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Abstract
This study focused on determining the influence of temperature (500–700 °C) during pyrolysis of pelletised chicken litter 
(PCL) and fresh chicken litter (FCL). The composition of all pyrolysis products was analysed, and their potential applications 
were discussed. An analysis of phosphorus speciation in FCL and PCL along with their derived biochars revealed that the 
share of water-soluble phosphorus was greatly reduced in the biochar, implying lower risk of eutrophication in agricultural 
applications of biochar when used as a soil improver. Indeed, water-soluble phosphorus decreased from 60% for PCL to as 
low as 3% for the biochars. In addition, the concentration of other nutrients and heavy metals in biochar, and its potential 
for agriculture application was discussed. Heavy metals content was below the upper limits set out in the European Fertilis-
ing Products Regulation only for biochars produced at 500 °C, but biochars produced at higher temperatures did not meet 
the limits for Zn and Ni content. The energy balance analysis showed that pelletisation of chicken litter is not necessary, as 
the properties of both PCL and FCL allow for energetically sustainable pyrolysis when hot pyrolysis gas is combusted, and 
biochar recovered for nutrient recycling.

Keywords Intermediate pyrolysis; Pyrolysis liquids; Pyrolysis gas · Phosphorus transformation · Nutrient · Heavy metals in 
biochar

1 Introduction

Poultry meat dominates the meat market share over beef 
since the outbreak of Bovine spongiform encephalopathy 
(also known as mad cow disease) in 1974. In 2020, 1.06 
billion broilers, 62 million fowl, and 16 million turkeys 
were slaughtered in the UK alone [1]. However, increas-
ing demand for poultry meat led the transition of poultry 
farming from extensive to intensive. Although intensive 
farming succeeded in addressing the market demand for 
poultry meat nevertheless, it poses a significant threat to 
the environment if the farming waste is not disposed of 
sustainably [2, 3]. The Food and Agriculture Organisation 
(FAO) of the United Nations estimated that global live-
stock production currently accounts for 15% of the total 
anthropogenic greenhouse gas (GHG) emissions (equiva-
lent to 7.1 giga tonnes of  CO2eq per year) [4]. Accumula-
tion of animal manure brings a massive disposal problem; 
therefore, sustainable treatment technologies are impera-
tive to avoid adverse impacts on the environment [5]. Land 
application and composting of chicken litter are common 
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and are the cheapest methods of managing and disposing 
of it in large quantities [6]. However, due to stricter envi-
ronmental regulations, the proportion of soil application 
and composting treatment facilities is gradually declining. 
Moreover, sustainable disposal opportunities exist to uti-
lise the animal waste on farms to generate heat, power, and 
fertiliser via a thermochemical conversion route which can 
contribute to economic sustainability. Chicken litter has 
been proposed and utilised as a fuel and/or fertiliser [6, 7].

Pyrolysis has been considered an alternative technol-
ogy to direct incineration with added technical and envi-
ronmental advantages. Pyrolysis processes can reduce the 
solid waste to 80–95% by volume, while being converted 
into liquid, solid, and gaseous fractions, namely bio-oil (liq-
uid product containing the aqueous phase and the organic 
phase, pyrolysis oil) , biochar, and pyrolysis gas [8]. Pyroly-
sis processes are mainly divided into two categories: slow 
and fast pyrolysis. Slow pyrolysis occurs at low heating 
rates (25–120 °C/min) and long residence times (15–36 
min) where biochar is the main product [9, 10]. In contrast, 
fast pyrolysis takes place at higher heating rates (600 °C/s) 
shorter residence times (0.5–5 s) and produces a higher yield 
of liquid and non-condensable gases [11, 12]. However, it 
is evident from Table 1 that for both slow and fast pyroly-
sis of chicken manure, biochar is the main product due to 
the high ash content, which is a significant constituent of 
chicken manure (14–22 wt. %) and derived biochar (42–66 
wt. %). The high ash content reduces contribution of ligno-
cellulosic biomass (bedding material) in chicken manure, 
main precursor of liquid product. Since slow pyrolysis gen-
erates higher biochar yield, it is generally more suitable to 
convert agricultural waste into biochar [13]. The inorganic 

compounds mostly accumulate in the biochar which makes 
it high-quality soil improver. It has been estimated that the 
pyrolysis gas produced can sustain the energy demand for 
continuous operation of the process [14]. This opens the 
prospect of slow pyrolysis as a disinfection treatment of bio-
hazardous materials as well as waste-to-energy utilisation of 
chicken litter [9].

Previous research work on the slow and fast pyrolysis 
of chicken litter and their comparative yield analyses are 
presented in Table 1.

According to Elliot [16], primary pyrolysis oil contains 
a mixture of oxygenates and phenolic ethers at pyrolysis 
temperature of 400 and 500 °C. The phenolic compounds 
are formed by the decomposition of lignin, while different 
oxygenates, for example, sugars and furans, are produced by 
the degradation of cellulose and hemicellulose in the feed-
stock; in chicken litter, bedding material is a source of these. 
Esters, acids, alcohols, ketones, and aldehydes derive from 
decomposition and reformation of random small, oxygen-
ated compounds [17]. The formation of nitrogen-containing 
compounds (i.e. pyrazines, pyridines) was attributed to the 
pyrolysis of proteins and peptides in the poultry litter feed-
stock [15, 18].

Current research studies mainly focused on utilisation of 
pyrolysis liquid products in biotechnological applications. 
Arnold et al. [19] reviewed processes that use pyrolysis oil 
as a substrate for industrially relevant bioproduction employ-
ing microbiological strains. There are three main challenges 
for the biotechnological conversion of this carbon source: (i) 
general toxicity, (ii) an overall complex composition, and 
(iii) a low concentration of bio-accessible molecules. Moita 
and Lemos [20] used the entire pyrolysis oil obtained by fast 

Table 1  The comparison of product yield distribution for slow and fast pyrolysis of chicken manure

+ Fixed batch reactor; *fluidised bed reactor; ^pyro-prob reactor

Feedstock Pyrolysis type Temperature 
(°C)

Residence time (min) Biochar
(wt.%)

Liquid (wt.%) Gas (wt.%) Ref.

Chicken litter + Hay Slow 350 36 56.7 28.5 14.8 [10] +

400 24 44.8 30.7 24.5
450 18 42.6 32.4 25.0

Chicken litter Slow 450 30 48.0 34.5 17.6 [9] +

500 30 46.6 35.8 17.6
600 30 43.2 33.1 23.6
700 30 38.5 29.7 31.8

Chicken litter Fast 460 0.9s (gas) 32.5 22.5 15.0 [15]*
530 0.7s (gas) 31.5 27.6 21.9

Chicken litter Fast 450 0.5-5 s (gas) 40.6 23.5 35.9 [11]*
500 0.5-5 s (gas) 40.1 23.0 36.9
550 0.5-5 s (gas) 40.0 27.0 33.4

Chicken litter Fast 500 - 48.5 22.3 7.2 [12]^

600 - 39.8 23.2 9.9
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pyrolysis of residues from poultry farming (chicken beds) as 
a possible microbial feedstock for the production of short-
chain polyhydroxyalkanoates (i.e. bio-plastics) using mixed 
microbial cultures. Another study showed that after phase 
separation, the organic phase could potentially be used for 
direct combustion as a boiler fuel [21]. However, to assess 
its suitability, additional properties such as acidity, solid and 
ash content, and water content need to be determined [22].

