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Highlights

* Wind erosion of biochar was assessed through windel simulations
* Moisture content lower than 10 % does not prevesgien of fine particles
» Higher moisture increases adhesion of fine padialed weight of large particles

e Minimum 15 % moisture is recommended for reducimgdaerosion of biochar

Abstract

Biochar, i.e. pyrolysed biomass, as a soil condéras gaining increasing attention in researchiaddstry,
with guidelines and certifications being develofadbiochar production, storage and handling, alé agefor
application to soils. Adding water to biochar aitmseduce its susceptibility to become air-bornergpand
after the application to soils, thereby preventamongst others, human health issues from inhalafibe
Bagnold model has previously been modified to @rplae threshold friction velocity of coal partislat
different moisture contents, by adding an adhesffext. However, it is unknown if this model alsonks for
biochar particles. We measured the threshold drictielocities of a range of biochar particles (wpod
feedstock) under a range of moisture contents mguswind tunnel, and tested the performance ®f th
modified Bagnold model. Results showed that thedthold friction velocitycan be significantly increased by
keeping the gravimetric moisture content at or &b % or greater to promote adhesive effects lestilee
small particles. For the specific biochar of thisdy, the modified Bagnold model accurately estedat

threshold friction velocities of biochar particles to moisture contents of 10 %.
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Abbreviations

Density

Adhesive effect parameter

Aerodynamic constant

Conceptual contribution of gravity to thresholatfion velocity
Regression coefficients of the response surfachadetogy
Conceptual contribution of adhesive forces to thols friction velocity
Mean particle size diameter

Pressure differential

von Karman constant

Response surface methodology

Free stream velocity

Threshold friction (or shear) velocity

Gravimetric water content

Height
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1. Introduction

Airborne dust particles have raised concerns ftin Bavironmental (Choobari et al., 2014; IPCC, 2C4&d
human health reasons (De Capitani et al., 2007hiBase et al., 2010; Karanasiou et al., 2012; Sabd
Barnes, 2009). Known sources of dust aerosolsjdirg black carbon, range from biomass and fossil f
burning (Andreae and Merlet, 2001; Ito and Pen2@05; Jacobson, 2001), wind erosion of aggregatag
piles of coal and charcoal (Torafo et al., 200¥Jatl and road transport, including through repsunsion
(Buchsbaum, 2007; Ferreira et al., 2003; Harridal.e2012)

The concept of biochar, where biomass is pyrolteatteate a char that can improve soil functioning
(Lehmann, 2007), has received increasing scierattention in the last years (Verheijen et al.,40The
main research focus has been on soil carbon segti@st(Lehmann et al., 2006; Nguyen and Lehmann,
2009) and crop yields (Jeffery et al., 2011), hatbar has also been observed to change many siher
processes and functions (Lehmann and Joseph, ZH&pyrolysis process can cause carbonaceous dust
emissions, although pyrolysis generally producéstsuntially less black carbon aerosols than biomass
burning (Whitman et al., 2011). Nonetheless, biogaticles can also become air-borne after thelpsis
process, namely: i) during post-processing, paclstayage and transport; ii) during applicationhae field;
and iii) through soil erosion by wind during thetime of biochar in soil. Considering the postgurotion
process, the European Biochar Certificate recomsémat biochar should be kept “sufficiently moist t
prevent dust generation or dust explosions”, besdwt quantify the relevant moisture contents if8dhet
al., 2012). At the start of writing this paper,each of the SCOPUS database for “biochar and wond/
retrieved one relevant article, i.e. a paper abpptying biochar below the soil surface to avoiel tisk of
erosion by wind (Blackwell et al., 2010). Verheijenal. (2010) also stated that there is a pawditiata on

interactions between biochar and wind to informainable biochar development.
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Relationships between moisture content and thrddhiotion velocities have been observed for caatd
(Duo-min and Shu-tang, 1991) and have also beereleodor a range of coal particle sizes by medrbe
modified Bagnold model (Zhang et al., 2012; 20E8)wever, biochar has different physical properties
coal and it is unknown if the model developed faalgarticles is also valid for biochar particl&€he
objectives of this study were, therefore: i) toadatine the relationships between moisture contedit a
threshold friction velocity for the full range oagicles (<50 pm to >6,000 um) of a common, woody
feedstock biochar; ii) to test if the contributiohadhesive and gravity forces can be predictethey
modified Bagnold model; and iii) to discuss the licgtions of our findings for biochar productiondan
application. To this end, we conducted wind erosigperiments in the wind tunnel of the Departmént o
Environment and Planning (University of Aveiro)determine threshold velocities for biochar parsaé 6

size classes and at 6 moisture contents.

