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ABSTRACT

Biochar research has focused in the last years in the use of wood or grass derived materials for carbon
sequestration. However, manure derived biochar can provide other benefits after soil addition, including
nutrient supply. At present, there is an incomplete understanding of pyrolysis on manures. In order to
understand the benefits obtained after addition of these types of materials to the soil, an experiment
involving the use of different manures and pyrolysis temperatures was performed. Five manure wastes
were selected for this experiment: cattle manure (E}; cattle manure mixed with straw (EP), chicken
manure (G), chicken manure mixed with sawdust (GS) and pig slurry (PC). Unpyrolyzed samples were
compared to biochars prepared at 300 and 500 C. Relevant properties for agronomic purposes were
determined, including pH, electrical conductivity, nutrient content, metal content, proximate analysis
and carbon thermostability. Our results show that biochars tailored for different purposes can be prepared

after a careful choice of feedstock and pyrolysis temperature.

1. Introduction

In the last years, intensive animal husbandry production
has led to a large concentration of animals in small areas.
This has resulted in the production of excessive amounts of
manures with insufficient nearby land for application. There are a
number of environmental problems associated with these inten-
sive agricultural systems, including N and P pollution of water
bodies, methane emissions and odour pollution. These serious
environmental threats are called for innovative environmental
management approaches. A feasible technology for the manage-
ments of manures, offering a potential to valorise these wastes, is
pyrolysis, which results in the production of biochar.

Biochar is a carbonaceous material obtained from biomass
pyrolysis. For many years now, it has been researched as a signif-
icant mean to improve soil productivity and carbon storage [1].
Biochar has also been shown to influence soil physico-chemical
properties, such as pH, porosity, bulk density and water holding
capacity. However, the usefulness of a specific biochar for any par-
ticular application depends on its inherent properties. Biochars
with high recalcitrant carbon content may function as carbon
fixation materials whereas those rich in available nutrients and

minerals or showing high water holding capacity could be used
as amendments to improve soil fertility [2,3].

Additionally, biochar production is attracting more attention
because it is a safer method of organic waste management with
additional advantages such as reduction of waste stream volume
and extraction of useful energy from the gas and liquid fractions [4].
Many types of biomass can be transformed into biochar including
wood wastes, crop residues, switch grass, wastewater sludges or
deinking sludges [5-7]. It has been shown that biochar characteris-
tics are influenced by production variables, especially feedstock and
pyrolysis temperature [3,8-10]. Generally, plant-derived biochars
like those obtained from woody biomass or grasses are low nutrient
materials due to their scarce ash, nitrogen, phosphorous and potas-
sium contents. So, these biochars have disadvantages compared
to traditional fertilizers for supplying crop nutrients. However,
research to date has focused in these types of materials [11,12].
On the other hand, the soil application of biochars obtained from
pyrolysis of ash-rich wastes such as sewage sludges have positive
effectsonsoil agricultural properties as an increment of water hold-
ing capacity, improvements on organic carbon content and liming
effect [G] or positive effects on soil biochemical properties [13].
Indeed, Liang et al. [14] observed an increment of the resistance
of both the bacterial and fungal networks to drought on an Acrisol
amended with poultry litter biochar while Lu et al. [15] reported
that biochar addition improves soil biochemical properties in a soil
polluted with Cd.



In this way, manure wastes are nutrient-rich materials and, con-
sequently, interesting feedstocks for biochar production that can
offer additional benefits to soils, not only as soil conditioner, but
also as fertilizer [16,17]. Also, manure pyrolysis could reduce the
problems of nitrogen leaching from soils compared to when using
manures as fertilizers, while the phosphorous and potassium con-
tents of feedstock could almost completely be recovered in the
biochar [18]. In fact, manure biochars can be used as slow-release
fertilizers [19].

Although there have been some studies using biochars prepared
from manures in relation to soil pollution remediation or green-
house gas emission [ 15,20], there is a lack of studies characterizing
different types of biochar from manure pyrolysis [2]. This is impor-
tant as manures from cattle, pig or chicken can have different initial
properties which would result into different biochars. In particu-
lar, manures are often mixed with sawdust and there is a scarcity of
articles addressing the pyrolysis products of this type of material.

