghi]P). Except for B[ghi]P, the majority compounds have low or medium molecular
weights. This can be attributed to the relatively low temperatures utilized in the
pyrolysis experiments [41]. DB[ah]A was the only EPA-PAH not detected in the
pyrolysis products obtained from OS-PM at any of the temperatures studied.

The results of this current study show that temperature affects the speciation of EPA-
PAH. EPA-PAH of low molecular weight with two to four aromatic rings dominate at
the temperatures of 350 and 450 °C; NAPH, ACNY, FLUO, PHEN and FANTH are
found to be particularly abundant. At these temperatures (350 and 450 °C), some high
molecular weight EPA-PAH such as 1[123-cd]P and B[ghi]P are also present. At 550
°C, but also at 450 °C, the formation of EPA-PAH with four or more aromatic rings
becomes more significant, indicating that at this temperature the formation of high
molecular weight EPA-PAH is favored. At this temperature (550 °C), the yields of the
compounds CHR, B[a]A, B[b]F, B[k]F, and B[a]P increased. These results indicate that

13



EPA-PAH are reactive at low pyrolysis temperatures and that the increased importance
of higher molecular weight PAH at higher temperatures may be due to the fusion of
smaller PAH to larger ones, leading to the decline of the H/C ratio. The increase in the
presence of higher molecular weight PAH with the temperature was also observed by
other authors addressing the pyrolysis of sewage sludge, another biological residue,
within a similar interval of temperatures [41, 42].

The mechanism that forms larger EPA-PAH molecules under the present experimental
conditions is not clear. Radical reactions, typically observed at high temperatures in the
gas phase, are presumably of little importance at the low temperatures used in the
present study. One possibility could be that the ash content may act as catalyst for EPA-
PAH fusion, enhancing the recombination of smaller PAH molecules and their
condensation into larger more stable ones [43]. However, mechanistic studies would be
needed to support such speculation. Moreover, although the gas-phase HACA
(Hydrogen-Abstraction/Carbon-Addition) mechanism is initiated at significantly higher
temperatures (around 800 °C), the high ash content could promote the formation of
precursors of the HACA mechanism, which could also help the low molecular weight
PAH to grow through the HACA route [44].

In summary, considering the different EPA-PAH species obtained in the pyrolysis
products and the closure of the EPA-PAH mass balance of the experiments carried out
at the three temperatures studied (see Table 3), it seems that the EPA-PAH species

originally present in the feedstock are transformed into other EPA-PAH species during
pyrolysis.
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Fig. 4. Individual EPA-PAH yields obtained in each OS-PM pyrolysis experiment (error
bars show grouped standard deviation).

The individual EPA-PAH yields obtained at the different pyrolysis temperatures in each
of the products are shown in Fig. 5a (gas), Fig. 5b (liquid) and Fig. 5c (biochar). Some
of the GC-MS chromatographs for the EPA-PAH analysis in gas, liquid and biochar

obtained at 450 °C from OS-PM are also shown as an example in Fig. S1.
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Fig. 5. Individual EPA-PAH yield in the three pyrolysis product fractions obtained from

OS-PM: (a) liquid, (b) gas, (c) biochar (error bars show grouped standard deviation).
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It can be seen that the liquid and the gas products contain almost all the 16 priority
EPA-PAH (15 EPA-PAH in the liquid and 13 EPA-PAH in the gas), while the biochar
only contains 7 of them. NAPH and PHEN were the EPA-PAH with the largest yields
in both the liquid and the gas products. When comparing the distribution of the EPA-
PAH in the liquid and the gas, it can be observed that the species with higher molecular
weight were detected in the gas in lower proportions than in the liquid. This fact can be
related to their higher boiling points, which would facilitate their condensation and
collection in the liquid product. The solid product does not contain many of the low
molecular weight EPA-PAH species, i.e. NAPH and ACNY, nor many of the high
molecular weight ones, i.e. B[a]A, CHR, B[b]F, B[k]F and B[a]P. The lack of these
compounds in the char could be caused either by their complete release from the solid

particles or by their formation in gas phase reactions.

3.3 Biochar study
This section analyzes the EPA-PAH and B[a]P equivalent concentrations present in the
feedstocks and in the biochars generated during the pyrolysis of the two different

manures (OS-PM and CD-CM) at the three different temperatures (see Table 4).

Table 4. EPA-PAH and B[a]P equivalent concentrations in feedstocks and their biochars
obtained at 350, 450 and 550 °C.