2. Materials and methods

2.1. Biochar source and preparation

Biochar was purchased from Swiss-Biochar GmbH, @/litavas produced from a mixed wood sievings
feedstock in a Pyrégs00 IlI pyrolysis unit, 620 °C maximum temperatu28 min duration, 80 % C content
and H/C ratio 0.18. The main physico-chemical cttarsstics are presented in Table 1. Six partide s
classes were obtained by mechanical sieving at,588D, 2000, 200 and 50 um mesh widths. The regult
particle size classes are identified accordingnéirtmean particle size as shown in Table 2, wtierdargest
particle size class was assumed to have a megf@d fim. Subsequently, the biochar fractions weeso
dried at 75'C for 48 h.

The different biochar particle size classes weralined with six contents of gravimetric moistureatthieve
a full-factorial experiment of two factors and #xels per factor, with 3 to 5 replicates for eatlthe 36
combinations. The gravimetric water contents (5,3,0, 15 and 20 %) were selected to cover aaimange
as used in other studies on the influence of mastantent on particle transport by wind (Chenl etl896;
Zhang et al., 2012).

The moisture contents were attained by calculatisgequired mass of water, assuming that the tyeoisi
distilled water is approximately 1 kg*Land verified by measuring weight loss followirggking at 105 °C
for 24 h. Specific volumes of biochar were put iptastic bags and then wetted with a liquid dispens
(atomizer) producing a fine spray (Cornelis and i@y 2003; Han et al., 20Q9he plastic bags were then

placed in a refrigerator at®€ for a minimum period of 24 h to achieve homogesewetting of the biochar.
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Table 1.Bulk biochar physico-chemical characteristics.

Characteristic Value (average + standard deviation)
Electrical conductivity of the leachatgS cm’) 1,496 + 43

pH 8.13+0.04

pH of the leachate 9.96 £ 0.07

Ash content (%) 10.36 + 0.97

Density (kg ) 184 + 4

2.2. Wind tunnel experiments

2.2.1. Experimental setup

The experimental work was performed in the winchelraboratory facilities of the Department of
Environment and Planning, at the University of AgePortugal. These facilities consist of an opiouit,
suction type wind tunnel, with a test section ®1.5x1 m (lengthx width x height), as described in (Borrego
et al., 2007).

Biochar samples were placed over a white surfawenfbiximizing colour contrast) that was centredtan
test section floor of the wind tunnel. A square6fcnt was filled with sample material up to a height of
approximately 0.5 cm (Figure 1). During the actuadd tunnel experiments, three moments were defioed
visual observation and recording of the pressuferdntial @P): (i) moment 1, when sample particles started
to vibrate, corresponding to the threshold sheasst (i) moment 2, when particles from the sanaplges
started to be transported, representing the indipmtion; and (iii) moment 3, when particles frdme
sample centre started to be transported, repregeihie major contribution of the entrainment (DE$99).
More specifically, moments 2 and 3 were defined/hsn five particles had been eroded. As in seehadr
wind tunnel soil erosion experiments (e.g., Alfatal., 1997; Dong et al., 2003; He et al., 200&8niS et al.,
2013), a Pitot tube was used for the measuremensinaf velocity, mainly due to its robustness whesrking
with particle-fed flows. Free stream velocity raddeom 0.63 to 10.28 ni'swith a rotor frequency-step
between consecutive measurements of 2.5 Hz (camespmg to an average velocity-step of 0.54 Ehe
vertical wind profile was determined by measurifgat 12 heights4) from the wind tunnel floor, ranging
from 0.5 to 50.0 cm (the latter corresponding tib thee height of the wind tunnel). Free stream wiedbcity
ranged from 0.0 to 10.3 s
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115 Figure 1. Biochar sample on wind tunnel test sedii@or.