The main objective of the present work is to study the influence
of feedstock properties and pyrolysis temperature on the agro-
nomic properties of biochars from manure wastes, For this purpose,
five manure wastes were selected, characterized and pyrolyzed at
300 and 500 C.

2. Experimental
2.1. Raw materials selection

Five manure wastes from Avila region (Central Spain) were
selected: cattle manure (E); cattle manure with straw (EP), chicken
manure (G), chicken manure mixed with sawdust (GS) and pig
slurry (PC). The five samples were dried at room temperature and
then crushed and sieved through a 2 mm mesh prior to analysis.

2.2. Pyrolysis of raw materials

Biochars were prepared as follows [21]: Feedstock (100 g) were
placed in a covered steel cup and introduced in an electric furnace
where the temperature was increased to 300 C or 500 C at a rate
of 10 Cmin ! and the final temperature was maintained for 1 h.

Biochars prepared from cattle manure (E) were named BE300
(300 C)and BE5S00 (500 C), from cattle manure mixed with straw
(EP): BEP300 and BEP500, from chicken manure (G): BG300 and
BG500, from chicken manure mixed with sawdust (GS): BGS300
and BGS500 and from pig slurry (PC): BPC300 and BPC500.

2.3. Manure wastes and biochar characterization

Manure and biochar samples were characterized as follows:

The pH and electrical conductivity (EC) were determined using
a sample: water ratio of 1:2.5 (gmL !) using a Crison micro-pH
2000 [22] and a Crison 222 conductivimeter [23], respectively.
Cation exchange capacity (CEC) was determined as follows: 5g
biochar were introduced in a volumetric flask. Then, 50 mL 1M
NH40Ac pH 7 were added and the flask was stirred and allowed
to stand overnight. After this period, the suspension was leached
and 200mL 1M NH40Ac pH 7 were added and leached. Ca?’,
Mg?', K' and Na' were determined in this solution using a Perkin
Elmer 2280 atomic absorption spectrophotometer. Then, 200 mL
of ethanol were added and biochar was stirred and leached.
Leachate was discarded and later, the biochar was leached with
200mL 1M acidulated NaCl and NH," in the leachate was deter-
mined. The iodine number (mgly g ') defined as the quantity of
iodine adsorbed per gram of activated carbon at an equilibrium
concentration of 0.02 N was calculated according to D-4607 stan-
dard test method [24]. The iodine number is considered a simple
method to evaluate the surface area of activated carbons associated
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with pores with d>1nmN was determined by Kjeldahl digestion
[25], Phosphorus (P) according to Watanabe and Olsen [26] and
organic carbon oxidized with dichromate was determined by the
Walkley-Black method [27].

Total metal content in Fe?', Zn?', Ni*', Cu’' and Cd*'
was determined using a Perkin Elmer 2280 atomic absorption
spectrophotometer after sample extraction by digestion with con-
centrated HCIfHNO+ following the method 3051a [28], while the
mobile forms of metals were extracted using 0.1 M CaCly [29].

Proximate analysis was determined by thermogravimetry using
a Labsys Setaram equipment. The sample was heated to a temper-
ature of 600 C under Ny atmosphere and 30 Cmin ! heating rate,
Humidity was calculated as the weight loss from the initial tem-
perature to 150 C.The volatile matter (VM) was determined as the
weight loss from 150 C to 600 C under N; atmosphere. At this
temperature, air atmosphere was introduced and fixed carbon (FC)
was calculated as the weight produced when the final sample was
burnt, The ashes were determined as the final weight of the samples
[21,30].

Elemental analysis (C, H, N) was performed by combustion of
samples at 1000 C in a Macro-analyser elemental Leco TruSpec
CHNS instrument. Oxygen was determined by difference.

Biochar and manure samples were subjected to thermogravi-
metric (TG), derivative thermogravimetric (dTG) and differential
thermal analysis (DTA) in a thermobalance Labsys Setaram. Sam-
ples were analysed as follows: about 80 mg of each sample were
heated at 15 Cmin ! until 850 C in air atmosphere using a flow
rate of 30 mL min !,

3. Results and discussion
3.1. Chemical characterization

Table 1 shows pH, EC CEC and iodine number of various manure
wastes and the corresponding biochar samples obtained by pyrol-
ysis at 300 and 500 C. Biochar with different agronomic properties
could be obtained depending on the feedstock and pyrolysis con-
ditions used.

