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ABSTRACT

Biochar is a carbon-rich material produced from heating biomass in an anoxic
environment and used as a soil amendment. Biochar amendment to soils has shown
many added benefits. It can reduce greenhouse gas emissions, increase soil fertility,
reduce stormwater runoff, enhance soil-microbial activities, and mitigate soil
contamination. Furthermore, the carbon in biochar is environmentally recalcitrant and
may persist in soils for hundreds to thousands of years, providing an alternative soil
carbon sequestration strategy.

Because of these recognized benefits, the interest in using biochar for soil
reclamation and soil fertility enhancement has been rising over the past decade. This
then requires a better understanding of the effects of biochar on soil properties to
optimize their use. Delineating the influence of biochar on soil physical properties will
facilitate modeling efforts and provide a strategy to expediently assess soil property
changes in large-scale biochar applications. Therefore, experiments were conducted to
elucidate the effects of biochar amendment to sand and sandy loam on water repellency,
water retention, and gas transmissivity.

In Chapter 2, the effects of biochar amendment on soil water repellency was
investigated using poultry litter biochar (PLBC) in a series of experiments testing the
existence, persistence, and the solubility of organics covering the PLBC surfaces. The
hydrophobicity of PLBCs produced at pyrolysis temperatures ranging from 300-600°C

was characterized by measuring the contact angle with deionized water. Results showed

XV



that the hydrophobicity of PLBC increased with increasing pyrolysis temperature. The
biochars that were the most and the least hydrophobic were then tested to confirm the
hypothesis that organic vapors condensed on biochar surfaces during pyrolysis caused
biochar hydrophobicity. Furthermore, the chapter shows PLBC surface roughness
contributed to a measurable contact angle that may impart hydrophobic characteristics
to mixtures with sand at 2 — 5 % mass biochar amendment rates.

The experiments discussed in Chapters 3 and 4 were then conducted using
PLBC produced from 300°C and commercially available Soil Reef™ pinewood-derived
biochar (SRBC). The biochars were rinsed, oven-dried, and sieved to ~0.545 mm to
reduce the impact of organic vapor coatings on biochar particles that may complicate
the results of water retention and gas transmissivity experiments. The effects of post-
treated biochars (PLBC and SRBC) were then assessed on sand and sandy loam at
variable saturation conditions to identify the mechanisms responsible for altering soil-
water retention and gas transport.

In Chapter 3, a predictive model, based on particle pore spaces (pores between
the particles and pores within biochar) and adsorption onto particles, was developed and
tested for the sand and sandy loam receiving 2 and 7% by mass of either PLBC or
SRBC amendment.

The last set of experiments in Chapter 4 evaluated the gas transport parameters,
gas diffusivity (Dp/Do) and air-permeability (ka), of sand and sandy loam at variable
saturated conditions with 7% by mass biochar amendment. Both biochars were post-
treated PLBC and SRBC. Biochar increased gas diffusion in sandy loam, but not in

sand. However, biochar did decrease air-permeability in both sand and sandy loam.

XVi



Chapter 1

INTRODUCTION

1.1 Significance of Work

Biochar production and its application to agricultural soils is gaining interest
from several sectors of society in both developing and developed countries [Lehmann,
2007; Lehmann and Joseph, 2009; Lehmann et al., 2011]. Past studies have shown that
biochar can sequester carbon and reduce greenhouse gas emissions [Clough et al., 2010;
Rogovska et al., 2011], increase soil pH [Zhang et al., 2010], and improve crop
production [Lehmann et al., 2011]. Furthermore, studies have suggested biochar’s role
in removing heavy metals from the environment [Lehmann and Joseph, 2009; Singh et
al., 2010a; Beesley et al., 2011; Cao et al., 2011, Fellet et al., 2011; Uchimiya et al.,
2012]. Converting biomass residues to biochar can additionally reduce landfill wastes
and provide energy sources through the production of bio-oils and syngas [Laird et al.,
2009; Nanda et al., 2013]. Biochars are useful in society and may solve many resource-
related issues.

Biochar is a carbon-enriched black solid material produced by heating biomass
under anoxic conditions. When biochar is added to soils, physical, chemical, and
biological interactions occur through which the overall soil quality is generally
improved [Lehmann and Joseph, 2009; Pereira et al., 2011]. Biochar properties and the
soil improvement effects are dependent on the parent material of the biochar, pyrolysis
conditions, especially temperature [Ahmad et al., 2012; Kinney et al., 2012; Song and

Guo, 2012], soil properties [Luz Cayuela et al., 2013], and environmental conditions



[Joseph et al., 2010; Singh et al., 2010b]. Because of the number of influencing factors
and their complex interactions, a scientific understanding of the effects biochar has on
soil is currently limited, particularly regarding soil property improvements in
unsaturated regions.

Natural soil exchanges gases with the atmosphere and interacts with water and
microorganisms. Various soil properties affect the transport of fluids and contaminants
in the subsurface. Because biochar amendment alters soil by introducing new
components, it is necessary to evaluate and quantify the physiochemical changes of
biochar-amended soil. Understanding biochar-soil interactions will determine large-
scale agricultural and environmental implications.

Hence, the goal of this thesis research was to understand the underlying soil
processes in the variably saturated regions of biochar-amendment soils, with a focus on

soil water repellency, soil water retention, and gas transport.

