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Abstract: The susceptibility to fragmentation of biochar is an important property to consider in
field applications. Physical and mechanical properties of wood-derived biochars from vine shoots
and holm oak were studied to evaluate the effect of biomass feedstock, final pyrolysis temperature
and application conditions. Vine shoots and holm oak pruning residues were selected for biochar
production. Slow pyrolysis experiments were conducted at two different final temperatures (400 and
600 °C). Physical and chemical characteristics of biomass and biochars were determined. Impact
strength was evaluated through the measurement of the gravitational potential energy per unit
area (] mm~2) necessary for the breakage of biochar fragments. Shear strength (N mm~2) and a
combination of shear/compression strengths (IN) were analyzed using a Universal Texture Analyzer.
A particular mechanical treatment was carried out on biochar samples to simulate the processing
bodies of a commercial manure spreader, under two gravimetric moisture contents. Holm oak-
derived biochar was more resistant than vine shoot-derived biochar to the applied forces. Vine shoots-
derived biochar did not show a significantly different mechanical behavior between temperatures.
Holm Oak-derived biochar produced at the higher final pyrolysis temperature showed higher
resistance to be broken into smaller pieces. Moistening resulted in an adequate practice to improve
mechanical spreading.

Keywords: physical characterization; mechanical processing; vineyard pruning; holm oak pruning;
particulate matter; biochar moistening

1. Introduction

Wood-derived biochar refers to the carbonaceous solid material resulting from the
pyrolysis of wood at relatively low temperatures (<700 °C) in an oxygen-limited at-
mosphere [1]. Biochar has been widely studied in the last few years, owing to the
wide range of agricultural benefits related to its application as an organic amendment
(e.g., improvement of soil fertility, contribution to a carbon-negative process [2-5]). Based
on the extensive available literature, it can be stated that the benefits of applying biochar
on soil ecosystem services are site-specific [6], and they are influenced by the type of
biomass used as feedstock [7,8]. Furthermore, the pyrolysis experimental conditions (i.e.,
final pyrolysis temperature, pressure, heating time and residence time of the gas phase)
govern the properties of resulting biochar [9-11]. The application rate [12] and particle
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size [13,14] also significantly affect the potential benefits of biochar use as a soil amendment.
Ultimately, biochar is a general term that encompasses products of quite different nature
and properties; the inclusion of details about its properties in research publications seems
to be essential both to establish the most appropriate use and to gain deeper knowledge on
this topic [15,16].

Some organizations have developed characterization standards (European Biochar
Foundation-EBC [17] and International Biochar Initiative-IBI [1]), whose guidelines de-
scribe analytical methods for physical and chemical properties, storage instructions, and
application conditions that ensure the quality of potential commercial biochars. In addi-
tion to other research works [18-20], these guidelines emphasize about the application
conditions and the need to properly prescreening and characterizing the biochar batches
after the pretreatments needed for their proper application (i.e., grinding, granulation,
moistening, etc.) [21]. There are still technical and practical barriers both for safe handling
and large-scale application of biochar [20]. The mechanical stresses resulting from biochar
application to soil can favor its release into the atmosphere, specifically contributing to
airborne particulate matter < 10 pm in diameter (PMjp), which are liable to remain in the
air and enter the respiratory tract of humans [22,23]. Anthropogenic Black Carbon aerosols
(BCa) have a significant radiative forcing potential and a clear climate warming effect [24].
Fine particles of biochar can also promote the transport of adsorbed contaminants in water
by percolation and runoff [25]. In addition, biochar dust is susceptible to ignition when
stored in enclosed spaces [20]. Hence, moistening the biochar prior to its soil application is a
recommended practice in order to reduce particulate matter emissions [1]. A recommended
moisture content is not specified in EBC or IBI guidelines. Silva et al. [26] measured the
threshold friction velocities of a range of biochar particles at different moisture contents,
and they determined an optimum gravimetric moisture content above 15%. However,
biochar resistance to be broken into smaller pieces is governed by mechanical properties of
biochar, which so far have not been properly assessed [16].

On the one hand, both penetration resistance and aggregate stability of the soil once
biochar is applied are some of the measured parameters [27,28] when the objective is
to determine the mechanical properties of the amended soil. On the other hand, the
mechanical behavior of biochar has been assessed for specific applications such as land-fill
biocovers and in-ground filtration systems [29-31], addition of charcoal to construction
materials or biocomposites [32], fuel pellets production [33-35], and heating blast furnaces
to industrial iron production [36-39]. The characterization methodologies adopted for the
aforementioned applications are based on standards for soils, geoengineering, plastics, and
other specific materials. To the best of our knowledge, there are no standardized methods
for determining strength properties of biochar related to its soil application, an issue whose
standardization would be extremely complex due to the wide range of biomass feedstocks
and pyrolysis process conditions, with consequent biochar of very diversified structures
and textures.