The oil from fast pyrolysis of poultry litter did not com-
ply with requirements for biodiesel engines due to the high 
water content (26 wt.%) that inhibits ignition (upper limit 
0.5 wt.%) and very high total acidity number of 38–46 mg of 
KOH/g (upper limit 0.5 mg of KOH/g). The total amount of 
inorganic trace elements (ash) in the poultry litter pyrolysis 
oil also exceeded the upper acceptable limit (0.02 wt.%) by 
tenfold [15].

The only current state-of-the-art application of hot pyrol-
ysis vapour is direct combustion with recovery of energy 
from the flue gas in a micro-gas turbine [23, 24].

Production of biochar from chicken litter is of increased 
scientific interest due to the soil improving porous structure 
and nutrient content of biochar [25, 26] as well as using 
biochar in carbon sequestration for alleviating the effects of 
global warming. Recently, several researchers showed that 
biochar produced at temperatures between 300 and 450 °C 
is suitable for agricultural applications [26–30]. Biochar 
derived from poultry manure (obtained at 460 °C) contains 
phosphorus chemical species with good plant availability 
making it suitable as a slow release or phosphorus storage 
fertiliser in slightly acidic soils [31]. Furthermore, another 
study showed that a low pyrolysis temperature (350–500 °C) 
had a more positive effect on nutrient availability compared 
with combustion (at 815 °C), and it is a suitable method 
for the thermal treatment of chicken manure [32]. Phos-
phorus solubility and related availability to plants depends 
on several factors, one of which is the mineralogical phase 
binding of nutrient [32]. It has been reported that inorganic 
orthophosphate is available to plants [33, 34]. Apatite-bound 
phosphorus is not directly available to plants; however, 
recent research shows that it is not recalcitrant either but 
partially available to plants, even within one cropping sea-
son, but the degree of its utilisation depends on the overall 
nutrient status and soil water distribution [35]. The forms of 
phosphorus in manure could be broadly classified as organi-
cally associated phosphorus and inorganic phosphorus [36]. 
For poultry litter, phosphorus is present in the form of organ-
ically associated phytate and phospholipid-type species.

So far, most studies on agricultural application of poul-
try/chicken litter biochar focus on macronutrients (such as 
N-P-K, Ca, Mg) availability, as well as emissions of  NH3, 
NO, etc. but did not investigate the content of heavy metals 
in chicken/poultry litter biochar. Poultry/chicken litter has 

a high concentration of Zn and Cu, typical supplements in 
poultry diet which affects bird’s growth performance [37]. 
These elements are often added to poultry/chicken feed in 
larger amounts than the recommended daily dose because 
they do not absorb easily [38]. The content of Zn and Cu is 
increased following thermal processing of poultry litter, e.g. 
combustion [39], gasification [40], and pyrolysis, due to a 
concentration effect.

The development of circular economy aims to prevent 
uncontrolled dispersal of plant nutrients to mitigate envi-
ronmental damage [41]. The application of chicken/poul-
try litter to arable land in regions with intensive farming is 
becoming unsustainable on the one hand, due to phosphorus 
accumulation and uncontrolled phosphorus losses (water-
soluble phosphorus leaks to water streams causing eutrophi-
cation), and on the other hand GHG emissions [4]. Pyroly-
sis technology and biochar production can be economically 
viable and consistent with the UN’s sustainability goals and 
the circular economy principles when using locally available 
feedstock that is processed at local pyrolysis plants [42, 43].

The new European Fertilising Products Regulation (FPR) 
[44] allows fertilising products based on organic or recov-
ered materials. The European Commission is currently car-
rying out a survey on the possible inclusion of STRUBIAS 
materials, such as struvite, biochar, and ashes, which do 
not present a risk to human, animal, or plant health and are 
safe for the environment. In the new FPR [44], animal by-
products (manures) are authorised as input materials for EU 
fertilising products such as pyrolysis materials (biochar).

A recent study investigated the speciation, plant avail-
ability, and environmental risk of heavy metals (Zn, Cu, 
Ni, Mn, Cr, As, Cd) in chicken manure biochar produced at 
temperatures from 200 to 800 °C. Based on BCR (Bureau 
Communautaire de Reference) sequential extraction [45, 
46]), it was concluded that the percent of acid-extractable 
and reducible portion of heavy metals declined and the per-
cent of the residual portion (non-bioavailable and non-toxic) 
increased with temperature [47]. Additionally, the toxicity 
characteristic leaching procedure showed that the leaching 
of heavy metals decreases with increasing pyrolysis tem-
perature as does the concentration of plant available heavy 
metals. In contrast, chicken manure biochar (prepared at 
500 °C) immobilised Cd and Pb in contaminated soil dur-
ing accelerated ageing [48].

Baniasadi et al. investigated slow pyrolysis and demon-
strated that the energy transferred to the non-condensable 
gases was sufficient to thermally self-sustain the pyrolysis 
process at 550 °C provided the moisture content of poultry 
litter does not exceed 15 wt.% [9]. The study on interme-
diate pyrolysis of chicken manure with a moisture content 
of 10 wt.%, showed that hot pyrolysis gas may be directly 
combusted to produce electricity in a micro-gas turbine and 
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heat for internal utilisation (on site use) [24]. However, when 
nitrogen was used as a carrier gas during pyrolysis of bio-
mass waste and heating of the carrier gas was included in the 
energy balance, an additional 4–10 % of HHV of the feed-
stock was required to achieve energetically self-sustaining 
intermediate pyrolysis [49]. It was shown in a previous study 
[50] that there is no need to use nitrogen as a carrier gas for 
production of engineered biochars.

Previously conducted research indicated that intermediate 
pyrolysis is a suitable technology for decentralised produc-
tion of biochar in small scale facilities such as chicken/poul-
try farms [24]. In this study, the pyrolysis regime took place 
between slow and fast pyrolysis, referred to as intermediate 
pyrolysis with a residence time of about 10 min [51]. Such a 
residence time is sufficiently long to allow full carbonisation 
of manures with minimal energy requirements. To the best of 
authors’ knowledge, there are no previous studies available 
comparing the intermediate pyrolysis of fresh and pelletised 
chicken litter. Our study also assessed the potential application 
of the biochar produced and provided detailed analysis of the 
biochar including the content of plant nutrients and heavy met-
als. An attempt was made to explain the fate of phosphorous 
in chicken litter. The overarching goal of this study is to inves-
tigate the influence of pyrolysis temperature on conversion of 
raw and pelletised chicken litter into useful energy resources by 
means of intermediate pyrolysis as well as a potential applica-
tion of biochar in agriculture. The specific objectives of this 
study are (1) investigating the effect of pelletisation, (2) inves-
tigating the effect of temperature; (3) investigating nutrient 
availability and innocuity of biochar; and (4) evaluating the 
mass and energy balance of intermediate pyrolysis process.

