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Abstract: It has become common practice in soil applications of biochar to use ground and/or sieved
material to reduce particle size and so enhance mixing and surface contact between soils and char
particles. Smaller particle sizes of biochars have been suggested to enhance liming effects and nutrient
exchange, and potentially to increase water storage capacity; however, data remains scarce and effects
on plant growth responses have not been examined. We manipulated biochar particle size by sieving
or grinding to generate particles in two size ranges (0.06–0.5 mm and 2–4 mm), and examined effects
on soil pH, soil water retention, and plant physiological and growth performance of two test species
(ryegrass: Lolium multiflorum, and velvetleaf: Abutilon theophrasti) grown in a granitic sand culture.
The small particle sieved biochar had the largest liming effect, increasing substrate pH values by an
additional ~0.3 pH units compared to other biochars. Small particle size biochar showed enhanced
water retention capacity, and sieved biochars showed 91%–258% larger water retention capacity than
ground biochars of similar particle size, likely because sieved particles were more elongated than
ground particles, and thus increased soil interpore volume. The two plant species tested showed
distinct patterns of response to biochar treatments: ryegrass showed a better growth response to large
biochar particles, while velvetleaf showed the highest response to the small, sieved biochar treatment.
We show for the first time that post-processing of biochars by sieving and grinding has distinct effects
on biochar chemical and physical properties, and that resulting differences in properties have large
but strongly species-specific effects on plant performance in biochar-amended substrates.
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1. Introduction

Biochar has been defined as a carbon-rich product produced by pyrolyzing biomass under
oxygen-limited conditions and intended for use as a soil amendment [1]. Biochar addition, particularly
to nutrient-deficient and/or drought-prone soils, generally increases the yield of crop plants and
trees [2,3], as well as enhancing soil carbon sequestration. Biochar is thought to enhance plant growth
by improving both chemical (e.g., increasing pH of acid soils and enhancing cation exchange capacity)
and physical (e.g., enhancing water retention capacity) properties of soil [4].

Biochars vary greatly in their properties; efforts to “design” biochars for specific applications
have mainly focused on pyrolysis parameters. Biochar pH increases with pyrolysis temperature, but
is also determined by variation in feedstock chemistry [5,6]. Higher pyrolysis temperatures enhance
the liming effect of biochar, which generally increases plant available phosphorus (P) and potassium
(K) on acid soils [2] and reduces mobility and bioavailability of common toxic metals [7,8]. Biochars,
particularly those generated at relatively high pyrolysis temperatures, also improve soil water retention
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capacity (WRC) and plant available water content in soils by directly storing water in the pores and
indirectly by rearranging soil particles [9]. Biochar amendments can also result in increased leaf and
whole-plant water-use efficiency [10,11], though such an effect is not always observed (e.g., Thomas et
al. 2013 [12]). As water acts as a medium to transport nutrients to plants and microbial communities in
soils, higher soil WRC is expected to enhance plant nutrient status [13,14].

Particle size is an important aspect of biochar “design” that has received much less research
attention. Particle size is expected to strongly influence interactions between soil and biochar, since
smaller biochar particles will necessarily have greater physical contact with soil particles [15,16].
One predicted consequence is that smaller biochar particles will result in more rapid pH equilibration
of soil-biochar mixtures and potentially higher pH values [8,16,17]. In addition to a mechanism based
on increased particle contact, Chen et al. (2017) [16] suggest that biochar derived from smaller feedstock
particles generally have higher ash content, which enhances liming effects. There is also evidence
that biochar with smaller particle sizes can increase nutrient and organic compound sorption [18].
Sun et al. (2012) [19] found that the smaller the feedstock particle size, the larger the microporosity
of resulting biochars. Additionally, some studies indicate that biochars produced from smaller-sized
feedstock particles have larger Brunauer–Emmett–Teller (BET) surface areas and larger external surface
areas [18,20]. Microporosity, surface areas, and external surface areas are critical factors that determine
biochar’s ability to absorb and exchange nutrient ions; therefore, biochars with smaller particle sizes
might result in higher plant nutrient availability.

Recent research indicates that, in general, biochar improves WRC of soils [10,21–23]. Biochar
helps to form soil macro-aggregates and improve soil structure [22,24], which generally reduces bulk
density of biochar-soil mixtures [25,26]. Particle geometry is also important: the creation of interpores
between soil and non-spherical biochar particles can increase water content stored in the soil [14].
Prior studies of porosity [26,27] suggest that pores on external surfaces, as well as inner micro-pores
and meso-pores of biochar, retain water in biochar-amended soils. Liu et al. (2016) [22] suggest that
the hydrophilicity of biochar surfaces might contribute to water sorption. However, biochar with
different particle sizes might influence WRC differently. Zhang et al. (2010) [28] found that biochars
with larger particle sizes had higher WRC, as water can only flow through smaller pore spaces between
soil particles. However, Chen et al. (2017) [16] report the opposite pattern: smaller biochar particles
were more efficient at storing water, due to increased external particle surface area compared with
larger biochar particles. Related research suggests that the WRC of biochar-soil mixtures depends on
soil particle size [27]. It has been suggested that biochar particles that are either smaller or larger than
soil particles will mechanically lead to increased packing, resulting in increased tortuosity of the soil
pore space [27].