116

117  2.2.2. Experimental determination of threshold fri¢cion velocity

118 The vertical wind velocity profile in the atmospiedboundary layer under neutral stability conditiaan be

119  described by the logarithmic relation:

*

Uz) = (i )ln (Z%) (1)

121, whereU is the free stream velocity* is the threshold friction velocitk, is the von Karman constant (0.4),

120

122  andZ,is the aerodynamic roughness height.

123  Eq. (1) may be approximated by a least-square®ditting method (Dong et al., 2003), which, thenables
124  the determination df*, if the variation of velocity with height is knowithis method was applied, using the
125 values for the velocity determined by the Pitotetamd the respective height, and is represented by:

U(Z)=M-In(Z) +N (2)
126

127 , whereM andN are regression constants.

128  The threshold friction velocity is obtained by:

U=kxM (3
129

130 2.2.3. Statistical analysis

131  The analysis of variance (two-way ANOVA with intet@n model) was applied to th# values of moment
132 3 (particles detaching from the centre of the samge Section 2.2.1), as these are the most egpagse of
133 field conditions. This analysis was used to tegtiicance of particle size and moisture contestyall as
134 their interaction, on threshold friction velocitiesd it was performed in the software package ERE&S"
135  version 20.
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Furthermore, the response surface methodology (R&d)also applied in order to better illustrate the
combined influence of particle size and moistunetent. This methodology was only applied to thevalues
of moment 3, as these are the most representdtfiedconditions. The experimental results weredelled

according to Eqg. (4):

U *mod = BO + lel + B2X2 + BZL2X1X2 + BZLZI.X:I.2 + BZ,2X22 (4)

, WhereU* .4 is the response variabbg,represents the gravimetric water cont&¥t i %), X, represents the
mean size of each class of biochar partiaigsi um), By is the model constar; andB; are linear
coefficients (main effects, , is a cross-product coefficient (interaction) &id andB,, are quadratic
coefficients (Myers et al., 2009). Fitting was davith the software package Matfdbversion R2011b, using
the least squares method. To this end, the rarigesttofactors {V andd,, were codified X; andx,) between
-1 and 1, as shown in Table 2 The goodness-ofd# assessed by Bs well as the significance of the

regression modeFtest).

Table 2. Codification of the gravimetric water cemit ;) and the mean size of each class of biochar pestic

(x2), for application of the response surface methodolog

W (%) 1 3 6 10 15 20
X1 (codified) -1 -0.789 -0.473 -0.053 0.474 1
Oy (Um) 6,000 4,075 2,575 1,100 125 40
X, (codified) 1 0.354 -0.149 -0.644 -0.971 -1

2.3. Modelling of the threshold friction velocity

Modelling of U*, like their statistical analysis, was done justtfee experimental data of moment 3. For each

particle size clas$)* was modelled as a linear functionWf following Eq.(5):

*=pW+a (5)
, Wwhereb anda represent the contributions of the adhesive fobetween particles and of gravity,

respectively. This linear relationship allows asg&gwhich of these two forces are dominant inttilieshold

friction velocity for a given particle size clasgh@ng et al., 2012).

Aeolian transport of particles can furthermore hmdeiled as a function of the aerodynamic drag fthee
lifts the particles, taking into account particizesand density as well as air density. This isallgwone
assuming that the aerodynamic related constgritds a value around 0.10 (Bagnold, 1941). Theraig
Bagnold model, however, did not explicitly consitiee effect of the particles’ water content. Theref

Zhang et al. (2012) recently proposed to introdheeeffect of the water content, in particularfiewdelling
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the Aeolian transport of coal particles transpotigdvind. This modified Bagnold's model is definesl Eq.

(6):
= A \/pbwchar (6)
\} 1-w Pair

, Wherepochar @andoy, are the densities of biochar and air, respectjaigg is the acceleration of gravity.

While theA in the modified Bagnold model needs to be detezthiexperimentally, the model can be further
extended to determine the contribution of the aidkdsrces by adding a ternf)(that is defined as a power

law function of both gravimetric water content andan particle diameter:

B = dWCd Y

, Wwherec andd are non-negative parameters.