2  Experimental section

2.1  Feedstock

Two types of chicken litter were used as feedstock: fresh 
chicken litter (FCL) and pelletised chicken litter (PCL). FCL 
was obtained from a local Irish chicken farm, whereas PCL 
was collected from a Finnish chicken farm. PCL was sieved, 
partially dried, and pelletised into approx. 0.5 cm diameter 
and 1 cm long pellets and was supplied by Biolan, Finland 
(Fig. S-1 in supplementary information). Chicken litter is a 
heterogeneous feedstock; hence, its composition depends on 
various factors such as animal feed, bedding material, feath-
ers, excreta, and moisture content [6]. Ultimate and proxi-
mate properties of both feedstock and biochars produced 
along with their heating values are presented in Table 2.

Since PCL was partially dried, the reported moisture 
content in FCL was much higher than PCL, 22.7 versus 4.8 
wt.%. However, the ash content in FCL 9.8 wt.% is almost 
half of that in PCL, 17 wt.%. It is evident from Table 2 that 
PCL has higher C and H content because peat was used as 
a bedding material rather than Sitka spruce (Picea sitchen-
sis) which corresponds to the higher calorific value of PCL 
compared to FCL.

The main inorganic constituent found in FCL and PCL 
(Table  S-1) was potassium (K) 25400 and 37900 mg/
kgdry matter followed by phosphorous (P) and calcium (Ca). 
Concentrations of phosphorus were similar in both feed-
stocks 10583 and 14397 mg/kgdry matter. The calcium content 
of 18800 mg/kgdry matter in PCL was almost four times higher 
than in FCL (4985 mg/kgdry matter).

Table 2  Properties of chicken litter feedstock and pyrolysis biochars

*Calculated by difference; ar as received, db dry basis

FCL FCL Biochar FCL Biochar FCL Biochar PCL PCL Biochar PCL Biochar PCL Biochar
500°C 600°C 700°C 500°C 600°C 700°C

Moisture, wt. % (ar) 22.7 4.8
Volatile matter, wt. % (ar) 43.7 63.8
Fixed C*, wt. % (ar) 23.8 14.3
Ash, wt. % (ar) 9.8 32.7 34.6 37.5 17.1 34.9 35.6 4.0
HHV, MJ/kg, (ar) 13.8 19.3 19.0 18.5 16.3 19.3 19.0 18.2
C, wt. % (db) 39.3 58.3 56.1 50.6 42.6 52.5 53.4 52.2
H, wt. % (db) 3.5 1.5 1.3 1.1 5.4 1.5 1.2 0.6
N, wt. % (db) 7.5 4.1 2.9 2.4 4.5 2.6 2.3 2.0
S, wt. % (db) 0.6 0.4 0.6 0.8 0.6 1.0 1.0 1.2
Cl, wt. % (db) 0.9 1.6 1.7 1.8 0.5 0.8 0.9 1.0
O*, wt. % (db) 48.2 1.5 2.8 5.7 46.4 6.7 5.7 3.8
H/C molar ratio 1.1 0.3 0.3 0.3 1.5 0.3 0.3 0.1
C/N molar ratio 7.4 20.1 27.4 29.9 13.4 28.6 32.9 37.0
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2.2  Experimental procedure

Pyrolysis experiments were conducted in the Department 
of Chemical Sciences, University of Limerick, Ireland. Fig-
ure 1 shows the schematic diagram of pyrolysis apparatus. 
The experimental set-up consisted of a quartz glass tube 
reactor and a borosilicate glass condensation unit. The inter-
nal diameter of the reactor was 45 mm, while the length was 
600 mm. The set temperature was achieved and maintained 
by heating tape (Omegalux, USA) with a maximum power 
output of 1254 watts, and heating tape was further insu-
lated with glass-fibre tape. The temperature regime in the 
reactor was controlled by using an electrothermal regula-
tor (Cole-Parmer, UK). Ethylene glycol was used as a heat 
transfer medium in the condensation unit and maintained 
at −5 °C throughout the experiments. Raw pyrolysis gas 
from the reactor was cooled down while passing through 
the condensation unit. A twin-neck flask was used to collect 
the pyrolysis liquids. The outlet of the twin-neck flask was 
connected to a filter (filled with loosely packed paper tissue) 
to capture remaining aerosols. When the pyrolysis gas was 
not collected for analysis, it was released in the fume hood.

Before an experiment, the pyrolysis reactor was flushed 
with nitrogen for 5 min; then, the heating of the reactor 
tube started with the rubber stopper on. Once reactor 
reached the set temperature (500, 600, or 700°C), the stop-
per together with the thermocouple was removed to allow 
insertion of a metal basket filled with 50 g of feedstock; 
then, the reactor was closed again. No nitrogen flow was 
applied after sample loading, but a small amount of air 
entered the reactor during sample insertion activity, 2 to 10 
vol. % of  N2 and up to 2 vol. % of  O2, was typically meas-
ured in the pyrolysis gas. The pyrolysis process terminated 

when no visual vapours were observed in the reactor tube. 
This occurred within 10 to 12 min. After termination of the 
pyrolysis process, the biochar was allowed to cool down in 
the reactor. Each experiment was repeated five times to col-
lect data for mass balance calculation. Pyrolysis gas sam-
ples from two out of five experiments were collected, and 
an average gas composition was calculated. For pyrolysis 
gas collection, a Tedlar bag was connected directly to the 
outlet of the twin-neck receiving flask after the apparatus 
was flushed with nitrogen. After completing all repetitions, 
the apparatus was disconnected and weighed. The relative 
distribution of pyrolysis products was determined by the 
principle of conservation of mass i.e. the combined mass 
of pyrolysis products is equal to that of the initial mass of 
the feedstock. The initial feedstock mass and the biochar 
mass were measured directly before and after the pyrolysis 
experiment, respectively, and the biochar yield was cal-
culated. The mass of pyrolysis liquids (oil and aqueous 
condensable fraction) was calculated as the difference in 
the mass of the apparatus (reactor with all associated com-
ponents) before and after a set of pyrolysis tests at the same 
temperature (five tests). The mass fraction of pyrolysis gas 
was calculated as the difference between initial mass of 
feedstock, minus biochar, and liquid mass.