1.2 Dissertation outline

In Chapter 2, a study is reported that describes the role of biochar on soil water
repellency; it is important to establish this relationship due to soil water repellency’s
influence on hydrology, geomorphology, and soil erosion [Wallis et al., 1993; Doerr et
al., 2000; Bauters et al., 2000a; Arye et al., 2007]. Soil water repellency is an issue in
natural systems. Soil infiltration rates are generally altered in response to changes in
water repellency. Water repellent soils can enhance overland flow [Savage, 1974],
promote preferential flow patterns that allow faster transport of contaminants through
the subsurface [Granged et al., 2011], and impact agricultural production [Doerr et al.,

2000].



Soil water repellency is a dynamic phenomenon often related to organic matter
interacting with water molecules, where the attraction between solid and liquid phase is
weak [Leelamanie and Karube, 2007]. If attraction between air and water exceeds that
between solid and water, repellency occurs [Israelachvili, 1991]. This phenomenon
affects both soil hydraulic and soil gas properties [Jury et al., 1991].

Soil water behavior is often understood at macroscopic scales based on soil
water content and matric potential; however, soil water behavior is controlled by
microscopic and pore scale processes that are often overlooked in numerical models and
up-scaling procedures [Jury et al., 1991; Diamantopoulos et al., 2013]. Because of the
potential impact of biochar on soil water repellency and the importance of soil water
repellency in affecting soil hydrology, the effects of poultry litter biochar on soil water
repellency were explored and the work is presented in Chapter 2.

Chapter 3 is a study of biochar’s impact on soil water retention. Soil water
retention plays a significant role in the environment, as it drives many environmental
processes. It is a major soil hydraulic property that is important in many disciplines,
e.g., agronomy, climatology, hydrology, ecology, and environmental engineering
[Rawls et al., 2003]. Soil water retention controls the amount of water available for
plants and soil microbes. Soil water can also influence soil thermal energy and heat
capacity [Bear et al., 1991] and determine vapor exchange with the atmosphere
[Conklin, 2005]. The amount of water retained in soil affects transport of contaminants
in the subsurface [Liu and Bodvarsson, 2001] and atmospheric greenhouse gas
emissions from soils [Moldrup et al., 2005b]. The soil water characteristic curve (SWC)
is used to describe soil water retention as a function of soil water pressure or matric

potential and is used in models for soil strength and air permeability [Rajkai et al.,



2004]. Hence, SWCs of soils amended with biochar were measured and a model was
developed to help understand the impact of biochar on water retention and the
mechanisms causing changes in water retention. This work is described in Chapter 3.

Chapter 4 describes work evaluating how gas flow and gas diffusion change
with biochar amendment. It is accepted that biochars often promote microbial activities
that reduce greenhouse gas (GHG) emissions [Spokas et al., 2012b]. To understand gas
flux in biochar-amended soils, the effective diffusion coefficient (Dp) and air
permeability (ka) were quantified in sand and in sandy loam with and without biochar
amendment. These two gas transport parameters are needed to model soil aeration
[Poulsen et al., 2006]. They are dependent on the volumetric water content and air filled
porosity [Poulsen and Blendstrup, 2008], which are in turn influenced by SWC.

Molecular diffusion is the mechanism of gas transport that is driven by gas
concentration gradients, where Dy accounts for resistances in the soil as well as
molecular structure of the diffusing compound [Jury et al., 1991]. When the bulk gas
phase moves in response to pressure gradients, a Darcy-type equation is used to
describe gas transport and ka is the parameter accounting for resistance associated with
the pore structure and water distribution [Kawamoto et al., 20064a].

The relationships between Dy and pore structure and ka and pore structure can be
vastly different since gas diffusion can occur in pore systems with disconnected gas
pores while gas advection requires connected gas pore space [Eden et al., 2012]. Here,
gas species may partition into water blocking pores, diffuse through the water, and then
partition back into the gas phase. These two gas parameters were measured and

compared with published works in Chapter 4.



Chapter 2

THE ORIGIN AND REVERSIBLE NATURE OF POULTRY LITTER
BIOCHAR HYDROPHOBICITY

2.1 Background

Thermochemical conversion (pyrolysis) of biomass produces bioenergy and
solid byproduct, called biochar, which can be added to soils to sequester carbon to
mitigate climate change [Lehmann and Joseph, 2009; Clough et al., 2010; Rogovska et
al., 2011], enhance soil fertility [Novak et al., 2009; Uzoma et al., 2011; Spokas et al.,
2012a], and increase crop production [Atkinson et al., 2010; Jeffery et al., 2011].
Conversion of excess biomass residues to biochar may reduce large volumes and
disposal costs of agricultural wastes. For example, the US poultry industry generates
10.9 million dry t of poultry litter (PL) annually and may benefit from this approach
[Song and Guo, 2012]. However, there is uncertainty about the long-term improvement
in soil properties from any type of biochar addition [Spokas et al., 2014]. A majority of
previous laboratory and field studies were conducted using fresh biochar [Spokas,
2013]. As biochar ages, abiotic surface reactions alter surface group chemistry by
reducing pH, oxidizing biochar surfaces, and increasing cation exchange capacity
[Cheng et al., 2006; Cheng et al., 2008; Cheng and Lehmann, 2009; Joseph et al., 2010;
Spokas et al., 2014], which in turn influence soil biology, mineralogy, nutrient
retention, and hydrology of biochar-amended media.