Although there are strong reasons to expect effects of biochar particle size on its effectiveness in
terms of stimulation of plant growth, we are not aware of any prior study that explicitly addresses this
point. There is also an important distinction to be made regarding the particle size of feedstock used to
generate biochars, versus the particle size of the biochars themselves. Biochars generated by feedstocks
with differing particle size are expected to differ in terms of chemical properties: smaller feedstock
particles increase the rate of escape of volatile organics and syngas, and the biochars produced have
been found to exhibit increased ash content [16]. We therefore predict that sorting of biochar particles
by sieving or similar means is likely to produce biochars that differ in chemical properties. Conversely,
the same biochar ground to produce different-sized particles is expected to show similar chemical
properties, but to differ in terms of its capacity to intermingle and interact with soil particles.

In the present study, we examine biochar particle size effects on soil pH, WRC, and plant
performance. We manipulated materials by physical grinding and sieving to obtain biochars of the
same feedstock and pyrolysis conditions but of varying particle size. Lab and greenhouse experiments
were conducted to address the following hypotheses: (1) Addition of biochar with smaller particle
sizes will result in increased soil pH and increased soil water retention capacity relative to biochar
with larger particle size; (2) Biochar with smaller particle sizes will have stronger positive effects on
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plant growth than that with larger particle sizes; (3) Particle size effects, particularly those related to
chemistry, will be more pronounced when produced by sieving than by physical grinding.

2. Materials and Methods

2.1. Biochar Production, Particle Sizes, and Preparation

The biochar used was produced from sugar maple (Acer saccharum) wood, which was harvested
and processed at Haliburton Forest and Wildlife Reserve, Ltd. A rotating drum batch pyrolyzer was
used; woodchip and sawdust feedstock were pyrolyzed under oxygen-limited conditions for ~2 h
at peak temperatures of 363–374 ◦C (with ~40 min at peak temperature). The pyrolysis system was
passive and so temperatures varied somewhat between runs; low oxygen conditions were maintained
by positive pressure within the reaction vessel (a more complete description of the system is provided
by Sackett et al. 2015 [29]). We assumed that in practice sieving alone to produce small biochar particles
would require small particle feedstock, while grinding could make use of larger feedstock. Both large
and small sieved (hereafter L-sieved and S-sieved) biochars were produced from sawdust feedstock:
L-sieved biochar passed through a 4 mm mesh and was collected by a 2 mm mesh; S-sieved biochar
was passed through a 0.5 mm mesh and collected by a 0.0635 mm mesh. The ground biochars were
produced from pyrolyzed wood chips. The large ground (hereafter L-ground) biochar was ground
with a mortar and pestle and then sieved through a 4 mm sieve, with collection by a 2 mm sieve.
The small-sized (0.0635–0.5 mm) ground biochar (hereafter S-ground) was ground with a laboratory
mill (Arthur H. Thomas Company, PA, USA), and then sieved by a 0.5 mm mesh and collected by a
0.0635 mm mesh (Figure 1).
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Figure 1. Biochar particles of varying size and shape generated by sieving and grinding “raw” 
biochars. (a) and (c) are biochar particles between 0.0635 mm and 0.5 mm; (b) and (d) are biochar 
particles between 2 mm and 4 mm. (a) and (b) (elongated) are biochars obtained by direct sieving 
from biochars pyrolyzed from sawdust; (c) and (d) (round) are biochars obtained by grinding and 
sieving from biochars pyrolyzed from woodchips. 

Before mixing different biochars with sand, the biochars were pre-washed with a 1:5 (v/v) 
mixture of biochar to de-ionized water to remove water-soluble phytotoxic organic compounds that 
may have negative effects on plant growth [11]. The biochar-water mixture was shaken on an 
oscillating table at 60 RPM for 48 h to make the biochars water-saturated, and the mixture was then 
oven-dried at 60 ˚C for 48 h.  

Figure 1. Biochar particles of varying size and shape generated by sieving and grinding “raw” biochars.
(a) and (c) are biochar particles between 0.0635 mm and 0.5 mm; (b) and (d) are biochar particles
between 2 mm and 4 mm. (a) and (b) (elongated) are biochars obtained by direct sieving from biochars
pyrolyzed from sawdust; (c) and (d) (round) are biochars obtained by grinding and sieving from
biochars pyrolyzed from woodchips.