The extended model then becomes Eg. (8):

— A\/ \/ \/pbwchar (8)
1-w dm Pair

3. Results

Although the data set is slightly non-linearly distited (p-value = 0.050 for Kolmogorov-Smirnovtjes
error's variances are equakyalue = 0.049 for Levene test). Therefore, two-waglysis of variance was
performed, and showed that each of the studiedfaf,, andW), as well as their interaction &, were all
significant at a significance level of 0.05 (TaBl& provided as supplementary material). Thesetsesul
anticipated that the effect of particle size oregmold friction velocity is more pronounced tharishoe or
even than the interaction between both factorss&guent results are, therefore, presented by fogusi the

effect of each separated factor on threshold émctielocity of biochar particles.

3.1. Effect of particle size

The observet)* values for moments 1 and 2 (when the particlasestdo vibrate and to be eroded from the

sample edges, respectively) are given as supplanyemi&terial, in Figures S1 and S2 respectively.

TheU* values for moment 1 could not be measured fotvtleesmaller particle size classel, of 40 and 125
pum), as indicated by the zero values in Figure $i& dbserved)* values for moment 1 ranged from 0.17 m
s* (dyn = 1,100pm with W = 10%) to 0.33 m5(dy, = 4,075um with W = 20%). This wide range can be
attributed primarily to the heterogeneity in theesof the biochar particles. These differencesantigde size
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may have been associated to differences in othwramet factors such as the particles’ aerodynamic
behaviour, shape sphericity, tortuosity, ratio leswlength and thickness (platyneassu (Boton et al.,
2013)), pore size distribution, mechanical strepgtlentation, and density (including packing fiag). The

U* values for moment 1 revealed a clear tendenayd@ase with increasing particle size (at leagbup075
pm), regardless of the particles’ moisture cont&hts increase itJ* values was most pronounced between
particle sizes 2,575 to 4,01#n, especially for the higher moisture contdts- 20 %). In contrast)* values
hardly changed or even decreased between paiitiele 4,075um to 6,000um, possibly because the smaller
particles were more platy than the larger onespasrved by (Terzaghi, 1996), and, thus, experteace

stronger shear stress.

TheU* values for moment 2, (Figure S2), showed a sinhiédraviour as moment 1: generallif, increased
with increasing particle size, up talaof 4,075um. Moment 2U* values ranged from 0.15 to 0.49 1 for
dm = 125um atW = 6 % andl,, = 4,075um atW = 15 %, respectively. Edge erosion may not remtefseld-
scale applications of biochar in soil. All the aenparticle erosion events (moment 3) presenteuehld*
values. In this study, centre particles erodingsaen as a more representative assessment oélthedale

reality and are analysed in more detail below.

TheU* values for the moment 3, (Figure 2) ranged fro2®0n ' (d,, = 125pm atW= 1 %) to 0.61 m'S

(dy = 6,000um atW = 20 %).U* values increased with increasing particle sizesc(axcept fod,, = 6,000

pm atW= 3 % and/N = 10 %). The most obvious pattern was thiattended to be higher for smaller particle
size classedlf, of 40 and 12%m) when moisture contents were greater than 1 ¥odfof 40 and 12%um
particle size classes, 3 % and 10 % moisture ctsitesulted irJ* values between 0.27 and 0.30'h1\zery
similar to those obtained for larger particles vagh= 1,100um (U* between 0.29 and 0.30 i)sFurther
increases in moisture content (15 % and 20 %) tebin significant§-value < 0.001J* increases for the
small particle size classes (0.38 — 0.39maisd 0.41 — 0.43 mi'dor d,, of 40 and 12%um, respectively). This
observation is in accordance with (Zhang et alL,220who found that the moisture content had caraialy
greater impacts od* of smaller than larger coal particles. These astheported that belod, = 250um,

and aboveV = 6 %,U* was not particle size dependent but rather depé¢memoisture content, which they

attributed to the weight-moisture gain and intertipke aggregation.
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217  Figure 2. Threshold friction velocitiebt) regarding particle detachment from the sample edntioment 3,

218  particles from the sample centre starting to besjparted).

219

220 3.2. Effect of gravimetric water content

221  Figure 3 presents the experimentdlvalues as a function &, as well as RSM regression (contour plot) for
222  moment 3. In order to make Figure 3a clearer, stahdeviations were omitted and presented as

223  supplementary material (Table S2). The RSM regoessiesented a good fit, witf R 0.89 (Table 3). In the



224  test for the significance of the regression, theateon of the null hypothesip{value < 0.001) implies that at
225 least one of the independent variables contribsitguificantly to the model.