Several studies showed clear correlations between the properties of the parent material
used as biochar feedstock and the mechanical behavior of biochar [40-43]. Furthermore,
relying on previous studies, pyrolysis operating conditions play a significant role in the
final product behavior, with a general trend of increasing the material resistance with final
pyrolysis temperature [37,41,42,44]. Kumar et al. [37] determined—for chars produced
from acacia and eucalyptus species—a decrease in crushing and impact strengths with
increasing carbonization temperature up to 600 °C, followed by an increase above this
temperature. Das et al. [41], via nanoindentation, concluded that a combination of high
final pyrolysis temperature (>500 °C) and relatively long residence time (~60 min) led
to an increase in the values of hardness and elastic modulus of seven residues-derived
biochars. Nevertheless, the opposite effect was also reported [45] with loss of dynamic
hardness with increasing pyrolysis temperature.

The present study aims to assess the influence of feedstock and final pyrolysis tem-
perature on both the particle size distribution of wood-derived biochar and its mechan-
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ical behavior through the measurement of shear strength and a combination of forces
(shear/compression). A Universal Texture Analyzer was used to test these properties on
biochar fragments. The effect of experimental conditions (biomass feedstock and pyrolysis
temperature) on biochar particle size distribution was also evaluated by a mechanical
process simulating biochar spreading at the soil surface.

2. Materials and Methods
2.1. Biomass Origin and Characterization

Pruning remains from thinning in a scrub area (Clean Cellulosic Biomass [1]) of holm
oaks (HO) (Quercus ilex L.), and vine shoots pruning residues from the province of Huesca
(Spain), were used as biochar feedstocks. The agronomic characteristics of vineyards are
detailed in a previous publication [46]. Both pruning remains corresponded to branches of
one year of age.

Biomass was selected by diameter (between 5.0 and 10.0 mm) and chopped up using
a domestic shredder (ZI-GHAS2800, ZIPPER Maschinen GmbH, Schliiblberg, Austria) into
pieces of 20-50 mm in length. These particle sizes were used in order to following a cutting
practice that could be carried out under field conditions in a reasonable way. In addition,
these particle sizes could enhance the carbonization efficiency of the pyrolysis process [47].

Proximate analyses were performed by following the ASTM standards [48] as it is
detailed in a previous publication [46]. X-ray fluorescence (XRF) spectroscopy was used to
determine the inorganic elements of biomass, by means of a Niton XL3t GOLD++ portable
analyzer (Thermo Fisher Scientific, Waltham, MA, USA). TestAll™ Geo mode was used,
with a 120 s acquisition time, and at least three measurements per analysis were conducted.

Van Soest method was adopted to determine the biomass constituents (lignin, cellulose,
hemicellulose and extractives) [49]. The complete description of this procedure is available
in previous publications [47,50].

EBC methodology [1] was followed to measuring bulk density of three composite
samples of biomass and biochar, determining the mass that could be packed into a 20 mL
stainless-steel cylinder with minimal compression.

Water holding capacity (WHC) of biochar samples was determined by gravimetry
through pressure plates (Richards chambers, —33 kPa-1500 kPa).

2.2. Production of Biochar and Characterization

Slow pyrolysis runs were performed under atmospheric pressure and at two different
final pyrolysis temperatures (400 and 600 °C). The average heating rate was 5 °C min~!.
A total of 20 experiments were conducted (5 repetitions for each type of feedstock and
final pyrolysis temperature). The pyrolysis device and experimental conditions details are
reported in previous publications [46,51]. Proximate, elemental and XRF analyses were
carried out following the aforementioned methodology. The specific surface area (Sggr) was
determined using a gas sorption analyzer through the measurements of CO, adsorption
isotherms at 0 °C. The detailed procedure for Sgg determination and pore volume (volume
total-Vit and ultramicropore—Vy,,) is available in a previous publication [47].