An important biochar property receiving recent attention is wettability. Although
the hydrophobicity of fresh biochar pyrolyzed at low temperatures is recognized [Laird
et al., 2009; Sohi et al., 2010], few have characterized this hydrophobicity as a function
of pyrolysis conditions or have elucidated the origin of this hydrophobicity. Freshly

created biochar from corn stover, magnolia leaf, and apple wood were found to be



hydrophobic when pyrolyzed at ~300 to 400°C but hydrophilic at pyrolysis
temperatures of 500 to 600°C [Kinney et al., 2012]. The pyrolysis temperature ranges
for the creation of hydrophobic or hydrophilic biochar may not be universal because
biochar produced from wood and bark at 500 to 600°C were hydrophobic [Smetanova et
al., 2013].

Hydrophobic biochar particles mixed with soil are expected to alter the
distribution of water and air and to affect water infiltration. For example, mixtures of
hydrophilic sand with identically sized hydrophobic sand particles resulted in
significant changes in water imbibition [Bauters et al., 2000b]: the matric potential at
which water entered initially dry sand decreased by a factor of four when the percentage
of hydrophobic particles increased from 0 to 3.1% [Bauters et al., 2000b]. In addition to
its direct effect on the infiltration and distribution of water in soil, hydrophobicity can
affect microbial growth, with higher microbial counts found in wettable zones than in
water-repellent regions [Bruun, 2011]. Although hydrophobic biochar may alter water
distribution in soil, water repellency may be transient. Kinney et al. [2012] found that
sonicating hydrophobic biochar particles for 1 h in ultrapure water reduced the molarity
of an ethanol drop (MED) index, an indirect measure of wettability, from 15 to 10
[Kinney et al., 2012]. Water repellency has been studied for decades by soil scientists
(see reviews by [DeBano, 1981; DeBano, 2000; Doerr et al., 2000; Diehl, 2013], and
processes influencing water repellency of soils (e.g., soil moisture) are also expected to
affect the water repellency of soils amended with hydrophobic biochar particles. Thus,
the hydrophobicity of some biochar may be an important factor influencing transient
changes in plant fertility, nutrient cycling, and greenhouse gas production in biochar-

amended soils by changing water distribution and flow.



Several factors may influence biochar hydrophobicity. Surface roughness, which
is correlated with No—-BrunauerEmmet-Teller (BET) surface area, may affect surface
wetting [Wenzel, 1936; Cassie and Baxter, 1944; Valipour et al., 2014]. Thus, the high
BET surface areas associated with many biochar [Brown et al., 2006; de la Rosa et al.,
2014] may influence their wettability. Mineralogical and chemical studies of biochar
surfaces indicate the presence of fine biochar particles and salts [Spokas et al., 2014],
which may be removed with exposure to water opening up new pores and thus altering
surface roughness and wettability [Spokas et al., 2014]. For poultry litter, polar oxygen-
and nitrogen-containing functional groups in the litter (e.g., as water, ammonia, and
CO) may be lost during pyrolysis creating a C-rich hydrophobic poultry litter biochar
surface. Finally, volatile organic compounds are produced during the production of
biochar [Olsson et al., 2003], and these compounds may condense onto biochar surfaces
[Spokas et al., 2011] and alter wettability. The composition of such sorbed compounds
varies with parent material and pyrolysis temperature [Spokas et al., 2011]. The
chemical constituents of heavy bio-oils produced from chicken manure with a calorific
value of 27.9 MJ kg consisted mostly of aliphatic carbons (53.5% of total C) and
aromatic carbons (39.9% of total C) [Schnitzer et al., 2007a].

In this chapter, the hydrophobicity of biochar produced from poultry litter was
characterized, extending a previous study on the wettability of biochar from plant-based
feedstocks [Kinney et al., 2012]. Similar to the results of Kinney et al. [2012], PLBC
produced by pyrolysis at low temperatures were found to be hydrophobic. Three
hypotheses about the cause of PLBC hydrophobicity were tested: (i) increased surface
roughness from pyrolysis, (ii) loss of polar oxygen- and nitrogen-containing functional

groups in PL (e.g., as water, ammonia, CO, and small alcohol and amine vapors) during



pyrolysis resulting in a C-rich hydrophobic surface, and (iii) condensation of organic
vapors created during pyrolysis covering biochar surfaces. The reversible nature of this
hydrophobicity was assessed under controlled laboratory conditions. Finally, the
influence of PLBC hydrophobicity on macroscopic soil behavior (i.e., contact angle of
PLBC-sand mixtures) was evaluated for a range of PLBC mass fractions because the

impact of biochar particles on soil wettability is expected to vary with biochar content.
2.2 Materials and Methods

2.2.1 Poultry litter biochar production

Poultry litter pellets were purchased from Perdue AgriRecycle, LLC, which
processes wastes collected from chicken farms into pellets by drying at 80 to 110°C and
pelleting. The pellets were <4 mm and contained 7.7% gravimetric moisture content.
The dried mass consisted of 71.5% organic matter and 28.5% mineral ash. The organic
carbon (OC) content of PL pellets was 335.1 + 3.2 g kg (mean + SEM) [Song and
Guo, 2012]. The elemental composition of poultry litter is presented in Appendix A,
Table Al.

Poultry litter biochar was created by slow pyrolysis following the procedures of
Song and Guo [2012]. Seven pyrolysis temperatures were used, ranging from 300 to
600°C at 50°C increments. Details of the pyrolysis procedure and properties of PLBC
(e.g., nutrient content) and N>—BET surface area are summarized in publication by Song

and Guo [2012] [Song and Guo, 2012].