- R b 000

0.6 q

0.5 A
S04
(7]
£
T 03
>

0.2

04 ~4-6000 pm —=-4075 ym A-2575 um

~-1100 ym --125 um ~4-40 ym
0.0 T T T ,
0 5 10 15 20 1 3 6 10 15 20
226 W (%) W (%)

227  Figure 3. Threshold friction velocitieb{) as a function of gravimetric water contea) 4nd respective

228  response surfacé)(
229

230 Table 3. Coefficients of the response surface nuetlogy regression and goodness-of-fit.

Significance
Bo B B, P - R? (bvalue)
0.4269 0.0438 0.1156 -0.019 0.022 -0.009 0.89 <0.0001

231

232 Figure 3a shows that up to 10 % moisture contenegperimental* values did not change considerably.
233  From 10 % to 20 % moisture content, significantéases were observed fdt, i.e. 45 % and 25 % for the
234  smallest ¢, of 40 and 12%m, p-value <0.001) and the largesf,E 6,000um, p-value <0.001) particles,

235  respectively. This result indicates that erosiobath small and large biochar particles was affebte

236  gravimetric water content, although possibly défermechanisms. The remaining particle size classeed
237  to maintain similatJ* values, regardless of moisture conditions. Howether response surface applied to the
238 experimental data (Figure 3b), clearly illustratest the positive effect of moisture contentldénwas more
239  pronounced for small particle size, with an inceeabpredicted values &f* from 0.27 to 0.40 m’s On the
240  contrary, for coarser particles, the influence oisture content seemed to be almost negligiblejingr

241  between 0.54 and 0.56 m.dndeed, thd, coefficient was higher tha®y, (0.12 and 0.04, respectively), which
242  reflects a stronger effect of particle size on joted U* rather than moisture content. Although the fittimas
243  very accurate, the model tended to overestirdatéor particles withd,, = 1,100um. In addition it can be

244  argued that the model was heavily weighted towandasller particle classed(= 40 and 12%um), which are

245  relatively close in the experimental range andietoee, a potential source of bias (Myers et &109.

10



246  These results clearly provided important implicas@f moisture content in biochar applied in thedfi Since
247  the smallest particles are those subjected to sakatosion episodes, it is important to bear indrihe effect
248  of water content to mitigate their detachment. €fane,U* of the smallest particles can be increased by
249  keepingW at 15 % or higher.

250

251  3.3. Contributions of adhesive and gravity forces

252  Table 4 presents, for each particle size, the tmritons of adhesive (parametem Eq. (5) and gravity
253  (parameten) forces, calculated using the experimental datanfmment 3. The contribution of gravits)(
254  increased with increasing particle size, showirag the weight gain by water absorption by the pkegiis
255  more relevant t&J* than adhesive forces. The contribution of adhefik@es p) was more pronounced for
256  small particlesd,, of 40 and 12%im) rather than larger ones, withvalues for the former (about 8.5 x3)0
257  substantially higher than those for the lattertifi@ range of 2.4 x 10- 4.4 x 10).

258  Table 4. Contributions of gravity) and adhesive forceb)(for biochar particle threshold friction velocity

259  (U*) according to a linear regression model (Eq. (5)).

dm (uM) 40 125 1,100 2,575 4,075 6,000
a 2.46x10" 2.3%10°  2.86x10° 4.05x10" 4.55¢<10° 4.94x10°
b 8.48x10° 8.5%10°  2.8%10° 2.3810° 2.910° 4.45<10°
R? 8.93x10* 9.16x10°  7.44<10' 5.63x10' 3.3%10' 5.73%10%

Significance (p value) 4.40x10° 2.70<10° 2.70x10° 8.57%10° 2.3x10" 8.12x10?