The raw biochars were sieved to different sizes to establish the particle size distribution.
The amount of biochar retained on each sieve was weighed on a precision balance. Dry
sieving was used to separate large fragments (>2 mm), while wet sieving was applied for
the fine fraction (<2 mm, but >0.001); the finest particles (<0.010 mm) were retained on
filter papers through an in-line filter holder (Sartorius, Goettingen, Germany) connected
to a vacuum pump. The fraction of particles < 0.010 mm was calculated as the difference
between the fraction measured in 2 mm sieve and the sum of the retained fractions values
measured by wet sieving (0.01-2.00 mm). Both the sieves used for the wet sieving and the
filter papers were dried prior to the sample retention and subsequently dried in an oven at
70 °C until constant weight. The work was carried out inside an airless extraction hood.
The difference between the initial weight of the samples and the sum of the different size
fractions was negligible.
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Morphological characterization was carried out for three samples (i.e., three different
pyrolysis runs) of each type of biochar (or treatment). 10% in weight of the coarse fraction
(>2 mm length) was sampled fragment (resulting in 368 and 172 fragments for VS and
HO-derived biochars, respectively) and the following measures were performed: length
and diameter (digital caliper Twin-Cal IP40, TESA, Renens, Switzerland), mass (precision
balance cp224s-Oce, Sartorius, Goettingen, Germany), volume (by displacement of water in
a graduate tube [43]), and bulk density of each individual fragment as a quotient between
the two latter parameters. The shape coefficient was calculated as the quotient between the
measured diameter of each fragment and the equivalent diameter (diameter of a cylinder
with equivalent volume).

2.3. Mechanical Behavior
2.3.1. Impact Strength and Texturometer Measurements

The height (within a range from 1 to 3 m) necessary for the breakage of each fragment
of biochar onto a metal surface was measured. The mass and the rupture area were
determined to calculate the potential breakage energy (E, = mgh) per unit area (] mm™2). A
total of 125 fragments of each sample was tested in this experiment.

In a second step, a Universal Texture Analyzer was used to evaluate the rheological
behavior of biochar through different measurements. Shear strength (N mm~2) was calcu-
lated as the maximum force per unit area that could be applied to a biochar fragment before
crushing. It was determined for 30 fragments of each treatment using a texture analyzer
TA-XT2 (Stable Micro Systems Ltd., Godalming, UK), a universal machine controlled by
specific software. Each fragment of biochar was introduced horizontally in a methacrylate
support with a separation of 0.75 cm between the fixed extremes. A central piece is verti-
cally displaced by the load cell exerting the shear stress perpendicular to the fibers of each
biochar fragment. The load cell of the texturometer descended at a speed of 3 mm s~ 1. The
unit area on which the force was exerted was calculated as twice the cross-sectional area
of the fragment. The same texturometer, with a Kramer shear cell coupled, was used to
determine the resistance to a combination of compression and shear strengths (N) exerted
parallel to the fibers. This process was undertaken using 5 g of each sample by triplicate.
The mass of fine particles (<2 mm) generated as a result of this test was measured. The
maximum applied force (N), both for shear strength and Kramer shear cell measurements,
was fixed in 25 kg.

2.3.2. Mechanical Simulation of Biochar Spreading and Moistening

A mechanical process was combined with two moisture contents to achieve a factorial
design:

Factor 1: biomass pyrolysis feedstock (VS: vine shoots—HO: Holm oak).

Factor 2: final pyrolysis temperature (400-600 °C).

Factor 3: mechanical process (Control: without mechanical processing—P: mechan-
ically processed with the raw moisture content—P15: mechanically processed with
15 wt.% moisture content).

Three replicates were carried out for the 12 resulting samples.

The mechanical processing was carried out using an automatic mechanical agitation
system, in which the movement in a manure spreader was reproduced. The constructive
scheme is detailed in Figure 1. This process was performed for three biochar samples (i.e.,
150 g from each sample) and treatments. The main velocity of the mechanical agitation
process was 50 rpm. After processing, particle size distribution was measured following
the same methodology as described in Section 2.2. The 15 wt.% muoisture content was
attained following the same methodology as described by Silva et al. [26].
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Figure 1. Automatic mechanical agitation system developed to simulate the mechanical spreading.
Units: mm.

2.4. Statistical Analysis of Results

IBM SPSS Statistics v.26 (IBM Corp., Armonk, NY, USA) software package was used to
perform the statistical analysis of data. Two-way ANOVA was conducted (at a significance
level of 0.05) to detect significant differences in the response variables (both physical
characterization and texturometer measurements) between the two biochar feedstocks and
the two final pyrolysis temperatures, respectively. Three-way ANOVA was conducted
to verify the effect of factors (biomass, temperature and mechanical process) and their
interactions on the particle size distribution. The comparison between treatment means
was performed using the Tukey’s method at a significance level of 0.05. The data of particle
size distribution (%) were transformed into arcsine for statistical analysis.

3. Results and Discussion
3.1. Biomass and Biochar Characterization

Table 1 details the results from proximate, ultimate, biomass constituents, surface area
and porosity, bulk density and product yield fractions determined for both biomass and
biochar samples.