The pH values of the manure wastes ranged from 5.8 (G)to 10.3
(EP), whereas the pH of biochar samples varied from 7.8 (BPC300)
to 10.6 (BGS300). Generally, it is established that pH increases
with pyrolysis temperature, but the magnitude of this increment
depends on the raw material characteristics [ 16]. However, for cat-
tle manure (E)and pig (PC) manures, pyrolysis at 300 Cled to lower
pH than the corresponding raw materials. Hossain et al. [9] found
a similar behaviour after pyrolysis of sewage sludges at lower tem-
peratures (<400 C). Finally, all biochar samples obtained at 500 C
showed alkaline pH (from 8.2 for BPC500 to 10.6 for BEP500).

Electrical conductivity (EC) was the parameter used to estimate
the amount of total dissolved salts. Hossain et al. [9] found that EC of
biochars from sewage sludge pyrolysis decreases significantly with
pyrolysis temperature in a similar way to the results found in our
study for pig slurry (PC) and poultry litter with sawdust (GS). How-
ever, for dairy (E), cattle manure-straw manure (EP) and poultry
litter (G) the EC increased with pyrolysis temperature indicating
that feedstock characteristics influence the EC evolution during
pyrolysis.

Cation exchange capacity (CEC) indicates the ability of biochar
and manure wastes to adsorb cation nutrients. Mineral soils gen-
crally have CEC values lower than 15cmoly) kg I while humic
substances may have CEC greater than 100 cmoli kg ' [31]. Soils
with high CEC values are able to retain cationic nutrients fertiliz-
ers (K' and NH,4') in the root zone and prevent nutrient leaching.
Therefore, the addition of amendments with high CEC improves soil
productivity and also can reduce groundwater contamination via
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Fig. 1. HJC and (N + O)C molar ralios of manure wastes and corresponding biochars a1 300 and 500 C,

minimizing the leaching of nutrients and trace metals and thus,
enhances nutrient cycling [32]. Table 1 shows that, for manure
wastes, the CEC ranged from 44.1 cmol;, kg ! to 66.8 cmol;, kg !
for PC and G, respectively. For biochar samples, CEC varies greatly
among biochars produced from different manure feedstock's and
pyrolysis temperatures. The highest value of CEC was obtained for
BG300 (137.6 cmol) kg 1Y indicating that this material could be
an interesting soil amendment for agronomic purposes. This value
was similar to that obtained by Zhao et al. [8] after pyrolysis of pig
manure at 650 C.The lowest CEC values were measured in BPC300
and BPC500. In this case, and in accordance with Song and Guo
[2], the CEC decreases with pyrolysis temperature. Meszaros et al.
[33] hypothesized that K, Ca, Mg, Na and P in the biomass promote
the formation of O-containing groups on biochar surface during
pyrolysis, resulting in higher CEC. Table 2 shows the K, Ca, Mg, Na
and P contents for different manure wastes. The lowest CEC val-
ues for BPC300 and BPC500 could be related with the lowest K,
Mg, Na, K and P contents of PC feedstock. CEC of cattle manure

(E) biochars increased with temperature, in agreement with the
results obtained by Zhao et al. [8]. Finally, for biochar obtained
after pyrolysis of EP, G and GS a different behaviour was observed
as CEC increased following pyrolysis at 300 C, while decreasing in
treatments prepared at 500 C.

lodine number of biochar was determined. Table 1 shows
that all biochar, obtained by pyrolysis without any activation
step, have low iodine number values following next sequence:
BEP=: BG~ BE>BGS =~ BPC.