0S- 0OS-PM- OS-PM- OS-PM- CD- CD-CM- CD-CM- CD-CM-
PM-0 350 450 550 CM-0 350 450 550
NAPH 0.0 0.0 0.0 0.105 0.396 0.110 0.041
ACNY 13.3 13.3 0.0 0.022 0.093 0.017 0.019
ACN 0.0 0.0 0.0 0.006 0.015 0.000 0.000
FLUO 17.5 17.9 0.0 0.012 0.062 0.004 0.002
PHEN 75 22.7 11.0 16.7 0.132 0.117 0.046 0.063
ANTH 0.0 0.0 0.0 0.014 0.019 0.005 0.006
FANTH 25 52.0 15.1 29.6 0.064 0.052 0.025 0.039
PYR 15 6.4 6.9 32.4 0.166 0.121 0.045 0.085
B[a]A 0.0 0.0 0.0 0.043 0.011 0.004 0.004
CHR 0.0 0.0 0.0 0.047 0.024 0.006 0.007
B[b]F 0.0 0.0 0.0 0.045 0.012 0.005 0.005
B[K]F 0.0 0.0 0.0 0.011 0.004 0.002 0.001
B[a]P 0.0 0.0 0.0 0.068 0.030 0.010 0.009
I[123-cd]P 0.0 21.8 31.6 0.025 0.066 0.007 0.004
DB[ah]A 0.0 0.0 0.0 0.011 0.052 0.000 0.000
B[ghi]P 15.2 15.9 23.3 0.078 0.131 0.035 0.016
X 16 EPA-PAH
(mg-kg? of 115 1271 102.0 133.6 0.848 1.204 0.322 0.301
solid)
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Y B[a]P eq
(mg-kg? of
solid) 0.115 0.264 2.403 3.472 0.0933 0.0939 0.0125 0.0109

The pyrolysis treatment does not have a noticeable effect on the £16 EPA-PAH
concentrations in the solids, obtaining biochars with concentrations close to those of
their corresponding feedstock, although with small variations. These results are in
agreement with those of Qiu et al. [21], who determined slightly higher or lower EPA-
PAH concentrations in the biochar samples than in the feedstocks. Independently of
these lesser differences, under the pyrolysis operating conditions used in this work, it
can be said that the 16 EPA-PAH levels in the feedstock play a significant role in the

levels found in their biochars.

The biochars obtained at 350 °C had slightly higher concentrations of £16 EPA-PAH than the
feedstocks, especially for CD-CM. This suggests that most of the PAHSs originally
present in the manure remain in the solid and do not devolatilize at this temperature, but
their concentration increases because they become more concentrated as other
components of raw material release the solid matrix and the amount of solid matrix
decreases. The boiling points shown in Fig. 1 indicate that at 450 and 550 °C most of
the EPA-PAH compounds would have been devolatilized from the solid matrix ending
up in the other two pyrolysis products. The £16 EPA-PAH concentrations in the
biochars obtained at 450 °C from both feedstocks are lower than those found in the raw
materials, meaning that their devolatilization from the solid matrix takes precedence
over the reduction in the biochar yield (see Tables 2 and 4). In the case of CD-CM-450,
the concentration of each of the 16 EPA-PAH decreases significantly in comparison
with the biochar obtained at 350 °C (CD-CM-350). At 550 °C, an increase (OS-PM-550)
or a decrease (CD-PM-550) of the original EPA-PAH concentration in the feedstocks
has been observed, depending on the feedstock used. The effect of the temperature on
the degree of volatilization of the PAHs from the biochars, on their speciation (boiling
points) and on the yields of biochar obtained at the different pyrolysis temperatures
would explain the concentrations obtained at the three temperatures studied (see Table
4). Zielinska and Oleszczuk [17] obtained PAH concentrations in the biochar samples
one order of magnitude lower than those in the feedstock (sewage sludge). These low
PAH concentrations in the biochar could be explained by the high flow of nitrogen used

in the fixed bed (630 cm3-min-t) by these authors, as opposed to 25 cm3-min- used in
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this work, which would favor the volatilization of the PAHs from the solid matrix
during the pyrolysis reaction. In this regard, Buss et al. [9] observed that working with a
high carrier gas flow, pyrolysis treatment could reduce the £16 EPA-PAH concentration
of the biochar in comparison with biochars produced with lower flow-rates. Therefore,
enhancing PAH volatilization from the solid matrix, e.g. using a higher flow-rate of

carrier gas, would help to reduce the concentration of these contaminants in biochars.