Lignin (+silica) content was higher in HO biomass (20.16 and 23.60 wt.% for VS and
HO, respectively), according to the different nature of these feedstocks. However, these
contents were relatively low in absolute terms. This can be explained by the type of pruning
residues selected in the present study, since they come from shoots/branches of one year
of age with lower level of lignification than other more developed parts of these plants. It
must be pointed out that lignin is the constituent, which mostly contributes to the char
yield [53].

Regarding the results from biochar samples, as expected, the higher the final pyrolysis
temperature, the larger the fixed carbon content. The nitrogen, oxygen and hydrogen
fractions decreased with an increased temperature. Again, calcium was the predominant
inorganic element, showing larger concentrations than the previously determined for raw
biomass as a consequence of the loss of organic matter during the process. The concentra-
tion of inorganic compounds can significantly affect the pyrolysis process. The cracking
and polymerization reactions of tar vapors, and the primary devolatilization reactions
are influenced by alkali elements (particularly K). In addition to this, the degradation of
hemicelluloses could be partly inhibited by the presence of Ca [47].
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Table 1. Results from proximate, ultimate, biomass constituents, porosity properties and product yield determined for the

feedstocks and/or obtained biochars.

Proximate (wt.% from

R VS HO VS400 VS600 HO400 HO600
Triplicate)
Ash (dry basis) 2.75+£0.34 3.55 £+ 1.08 6.49 +£0.14 10.34 £ 0.81 8.28 +0.17 11.54 +£0.49
Moisture 1047 £0.11 7.48 + 0.07 0.57 £0.22 0.72 + 0.34 0.38 + 0.01 0.88 £0.12
Volatile matter (dry basis) 81.46 +£2.35 77.86 £ 2.83 2217 +£0.01 247 £0.71 25.22 +0.06 7.38 +0.21
Fixed Carbon (dry basis) 15.79 +1.13 18.59 £+ 1.99 71.34 + 6.45 8720+ 132 6650 £3.61 81.07 +2.52
Elemental (wt.% in daf !
basis from triplicate) 2
C 42.29 + 049 46.2 £0.54 71.50 £ 0.48 82.89 +0.33 63.76 £0.32 72.74 £0.01
H 5.24 £+ 0.06 8.16 £+ 0.07 4.46 +0.19 1.95 + 0.08 3.86 & 0.05 2.30 £+ 0.07
N 13.52 + 0.35 9.21 +0.16 1.58 4+ 0.10 1.52 +£0.01 0.93 + 0.01 0.74 + 0.04
(@] 38.96 £+ 0.45 36.43 +0.22 2242 +0.77 13.63 £ 0.31 31.67 £0.27 2420 £0.11
Elemental inorganic
matter (wt.% from
triplicate) 3
Ca 1.13 +0.40 2.64 +0.40 2.61 £0.32 3.02 £0.39 4.30+£0.12 7.50 + 0.62
Si 0.47 £+ 0.03 0.69 £+ 0.32 0.31 £ 0.05 0.24 + 0.01 0.61 + 0.01 0.41 £+ 0.06
K 0.38 £ 0.15 0.19 + 0.01 1.48 4+ 0.18 4.29 +0.52 0.63 + 0.02 0.95 + 0.04
S 0.21 £+ 0.06 0.17 £ 0.02 0.13 £+ 0.03 0.40 + 0.03 0.15 £+ 0.02 0.12 £ 0.01
Al 0.09 £ 0.01 0.15 + 0.12 0.03 + 0.00 0.16 + 0.01 0.19 + 0.01 0.06 + 0.00
Mg 0.11 £ 0.00 0.12 £ 0.01 0.31 £0.01 0.45 £ 0.02 0.58 £+ 0.04 0.41 £0.02
P 0.21 £+ 0.02 0.07 £+ 0.01 0.27 £+ 0.02 1.01 £+ 0.07 0.26 + 0.02 0.15 £ 0.02
Fe 0.03 £+ 0.01 0.05 £ 0.03 0.02 £+ 0.00 0.03 £ 0.01 0.13 £ 0.01 0.10 £+ 0.02
Lignocellulosic constituents and Surface area and pore volume
extractives (wt.% from triplicate) u P "
Lignin + silica 20.16 £0.49  23.60 & 0.54 Sper (m? g~ 1) 105.80 227.50 122.30 232.79
Cellulose 3418 £1.95 36.90 £ 0.50 Viotal (cm® g™ 1) 0.0370 0.0819 0.0430 0.0930
Carbohydrate + protein 33.02+0.18 29.03 £ 1.12 Viltra (cm® g™1) 0.0361 0.0816 0.0428 0.0858
Hemicellulose + acid 810+163 725+ 144 Product yield (-) (n = 5)
soluble ash
Extractives 4.54 + 0.05 3.22 +0.09 Y char 0.38 + 0.02 0.29 + 0.01 0.41 +0.03 0.30 £ 0.01
; -3
Bulk density (g cm 035+005  0.86+0.08 0254006 0234004 055+012  0.51+0.08
from triplicate)
Water Holding capacity (wt.% from triplicate) 14.16 £ 1.25 18.35 + 1.36 4.56 +£0.79 13.66 £ 1.11