260

261  The relatively low Rvalues for the larger particle size classes, dBE2um and above, are primarily related
262  with the non-linear patterns observed in U* for goofi the particle size classes, as can be obsankdure
263  3a. The goodness-of-fit of the three smaller plarize classes, with?Ralues between 0.744 and 0.916,
264  with significant and highly significant regressipase of the same order as those reported by Zbiaalg

265 (2012), R values between 0.689 and 0.810. However, the gssdof-fit for the three larger particle size
266 classes, Rvalues between 0.573 and 0.332, with non-significegressions, are lower than those reported by
267  Zhang et al. (2012). A subset of data presentidgaed adhesive effect was selected by excluding the

268  smallest particle size classek, € 40 and 12%um). This subset for each of the gravimetric watartent

269  series was applied to the modified Bagnold modb&(i et al., 2012; Eq. (6)), by using air densaty)(

270  value of 1.2 kg il and an average biochar particle densityd.) of 450 kg nT (Shenbagavalli and

271  Mahimairaja, 2012). Determined valuesfofanged from 0.09 to 0.13 and, under the besRfit(0.87) it

272  equalled 0.12. As shown in Figure 4, by takfg 0.12, the modified Bagnold’'s model accuratelgdicted
273  the experimental values bf for biochar particles that were not affected blgesive forces. However, this
274  model underestimatdd* for the smaller particle size classdg ¢f 40 and 12%um), thereby confirming the

275  results found by (Zhang et al., 2012) for coalipka$ with mean diameters smaller than R&@

11
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Figure 4. Experimental and calculatgtl of biochar particles using Eq. (6)

The modified Bagnold's model can be extended tlugethe contribution of adhesive forces (see secti
2.3). The resulting Eqg. (8) was fitted to the comtplexperimental data set from this study (inclgdire
smaller particle sizes classes) in order to esémandd, using the previously determined paraméter
0.12. The goodness-of-fit was lower for3\15 % (Table 5), most likely caused by strong aidlee®rces at
those moisture contents, which increasédor the smaller particle size classes (as carebe B Figure 2),
thereby decreasing its correlation coefficient. &téveless, under the best fi(R0.86),c andd were 0.87
and 0.71, respectively. These values were apphiedaiation 7 to calculate the adhesive effect parangs),
shown in Figure 5. The calculatgd/aluesincreased exponentially with decreasing particte, dirom 1.7 to
12.9 forW=1 %, and from 61.2 to 452.5 faf= 20 %.

Table 5. Estimation of andd coefficients using the modified Bagnold’s moded|(B).

W (%) 1 3 6 10 15 20

c 0.87 1.10 1.36 1.80 2.60 3.00
d 0.71 0.70 0.68 0.74 0.87 0.87
R’ 0.87 0.79 0.79 0.80 0.45 0.39
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295 4. Discussion

296 In comparison to studies examining the effect ofstuwe content and particle size On in coal samples,
297  there are some broad similarities, but also immbrdgferences. Namely, the studies by Duo-min 8hd-
298 tang (1991) and Zhang et al. (2012) showed sirmilzneases itJ* with increase in particle size. However,
299 the particle size range in the present biocharrixeat (<50 um to >6,000 um) is much greater timatié
300 referred coal experiments (<45 um to >1,000 unfleetng common differences in particle size dimitions
301 of woody biochars and coal. Even at large sizesc(rf biochar particles reach&d values commonly

302 found for sand patrticles of 0.4 — 0.5 cm (Fécaal.etL999). This is most likely explained by theahgreater
303 density of sand than biochar, both regarding botk garticle density. Due to lower inter-particle gsity,
304  sandy soils would be subjected to less air entraitrimto the soil. In addition, large biochar pads present
305 a platy morphology compared to spheroidal sandgbest possibly resulting in greater shear stresgira
306 passed over and under the large biochar partimbespared to sand particles. This would suggestethet
307 large biochar particles exposed at the soil surfiaag also become mobile (by creep or saltation mugisims)
308 under erosive conditions, i.e. dry bare soil ondyidays. However, this study was focused exclugioalthe
309 response of biochar particles to controlled varyimgd conditions, and additional research on theraction
310 Dbetween soil particles and biochar particles, indiunnel simulations and in the field, is neededrbvide

311  further quantification.