The following scenario was assessed with regard to the 
end use of the pyrolysis products: biochar was considered 
as a soil amendment whereas the hot pyrolysis gas (non-
condensable gases and condensable organic fraction together 
with water-soluble compounds) was combusted to provide 
heat for drying and pyrolysis. The energy input with the 
feedstock  (QINPUT) was calculated by multiplying the HHV 
of FCL/PCL and the mass of 1 kg of FCL/PCL as received. 
The energy output of the pyrolysis biochars  (QBIOCHAR) was 

Fig. 1  Schematic diagram 
of laboratory-scale pyrolysis 
apparatus
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calculated from the HHV and biochar yield (Table 3). The 
energy recovered in the hot pyrolysis vapours  (QGAS) was 
calculated as the difference between  QINPUT and  QBIOCHAR. 
When calculating the available thermal energy released, 
 Qavail, from the combustion of the hot pyrolysis gases, a com-
bustion efficiency of 80 % was assumed. The ratio  Qavail/
Qtotal ≥ 1 indicated that the pyrolysis process is energetically 
sustainable.

2.3  Analytical techniques

The solid samples were characterised by proximate and ulti-
mate analysis. The proximate analysis (moisture content, 
volatile matter, ash, and fixed carbon content) was deter-
mined according to British standards [52–54]. The ultimate 
analysis (the content of C, H, N, S, and O) was determined 
using an elemental analyser (Vario EL Cube). Higher heat-
ing value (HHV) of solid samples was measured using a 
bomb calorimeter (Parr 6200 Isoperibol) and followed by 
chlorine (Cl) measurement according to standard protocol 
[55]. For determination of inorganic constituents, FCL, PCL, 
and biochars were ashed at 550 °C, then 0.2 g of sample 
ash was dissolved with 6 ml of nitric acid, 4 ml of hydro-
gen peroxide, and 4 ml of hydrofluoric acid at 190 °C in a 
microwave digestion oven (Mars 6). After complexation with 
boric acid, the content of the main and trace elements (Al, 
Ca, Fe, K, Mg, Na, P, S, Si, Ag, As, Ba, Cd, Co, Cr, Cu, Hg, 
Mn, Mo, Ni, Pb, Sb, Se, Ti, Sn, V, Zn) was measured using 
inductively coupled plasma optical emission spectrometry 
(Agilent 5100 ICP-OES fitted with an SPS4 auto-sampler). 
ICP-OES instrument was calibrated against four concentra-
tion levels.

Pyrolysis gas samples were analysed using gas chromato-
graph Agilent 3000, which enables identification and quanti-
fication of gas compounds  CO2, CO,  C2H4,  C2H6,  CH4,  H2S, 
 H2,  N2, and  O2. The results were presented on a  N2 and  O2 
free basis which allows direct comparison of gas composi-
tion between two different feedstock and temperatures while 

avoiding any dilution effect due to the presence of a small 
amount of air in the apparatus as a result of sample loading 
into the reactor. The HHV of the combustible pyrolysis gas 
was calculated based on the volumetric fraction (f) of specific 
gas compounds and their respective HHV [8] using Eq. (1):

To convert HHV of pyrolysis gas from MJ/m3 to MJ/kg, 
the HHV was divided by the density of pyrolysis gas.

The release of nitrogen and sulphur-containing com-
pounds and other pollutants during the pyrolysis of chicken 
litter is of fundamental relevance for further treatment of 
pyrolysis gas/vapours (non-condensable gases and con-
densable compounds). It is worth mentioning that in this 
study the content of  NH3 in pyrolysis gas was not measured 
directly, but the nitrogen-containing organic compounds 
were detected in liquid products (Tables S-2 to S-4).

The HHV of liquid product was calculated based on mass 
and energy conservation principles. Mass and energy con-
tained in feedstock equals mass and energy of all pyrolysis 
products combined [10]. Calculations were carried out on 
an as received basis (ar).

The Karl Fisher titration was used to determine the mois-
ture content in the liquid pyrolysis product. The moisture 
content was used to calculate the yield of aqueous and oil 
fractions from the total liquid pyrolysis product. An Agilent 
7890A GC, coupled with a triple-axis MSD 5975C (GC-
MSD), was used to separate and identify organic compounds. 
Prior to the injection into the GC-MSD, the pyrolysis liquid 
was 20 × diluted in isopropanol to avoid column or detector 
overload by either matrix or analyte. Isopropanol simulta-
neously dissolves aromatic hydrophobic bio-oil compounds 
and water-soluble hydrocarbons into one homogeneous solu-
tion. Helium was used as the carrier gas. The flow rate of 

(1)

HHV = fCH4 × 35.83 + fCO × 12.633

+ fH2 × 10.783 + fC2H4 × 59.457

+ fC2H6 × 63.79

+ fC2H2 × 56.07 + fH2S × 25.10

Table 3  Pyrolysis products 
distribution and calorific value 
on as measured basis

*Calculated [10]
**Calculated [8]

FCL PCL

500 °C 600 °C 700 °C 500 °C 600 °C 700 °C

Biochar yield, wt.% 35.8 24.8 22.8 37.6 34.5 30.0
Liquid yield, wt.% 57.8 42.2 32.1 39.9 34.1 27.9
Gas yield, wt.% 6.4 33.0 45.1 22.5 31.4 42.1
Water content in the liquid 

product, wt. %
70.8 70.9 82.3 73.5 71.7 78.2

HHV of biochar, MJ/kg 19.3 19.0 18.5 19.3 19.1 18.2
HHV of liquid (oil)*, MJ/kg 10.8 11.5 10.5 18.6 16.2 13.6
HHV of gas**, MJ/kg 8.9 12.2 19.1 6.6 13.3 16.7
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helium through the capillary column HP-5ms (30 m × 250 
μm × 0.25 μm) was set to 1.6 mL/min. The injection port 
kept at 300 °C received 1 μL of a manually injected sample. 
The injection was conducted in a split (10:1) mode. The 
oven temperature programme initiated at 60 °C for 7 min and 
was increased to 180 °C at a rate of 3 °C/min, with a final 
ramp from 180 to 260 °C at a rate of 4 °C/min, making up a 
total run time of 67 min. The mass spectrometer (i.e. MSD) 
operated in a full scan mode in the mass range of 40−550 
m/z. Solvent delay time was adjusted to 1.2 min, while the 
gain factor setting was 1. Electron ionisation energy was 
set to 70 eV. The transfer line, MSD ion source, and MSD 
quadrupole mass analyser temperatures were maintained at 
300, 180, and 150 °C, respectively. The performance of the 
MSD was checked daily using the auto tune function. Total 
ion current chromatograms between retention times of 1.30 
min and 67.00 min were integrated (by MassHunter Quali-
tative Analysis B.07.00 software). After chromatographic 
separation and identification, the most abundant bio-oil 
compounds were quantified by employing external standard 
calibration. The calibration curve was plotted against four 
concentration levels of phenol. A single calibration curve 
is a simplified approach to quantify several tens of distinct 
heterocyclic compounds present in the bio-oil. However, the 
response of the MSD is affected by the chemical structure 
of the compounds [56]. Phenol, as an external standard, was 
selected due to its abundance in the bio-oil and because it 
mimics the chemical structure of other compounds present 
in the pyrolysis oil.