2.2.2 Hypothesis testing with poultry litter biochar pyrolyzed at 400°C
Measurements were first conducted to establish PLBC’s water repellency and to

test hypotheses about the cause of hydrophobicity. Poultry litter biochar pyrolyzed at



400°C (PLBC400) was selected for initial testing. The hydrophobicity of PL pellets
before pyrolysis was also assessed.

The water drop penetration time (WDPT) [Dekker and Ritsema, 2000; Letey et
al., 2000; Bachmann et al., 2003] was used to determine particle hydrophobicity.
Uniform PL pellet or biochar particles (5 g) sieved between 1.8 and 2 mm mesh
openings were placed in a 25 mL dish. In the initial tests, WDPT did not vary between
10, 30, and 50 pL droplets, so 10 pL deionized (DI1) water droplets were used. For each
sample, 5 to 10 droplets were sequentially placed on dry regions of the sample, and the
time to completely penetrate the sample surface was recorded. The particles were
classified as follows: WDPT < 5 s, wettable (nonrepellent); WDPT 5 to 60 s, slightly
repellent; WDPT 60 to 600 s, strongly repellent; WDPT 600 to 3600 s, severely
repellent; and WDPT > 3600 s, extremely repellent [DeBano, 1981; Dekker and
Jungerius, 1990]. The air temperature was 22.5°C, and the relative humidity (RH) was
50% for all measurements.

Preliminary results indicated that PLBC400 was hydrophobic. To test three
hypotheses about the cause of this hydrophobicity, a series of WDPT tests were
conducted on PLBC400 subjected to (i) vacuum treatment in which PLBC400 was
placed in a vacuum at -20 inch Hg pressure for 24 h to remove high volatile
compounds; (ii) vacuum/water treatment in which vacuum-treated PLBC400 was rinsed
in deionized (DI) water for 24 h at 1:200 mass-to-liquid ratio to remove water-
extractable compounds (the water-rinsed biochar was decanted and dried in a desiccator
for 48 h); (iii) vacuum/heat treatment, in which vacuum-treated PLBC400 was heated at
105°C for 24 h to remove water and low volatile organic compounds; and (iv) heat

treatment (HT), in which PLBC400 heated at 105°C for 1, 2, 3, or 24 h.



2.2.3 Effect of pyrolysis temperature

The impact of pyrolysis temperature on the hydrophobicity of biochar was
assessed by contact angle (CA) measurements. Unlike WDPT and MED tests, which are
indirect measurements of soil wettability [Bachmann et al., 2000; Kinney et al., 2012],
CA measurements directly quantify the influence of solid surface properties on the
distribution and morphology of water in porous media.

Contact angles were measured on PLBC produced at 300, 350, 400, 450, 500,
550, 600°C and on a pure quartz sand (30/40Accusand, Unimin Co.) using the sessile
drop method [Bachmann et al., 2000]. During these measurements, RH was 17 to 18%,
and temperature ranged from 20.3 to 20.9°C. To prepare CA test samples, microscope
slides were washed with 1% nitric acid, dried at 105°C, and cooled to room
temperature. A double-sided adhesive tape (Scotch Removable Double Sided Tape, 3M
Co.) with an area of approximately 6 cm? was placed on each slide to affix the particles.
Biochar and the reference sand were sieved between #30 (0.595 mm opening) and #35
(0.5 mm opening) mesh to a geometric mean diameter of 0.545 mm, which reduced
effects associated with variable particle sizes. Particles were placed on adhesive tape
following standard procedures [Bachmann et al., 2000]. Three slides were prepared per
sample, and CA was measured at the three-phase contact line on five to six water
droplets on each slide using a goniometer fitted to a microscope (NRL CA Goniometer
model no. 100-00-155, Ramé-hart, Inc.). A water drop size of 10 pL was selected after

verifying the stability of CA for different water volumes.

2.2.4 Effect of contact time with water
The wettability of two biochar was evaluated as a function of water contact

time: PLBC pyrolyzed at 300°C (PLBC300) and PLBC300 heated for 12 h at 105°C
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(HT-PLBC300). Approximately 30 g of each biochar were sieved between #30 and #35
mesh and added to degassed DI water at a mass ratio of 1.13:1 (biochar:DI) in 250 mL
amber bottles. At this ratio, biochar were submerged with approximately 1 cm water
covering the particles. After 24 h, 2.0 — 2.4 g of mass (biochar + DI water) was removed
from each bottle and placed in a desiccator for 24 to 96 h until the biochar was visibly
dry. Deionized water was added to each bottle to maintain 1 cm water covering the
particles. Sampling was repeated at 48 and 72 h.

All samples were prepared in triplicate, and CAs measured following the
methods described above on dried biochar at RH to 51 to 57% and temperatures of 20.6

to 21.6°C.

2.2.5 Rinsate analyses

Triplicate samples were prepared using sterilized flasks, each containing 1 g of
PLBC300 or PLBC600 (each sieved between #30 and #35 mesh) and 200 mL of DI
water. Samples were agitated at 200 rpm, and 17 mL of the extraction supernatant were
removed at 1, 2, 4, 6, 19, and 24 h. Total organic carbon (TOC) of the decanted and
filtered (pore size, 0.45 um) (Cellulose Nitrate Membrane Filter, Whatman Ltd.) extract
samples were measured with an Apollo 9000 TOC analyzer (Teledyne Tekmar). From
these samples the mass of water-extractable organic carbon was determined as a
function of time. The filtered solutions from PLBC300 and PLBC600 collected at 24 h
were further analyzed using dichloromethane (CH2Cl>) extraction (7 g of extract
solution to 4 g CH2Cl, shaken in 50-mL vials) and analyzed by gas chromatography—
mass spectrometry (GC-MS) (5973N Network Mass Selective Detector Gas
Chromatograph, Agilent). Peaks from the GC— MS spectra were identified using the
MSD ChemStation NIST 2000 library (Agilent).