As regards the PAH speciation, the biochars obtained from OS-PM contained the three
PAHSs originally present in the feedstock and two, three or four more species depending
on the temperature used. In the case of the other feedstock (CD-CM-0), which already
contained the 16 EPA-PAH, its biochars contained at least 14 of the 16 EPA-PAH.
These results highlight the significant similarity between the PAH speciation of the
feedstocks and those of the biochars obtained under the operational conditions studied.
This relation suggests that the EPA-PAH compounds appearing after pyrolysis at low
temperatures (<550 °C) would come from the transformation of the PAH that the
manure samples contained, as previously mentioned in connection with the EPA-PAH
distribution study (see section 3.2). The increase in temperature results in a higher
concentration of heavier PAH in the OS-PM biochars, although this effect is not

appreciated for the biochars obtained from the CD-CM feedstock.

It is interesting to compare the £16 EPA-PAH concentrations in the biochar samples
with the limits recommended by the IBI [5] and by the EBC [6]. All the biochars
prepared under all of the operating conditions and with both feedstocks comply with the
recommendation of I1BI for Australia (300 mg-kg), but only those generated from CD-
CM are below the thresholds given by the IBI for Europe (6 mg-kg™) and by the EBC
(12 mg-kg* for basic grade biochar and 4 mg-kg for premium grade biochar).
Therefore, in order to comply with the limits established by both the IBI and the EBC,

the initial EPA-PAH concentration in the feedstock is a key factor.

Table 4 shows the B[a]P-eq concentration of the feedstocks and their biochars produced
at the different temperatures. It can be seen that B[a]P-eq increases with the temperature
for the OS-PM biochars, but decreases for the CD-CM. The low EPA-PAH
concentration in the CD-CM biochars explains why the B[a]P-eq concentration was

very low, considerably lower than the values obtained for the OS-PM biochars.
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Even though the 16 EPA-PAH concentration in the biochars generated from OS-PM is
similar to that present in the raw material, the different speciation of the EPA-PAH s
leads to its significantly greater toxicity. This fact is related with the presence of high
molecular weight EPA-PAH, such as 1[123-cd]P and B[ghi]P. In the case of the biochar
obtained from CD-CM, the slight decrease in the £16 EPA-PAH concentration in CD-
CM-450 and CD-CM-550 causes significantly lower B[a]P-eq concentrations than in
CD-CM-0 and CD-CM-350. With respect to B[a]P-eq, only the IBI, not the EBC, has a
recommendation limit of 3 mg-kg [5], and all the biochars, except OS-PM-550, fulfill

this specification.

4. Conclusions

A gualitative and quantitative experimental study has been performed on the evolution
of EPA-PAH compounds during the pyrolysis of two different manure samples, an
outdoor-stored pig manure (OS-PM) and a co-digested cow manure (CD-CM), at
different temperatures (350, 450 and 550 °C), paying special attention to the occurrence
of these compounds in the biochar.

The EPA-PAH mass balance closure results point to the absence of any significant net
formation/disappearance of EPA-PAH compounds during low temperature pyrolysis
(<550 °C), although the EPA-PAH originally present in the feedstock are partially
transformed into other EPA-PAH species. A systematic study with the macro
components of the manure and model EPA-PAH compounds needs to be undertaken in
order to explore the chemical mechanism governing this transformation. Under the
operational conditions studied, EPA-PAH compounds are mostly found in the liquid
and solid pyrolysis products, with negligible yields of these compounds in the pyrolysis
gas. The distribution of the EPA-PAH between the three pyrolysis products is affected
by the temperature. The lowest yield of EPA-PAH to the solid product and the highest
to the liquid occurs at 450°C. Heavier species of EPA-PAH, such as 1[123-cd]P,
DBJah]A, and B[ghi]P, are observed in the biochar samples obtained from OS-PM as
the pyrolysis temperature increases. These species are not observed in the biochars
obtained from CD-CM. These differences in the evolution of the EPA-PAH speciation
with temperature lead to opposite trends for the B[a]P equivalent concentration in the

biochars obtained from OS-PM and CD-CM as the temperature increases.
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The results obtained highlight that, at the pyrolysis temperatures studied (<550 °C), the
EPA-PAH concentration in the biochar is mainly governed by the concentration of these
compounds in the feedstock and by their devolatilization during the pyrolysis reaction.
Therefore, to control the occurrence of EPA-PAH in the pyrolysis biochar, the EPA-
PAH concentration in the feedstock must be kept low.
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