Aqueous extracts of phosphorus (water-soluble P) were 
obtained by shaking ∼0.5 g of FCL, PCL, and biochars with 
40 mL of distilled water at room temperature for 24 h in an 
orbital shaker (IKA 130 Basic) set to 200 rpm. The sus-
pension was then centrifuged and filtered with a 0.45-μm 
syringe filter. The phosphorus content in the extract was 
determined by ICP-OES.

The different chemical forms of phosphorus in FCL, PCL, 
and biochars were determined following the extraction using 
HCl and NaOH as extractants [57, 58]. The protocol, which 
includes three separate extraction procedures, was originally 
designed to obtain five phosphorus fractions. The first pro-
cedure was used for the determination of total phosphorus 
(total P) fraction as an overall indicator; the second procedure 
was used for the inorganic phosphorus fraction (inorganic 
P), which is mainly labile phosphorus (weakly bound to the 
sample matrix) and the organic phosphorus fraction (organic 
P). The third procedure was used for the apatite phosphorus 
fraction (apatite P), which is a stable form of phosphorus and 
assumed to be associated with Ca, and the non-apatite inor-
ganic phosphorus fraction (non-apatite inorganic P), which is 
moderately labile phosphorus and assumed to be associated 
with oxides and hydroxides of Al, Fe, and Mn, respectively 
[58]. According to this protocol, the total P includes organic 

P and inorganic P. Inorganic P includes apatite P and non-
apatite inorganic P. A detailed description of the extraction 
procedure can be found in [59]. The content of phosphorus 
in all extracts was measured by ICP-OES.

3  Results and discussion

3.1  Product yields

The product yield distribution for the two types of chicken 
litter pyrolysed at different temperatures is shown in Table 3. 
The distribution was expressed as mass percent taking ini-
tial feedstock mass as a reference point. The product yield 
distribution pattern for both feedstocks was similar; how-
ever, more pronounced differences in product yield at dif-
ferent temperatures were observed for FCL, especially for 
the liquid and gaseous fractions. Biochar yield decreased 
with increasing temperature, from around 36 to 23 wt.% for 
FCL and from around 38 to 30 wt.% for PCL. The biochar 
yield was lower for FCL. The yield of liquid fraction at 500 
and 600 °C was significantly higher for FCL which is due to 
the higher initial moisture content. However, this effect was 
not observed at the highest pyrolysis temperature 700 °C. 
At this temperature, rapid water evaporation causes a sharp 
increase in local pressure ripping the sample structure from 
the inside. These phenomena promoted devolatilisation and 
resulted in a decrease of biochar yield, while increasing the 
overall pyrolysis gas yield. A steam rich atmosphere also 
favours steam reforming reactions of primary devolatilisa-
tion products. The effect of moisture content is reflected in 
the reduction of pyrolysis oil (see Table 4), while the yield 
of hydrogen rich gas increased as was reported previously 
[60, 61]. It can be observed that at 700 °C the gas yield from 
FCL reached 45 wt.% of initial feedstock mass and it was 
higher than the gas yield from PCL.

A comparison of experimental results from this study 
with results for intermediate pyrolysis from literature is pre-
sented in Table 4. The yields of PCL biochar and pyrolysis 
gas produced at 500 °C were comparable with the yields 
obtained at the same temperature measured by Morgano 
et al. [24] for pelletised chicken manure. However, the yields 
of pyrolysis oil and aqueous phase, primarily affected by the 
initial composition of chicken litter such as type of bedding 
material and moisture content, were different.

3.2  Mass balance analysis

The content of C, H, and N in biochars decreased with an 
increase in pyrolysis temperature since these elements were 
released as gaseous compounds (non-condensable or con-
densable) (Table 2). Mass balance calculations revealed that 
for FCL 25.7, 14.5, and 9.9 wt.% and for PCL 22.2, 19.1, 
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and 13.8 wt.% of the initial N was retained in the biochars 
for pyrolysis process conducted at the temperatures of 500, 
600, and 700 °C, respectively. Nitrogen is a primary plant 
nutrient; therefore, high N content in biochar for agricultural 
applications is desirable. A similar trend for N balance was 
observed by Baniasadi et al. [9].

The ash content in the biochar increased with increasing 
temperature due to a concentration effect (Table 2). The Cl 
and S contents also increased, indicating that part of it was 
of inorganic origin [62–64]. The mass balance calculations 
for S showed that 27.8 to 41.2 wt.% of initial S was retained 
in the biochars for FCL compared to 61 wt.% for PCL. How-
ever, the amount of S retained in the biochars was lower 
compared to observations made by Baniasadi et al. [9].

3.3  Composition of gaseous products

Results of pyrolytic gas analysis from FCL and PCL feed-
stock are presented in Fig. 2a and b.

The combustible gaseous compounds identified for both 
feedstocks were predominantly carbon monoxide (CO), 
methane  (CH4), hydrogen  (H2), ethylene  (C2H4), and ethane 
 (C2H6). The combined volume fraction of combustible gases 
increased with temperature. This was slightly higher for FCL 
and was measured in the range from 43 to 73 vol.%, com-
pared to 38 to 68 vol.% for PCL. An increase in the calo-
rific value of pyrolysis gas, as presented in Table 3, could 
be directly linked to the increase of the volumetric fraction 
of combustible gases (CO,  H2,  CH4) at elevated tempera-
tures, most likely associated with secondary tar reforming at 
higher pyrolysis temperature [65]. The HHV of the pyrolysis 
gas obtained from FCL and PCL at 500 and 600 °C was 
lower compared to results reported for slow pyrolysis of 
dried poultry litter by [9]. However, the calorific value of the 
evolved gases from both FCL and PCL at 700 °C was higher.

During pyrolysis, nitrogen is mainly released as  NH3 [67] 
but also as nitrogen-containing organic and water-soluble 
compounds [9]. The mass balance calculations revealed that 
75 to 90 wt.% of nitrogen and 40 to 70 wt.% of sulphur was 
released in the gaseous form. Moreover, the vaporisation of 
nitrogen and sulphur was more prominent at higher tempera-
tures. If pyrolytic gases are not treated before being utilised 
in the downstream combustion unit [66], it could lead to 
higher  NOx and  SOxemissions.