! Dry-ash-free. 2 Oxygen is calculated by difference. 3 Only listed components with a composition higher than 0.01%. VS: Vine Shoots;
HO: Holm Oak; 400/600: final pyrolysis temperature of biochar-°C. Values are presented as mean =+ standard deviation. Regarding the
raw biomasses, results from proximate, elemental and inorganic matter are consistent with previous publications [10,46,52], with slight
differences between both types of biomass. The ash content was higher in HO than VS, probably related to the presence of leaves in HO
pruning residues. It should be highlighted the relatively large amount of calcium measured, especially for HO biomass.

From the results of bulk density, measured in composite samples through the stainless-
steel cylinder method, HO showed higher bulk density than VS (0.86 and 0.35 g cm 3
respectively). This difference was maintained in bulk density determinations for biochar
samples, although with slightly higher values from biochars produced at lower final
pyrolysis temperatures.

Both pore volume and Sy; increased with final pyrolysis temperature. Higher porous
structures are developed due to the removal of Oxygen and hydrogen during the de-
volatilization process. The same trend was observed in WHC values. VS-derived biochar
showed higher general values for WHC than HO biochar. It was consistent with bulk
density results, despite the Spe; and pore volume values of VS biochar being slightly lower
than HO biochar. An in-depth study of the pore structure and the correlation for both types
of biochar could help to understand these results. HO400 showed a particularly low WHC
value (4.56 wt.% versus a mean value of 15 wt.% in the other samples). This may be related
to the low fixed carbon content (and high volatile matter content and density) determined
for this biochar.

Results from physical characterization of the biochar fragments are shown in Table 2.
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Table 2. Influence of feedstock and final pyrolysis temperature on physical properties of the produced biochars.
Parameter VS400 VS600 HO400 HO600

M (g) 0.32+0.15¢ 0.29 £0.13 ¢ 0.92+0.17b 097 £0.29 a

L (mm) 43.08 4+ 9.55 ab 4138 +881b 4517 £ 6.52 a 45.67 +7.83 a

A\ (Cm3) 099 £ 034 ¢ 0.80 £0.31d 1.65+041Db 1.84 =052 a

J (mm) 458 £1.02b 4504+ 1.00b 737 +1.18a 728 £ 0.95a

Shape coefficient (-) 0.86 + 0.16 ¢ 093+0.17b 096 +£0.11a 098 +£0.14a
Bulk density (g Cm*3) 033 £0.11d 038 £0.16 ¢ 0.56 = 0.05b 0.53 +0.09 a

Different letters within a row denote statistically significant differences (p < 0.05) between the biochar samples (Tukey’s test). Values are presented as
mean + standard deviation. VS: Vine Shoots; HO: Holm Oak; 400/600: final pyrolysis temperature of biochar-°C.

Feedstock was found to be the main effect influencing all the physical properties
of biochars (p < 0.0001). Mass was also significantly affected by pyrolysis temperature
(p < 0.0001). In addition, all the variables were significantly affected by the interaction
of the two factors. Biochar from VS featured fragments with lower values of mass (0.32
and 0.29 g for V5400 and VS600, respectively) and average values of approx. 42.2 mm in
length. HO fragments showed higher values of mass (0.92 and 0.97 for HO400 and HO600,
respectively) and an average value of approx. 45.4 mm in length. The volume of V5600
was significantly lower than that of V5400, while the behavior for HO biochar was the
opposite. The measured diameters did not show significant differences as a function of
pyrolysis temperature (for a given feedstock) and, therefore, the shape coefficients were
relatively high and homogeneous.

Bulk density is one of the most important properties to consider for field application,
both due to the importance of knowing the units of elements that are applied into the
soil, and the need to regulate the machinery for its application. The results obtained from
bulk density through the two different methodologies adopted for composite samples and
fragments varied considerably for the VS-derived biochar. This could be related to an
underestimation of the volume measured under the immersion method. Different method-
ologies developed to measure skeletal density through helium pycnometry combined with
the determination of envelope density by displacement of a dry granular suspension [54]
could be more suitable for this purpose. In addition, an in-depth study on the hydropho-
bicity of both types of biochar analyzed could help to understand the different behavior
showed for VS and HO biochar, since the values of HO biochar were close between the
two methods.