312  The effect of moisture content also showed a sirpidtern for biochar particles as for coal pagsc{Duo-
313  min and Shu-tang, 1991; Zhang et al., 2012). Tleesmaller particle sizesl{ <125 pm) exhibited increasing

13
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adhesive forces with increasing moisture conteith particles>1,100 um experiencing 2-3 times lower
adhesive effects than particle425 pm. The largest particles size class, >4,00¢qgm=6,000), appears to
show a recurring increase in adhesive effect, aljhcstill only approximately half as strong astfog two
smaller particle sizes. Possibly, the shape oftleagest particles (increased platiness) may bamtibuted
to this effect by increased surface contact. Howete woody feedstock biochar used in this study bad
significantly {p-value <0.001) increasedt values for fine particles at moisture contents®f4d and 20 %,
whereas for coal particles used by Zhang et alLlZpthis appeared to occur at 6 — 8 % moisturesrnt
Possibly, this difference can be explained by &éingdr porosity of biochar particles, i.e. 55 — 7@rewer et
al., 2014), compared to coal particles, i.e. 6 92&hang et al., 2012). Therefore, water filmsbarchar
particle surfaces would only develop at greaterstooe contents than for coal particles. The modifie
Bagnold model (Zhang et al., 2012) estimdt&dreasonably well for particlesl,100um, but markedly
worse estimates were found for partict@s575um. This implies that, for this type of biochar, tinedified
Bagnold model may be used with confidence to esértiee wind velocity and biochar moisture contént a
which particles<1,100um are likely to become airborne. However, for langgrticles the model needs to be

developed further.

These findings suggest to only consider moisturdesus of 15 % or greater for recommendations (itiolg
certifications) regarding storage, transport, aaeldifapplication of biochar for the purpose of reidg the
propensity of particles becoming air-borne. If fignt increases ib* can be reached at moisture contents over
20 % requires further research. The smallest paudizce considered in this experiment was <50 pamnyv
health concerns regarding inhalation of partictesi§ on respirable suspended particles (<10 pifiner
particles (<2.5 um), or even smaller fractionshaiigh these particle sizes were part of the smalbeticle

size class used in this study, it is possible tthey were undetected. Follow-up experiments withmtégques

that can detect particles in this size range ajeired to provide more insight.

Unlike coal, biochar is made from a wide varietyfeé#dstocks, under a range of pyrolysis conditions,
resulting in a variety of biochar physical propestiA woody feedstock biochar was used in thisysasd
being representative of many biochars being usedperiments. However, biochar is also produced by
pyrolysis of many other feedstocks, such as politter, wastewater sludge, green waste, and hubsol
(Jeffery et al., 2011), which are known to diffeoagly in particle size distributions, particle mpbology and
density, (capillary) porosity, etc. (Chia et aD18). Therefore, this study’s results cannot beatly
extrapolated to other biochars, and further stuaiesurgently needed to fill this knowledge gap enfiorm
policy development. In addition, future studiesddalso consider effects of saltating particlegtoeshold
friction velocities of biochars, and bench anddistudies should consider how soil aggregation and

downward movement of fine particles in soils affeicichar erosion by wind.

5. Conclusions
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349 In order to identify interactions between wind doalchar, we conducted a wind tunnel study to deitegm
350 threshold friction velocities of a woody feedstdichar for a range of particle sizes and graviimetr

351  moisture contents. Fal < 10 %, fine particlesd(, <125um) started to erode &t* as low as 0.27 ni's

352  whereas large particled,(>6,000pum) eroded at 0.50 — 0.55 m, showing that large biochar particles
353  exposed at the soil surface may also become susgedhreshold friction velocities commonly fouod
354  sand particles. However, fo¥>15 %, the moisture content presented greater iraacsmaller than larger
355  particles, by promoting their adhesion and incregghe threshold friction velocity. In turn, largearticles
356  exhibited resistance to erodibility due to weighirgby water absorption. These results provide mand
357 implications of biochar moisture content to infaitsisustainable development and application. Séncaller
358 particles are more susceptible to detachment lid, ffvoidance of wind erosion can be achieved l®pkey

359 Wat 15 % or more to increase safe storage, tranapdrfield application of biochar.

360
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Highlights

¢ Wind erosion of biochar was assessed through wind tunnel simulations

¢ Moisture content lower than 10 % does not prevent erosion of fine particles

¢ Higher moisture increases adhesion of fine particles and weight of large particles

e Minimum 15 % moisture is recommended for reducing wind erosion of biochar