3.4  Composition of liquid products

The liquid product from pyrolysis of FCL and PCL con-
sisted of two phases, the aqueous phase which mainly 
contained water-soluble compounds and the organic phase 
(a.k.a. pyrolysis oil, tar). In this study, the composition 
of both phases was measured together. The water content 
in the liquid product was 70.8–80.4 vol.% from FCL and Ta
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73.5–78.2 vol.% from PCL (Table 3). Very high water con-
tent is a result of high moisture content in the feedstock 
and water vapour formed as a result of decomposition of 
organic matter during pyrolysis. GC-MS was used to meas-
ure the composition of the liquid product, but it was set 
not to detect the water molecule, which means the identi-
fied and quantified liquid compounds are given on a water 
free basis. Approx. 100 compounds can be detected in each 
chromatogram. NIST 11 MS library within MassHunter 
was used to identify organic compounds in the liquid 
product. Complete GC-MS data is given in supplementary 
material, Figs S-2 to S-7 and Tables S-2 to S-4; addition-
ally, Table 5 provides results for pyrolysis at 500 °C.

The chemical nature of the organic compounds in 
Table 5 and Tables S-2 to S-4 depends on the pyrolysis 
temperature [68]. It is in accordance with the maturity 
of pyrolysis oil proposed by Elliot [16]. In this study, the 
organic fraction in the liquid product at 500 °C contained 
short-chain organic acids (i.e. propanoic and butanoic 
acid) and heterocyclic aromatics compounds such as pyra-
zines, pyridines, phenols, and their derivatives. Aromatic 
hydrocarbons, such as styrene, naphthalene, anthracene, 
and pyrene, appeared in notable quantities at 600 and 700 
°C. According to Elliot’s [16] classification, polycyclic 
aromatic hydrocarbons belong to the secondary and ter-
tiary group of pyrolysis oil compounds.

Although over 100 compounds have been identified in 
the liquid product, their amounts are relatively small. The 
organic phase obtained at the lowest pyrolysis temperature 
500 °C contained propionic acid, Table 5, and most likely 
formic acid that due to the m/z setting of the mass spectrom-
eter was not detected. Formic and propanoic acids could 
potentially be used for the production of environmentally 
friendly road de-icers [22]. Table 5 and Tables S-2 and S-3 
in the supplementary material show that the liquid prod-
uct contained notable quantities of valuable phenolic com-
pounds. However, production of specific compounds from 
pyrolysis liquid product is seldom practical because of the 
complex and costly separation techniques in a larger scale 
application [22]. If the liquid product from pyrolysis is con-
dense out, it would need to be disposed of.

3.5  Energy balance

The HHV of each pyrolysis product is summarised in 
Table 3. The HHVs of FCL and PCL biochars were higher 
than those reported by Baniasadi et al. [9]. This may be 
related to a lower ash content but higher fixed carbon in 
FCL and PCL compared to poultry litter used by Baniasadi 
et al [9]. The HHV of the liquid fraction from intermediate 
pyrolysis of FCL and PCL in the range from 10 to 18 MJ/kg 
was much lower compared to fast pyrolysis oil 26–29 MJ/kg 
[69] and 33 MJ/kg [15].

Figure 3 shows the proportion of potential combus-
tion energy in each pyrolysis product, calculated based 
on the HHV presented in Table 3 and multiplied by their 
respective product yield (as measured). As expected 
by increasing the pyrolysis temperature, the amount of 
energy transferred to the gas phase increased while that 
in the biochar decreased.

A comparison between an estimated total energy 
required for pyrolysis of FCL/PCL against the poten-
tial combustion energy of pyrolysis gas was carried out. 
The total energy required to treat FCL and PCL, through 
pyrolysis  (Qtotal), can be split into three consecutive pro-
cesses occurring in the pyrolysis reactor: drying, heating 
to target temperature, and pyrolysis [70]. The calculations 
were carried out for 1 kg of FCL/PCL samples as an input 
material with moisture content as received (Table 2). The 
energy requirement for drying  (Qdrying) was estimated by 
adding the heat required to increase the temperature of 
the FCL/PCL from ambient (15 °C) to 105 °C, plus the 
latent heat required to evaporate the water from the FCL 
and PCL. The heat capacity of dried FCL and PCL was 
assumed to be 1.4 kJ/kg °C [71]. The heat capacity of 
FCL and PCL including moisture was calculated using the 
rule of mixture and was 2.03 kJ/kg °C and 1.5 kJ/kg °C, 
respectively. The energy required to increase the tempera-
ture of the dried FCL/ PCL from 105 °C to 500/600/700 
°C  (Qtarget) was calculated using heat capacity of dry 
feedstock [70]. The energy required to decompose FCL/
PCL during the pyrolysis reaction  (Qpyro) was taken as for 
poultry litter 136 kJ/kg [9].

Fig. 2  Gas composition (vol.%) 
of the pyrolysis gas on  N2 and 
 O2 free basis (HHV of pyrolysis 
gas FCL: 11.52, 14.24, 18.81 
MJ/m3 and PCL: 9.35, 13.50, 
17.67 MJ/m3 at 500, 600, and 
700 °C, respectively)
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The results of these calculations, presented in Table 6, 
show that both FCL and PCL allow for energetically 
sustainable pyrolysis  (Qavail/Qtotal = 4–7.6) to recover 
biochar for nutrient recycling, even when the process is 

carried out at 500 °C. The energy surplus is greater from 
the combustion of hot pyrolysis gas from PCL, since the 
PCL moisture content is lower compared to FCL. The 
above calculation did not include the heat required to 

Table 5  Organic compounds 
identified and quantified in the 
liquid product from pyrolysis of 
FCL and PCL at 500 °C

Nr Retention 
time (min)

Compound name FCL 500 °C PCL 500 °C
Quantity  
(g/kg feedstock as received)

1 1.66 2-Propanoic acid  (C3H4O2) 0.227 0.419
2 1.85 Pyrazine  (C4H4N2) 0.054 0.054
3 1.95 Pyridine  (C5H5N) 0.095 0.068
4 2.02 Toluene  (C7H8) 0.223 0.186
5 2.17 Acetamide  (C2H5NO) 0.318 0.314
6 2.41 Butanoic acid  (C4H8O2) 0.152 1.470
7 2.67 Pyridine 2/3/4-Methyl-  (C6H7N) 0.076
8 2.75 Pyrazine, methyl-  (C5H6N2) 0.081
9 3.03 Butanoic acid, 3-methyl  (C5H10O2) 0.100
10 3.27 2/3-Furanmethanol  (C5H6O2) 0.313 0.323
11 4.01 Styrene  (C8H8) 0.108
12 4.41 2-Cyclopenten-1-one, 2-methyl  (C6H8O) 0.050 0.036
13 4.55 Pyrazine, 2,5-dimethyl-  (C6H8N2) 0.099 0.079
14 4.65 Pyrazine, ethyl-  (C6H8N2) 0.031 0.029
15 5.12 Pyridine, 2,5-dimethyl  (C7H9N) 0.027 0.021
16 5.61 Pyridine, 2,3-dimethyl-  (C7H9N) 0.013 0.017
17 6.41 2-Cyclopenten-1-one, 2-methyl  (C6H8O) 0.061 0.085
18 7.57 Phenol  (C6H6O) 0.125 0.305
19 8.01 Pyrazine, 2-ethyl-3-methyl-  (C7H10N) 0.034 0.040
20 9.50 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 