Physical characterization confirmed the different type of product to be handled in
field applications, due to both the nature of feedstock and final pyrolysis temperature.
These biochar characteristics allow one to select the type of machinery for its appropri-
ate application.

3.2. Strength Measurements

From the results obtained in impact tests, a contingency table was built (see Table 3).
From the table, it can be seen that none of the HO biochar fragments broke due to the
impact at a maximum drop height of 3 m. Regarding VS biochar, no significant differ-
ences were detected between pyrolysis temperatures for the percentage of fragments
that suffered breakage.
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Table 3. Impact test results.
Sample Break No Break x> Breaking Ep (J mm~—2) p-Value
VS400 70.4% 29.6% 0.20 + 0.09
V5600 77.1% 22.9% 0.143 0.22 +0.11 0.648
HO400 0% 100%
HO600 0% 100%

VS: Vine Shoots; HO: Holm Oak; 400/600: final pyrolysis temperature of biochar-°C.

The number of pieces (mean value + SD) in which each fragment broke into was
2.10 £ 0.04 and 2.20 = 0.03 for V5400 and VS600, respectively. Difference was not statisti-
cally significant.

Regarding the effect of final pyrolysis temperature on the breaking gravitational
potential energy per unit area required to break the VS biochar samples, the mechanical
behavior between V5400 and VS600 were statistically similar (see Table 3) with an average
value of 0.21 + 0.16 ] mm 2.

Figure 2 shows the results obtained for shear strength (N mm~2) and Kramer cell
force (N) as a function of both biomass feedstock and final pyrolysis temperature. Results
from two-way ANOVA revealed a clear effect of biomass type (p < 0.0001) on the shear
strength, with significantly higher values of shear strength for HO-derived biochars. No
significant differences were detected between temperatures for this experiment (average
values of 0.65 N mm 2 for VS, and 1.03 N mm 2 for HO).

Significant differences (p = 0.031) were detected between biochars produced from
different biomass sources during the load tests conducted using the shear Kramer cell
(see Figure 2c). HO-derived biochar supported higher levels of force (N) than VS-derived
biochars. Selecting by feedstock, ANOVA revealed no significant differences between
temperatures for this experiment (average values of 203.65 £ 0.69 and 204.68 = 1.19 N
for 400 and 600 °C, respectively). A significant effect was observed in this experiment for
HO400, in which a significantly (p = 0.001) higher content of fine particles was collected
after each experiment (average values of 0.027 4 0.001 g for HO400 and 0.009 4 0.002 g for
HO600, respectively). This difference was not found between feedstocks and VS pyrolysis
temperatures which presented an average value of 0.017 & 0.01 g. Chrzazvez et al. [55]
studied the fragmentation of different charcoal samples from tree species. They reported
the higher level of fragmentation under compression forces for Quercus charcoal linked to
the presence of a significant porous zone and a specific fragmentation mode of this species,
which differs from others by the presence of multiseriate rays, related to the formation of
fragile zones after combustion.

As mentioned above, the lignocellulosic composition of the biomass used as feedstock
is of special interest in this study, since biochar usually keeps the morphological features of
its feedstock after thermochemical conversion [41,56]. Wood pyrolysis commonly leads to
a higher proportion of lignin than herbaceous biomasses, which usually have a higher cel-
lulose content [41,57,58]. The lignocellulosic constituents degrade at different temperatures
during the pyrolysis process (hemicellulose-complete starting at 330 °C; cellulose—greatest
proportion degradation at 427 °C; lignin—complete degradation after 607 °C) [41,57-60].
The contents of lignin in the raw biomasses (see Table 1) were slightly higher for HO than
for VS. This could explain the higher resistance of HO-derived biochars to impact strength.
Nevertheless, the analyzed feedstocks have different bulk densities, which could also play
a key role in determining the impact resistance and shear strength of HO-derived. This is
in line with the results reported by Kumar et al. [37] and de Abreu Neto et al. [43], who
observed a positive correlation between hardness and apparent density of wood chars.
However, Dias Junior et al. [38], in view on their breaking strength measurements for
several charcoals produced at different pyrolysis temperatures, suggested that the apparent
density of charcoal by itself was not a suitable indicator of its mechanical resistance.