Table 2 shows Ngjeiial, Ceryo, and C/N ratio of manure wastes
and carresponding biochar samples. Nijeiqp includes the organic
and ammonium nitrogen but not the inorganic forms. For manure
waste, the Nijelgna content ranged from 1.81% for EP to 3.35%
for G. Nijelanal content was reduced for E, GS and PC manures
with increasing pyrolysis temperature. These results were in accor-
dance with those obtained by Wang et al. [18] who studied
nitrogen availability in biochar produced from cattle manure and
found that nitrogen in biochar became more stable as pyrolysis



temperature increased. For EP and G, the Nijejqna content increases
with pyrolysis at 300 C (the high biochar Nijelqnal content corre-
sponds to BG300) decreasing at higher temperatures. Therefore, in
both waste materials, pyrolysis at low temperatures made N more
labile, whereas at higher temperatures it became more stable.

Calvelo Pereira et al. [34] found that, in general, wet oxida-
tion with potassium dichromate reflected the degree of biomass
carbonization and could therefore be used to estimate the labile
fraction of C in biochar. Wang et al. [ 18] found that C¢y, ., decreased
as pyrolysis temperature increased whereas elemental C followed
the opposite trend. Song and Guo [2] studied the variation in the
quality of poultry litter biochar generated at different pyrolysis
temperatures and found that the recalcitrant portion of poultry lit-
ter biochar resistant to oxidation with dichromate to increase with
pyrolysis temperature. In a similar way, Table 2 shows a decrease of
Ceryn, With pyrolysis temperature, which is indicative of the incre-
ment in biochar stability caused by a progressive rearrangement
of organic structures in newly synthesized structures of high sta-
bility during pyrolysis. The reduction in Cp,q, content was more
important for chicken manure based biochars (G and GS) which
lead to very stable biochar samples at only 300 C. The values of
C/N ratio for different feedstocks are in agreement with the mean
values found in the literature for this type of manure [35,36], i.e,,
the mean values for cattle manure are generally between 15 and
20 (E value is 20,94 and EP is 18.23), for chicken manure between
10 and 15 (G value is 10.67 and GS is 10.26) and for pig manure
should be around 4-5 (PC value: 5.38). For biochar samples, the
C/N ratio decreased with pyrolysis temperature as a consequence
of the changes on Njejapa and Cp, ¢, contents.

The soluble P content of manures decreased with pyrolysis at
300 C(Table 2). However, from 300 to 500 C there was not a clear
trend in the variation of soluble P value increasing for cattle manure
and cattle-straw manure and decreasing for the pig and chicken
manure based biochars, With respect to the exchangeable and sol-
uble content in Ca, Mg, Na and K, the concentrations were in the
same range of values found by other authors [ 1G] but enrichment
with pyrolysis temperature was not observed. This fact could be
due to cation enrichment due to weight reduction during pyrol-
ysis being counteracted by the decrease in cation leaching with
temperature.

Fig. 1 shows elemental analysis results of manure wastes and
their corresponding biochar samples. The H/C and (N +0)/C molar
ratios are routine measurement for biochar characterization. The
molar HfC ratio (Fig. 1a) was used as an indicator of the degree
of aromatization because the proportion of carbon in a sample
increases and hydrogen decreases as dehydration, polymerization
and volatilization of light organic structures take place. At 300 C,
the H/C ratio of biochar was highly dependent on the characteristics
of the raw materials. Biochar samples containing chicken manure
(G and GS) showed H/C ratio <0.7, similar to those obtained for
other manure wastesat500 C.At500 C,the H/Cratioachicved was
similar for all biochar samples. Fig. 1b shows (O +N)/C molar ratio
for manure wastes and their corresponding biochar samples. This
ratio was related to the polarity of the samples and decreased with
pyrolysis at 300 C. From 300 to 500 C, for G, GS and EP manure,
this ratio increased slightly probably due to some oxidation of the
samples.