 (C6H8O2)
0.045 0.027

21 10.03 2-Cyclopenten-1-one, 2,3-dimethyl-  (C7H10O) 0.034 0.042
22 11.26 Phenol, 2-methyl-  (C7H8O) 0.105 0.085
23 11.91 2-Pyrrolidinone  (C4H7NO) 0.100
24 12.41 Phenol, 3-methyl-  (C7H8O) 0.164 0.177
25 12.91 2,5-Pyrrolidinedione, 1-methyl-  (C5H7NO2) 0.096
26 15.24 3-Pyridinol  (C5H5NO) 0.568 0.411
27 17.13 Phenol, 2/3/4-ethyl-  (C8H10O) 0.104
28 17.62 2-Piperidinone  (C5H9NO) 0.203
29 18.02 2/3-Trifluoroacetoxydodecane  (C4H25F3O2) 0.198
30 18.86 1,4:3,6-Dianhydro-α-d-glucopyranose  (C6H8O4) 0.089
31 22.82 Indolizine  (C8H7N) 0.076 0.055
32 26.85 1H-Indole, 7-methyl-  (C9H9N) 0.126 0.211
33 40.51 Trichloroacetic acid, tridecyl ester  (C15H27Cl3O2) 0.030
34 48.40 n-Hexadecanoic acid  (C16H32O2) 0.234 0.166
35 53.00 3-Hexadecyne  (C16H30) 0.054 0.025
36 53.17 9,12-Octadecadienoic acid (Z,Z)-  (C18H32O2) 0.174 0.136
37 53.33 13-Octadecenal, (Z)-  (C18H34O) 0.180 0.098
38 53.76 Octadecanoic acid  (C18H36O2) 0.084 0.032

Total identified 4.21 5.55
Total unknown 2.60 1.51
Total identified and unknown 6.81 7.06
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heat up the reactor, nor does it account for heat losses. 
However, with an optimised design of process installa-
tion and operational procedure, these amounts could be 
kept to a minimum.

3.6  Potential application of chicken litter biochars

3.6.1  Nutrient availability focusing on phosphorus (P) 
speciation

Phosphorus speciation in FCL, PCL, and derived biochar is 
presented in Fig. 4. In the current study, about 50 % and 60 
% of total P was in a water-soluble form, referring to FCL 
and PCL, respectively (Fig. 4a). This agrees with previous 
findings [32, 59]. In pyrolysis biochars, only 3 to 9 % of the 
total P was water-soluble. Water-soluble P can leach into the 
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Fig. 3  Percent of FCL/PCL energy transferred to the pyrolysis prod-
ucts as a function of temperature

Table 6  Requirements of thermal energy for drying and pyrolysis of FCL/PCL. Input energy from FCL/PCL feedstock and output energy stored 
in pyrolysis products

Sample Qdrying kJ/kg Qtarget kJ/kg Qpyro kJ/kg Qtotal kJ/kg QINPUT kJ/kg QBIOCHAR kJ/kg QGAS kJ/kg Qavail kJ/kg Qavail/Qtotal

FCL 500 °C 657 428 136 1220 13750 6909 6841 5472 4.5
FCL 600 °C 657 536 136 1328 13750 4712 9038 7230 5.4
FCL 700 °C 657 664 136 1437 13750 4218 9532 7626 5.3
PCL 500 °C 239 526 136 902 16280 7257 9023 7219 8.0
PCL 600 °C 239 660 136 1035 16280 6590 9690 7752 7.5
PCL 700 °C 239 793 136 1168 16280 5460 10820 8656 7.4

Fig. 4  Phosphorus (P) specia-
tion in FCL, PCL, and derived 
biochars
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ground/surface water [72], which may lead to eutrophica-
tion. Therefore, the transformation of phosphorus during 
pyrolysis into a non-water-soluble form is beneficial from 
an environmental perspective. The organic P contained in 
both FCL and PCL was about 60 % (Fig. 4b), which is in 
agreement with the literature [36]. As the organic matter 
partially decomposed during pyrolysis, the relative content 
of organically associated P decreased in FCL while the 
inorganic P contained in biochars was about 80 %. On the 
other hand, the organic P did not change or increase in PCL. 
In both FCL and PCL, 30 % of the total P was apatite P, 
whereas about 20 % was non-apatite inorganic P. Pyrolysis 
increased the apatite P in both feedstock biochars. Apatite 
P represented 40–47 % and 60–65 %, respectively, of total 
P in FCL- and PCL-derived biochars (Fig. 4c).

An increase in pyrolysis temperature from 500 to 700 °C 
had a moderate effect on phosphorus speciation. The feed-
stock composition seems to be more significant/important 

than process temperature for transformation of water-soluble 
and organic P into apatite P. The initial content of calcium in 
PCL was much higher compared to FCL (Table S-1 in sup-
plementary information) (Ca/P molar ratio of 1.0 vs. 0.36, 
respectively); this resulted in an overall higher apatite forma-
tion in PCL biochars.

The concentration of other macronutrients in biochars is 
presented in Table 7. FCL and PCL biochars contain about 
10 % of K, 6.5–9 % of P, 1.5–4.1 % Mg, 2.5–6 % Ca, 1.4–1.9 
% of Na, and 2.2–3.2 % of S.

3.6.2  Innocuity, focusing on heavy metal content

The concentration of inorganic contaminants in FCL and 
PCL biochars was compared with the upper limits in the 
FPR legislation (Table 7). The Cr presented in Table 7 
refers to the total Cr content instead of Cr (VI). Therefore, 
it is not possible to conclude whether biochars meet Cr 

Table 7  Concentration of major and minor inorganic elements in FCL and PCL biochars

*The upper limit value for Cd depends on the P content of biochar. When total P  (P2O5 equivalent) is below 5 %, the maximal allowable content 
of Cd is 3 mg/kg, while when total P is above 5 %, the maximum allowable content of Cd is 60 mg/kg