11



To identify which functional groups in the water-extractable organics were
causing hydrophobicity, triplicate samples were prepared for PLBC300, PLBC600, and
HT-PLBC300 (15 g of biochar added to 10 g of DI water in 50-mL bottles). The
samples were agitated for 24 h at 200 rpm. A decanted droplet (0.1 mL) from each
sample was transferred onto a zinc selenide (ZnSe) polarizer (cat. no. 602L08, RJ
Spectroscopy Co.) and dried in a desiccator overnight at room temperature, leaving a
thin film of precipitate. The ZnSe polarizer was placed in a Fourier transform infrared
spectrometer (Nexus 670 Thermo Nicolet, Thermo Scientific Instruments Co.), and the
spectrum was recorded from 500 to 4000 cm™ with a 4 cm™ resolution using 64 scans.

Finally, the air—water interfacial tension of the biochar rinsates was measured to

assess the effect of leached compounds (details and results are found in Appendix A).

2.2.6 Effect of mixing with sand

To investigate the effect of biochar particles on soil wettability at various mass
fractions, PLBC300, PLBC350, and PLBC600 were sieved between #30 and #35 mesh
and added to cleaned 30/40 Accusand (sand) at 0, 2, 5, 15, 30, 60, 80, and 100% (w/w).
Following the procedures described above, CAs were measured on these PLBC—-sand
mixtures at RH of 14.7 to 21.8% and temperature between 20.0 to 20.7°C. The effects
of biochar mass fractions on the mixture CAs for the three biochar types were evaluated

using one-way ANOVA and Tukey—Kramer post-hoc comparison tests.
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2.3 Results and Discussion

2.3.1 Post-treatment effects on poultry litter biochar hydrophobicity

Non-pyrolyzed poultry litter pellets had an average WDPT of 20 s, making this
material slightly water repellent (Table 2.1). After pyrolysis at 400°C, the average
WDPT increased to > 3600 s (extremely water repellent).

This hydrophobicity was unaffected by exposing biochar to a vacuum of -20
inch Hg for 24 h. Vacuum treatment followed by rinsing with DI water for 24 h
removed the hydrophobicity with mean WDPT < 1 s; the water-rinsed biochar was even
more water-wetting than the feedstock. Similarly, vacuum treatment followed by
heating at 105°C for 24 h eliminated the hydrophobicity, with average WDPT < 1s.
When PLBC400 was heated to 105°C for 1, 2, 3, and 24 h, hydrophobicity disappeared:
mean WDPT was 240 s for 1 and 2 h of heating and decreased to <1 s for the 3- and 24-
h treatments (Table 2.1).

Song and Guo [2012] reported an increase in No-BET surface area from 0.90 m?
g for PL pellets to 3.94 m? g* for PLBC400 after PL pyrolysis [Song and Guo, 2012].
Surface roughness increases with No—BET surface area [Hodson et al., 1997; Hsieh et
al., 2005], and increases in surface roughness may increase hydrophobicity [Wenzel,
1936; Cassie and Baxter, 1944; Valipour et al., 2014]. Spokas et al. [2014] recently
demonstrated that PL biochar produced at 350°C and rinsed with distilled water for 24 h
(1:20 wi/w) released inorganic salts and very fine biochar particles from the biochar
surface, which could open pores and increase surface roughness. Because heat treatment
should not have removed these salts or biochar fines but removed PLBC400
hydrophobicity, change in surface roughness was unlikely to be the primary cause of

this hydrophobicity, invalidating the first hypothesis.
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The second hypothesis can also be ruled out because, although it is possible that
pyrolysis resulted in the loss of polar oxygen-containing functional groups on biochar
surfaces making the surface hydrophobic, rinsing with water should not have rendered
the surface more hydrophilic if these functional groups were absent.

The third hypothesis assumed the hydrophobicity was caused by organic vapors
condensing on biochar surfaces while cooling near the end of pyrolysis. Results from all
PLBCA400 treatments were consistent with this third hypothesis and indicated that these
organic compounds (i) were not sufficiently volatile to be removed by vacuum, (ii) had
high vapor pressures to volatilize at 105°C within a few hours, and (iii) were altered or
perhaps removed by water rinsing within 24 h. These results are consistent with other
studies, where organic compounds accumulating on soil particles are widely accepted to

be the origin of water repellency in many soils [Doerr and Thomas, 2000; Diehl, 2013].

2.3.2 Effect of pyrolysis temperature

Figure 2-1 shows the CAs of sieved fresh biochar particles at pyrolysis
temperatures between 300 and 600°C. Contact angles were measured within 60 s of
water droplet placement on rough grain surfaces: preliminary tests indicated that CA
was invariant with time for measurements < 60 s (Appendix A, Figure Al). The CA
was 101.1 + 2.9° for 300°C biochar and decreased with pyrolysis temperature to 20.6 +
1.0° for 600°C biochar. The most precipitous drop occurred between 350 and 450°C.
Biochar pyrolyzed at 450°C and above were only slightly more water repellant than
pure quartz sand. These data are consistent with the hypothesis that hydrophobicity was
caused by condensed organic vapors: when pyrolysis ceased and samples cooled,

concentrations of organic vapors in the pyrolyzer headspace would be lower at higher
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pyrolysis temperatures, yielding smaller mass of surface condensates and hence lower

hydrophobicity and smaller CAs.