Before mixing different biochars with sand, the biochars were pre-washed with a 1:5 (v/v) mixture
of biochar to de-ionized water to remove water-soluble phytotoxic organic compounds that may have
negative effects on plant growth [11]. The biochar-water mixture was shaken on an oscillating table at
60 RPM for 48 h to make the biochars water-saturated, and the mixture was then oven-dried at 60 ◦C
for 48 h.
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2.2. Characterization of Biochar Particle Size, Shape, Bulk Density, and Tap Density

The size distribution and shape of biochar particles was assessed by image analysis. Biochar
samples were dispersed on 10 cm diameter or 5 cm diameter transparent petri dishes, and images were
collected using a flatbed scanner (Epson Perfection 1250, Epson Co., Tokyo, Japan) with a resolution of
600 dpi or (for S-sieved and S-ground samples) a 10 mega-pixel digital camera affixed to a dissecting
microscope (Amscope MU1000, www.amscope.com, Irvine, CA, USA). Particle size and shape were
analyzed using the image analysis software ImageJ (imagej.net). The particle cross-sectional area for
each dispersed particle was then examined in ImageJ. For particle shape, each particle was enclosed by
a fitted ellipse in ImageJ, and an aspect ratio was estimated as the ratio of the major axis to minor axis
length for each particle.

Biochar bulk density and tap density were determined using an analytical balance and a graduated
cylinder. The biochar volume for bulk density was detected by measuring uncompacted volume of
the particles, while the biochar volume for tap density was examined by measuring tap-induced
compacted volume of the particles, with physical perturbation continuing until a constant volume was
measured. Bulk density was calculated as M1/V1 and tap density as M1/V2, where M1 is the mass of
the biochars, V1 is the volume of uncompacted biochars, and V2 is the volume of compacted biochars.

2.3. Biochar pH, Electrical Conductivity, Ash Content, and Water Retention Capacity

pH and electrical conductivity (EC) of pure biochars were determined in a 1:20 (w/v) mixture
of biochar to de-ionized water [11], with the biochar-water mixture shaken on an oscillating table at
60 RPM for 24 h prior to measurement. In addition, the pH and EC of biochar-soil mixtures were
measured in 1:1 (v:v) biochar-soil mixtures with de-ionized water, with the biochar-soil mixture shaken
on an oscillating table at 60 RPM for 24 h. All pH and EC measurements were made at 20 ◦C using a
pH/mV/Temp system (IQ Scientific Instruments, USA) and conductivity meter (Hanna Instruments,
Inc., USA), respectively. Biochar ash content was measured by combusting the biochars in a muffle
furnace (ThermoFisher Scientific, USA) at 800 ◦C for 1 h after oven-drying the biochars. Triplicate
measurements were conducted in each case.

WRC of biochar samples was measured as water retained at gravity-drained equilibrium. 100 mL
stainless steel cylinders (depth: 6.7 cm, radius: 2.4 cm) were packed with sample biochars and placed
on a 0.0635 mm sieve (Fisher Scientific Company, Hampton, NH, USA), and covered with parafilm
(Bemis Company, Inc., Oshkosh, WI, USA). Volumes of 100 mL biochar and 100 mL de-ionized water
were added into each column, and allowed to drain for 24 h. The moist biochar was collected with
containers following drainage, weighed, and then dried for 48 h at 60 ◦C. WRC was calculated as
(W2 − W3)/(W3 − W1), where W1 is the mass of the container, W2 is the mass of gravity-drained
biochar plus container, and W3 is the dry mass of the biochar plus container.

2.4. Growth Conditions and Experimental Design

The experiment was conducted in a greenhouse at the University of Toronto, examining responses
of the annual forb velvetleaf (Abutilon theophrasti Medik.) and the annual ryegrass (Lolium multiflorum
Lam.). Seeds were obtained from V&J Seed Farm, Woodstock, Illinois, USA. The soil used to grow the
seeds was a naturally occurring pure granitic sand (pH = 5.82) from Haliburton Forest and Wildlife
Reserve, Haliburton, Ontario, Canada. The sand was sieved by passing through a 2 mm mesh.
(Although the sand used is essentially unmodified parent material, we refer to the pure sand and
sand-biochar mixtures as a “soil” hereafter). There were two treatment factors in this experiment: one
was the biochar particle size (2–4 mm and 0.0635–0.5 mm); the other was processing method (sieving
and sieving after grinding). The experiments were conducted sequentially; average temperatures were
15.8 ◦C (range: 5.9–34.6 ◦C) during the annual ryegrass experiment and 26.6 ◦C (range: 14.5–38.1 ◦C)
during the velvetleaf experiment.