Element FCL Biochar 500 
mg/kgdry matter

FCL Biochar 600 
mg/kgdry matter

FCL Biochar 700 
mg/kgdry matter

PCL Biochar 500 
mg/kgdry matter

PCL Biochar 600 
mg/kgdry matter

PCL Biochar 700 
mg/kgdry matter

Organo-mineral 
fertiliser FPR [44] 
mg/kgdry matter

Al 520.0 497.4 678.2 2604.4 2832.2 3456.9
Ca 17628.5 22420.4 30054.3 37830.5 40260.6 45147.9
Fe 1379.3 1437.4 1704.5 3952.8 4834.8 4503.9
K 79444.7 86130.2 93609.8 75577.0 76206.7 38136.3
Mg 9430.2 12545.1 17908.5 19963.9 21749.0 24886.4
Na 10316.4 11403.3 12872.7 12436.1 12338.7 14167.8
P 34729.0 35729.5 40365.8 29002.9 29024.5 32733.9
S 9078.2 9022.5 9169.8 11198.5 11287.6 12683.4
Si 15640.3 16007.8 18651.6 27884.6 28315.2 34665.6
Ag 1.6 10.2 5.4 1.7 1.7 0.0
As 7.9 3.4 1.8 1.7 0.0 3.9 40 inorganic As
Ba 57.1 73.5 88.4 78.9 85.9 113.3
Cd 1.6 0.0 0.0 1.7 0.0 0.0 3/60*
Co 3.2 3.4 3.6 1.7 1.7 3.9
Total Cr 7.9 8.5 9.0 42.0 39.5 46.9 2 (Cr VI)
Cu 331.4 326.4 371.5 273.7 278.2 320.3 600
Hg 0.1 0.1 0.1 0.1 0.1 0.1 1
Mn 1544.2 1563.7 1771.2 1717.8 1727.8 1962.9
Mo 33.3 34.2 37.8 11.7 12.0 13.7
Ni 17.4 17.1 21.6 48.7 49.8 58.6 50
Pb 4.8 6.8 7.2 11.7 6.9 5.7 120
Sb 9.5 11.9 3.6 6.7 15.5 9.7
Se 11.1 10.2 1.8 8.4 8.6 1.9
Ti 41.2 44.4 45.1 250.2 250.8 341.8
Sn 3.2 3.4 32.5 60.4 27.5 15.6
V 9.5 10.2 12.6 10.1 10.3 11.7
Zn 1407.9 1521.1 1585.4 1366.9 1367.2 1332.0 1500
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(VI) criteria. The content of Ni in PCL biochar obtained 
at 700 °C slightly exceeds the legislation limit. Also, the 
content of Zn in FCL biochar produced at 600 and 700 
°C exceeds the given limit. Thus, it is concluded that only 
biochars produced at 500 °C met the criteria set out in the 
FPR regulations, but biochars produced at higher tem-
peratures did not meet the criteria.

3.7  Requirements for research for process 
optimisation and revenues

The energy balance presented in Section 3.5 shows that 
pyrolysis of FCL and PCL even at 500 °C produces gas 
(non-condensable gases and condensable organic frac-
tion) that when combusted, it may provide sufficient heat 
to make the process energetically sustainable. However, 
further studies are required to provide evidence that flue 
gas from combustion of pyrolysis gas produced from feed-
stocks with high N content, such as chicken litter, can 
meet stringent criteria for emissions.

FCL/PCL biochar is a sterile, solid carbon, and nutrient-
rich material (C content 50–58 wt.%, N content 2.0–4.5 
wt. %, P content 2.9–4.0 %, K content 3.8–9.3 wt. %) that 
is easy to store and transport long distances, but its main 
disadvantage is that most of the nitrogen was lost in a gase-
ous form (at 500 °C about 75 wt.% and at 700 °C 90 wt.%). 
The content of water-soluble P in biochar was significantly 
reduced compared to the original FCL/PCL (from 50 to 3 % 
and 60 to 9 %); thus, pyrolysis turned FCL/PCL into biochar 
that when used as a soil amendment will reduce phospho-
rus losses to surface water. On the other hand, organic P 
was mineralised during pyrolysis, with increased formation 
of apatite P (FCL 40–47 % and PCL 60–65 % of total P), 
which is considered less plant available [73] compared to 
non-apatite inorganic P. However, a recent study showed 
that apatite P is partially available to plants, but the degree 
of its utilisation depends on the overall nutrient status and 
soil water distribution [35] suggesting that for some soils, 
the biochars may be a slow release source of P. Phosphorus 
availability to plants is an important factor for soil amend-
ments/biochars, and results from this study suggest that 
temperature of 500 °C would be optimal out of all tested 
temperatures. A similar temperature had been suggested 
previously [31, 32]. Moreover, although heavy metals are 
concentrated in biochar, the content of Zn in biochar pro-
duced at 500 °C was below the upper limit given in the FPR.

To summarise, FCL/PCL properties enable energeti-
cally sustainable production of biochar containing recal-
citrant carbon [74] for carbon sequestration with con-
centrated phosphorus and heavy metals. However, more 
studies should be carried out to show evidence that the 
heavy metals will not pose an environmental risk when 

used for soil amendment and to demonstrate if in fact 
pyrolysis can create a slow-release source of P.

4  Conclusion

Pyrolysis of fresh and pelletised chicken litter (FCL and 
PCL) was experimentally studied at 500, 600, and 700 
°C. The product yield distribution was determined, and 
the properties of pyrolysis gas, liquid product, and biochar 
were examined. It can be concluded that (1) the biochar 
yield was lower while the liquid and gas yields were higher 
for FCL compared to PCL, mainly due to a higher initial 
moisture content; (2) the yield of biochar decreased with 
increasing pyrolysis temperatures resulting in higher gas 
yield; (3) pyrolysis concentrated macronutrients P, K, Ca, 
and Mg in biochars but also heavy metals. Transformation 
of water-soluble and organic P into inorganic P is occurring 
during pyrolysis, which is beneficial from an environmental 
perspective. However around 40 to 60 wt.% of total P in the 
biochar is apatite P, which means it is not directly avail-
able to plants in the short term. The content of apatite P 
depends primarily on the composition of the mineral matter 
in the feedstock, while a pyrolysis temperature in the range 
500–700 °C had a negligible effect; (4) pyrolysis concen-
trated heavy metals, such as Zn and Ni, content of which 
increased in FCL/PCL biochar with increasing pyrolysis 
temperature. Only biochar produced at 500 °C met the eli-
gibility criteria set out in the FPR regulation; (5) mass and 
energy balance showed that pyrolysis of FCL/PCL even at 
500 °C produces hot gases/vapours whose combustion may 
render the process energetically sustainable; (6) pelletisation 
of chicken litter prior to pyrolysis (PCL) led to much higher 
surplus of energy from combustion of hot pyrolysis gas, 
compared to FCL. However, FCL also provided sufficient 
energy to allow for an energetically sustainable pyrolysis 
process; thus, pelletisation of chicken litter is not needed, 
unless application of pelletised biochar is preferred.

Pyrolysis is a promising and disruptive technology for 
low quality feedstock such as chicken litter and has shown 
the possibility to recover energy through direct combustion 
of pyrolytic gases. It also may reduce losses of phosphorus 
to ground waters and eutrophication when biochar is used 
as a soil amendment/fertiliser instead of chicken litter. 
However, heavy metals may restrict the utilisation of bio-
chars in agriculture; therefore, more research is required to 
identify and manage its sources, e.g. the dietary practices 
need to be changed, to reduce Zn in the chicken feed.
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