2.3.3 Effect of contact time with water

Charcoal produced during wildfires is a black carbon material similar to biochar.
However, charcoal is neither produced under engineered conditions nor intentionally
added to soil [Smetanova et al., 2013]. Because of the low-oxygen content near the
ground surface during wildfires [Bryant et al., 2005], pyrolytic conditions occur and
fresh hydrophobic charcoals are produced [Briggs et al., 2012]. Hydrophobicity of soil
affected by wildfire may be significantly weakened after 2 to 3 mo [Huffman et al.,
2001; Hubbert and Oriol, 2005] or may last for as long as 6 yr [Dyrness, 1976].
Weakening of soil-water repellency has been attributed to soil moisture, and the
reduction of hydrophobicity depends on the moisture content threshold that varies from
severely burned to weakly burned soils [Doerr and Thomas, 2000; Doerr and Thomas,
2003; MacDonald and Huffman, 2004]. Hydrophobicity can return when soil moisture
content falls below a threshold level [MacDonald and Huffman, 2004] and may vary
seasonally [Taumer et al., 2005]. Given these observations, the time scale for the
duration of hydrophobic surfaces for charcoal particles in nature is uncertain.

In this study, biochar stored in air-tight containers at ambient conditions
maintained their hydrophobicity for at least 10 mo. However, as PLBCs were exposed
to heat or water, abiotic processes altered biochar hydrophobicity, as summarized for
PLBC400 in Table 2-1. Because hydrophobic conditions are removable, the influence
of biochar’s wettability on water infiltration and distribution will be dynamic and may
change after soil application. To evaluate the persistence of biochar hydrophobicity, a

third set of experiments was conducted where hydrophobic PLBC300 and HT-
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PLBC300 were allowed to sit in stagnant DI water over time. The changing CAs with
time are plotted in Figure 2-2. Initially, CAs decreased from 85.8 + 0.9°at 0 ht0 28.4 £
5.8° at 24 h. The rate of change in CAs decreased on subsequent sampling days, with
CAsof 4.5 +2.3° at 72 h. Thus, it would appear that the organic compounds causing
hydrophobicity gradually dissolved, resulting in a decrease in CAs over a 3 d period. It
is also possible, however, that water, rather than organic coating dissolution, gradually
penetrated the matrices of this coating and was not completely removed in the drying
period, resulting in an increase in wettability. Although it is difficult to estimate how
long the change from hydrophobic to hydrophilic conditions might take for PLBC in
natural soils, these data suggest that the transition could occur more quickly in wet
environments.

It is interesting to compare the CA of fresh PLBC300 with that of heat-treated
PLBC300 that was subjected to an identical DI water treatment. The CAs of HT-
PLBC300 at 1, 2, and 3 d were approximately 0°. Thus, heating PLBC300 made this
initially hydrophobic biochar instantaneously wettable and more water wetting than
even PLBC produced at a pyrolysis temperature of 600°C where CAs were 20.6 + 1.0°
(Figure 2-1), again supporting the third hypothesis.

Biochar hydrophobicity can be removed by water rinsing or heating, as
demonstrated above. This transition may occur naturally over time in fire-affected soils
[DeBano, 2000]. For example, hydrophobicity was removed over a 1 yr period by an in
situ aging process associated with physical and biological processes [MacDonald and
Huffman, 2004]. However, hydrophobicity might be re-established if dissolved organic

C leaching from decomposed plant material sorbs to biochar surfaces [Kasozi et al.,
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2010; Lamparter et al., 2014]. Thus, although initial application of biochar may result

in hydrophobic biochar surfaces, this hydrophobicity is expected to be transient.

2.3.4 Rinsate analyses

The organic compounds causing PLBC hydrophobicity may be transferred to the
aqueous rinsate. Therefore, analyses were performed to quantify the organic carbon
leached from PLBC. Leached TOC is plotted versus time in Figure 2-3 and reached a
plateau of 71.7 + 2.3 mg L™ at 24 h for PLBC300, but for PLBC600 the TOC leached
was minor (2.3 + 0.4 mg L ™). The fraction of TOC leached over 24 h was 3.77% for
PLBC300 and 0.11% for PLBC600. These leachable organics may include the water-
extractable organic coating responsible for biochar hydrophobicity.

Ma’shum et al. [1988] reported that several layers of hydrophobic compounds
were required to cover a sand particle to induce severe water repellency, whereas
Zisman [1964] noted that even a single layer of hydrophobic substance on a hydrophilic
soil particle can render it water repellent [Zisman, 1964; Ma'shum et al., 1988]. Using
the measured TOCs for PLBC300 and PLBC600, the surface coverage by organic
condensates was estimated with

nrc
MA

# of carbon monolayers = N, [2-1]

where Na is Avogadro number (6.022 x 10% mol™?), r is van der Waals radius of carbon
(1.7 x 10%m), C is TOC leached (g g %), M is atomic mass of carbon (12 g mol?), and
A is the N>-BET of biochar (m? g1). For 1 g of biochar produced at 300 and 600°C, the
cumulative amounts of carbon released into water after 24 h were 14.34 and 0.46 mg,

and their N.-BET surface areas were 2.68 and 5.79 m? g%, respectively [Song and Guo,
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2012]. Using these values in Eq. [2-1], the TOC mass released within 24 h from
PLBC300 provides 24.4 layers of carbon coverage, whereas TOC from PLBC600
provides only 0.4 layers. These calculations on carbon coverages are consistent with
trends for CA reported in Figure 2-1 for PLBC300 and PLBC600: 24 OC layers
increased the CAs to 101.1° (PLBC300), whereas a 0.4 layer of OC increased CAs from
6.6 to 20.6° (PLBC600).