www.amscope.com
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The growth containers used had a surface area of 50.3 cm2, depth of 8 cm, and volume of
402 cm3. Two grade 415 filter paper sheets (VWR International, Radnor, PA, USA) and one layer
of fiberglass mesh were placed at the bottom of each growth container to prevent loss of sand and
biochar. Approximately 350 cm3 of biochar-sand mixture or pure sand was added to each replicate pot.
For treatments, the dosage for biochar application to each pot was 20 t/ha (10.05 g/pot), calculated
on a pot surface area basis. The biochar was evenly mixed with the sand in the top 5 cm of each
growth container (similar to Basso et al., 2013 [25]). One seedling was transplanted into each growth
container after an 8-day germination period in vermiculite. Fertilizer (nutricote 16-10-10 NPK, JCAM
AGRI, Tokyo, Japan) was added to the surface of the soils for velvetleaf to compensate for the high N
demands of this species [30]. The amount of fertilizer added, which was calculated based on surface
areas of each pot, matched 25 kg/ha to approximate a typical nitrogen mineralization rate in one
growing season [12].

Plant performance measures made included leaf area, aboveground, and belowground biomass,
chlorophyll fluorescence (Fv/Fm: the ratio of variable to maximum fluorescence yield estimating
the potential quantum efficiency of photosystem II), chlorophyll concentration index (CCI), and the
nitrogen (N) concentration of aboveground tissues. Leaf area was tracked weekly, while CCI, Fv/Fm,
nitrogen level in aboveground biomass, and biomass were measured at the end of the experiment.
The measurements of CCI and Fv/Fm were only conducted on velvetleaf, because the leaves of
annual ryegrass were too small to be measured. CCI was measured using CCM-200 Chlorophyll
Meter (ENVCO, Auckland, New Zealand) and Fv/Fm measurements were made with a MINI-
PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany), using the saturated pulse method [31].
Aboveground and belowground biomass was separated by cutting the stems at the top of the soil;
roots were washed, and biomass components were dried in a convection oven for 48 h at 60◦C prior
to weighing on an analytical balance to the nearest mg. N levels in aboveground biomass following
grinding of tissues using a 628 Series CN Analyzer (LECO, St. Joseph, MI, USA). The leaf area of
annual ryegrass and velvetleaf were measured using Li-3100C leaf area scanner with a resolution of
1 mm2 (LiCor Biosciences, Lincoln, NE, USA). Plant leaf area was also tracked weekly by recording
leaf length to the nearest 0.5 cm and estimating leaf areas using non-linear regression models. The
non-linear models used were based on prior publications: for velvetleaf A = 0.613L 2.204 [32], and for
annual ryegrass A = 0.0008491L 1.692 [33], where A is leaf area in cm2 and L is leaf length in cm.

The experimental growth period was 29 days (from 7 March 2018 to 5 April 2018) for annual
ryegrass and 28 days (from 26 June 2018 to 24 July 2018) for velvetleaf. Annual ryegrass was watered
with 50 mL of water once per two or three days during the experiment; velvetleaf was watered by
50 mL of water every day during the first week and thereafter every other day until the end of the
experiment. A total of 70 pots of plants were used in the experiment: 1 feedstock × 2 species × 7
replicates × (4 treatments + 1 control group) = 70 pots.

2.5. Statistical Analysis

Plant performance measures and biochar/soil properties were analyzed by one-way analysis
of variance (ANOVA), following graphical analyses to confirm normality and equality of variances.
Tukey’s honest significant difference (HSD) test was performed to describe differences of pairwise
treatments (using p < 0.05). All data analyses were conducted using the statistics software R version
3.3.3 (R Core Team 2017).

3. Results

3.1. Properties, pH, and Water Retention Capacity of Biochar and Sand

Biochar particle aspect ratio was weakly positively correlated to particle size (measured as particle
cross-sectional area), based on image analysis results (Figure 2). This correlation was significant for
the pooled data (r = 0.151; p < 0.001), and the S-ground (r = 0.392; p < 0.001) and L-sieved (r = 0.176;
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p = 0.005) treatments, but only marginally so for the S-sieved (r = 0.109; p = 0.107) and L-ground (r =
0.113; p = 0.080) treatments.
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area) for biochars tested, based on image analysis. Symbols are as follows: closed squares (blue):
S-ground; open squares (green): S-sieved; closed circles (black): L-ground; open circles (red): L-sieved.

Properties of the biochars differed according to post-production treatment. Biochars manipulated
by direct sieving had a significantly higher aspect ratio (p < 0.05) than those obtained by sieving
following grinding (Figure 3). The mean aspect ratios of L-sieved and S-sieved were higher than those
of L-ground and S-ground by 52% and 78%, respectively. However, no significant differences were
in aspect ratios of L-sieved vs. S-sieved biochars, or L-ground vs. S-ground biochars; both ground
biochars showed similar aspect ratios to sand particles. In sum, sieved biochars were on average more
elongate in shape, while ground biochars and sand were more spherical in shape (Table 1; Figure 3).
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Figure 3. Aspect ratio of biochar particles by treatment and of sand (control) particles. Means are
plotted ± 1 standard error based on 277 particles detected by flatbed scanner for each treatment. Bars
with the same lower case letters do not differ significantly at p < 0.05 according to Tukey’s honest
significant difference (HSD) test.
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Table 1. Physical and chemical properties of biochars and sand. S-sieved, L-sieved, S-ground, and
L-ground stand for small sieved biochar, large sieved biochar, small ground biochar, and large ground
biochar, respectively. Means are listed with standard errors in parentheses. N/A indicates not
applicable; ND indicates values below detection limit.