With regard to the influence of temperature on mechanical strength, previous stud-
ies [37,42] reported a clear decrease in compressive/crushing/impact strength with in-



Sustainability 2021, 13, 11871

9of 15

1.20

1.00

0.80

0.60

Shear Strength (N mm) + C.1. (95%)

creasing carbonization temperature up to 500-600 °C. However, the results reported herein
suggest that an increment in the final pyrolysis temperature from 400 °C to 600 °C led
to a better mechanical behavior of biochar under specific forces. This finding seems to
be consistent with the observations reported by Xie et al. [44], who observed a gradual
increase in hardness with the pyrolysis temperature (in the range of 300-700 °C) for corn
stalk pellets-derived biochars. Zickler et al. [56] also observed a continuous increase in the
elastic modulus and hardness above 400 °C (via nanoindentation). Dias Junior et al. [38]
showed the same correlation in wood-derived charcoals. According to Das et al. [41],
biochar made at temperature of around 450 °C presents a disintegrated micro-structure,
exhibiting a defective structure of pyrolytic tars that lends to lower hardness. During
the pyrolysis process, fragmentation and depolymerization occur, resulting in chemical
degradation products that may have a certain effect on the final mechanical properties of
the biochar [41]. This could be one of the reasons to explain the results from our study, in
which lower average values of resistance were observed for V5400 (impact strength) and
HO400 (shear strength), which exhibited higher contents of volatile matter (and, conse-
quently, lower fixed-carbon contents) in comparison to VS600 and HO600 biochars (with
more aromatic carbon structures). However, the above-explained effect of temperature
was not statistically significant. The fact that the two types of biochar showed different
behaviors under static and dynamic forces leads to the conclusion that feedstock nature
plays an important role in determining the mechanical properties of resulting biochars.
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Figure 2. Effect of final pyrolysis temperature on: (a) shear strength as a function of biomass and (b) final pyrolysis

temperature. (c) The breaking force supported into the Kramer shear cell as a function of biomass and (d) final pyrolysis
temperature. VS: Vine Shoots; HO: Holm Oak; 400/600: final pyrolysis temperature-°C; different letters within a graph
show statistically significant differences (p < 0.05).
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3.3. Particle Size Distribution and Mechanical Processing

Table 4 details the p-value results from a three-way ANOVA performed to assess the
influence of factors (i.e., biomass type, final pyrolysis temperature, and mechanical process)
on the particle size distribution of biochar samples.

Table 4. Influence of biomass type, final pyrolysis temperature and process on the particle size distribution (mm).

Factor >20 2-20 0.250-2 0.125-0.250  0.090-0.125  0.010-0.090 <0.010
Biomass (B) 0.008 <0.0001 <0.0001
Temperature (T) <0.0001 <0.0001 <0.0001 <0.0001 0.033 0.003
Process (P) <0.0001 <0.0001 <0.0001 0.012 0.007
BxT <0.0001 <0.0001 0.001 <0.0001
BxP <0.0001 <0.0001 0.004 0.007 <0.0001
TxP <0.0001 <0.0001 0.001 0.009 0.043
BxTxP <0.0001 <0.0001 0.021

The type of biomass did not have a significant effect on either the fraction of larger
particles (>20 mm) nor the finest fractions (<0.010-0.125 mm). Both the main effects and
interactions were more significant for the coarser fractions (0.125->20 mm). The fraction
0.090-0.125 mm was only significantly affected by temperature (as a main factor) as well
as the interaction between temperature and process type. The fraction 0.010-90 mm was
the finest fraction significantly affected by temperature and process type, and also by the
interactions between biomass—process and temperature—process. In addition, the finest
fraction (<0.010 mm) was not significantly affected.

Figure 3a,b illustrate the particle size distributions of the samples. Results from one-
way ANOVA regarding the effect of process application are shown in order to facilitate
the interpretation for the different fractions selecting by biomass. In Figure 3, fraction
< 0.010-0.250 mm is clustered. In Figure 3c,d, the disaggregation of this fraction is specifi-
cally shown for each type of processed biochar.

The initial average values for the percentage of fragments between 2 and 20 mm were
1.24% and 1.18% for VS and HO, respectively. Biochar produced at 400 °C significantly
increased this percentage after the mechanical processing for both feedstocks (24.18% for
V5400 and 14.18% for HO400). Moistening significantly reduced this percentage in VS400
(16.20%). However, regarding HO400, the larger percentage of this fraction was measured
under wet conditions (33.61%). In the processing of VS-derived biochar produced at 600 °C,
it was observed a significant reduction of this fraction (2-20 mm) under wet conditions (55%
with respect to the dry processing). In addition, a significant increase in the percentage of
particles between 0.250—2 mm was observed for HO400 after the mechanical processing,
regardless of the moisture content.