The GC-MS analyses of TOC solutions from PLBC300 and PLBC600 extracted
with CH2Cl, and Fourier transform infrared spectroscopy (FTIR) analyses of
precipitates from rinsates of PLBC300, PLBC600, and HT-PLBC300 are discussed in
detail in the online supplement. From GC-MS analyses, with > 95% match, 1,3-bis(1,1-
dimethylethyl)benzene and 2,5-bis(1,1-dimethylethyl)-phenol were identified from both
biochar, whereas tetradecane was detected in the PLBC300 rinsate but not in PLBC600.
A small amount of octacosane was identified in the rinsate for PLBC600 at a 90%
match that was not observed on PLBC300. These compounds all have alkyl C-H bonds
that have been associated with soil organic matter producing hydrophobicity [DeBano,
1981; Capriel et al., 1995; Ellerbrock et al., 2005]. Although these four compounds
coat biochar surfaces and may be associated with PLBC hydrophobicity, other
compounds that are removable by water but that are either not extractable by CH>CI; or
are not analyzable by GC-MS (e.g., long-chain fatty acids) could also contribute to the
observed hydrophobicity.

Spokas et al. [2011] identified volatile organic compounds sorbed on 77 biochar
by thermal desorption and head space analysis with GC-MS. Consistent with this study,
tetradecane, substituted benzenes, and other alkyl groups were sorbed onto biochar

[Spokas et al., 2011]. Spokas et al. [2011] concluded that there was a stronger linkage
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between sorbed organic compounds and biochar production conditions linked with
postproduction handling and processing than biochar feedstock. Similar to this study,
when pyrolysis temperature was varied systematically using the same feedstock
(cottonseed hulls) and slow pyrolysis unit, sorbed organic compounds decreased with
increasing pyrolysis temperature from 200 to 800°C [Spokas et al., 2011], consistent
with the CA measurements in Figure 2-1 and the rinsate TOC trends in Figure 2-2.
Organic compounds found in biochar, light bio-oil, and heavy bio-oil derived from
poultry manure using a fast pyrolysis unit were identified [Schnitzer et al., 2007a;
Schnitzer et al., 2007b] and included N-heterocyclics, substituted furans, substituted
phenols, substituted benzenes, carbocyclics, and aliphatics, which include the
compounds identified in PLBC organic coatings in this study.

The FTIR spectra of precipitates from hydrophobic PLBC300 showed small
peaks between 3020 and 2800 cm™ (Appendix A, Figure A2), indicating C-H stretching
from alkyl groups that have been associated with organic matter coatings causing
hydrophobicity in soil [Capriel et al., 1995; Doerr et al., 2005; Ellerbrock et al., 2005;
Ellerbrock and Gerke, 2013]. More recently, FTIR peak areas in this region correlated
well with the hydrophobicity of plant-derived biochar [Kinney et al., 2012]. These
peaks were much smaller for precipitates from hydrophilic PLBC600 and HT-
PLBC300. Thus, the presence (PLBC300) or absence (PLBC600 and HT-PLBC300) of
the hydrophobic CH groups in the 3020 to 2800 cm™* wavelength range is consistent
with CAs measured for PLBC300, PLBC600, and HT-PLBC300. This suggests that
alkyl compounds found in the OC coating on PLBC300 were the cause of

hydrophobicity.
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Leached compounds might accumulate at the air—water interface, altering the
air—water interfacial tension and thus CAs. Data indicated that this effect was small and
did not influence CAs measured within 60 s (see Appendix A, Figure Al). Furthermore,
PLBC600 was more recalcitrant to OC leaching over the 24-h rinsing period than
PLBC300; therefore, PLBC600 might be used for applications where OC loading must

be minimized.