Treatment
Attribute S-sieved L-sieved S-ground L-ground Sand

Pyrolysis temperature (◦C) 374 374 363 363 N/A
Particle cross-sectional area (mm2) 0.26 (0.02) 11.31 (0.34) 0.12 (0.01) 12.76 (0.32) 0.07 (0.00)

Particle aspect ratio 2.83 (0.10) 2.58 (0.10) 1.59 (0.03) 1.70 (0.03) 1.53 (0.03)
pH of pure biochar or sand 6.73 (0.02) 6.43 (0.04) 6.37 (0.03) 6.37 (0.01) 5.82 (0.04)

pH of Biochar-sand mixture or sand * 6.81 (0.02) 6.60 (0.05) 6.46 (0.04) 6.46 (0.02) 5.63 (0.10)
Electrical conductivity (uS/cm) 23.9 (1.0) 28.5 (1.1) 23.9 (0.6) 25.7 (1.5) 45.3 (7.8)

Water retention capacity (%) 360 (1) 168 (21) 189 (1) 47 (6) 37 (0)
Carbon (%) 68.3 68.9 68.2 68.9 0.240

Nitrogen (%) 0.350 0.335 0.253 0.205 ND
Ash content (%) 3.28 (0.35) 3.74 (1.00) 1.26 (0.16) 1.58 (0.17) N/A

Bulk density (g/cm3) 0.16 (0.00) 0.14 (0.00) 0.29 (0.00) 0.22 (0.02) 1.38 (0.01)
Tap density (g/cm3) 0.23 (0.00) 0.20 (0.00) 0.41 (0.01) 0.34 (0.04) 1.69 (0.01)

* pH of sand samples were measured at 1:20 (w/v) dilution for comparison to pure biochar samples, and at 1:1 (v/v)
dilution for comparison to biochar-sand mixtures.

With respect to pH of pure biochars, S-sieved biochar had significantly higher (p < 0.05) pH than
all the other pure biochars (Figure 4a and Table 1). However, there were no significant differences
among the pH of L-ground, S-ground, and L-sieved treatments (p > 0.05), though all biochars showed
higher pH values than did the control. pH of biochar-soil mixtures showed similar trends to pure
biochar samples (Figure 4b). Soil mixtures with S-sieved biochar had significantly higher (p < 0.05)
pH than soil mixtures with S-ground and L-ground biochars. Nevertheless, no significant differences
were found among the pH values of L-ground, S-ground, or L-sieved biochar-soil mixture, while all
biochar-amended substrates had higher pH values than the control.
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WRC differed substantially among treatments. The WRC of smaller-sized biochar particles was
significantly higher (p < 0.05) than that of larger-sized biochar particles when post-processing methods
were the same (Figure 5). The WRC of S-sieved biochar was significantly higher (p < 0.05) than that
of all other-sized biochars and sand (Table 1). Biochars collected by direct sieving had significantly
higher (p < 0.05) WRC than those obtained by grinding and sieving at a given particle size. The WRC
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of S-sieved biochar was higher than that of S-ground biochar by 91%, while the WRC of L-sieved
biochar were higher than that of L-ground biochar by 258%. The WRC of L-ground biochar and sand
was statistically indistinguishable (p > 0.05).
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3.2. Plant Performance in Different Biochar Treatments and Sand

3.2.1. Particle Size Effects

Velvetleaf and annual ryegrass showed opposite responses to biochars of differing particle
size (Table 2). For velvetleaf, smaller-sized biochars resulted in stronger positive effects on plant
performance relative to larger-sized biochars or pure sand. Velvetleaf grown in soils with S-sieved
biochar had significantly higher leaf areas (p < 0.05) than those in soils with other biochars or in pure
sand (Figure 6a). At the end of the experiment, the average leaf area of velvetleaf with S-sieved biochar
addition was 164%, 82%, and 102% higher than the leaf area of velvetleaf grown with the addition of
L-sieved, S-ground, and L-ground biochar, respectively, and 152% higher than the leaf area of control
group. No significant differences were observed between other biochar treatments and pure sand in
terms of leaf area.
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Table 2. Plant responses for annual ryegrass and velvetleaf. S-sieved, L-sieved, S-ground, and L-ground
stand for small sieved biochar, large sieved biochar, small ground biochar, and large ground biochar,
respectively. Means are listed with standard errors in parentheses.