Table 3 shows proximate analysis of manure wastes and their
corresponding biochar samples. Enders et al. [37] mapped on a tri-
angular diagram the ash, fixed carbon and volatile matter content
of several biochars and found that areas of the triangle remained
unpopulated despite the large number of samples characterized.
Specifically, they found that fixed carbon contents of biochars with
ash content over 35% were limited to below 30%. In addition, fixed
carbon contents increased with pyrolysis temperature when the
biochars contained less than 20% ash, but decreased for biochars
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having over 20% ash. In order to avoid decomposition of some clays
and carbonates in ash rich organic wastes, we calculated the fixed
carbon content by combustion at 600 C and not at 800-900 C
[20,30,38]. Table 3 shows that for the samples with the highest
ash content (PC and EP), the fixed carbon increased with pyrolysis
temperature. However, the increases were less pronounced than
for manure wastes with lower ash content (E, G and GS). Ash com-
pounds hinder the formation of aromatic structures that contribute
greatly to fixed carbon content, The FC/{VM + FC) ratio, named ther-
mostability index, was previously identified as a reliable parameter
to evaluate the level of stability of organic matter in biochar and
other organic wastes [21,34]. This parameter indicates the rela-
tive amount of the most thermally stable fraction of organic matter
with respect to less stable one. In our study, the thermostability
index, FC/(VM +FC), increased with pyrolysis temperature and the
increases were higher for G and GS samples, even at low temper-
atures, indicating the synthesis of structures with high stability at
lower temperatures (300 C). This result was congruent with the
values of Cyy, 0, evolution and the H/C molar ratio during pyrolysis
of G and GS manures.

Generally, pyrolysis yield was positively correlated with the
ash content of the feedstock. Comparing ash content of manure
wastes (Table 3) with pyrolysis yield at 300 and 500 C (Fig. 2), it
could be observed that G and GS show a pyrolysis yield higher than
that expected from their ash content (Table 3). This result was in
agreement to the high fixed carbon of the corresponding biochar
obtained at 300 C.

3.2. Thermal analysis

Fig. 3 shows differential thermogravimetry (dTG) in air atmo-
sphere of manure wastes and their corresponding biochar samples.
Thermal analysis has been extensively used for the study of organic
matter stabilization during composting [39-41], Weight loss at
temperatures below 150 € was related to water release. From 200
to 550 C oxidation of labile organic matter took place. Then, at
temperatures higher than 550 € weight loss could be attributed
to refractory carbon and clays decomposition and finally, between
700 and 800 C, carbonates decomposition was observed. Otero
et al. [40] monitored the stabilization progress of sewage sludge
from wastewater treatment plants by means of differential ther-
mogravimetry and found that advanced sludge stabilization due
to aerobic digestion was related to a shift to higher combustion
temperature. So, it is established that the higher the temperature
at which weight loss occurs, the more resistant and structurally
ordered the organic fraction which is burning is, Generally, from
our experimental results, it could be observed that combustion



Table 3

Proximate analysis of manure wastes and corres ponding biochar samples,

Properly Cattle manure Cattle straw manure Chicken manure Chicken sawdust manure Pig manure

E BE300  BESOO  EP BEP30G0  BEPSOD G BGAOD  BGSOD GS BGS300  BGS500 PO BPC3I00 BPCSD0
VM {wik) .66 4731 13.20 Hh.56G 24,91 11,95 6185 2387 11,96 54,80 13.01 8.28 A1.42 3125 6,50
FC (wiid) 20067 32.50 4315 16.97 .75 36,73 1492 4138 50.01 22,79 5244 55,77 11.06 18.50 19.62
Ash (wti) 14.66 20,20 A3.65 265,46 78,341 51,32 2024 445 F8.07% 17,40 3455 35,95 A7.22 HIL25G T3.88
FC{(VM + C) 0.24 041 0.4 023 0,60 0.5 014 043 .81 0,24 0.80 .87 0.21 047 045
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of samples shifted towards higher temperatures when the pyrol-
ysis temperature for biochar preparation increased, reducing the
organic matter content and leading to more stable carbon, which
oxidizes at higher temperatures. This effect was more important
for G and GS manures, as temperature pyroysis of 300°C led to
biochar samples (BG300 and BGS300) that started their combustion
at higher temperatures, indicating the presence of stable carbon,
This result was in agreement with Cgp,o, content (Table 2}, fixed
carbon (Table 3) and H/C ratio (Fig. 1a).