With respect to the clustered fraction (<0.250 mm), VS biochar did not show significant
differences on its cumulative percentage. HO400P15, HO600P, and HO600P15 showed
significant increases in this fraction, with particularities that are shown in Figure 3c,d.

The analysis of the particle size distribution below 0.250 mm is especially relevant,
since fine particles can be dissolved into the atmosphere and lead to mass losses during
the application process. In general, the particle size fraction below 0.250 mm was small,
ranging from 0.09% (VS600) to 1.29% (HO400P15), in mass basis. As can be deduced from
Figure 3c,d, HO biochars exhibited a more homogeneous behavior compared with VS
biochars (the slightly significant differences are reported in the graphs with the purpose to
provide useful information for future characterizations of VS and HO-derived biochars).
In any case, the fine particle fractions reported herein are much lower than the percentage
of mass losses (30%) measured by Blue Leaf Inc. during the application in field trials of a
fine grained biochar produced by fast pyrolysis [18].
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Figure 3. Quantitative particle size distribution (%): (a) VS- and (b) HO-derived biochar, both lower and larger size
classes (mm) were considered; (c) VS- and (d) HO-derived biochar, the former smallest class (<0.250) was broken down
into further classes. (VS/HO: Vine shoots/Holm Oak; 400/600: final pyrolysis temperature-°C; P: processed into the
mechanical agitation system; P15: 15 wt.% moisture content; different letters within a row show significant differences at
p < 0.05-Tukey ’s test).

Moistening had a significant effect on particle size distribution, leading to a reduced
fragmentation of coarse fractions in VS biochar; this could be attributed to an increase
in compressive strength through the increased bonding and bridging between biochar
particles in the presence of moisture as a result of enhanced Van der Waals forces, as it was
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previously reported by Bazargan et al. [34]. Silva et al. [26] reported that 15 wt.% water
content increased resistance to erodibility of larger particles due to weight gain by water
absorption. For HO600 biochar, which appeared as the most homogeneous biochar, no
significant variations were found between non-processed samples and processed under
the two moisture contents. Conversely, HO400 showed again the lower resistance to
mechanical stress, in line with the previous results reported for shear strength. For this
biochar, moistening had the opposite effect to that expected, leading to an increase in
fragmentation and thus in the fractions of fine particles. This finding could be ascribed to
the heterogeneous structure of HO400 (in comparison with the more aromatic structure
of HO600), as it has been aforementioned. On the other hand, the observed lower WHC
of HO400 (4.56%) could also be related to its structure. In fact, this biochar did not retain
the 15 wt.% of moisture applied before processing, suggesting that the disaggregation of
fragments during mechanical processing was promoted by the high amount of free water
in the mechanical agitation system.

Regarding PMjg fraction, the main percentages were higher for HO biochars than
for VS biochars (with a maximum value of 0.08% for HO400P15). However, there was no
statistically significant difference with respect to all the factors examined.

Biochar particle size is a key parameter that can affect the biological and physicochem-
ical properties of the soil, which seem to be improved when relatively fine particles of
biochar are used [13,14]. However, in order to determine the most appropriate biochar
particle size it should also be considered aspects related to production, handling, and
application systems, as well as ignition hazards and dust production issues. In this sense,
the relatively large particle sizes tested in the present study was previously studied, and
several benefits derived from its application were reported [46,61]. Considering the results
obtained, the potential benefits of moistening biochar prior to the application depend
on the final purpose and the type of biochar. Dust production and percolation of fine
particulate matter should not be controlled at the application time focusing on a moisture
content, since fragmentation is regulated by structural properties of biochar.

4. Conclusions

Results reported herein revealed that vine shoots and holm oak pruning residues
can be considered as interesting biomass sources, whose management is suitable for
the production of biochar. The physicochemical properties of resulting biochars were
appropriate for agricultural purposes.

The mechanical behavior of these two types of biochar varied a lot depending on
the application of static or dynamic forces: HO biochar exhibited higher impact strength
than VS biochar, whose value could not be determined from a maximum height of 3 m.
Final pyrolysis temperature did not significantly affect the impact strength resistance
for VS. HO biochar showed higher resistance to shear strength and compression/shear
combination forces than VS biochar. Final pyrolysis temperature did not significantly
influence the resistance to static forces. Significant effects of biomass type, final pyrolysis
temperature and mechanical process were observed on the particle size distribution and its
fragmentation under systematic mechanical solicitations. Moistening practice could reduce
the fragmentation in some types of biochar if WHC of biochar and mechanical properties
are considered.
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