Treatment Leaf Area
(cm2)

Aboveground
biomass (mg)

Belowground
biomass (mg)

Chlorophyll
conc. index Fv/Fm Leaf N (%)

Annual Ryegrass

S-sieved 5.3 (0.7) 16.96 (1.66) 11.90 (1.77) N/A N/A 3.56 (0.11)
L-sieved 10.2 (1.3) 28.99 (3.07) 20.90 (2.42) N/A N/A 3.88 (0.13)
S-ground 5.1 (0.6) 16.87 (1.86) 13.96 (1.15) N/A N/A 4.19 (0.10)
L-ground 8.9 (1.0) 28.06 (2.33) 17.72 (2.33) N/A N/A 4.08 (0.12)
Control 4.7 (0.5) 16.37 (13.59) 13.59 (1.08) N/A N/A 4.04 (0.13)

Velvetleaf

S-sieved 24.3 (3.9) 248.28 (35.05) 97.11 (10.52) 11.5 (0.4) 0.823 (0.004) 2.34 (0.07)
L-sieved 9.2 (1.3) 118.67 (8.31) 46.35 (5.20) 13.9 (0.7) 0.809 (0.001) 2.60 (0.06)
S-ground 13.3 (3.4) 151.31 (31.46) 60.89 (10.88) 13.6 (0.4) 0.804 (0.010) 2.62 (0.07)
L-ground 12.0 (1.6) 141.51 (17.60) 71.44 (8.69) 14.0 (0.8) 0.808 (0.009) 2.49 (0.05)
Control 9.7 (1.6) 121.27 (15.85) 51.82 (5.79) 12.5 (0.9) 0.732 (0.030) 2.83 (0.05)

Velvetleaf grown with smaller-sized biochar addition also showed greater biomass production
compared to other treatments (Figure 7a). The aboveground biomass of velvetleaf with S-sieved
biochar addition was 109%, 75%, and 105% higher than with L-sieved or L-ground biochar, while no
significant differences (p > 0.05) were found in aboveground biomass of velvetleaf among S-ground,
L-sieved, and L-ground biochar addition, or pure sand. Similarly, the belowground biomass of
velvetleaf with S-sieved biochar addition was 87%–110% higher than the L-sieved and S-ground biochar
pure sand controls (Figure 7b). However, no significant differences were observed in belowground
biomass of velvetleaf among S-ground, L-sieved, and L-ground biochar additions, or the pure sand
control treatment.
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Figure 7. Aboveground (a) and belowground (b) biomass of velvetleaf; aboveground (c) and
belowground (d) biomass of annual ryegrass. The bar graph indicates the aboveground biomass
of the velvetleaf and annual ryegrass on the day of harvest for each treatment and control. Means are
plotted ± 1 standard error based on measurements on 7 replicates for each treatment in each plant
species. Within each panel, bars with the same lowercase letters do not differ significantly at p < 0.05
according to Tukey’s HSD test.

Biochar addition significantly enhanced the Fv/Fm of velvetleaf (p < 0.05), compared to the
control (Figure 8b). Fv/Fm of velvetleaf with S-sieved, S-ground, L-sieved, and L-ground biochar
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addition was 12%, 10%, 11%, and 11% higher than that grown in pure sand, respectively. However,
no significant treatment effects were found for CCI (Figure 8a). In addition, no significant trends in
N concentration of aboveground biomass were found according to biochar particle size, although
quantitatively N concentrations were marginally higher in the control (Figure 9a).
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significantly at p < 0.05 according to Tukey’s HSD test.
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Means are plotted ± 1 standard error based on measurements on 7 replicates for each treatment in
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Annual ryegrass had stronger positive growth responses to biochars with larger sized particles
compared to smaller-sized biochars or pure sand controls. Larger biochar particle addition resulted
significantly larger leaf area (p < 0.05) compared to smaller biochar particles or pure sand (Figure 6b).
The leaf areas of annual ryegrass grown in the soils with L-sieved and L-ground biochars were
almost twice that of plants grown in soils with S-sieved biochar, S-ground biochar, or pure sand.
However, the leaf areas of annual ryegrass with smaller-sized biochar addition did not show significant
differences from the pure sand controls. Similarly, larger-sized biochar particles showed stronger
positive effects in terms of biomass responses in annual ryegrass (Figure 7c,d). Aboveground biomass
of annual ryegrass grown in soils with L-sieved and L-ground treatments was 71%–77% higher than
the control, while no detectable response was seen with the S-sieved and S-ground treatments. Similar
patterns were observed for belowground biomass of annual ryegrass (Figure 7d). No significant
treatment effects on tissue N concentration were observed (Figure 9b).
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3.2.2. Post-Processing Effects