Finally, Fig. 4 shows the results from differential thermal anal-
ysis (DTA) of manure wastes and their corresponding biochar
samples. [t is established that energy release during organic matter
combustion shifts to higher temperatures with advancing stability,
in association with the combustion of an organic fraction increas-
ingly difficult to oxidize, Fig. 4 shows different thermal behaviour
of feedstock wastes, Cattle manure showed higher amount of
less stabilized organic matter whereas poultry and poultry mixed
with sawdust showed higher amount of more stabilized organic



Table 4
Total metal content of manure wastes and corcesponding biochar samples {mg kg-1).

Metal  Cattle manure Cattle-straw manure Chicken manure Chicken-sawdust manure Pig manure
E BE300 BES00 EP BEP300 BEPS00 G BG300 BGS00 s BGS300 BGS500 PC BRPC300 BPC500
Fe 453 +£35 528+ 40 480 + 36 266+ 15 346+ 22 300+ 19 i5+7 105+9 103 +8 80+5 110+ 10 100+6 4146+ 180 6094 + 212 5597 £ 198
Zn 200+7 23448 2i2+T 117 +5 314113 477+ 18 336+15 520+ 23 649+ 33 315+ 18 610+ 25 609 + 20 G988+ 06 1213+ 101 1318+ 107
Ni T+1 10+1 10+1 2+1 341 3+1 FE | 11+1 10+1 14+1 18+1 16+1 1i+1 171 15+1
Cu 22+1 28+ 4 24+ 8 14+4 20+2 16+3 22+4 3346 28+7 51+6 65+ 14 62+ 10 227+6 343+ 8 310+12
d - - - - - - - - - - - - - - -
Table 5
Binavailable metal content of manure wastes and corresponding biochar samples (mg kg1,
Metal Cattle manure Cattle-straw manure Chicken manure Chicken-sawdust manure Pig manure
E BE300 BES00 EP BEP300 BEP500 G BG300 BG500 s BGS300 BGS500 PC BPC300 BPC500
Zn 1.52+£004  070£003 - 0231003 - - 1875+£1.25 0231005 - Q44£152 - - 023+002 - -
Ni - - - - - - - - - - - - - - -
Cu 053004 - - - - - - - - 165+£1.34  3.02+£017 2971008 4841039 387+£021  1.54+008

cd - - - - - - - -




matter that combusts at very high temperature, 1n all cases, it could
be observed the shift towards higher temperatures with increasing
pyrolysis temperature. This effect was more relevant for G and GS
manures, probably due to their high initial stabilization.

3.3, Trace metals

Table 4 shows the total trace metal content on the raw materi-
als and biochars. Pyrolysis produced an increment in the nutrient
content of the biochars [6], including Fe and other trace metals
such as Zn, Ni and Cu which are essential to plant growth. Also,
biochar metal content did not exceed the threshold values for con-
centrations of metals in soil set up by the European Union [42] and
were below the limits recommended by Cely et al. [30] for agri-
cultural use of biochar. Moreover, bioavailable forms of Zn and Cu
(Table 5) decreased after pyrolysis process, in accordance with pre-
vious works that have showed that metal lixiviation decreases after
pyrolysis [6].

4. Conclusions

Biochar properties were strongly influenced by manure source
and pyrolysis temperature, Thus, it is possible to prepare biochars
with different agronomic properties depending on the feedstock
and pyrolysis conditions.

Biochars with high cation exchange capacity and elevated stabil-
ity could be obtained from pyrolysis of chicken manure at 300-C.
This type of biochar has the potential to be used when the main
purpose is an increase in crop vields, in particular in nutrient poor
soils.

The highest biochar yields were obtained after pyrolysis of pig
slurry, due to its high ash content, and chicken manure, as a conse-
quence of its high carbonization at low temperatures.

Fixed carbon increased with pyrolysis temperature. However,
this increase was more important for chicken manure and chicken
manure mixed with sawdust. Biochar from chicken manure and
chicken manure mixed with sawdust show high thermostabilicy
at 300°C, In all cases, the thermostability index increased with
pyrolysis temperature, indicating the presence of stable carbon and
biochar as a soil amendment could be a way to enhance carbon
storage in soils,

Finally, mobile forms of Zn and Cu decreased after the pyrol-
ysis process, reducing the risk of groundwater contamination in
comparison to the direct application of raw materials.
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