Velvetleaf and annual ryegrass had distinct responses to biochars manipulated by different
post-processing methods (Table 2, Figures 5 and 6). Velvetleaf showed higher growth in soils with
direct sieved biochars when biochar particles were small, but grew better in soils with ground biochars
when biochar particles were large. The leaf area of velvetleaf with S-sieved biochar was greater than
that of velvetleaf with S-ground biochar by 82%, whereas the leaf area of velvetleaf with L-sieved
biochar was less than that of velvetleaf with L-ground biochar by 31% (Figure 6a). The final biomass of
velvetleaf with S-sieved biochar was likewise greater than with S-ground biochar; however, velvetleaf
plants with L-sieved biochar were smaller than those with L-ground biochar (Figure 7a,b). Tissue N
concentration was reduced in velvetleaf grown with direct sieved biochars when biochar particles
were small; however, tissue N was lower for velvetleaf grown with ground biochars when biochar
particles were large (Figure 9a). In annual ryegrass the different post-processing methods produced
only small effects. The leaf areas of annual ryegrass grown in soils with S-sieved and L-sieved biochar
were not significantly different from those grown in soils with S-ground and L-ground (Table 2,
Figure 6b). Likewise, biomass components for annual ryegrass did not differ between sieved vs.
ground biochars for either small or large particles (Figure 7c,d). While biochar amendments reduced
tissue N concentration for velvetleaf in all treatments, in annual ryegrass, only the sieved biochar
treatments reduced tissue N in comparison to the control (Figure 9).

4. Discussion

The present study demonstrates large effects of biochar particle size and post-processing method
on biochar pH and water-holding capacity. However, contrary to our initial hypotheses, smaller
biochar particles did not consistently result in improved plant performance: annual ryegrass showed
consistently better performance in response to larger-sized biochar particles, while velvetleaf showed
improved performance on small, sieved biochar particles.

4.1. Biochar pH and Water Retention Capacity

We found large effects of post-pyrolysis processing on biochar pH. Higher pH of sieved biochars
was associated with higher ash content of the sieved particles, with ash content linked to liming effects.
Prior research indicates that biochar pH increases with pyrolysis temperatures [5,34,35] due to the
combined effects of increasing concentrations of alkaline earth metals (in particular Ca and Mg) in
conjunction with reductions in acidic organic moieties [6]. Increased biochar pH and ash content has
likewise been found in biochars produced from smaller feedstock particle size [16]. Our results indicate
that this effect also is found in smaller individual particles where feedstock varies in size. The higher
pH in the S-sieved biochar was associated with higher ash content (Figure 4, Table 2), and would be
expected to show a higher concentration of basic cations [35]. Lower particle thickness and higher
specific surface area allow more heat to reach the interior of small biochar particles, increasing alkaline
earth metals in the ash fraction and reducing negatively charged functional groups (e.g., carboxyl
groups), along with volatile substances [5].

Biochars composed of small particle size also showed higher WRC than larger particle size
biochars, similar to results reported recently by Trifunovic et al. (2018) [13]. A few mechanisms likely
contribute to this effect. First, smaller-sized biochars can easily fill the voids between larger biochar
particles and between soil particles, thereby mechanically obstructing the existing pores in the soils.
This will increase the tortuosity of water flow in the soils and reduce soil hydraulic conductivity [36,37].
In addition, as smaller-sized biochars fill the inter-pores between particles, more water can be retained
on the surface of the biochars and the soil particles under capillary pressure [13,38]. The smaller-sized
biochars we used were finer than sand particles; therefore, the biochars mechanically blocked water
flow in the soil and held water on the biochar surface. Second, biochars with smaller particle sizes likely
have more broken intrinsic macropores, which increases the amount of water that can be stored [13].
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Third, smaller-sized biochar particles generally have higher BET surface areas and external surface
areas [18,20,24,39], which may directly enhance WRC by increasing cohesion and adhesion between
water molecules and between water and the biochars, respectively [9]. Finally, the smaller biochars can
potentially increase soil aggregation by binding the individual soil particles together, which reduces
hydraulic conductivity [24].

Prior studies have not investigated how alternative means of reducing biochar particle size
influence soil hydrological properties. We found that WRC of biochar particles obtained by sieving
alone was higher than that of biochar manipulated by physical grinding. This was a remarkably
large effect: at a given particle size sieved biochars had 2–4-fold greater WRC than ground biochars
(Figure 5). We suspect that different biochar shapes are responsible for this effect, since particles of
sieved biochars were substantially more elongated than particles of ground biochars. Sieved biochars
also had lower bulk density and tap density, consistent with an increased volume of voids between
particles in the soil, providing increased water retention by the macro-pores in the soil.

Although some research on biochar WRC suggests that biochar has significantly higher WRC
than sand or loamy sand substrates due to its higher porosity and higher external surface area [10,40],
we found no difference in WRC between the large ground biochar and sand. This might be due to
remaining aliphatic compounds that reduce biochar porosity. As the pyrolyzing temperatures for
our biochar were relatively low, the heat might not be high enough to completely pyrolyze the inner
parts of the large-sized feedstock. Therefore, aliphatic compounds, which include pyrogenic oils and
tars, might not be able to escape from the inner parts of biochar, or the aliphatic compounds might
condense during pyrolysis and obstruct pores [41].

4.2. Plant Performance

To our knowledge this is the first study to empirically test for differences in plant performance
relative to biochar particle size. The two plant species examined showed highly distinct patterns of
response. Velvetleaf showed enhanced growth in soils with smaller-sized biochar particles, showing
by far the best performance in small sieved biochar treatment. In contrast, annual ryegrass showed
the best performance in treatments with large biochar particles. The pattern observed for velvetleaf
was that expected based on increased substrate WRC and pH. Water stress greatly affects growth of
velvetleaf [42,43], and this species is also highly responsive to increased K and P availability [44,45],
and shows a peak performance in soils with pH between 6.1 and 7.8 [46]. In contrast, annual ryegrass
is tolerant of a wide range of soil types, but is known to be highly responsive to N limitation [47].
Additions of wood-based biochars commonly reduce soil N availability, consistent with the reductions
in plant tissue N observed here, which was most pronounced for the small sieved biochar treatment
(Figure 9). There is evidence that plant species more sensitive to N limitation tend to show neutral or
negative responses to biochars [48]; thus, the reduced performance of annual ryegrass to smaller-sized
biochar particles may in part be explained by N immobilization and sensitivity to N limitation.
In addition, we speculate the large biochar particles may enhance soil macroporosity, enhancing
oxygen diffusion into the soil and reducing soil resistance to root penetration. Smaller-sized biochar
particles fill the space between the soil particles, which can increase the bulk density and packing of the
biochar-soil mixture [49]; thus, the smaller-sized biochars may mechanically obstruct water flow and
increase WRC [36,37]. Brockhoff et al. (2010) [50] suggest that the increase of WRC and the decrease of
pore space in soils might lead to anaerobic effects, which limit root growth. In contrast, coarser biochar
particles can have larger macropores and create larger spaces between biochar particles and soils [13].
Prior work on perennial ryegrass (Lolium perenne) indicates that this species has high sensitivity to soil
bulk density and root penetration resistance [51].

In addition to biochar particle size effects, application of similar-sized biochars obtained by
different mechanical processing methods resulted in large differences in plant performance in the case
of velvetleaf. For small particle sizes, sieved biochar had a much stronger positive effect on growth
(Figures 5 and 6); the highest observed chlorophyll fluorescence (Fv/Fm) values were also observed
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for this treatment (Figure 8). Improved performance of velvetleaf in sieved relative to ground biochar
is consistent with the observed differences in substrate pH and WRC, and with the relatively high
sensitivity of velvetleaf to both of these factors.

The results from our research suggest that physical processing of biochars is an important potential
avenue to enhance biochar performance for specific applications. Various techniques can be utilized to
produce designed biochars with specific particle characteristics. Manipulation methods can generally
be divided into two steps: grinding or chopping biochars to reduce particle size, and separating
biochars according to particle size. Ball mills are a common means available to grind biochar into
various sizes. Differently sized biochars could be obtained by varying grinding duration, mill ball
size, and material/feed sizes (e.g., Yusof et al. 2014 [52]). Mill ball sizes and combinations should
be determined according to size of feed materials and targeted particle sizes [53]. For example,
larger particles crack faster by grinding with larger mill balls [54]. In addition to mechanical sieving,
vibrational sieving and electrostatic separation techniques could be used to separate and group
biochars by particle size. Sieves with multiple sieving ranges can be stacked and placed on a vibrating
sieve shaker to group biochars based on particle sizes [55]. Triboelectrostatic separation methods
are commonly used to separate coal particles [56,57], and could be similarly applied to biochars.
As different biochars can have distinct conductivities, triboelectrification is also a possible method to
separate biochar particles according to conductivity.

5. Conclusions

Our results indicate that post-pyrolysis mechanical processing of biochars can strongly affect its
physical and chemical interactions with water and plant nutrients, and that this can result in large
differences in plant performance. However, with respect to biochar particle size, it is not simply the
case that “smaller is better”. One of the plant species tested performed significantly better in the
large particle biochar treatments. Also, the method for mechanically manipulating biochar particle
size is clearly important, and it appears that sieving biochars without grinding can produce biochars
with higher liming effects and much higher water holding capacity. These results have important
implications for biochar “design” for specific applications. Mechanical processing is one of the
simplest potential methods for enhancing biochar properties, but as in nearly any application of a soil
amendment, results will depend on both the substrate to be amended and the target crop species in
question. An obvious next step in this research area is investigation of biochars across a particle size
continuum; an initial study along these lines has recently assessed biochar chemistry and pore size
distribution [58], and this work could profitably be extended to determine potential biochar particle
size optima for agronomic applications.
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