2.3.5 Effect of mixing with sand

Biochar is typically added to soil at mass fractions ranging from 0.5 to 9% to
increase soil fertility [Rondon et al., 2007; Kinney et al., 2012; Mukherjee et al., 2014],
although mass fractions up to 100% may be used for media in other settings (e.qg.,
stormwater treatment) [Tian et al., 2014]. Contact angles for mixtures of fresh PLBC
(pyrolyzed at 300, 350, or 600°C) and quartz sand, all sieved to uniform particle size
before mixing, are plotted in Figure 2-4. Contact angles increased from 6.6° for sand to
20.2° for 2%PLBC300, 30.1° for 2%PLBC350, and 26.6° for 2%PLBC600 biochar—
sand mixtures. Using ANOVA, the mean CA of each biochar—sand mixture is
dependent on biochar pyrolysis temperature for each biochar mass fractions (p < 0.05).
Tukey—Kramer post-hoc comparison of 2 and 5% PLBC-sand mixtures indicate a
difference between PLBC300-Sand and PLBC350-Sand CAs (p < 0.05) but not
between PLBC300-Sand and PLBC600-Sand (p > 0.1) or PLBC350-Sand and
PLBC600-Sand (p > 0.5). As the biochar mass fractions increase from 15 to 100%, the
Tukey—Kramer post-hoc comparisons indicate that mean CAs for each pyrolysis
temperature at each mass fraction are statistically different (p < 0.0001). For the
PLBC300-Sand and PLBC350-Sand mixtures, CAs increased linearly as biochar mass
fractions increased from 5 to 100%, with CAs of approximately 103.5 = 1.6° for 100%
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PLBC. Contact angles for PLBC600-Sand varied only slightly over the 5 to 100%
biochar mass fraction range. In general, the overall trends in CAs for biochar—sand
mixtures are consistent with CAs for individual PLBC shown in Figure 2-1: PLBC300
and PLBC350 increase hydrophobicity in a similar fashion, whereas PLBC600 affects
CAs less. The less influence of a fewer hydrophobic particles on CAs of biochar-sand
mixtures is consistent with other work examining the influence of a small number of
hydrophobic grains in an otherwise hydrophilic medium [Bauters et al., 2000a].

At 2 and 5% mass fractions, though, the addition of hydrophobic (PLBC300 or
PLBC350) or hydrophilic (PLBC600) biochar particles resulted in similar increases in
CA. For these small yet significant biochar mass fractions, increased CA may not be
associated with the wetting characteristics of biochar surfaces, but an increase in surface
roughness caused by the topology of biochar particles. Bachmann and McHale [2009]
developed a model to predict the combined effects of the Young’s Law CA, which is
due to interfacial forces and is measured with droplets on planar surfaces, and packing
roughness, caused not by intrinsic surface properties but by the curvature and spacing of
layered particle grains [Bachmann and McHale, 2009]. Their model is based on the
Wenzel [1936] and Cassie and Baxter [1944] models, assumes identically sized
spherical particles packed on a planar surface, and was validated with data from glass
beads, sand, clay and clay loam [Wenzel, 1936; Cassie and Baxter, 1944; Bachmann
and McHale, 2009]. The Bachmann and McHale model indicates that CA on a rough
grain surface is usually larger than Young’s Law CA for the same surface material but
IS sensitive to particle packing. As shown in Figure 2-5, PLBC300, PLBC350, and
PLBC600 have similar topology but are much more angular than the quartz sand. Thus,

one plausible explanation for the similar effect of these three biochar on CAs at 2 and
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5% mass fractions is that the predominant factor affecting CA is macroscopic surface
roughness associated with grain spacing/particle packing between sand and PLBC
rather than differences in OC surface coatings on particles. At larger biochar mass
fractions, though, the effect of Young’s Law CA, which varies with OC coatings,
played a more dominant role than macroscopic surface roughness. Thus, at small
biochar mass fractions, the effect of biochar on wettability may be a strong function of
biochar particle size and topology and their relationship to particle size and topology of
native soil grains. The influence of biochar surface properties (e.g., OC coating) may be
more pronounced at larger biochar mass fractions. Future research might explore this

relationship for different soils and biochar.

2.4 Conclusions and Implications

Three different mechanisms causing biochar hydrophobicity were postulated: (i)
increases in surface roughness, (ii) loss of surface polar compounds, and (iii)
condensation of organic compounds on biochar surfaces. Using the WDPT test on
PLBCA400 subjected to various treatments, the first two hypotheses were invalidated.
The severity of biochar hydrophobicity was further evaluated using CA measurements
to quantify its dependence on pyrolysis temperature. The organic coatings on poultry
litter biochar contained alkyl groups that have been linked to hydrophobicity in plant-
derived biochar [Kinney et al., 2012], charcoals [Briggs et al., 2012], ashes [Dlapa et
al., 2013], and soils altered by wildfires [DeBano, 2000]. The release of aliphatic
compounds from PLBC could promote microbial activity [Lehmann et al., 2011], which
in some cases may be desirable, particularly the hydrophobic compounds could be

easily removed by water rinsing. Alternatively, it may be preferable to use PLBC
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pyrolyzed at sufficiently high temperatures to reduce transient effects associated with
organic coating leaching.

Even if PLBC hydrophobicity is transient or if hydrophilic PLBC are used,
depending on the native soil particle size distribution and particle topology, addition of
PLBC could alter soil texture and roughness of granular surfaces, which may result in
much smaller but longer-lasting changes in CA. Both hydrophobic and hydrophilic
PLBC increased CAs by similar magnitudes at 2 and 5% mass fractions. Poultry litter
biochar pyrolyzed at temperatures <400°C and mixed with sediment at rates >15%
(w/w) may increase sediment CAs by >30°, as shown. Such changes for subcritical CA
(< 90°) may reduce infiltration rates [Lamparter et al., 2006] and alter water
distribution during infiltration events through preferential fingered flows [Wallach et
al., 2013]. Additional study is necessary to quantify the impact of PLBC addition on
water retention and infiltration in PLBC-amended media. Such studies should examine
temporal effects because pyrolyzed PLBC is expected to become more hydrophilic with
time through either leaching of organic coatings or gradual penetration of water into

surface coating matrices.
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Table 2-1: Water drop penetration time of poultry litter and fresh and treated
poultry litter biochar produced at 400°C.

Samplest Average WDPT# Water repellency
seconds

Poultry litter pellets 20 slightly repellent

PLBC400 >3600 extremely repellent

PLBC400, VT for 24 h >3600 extremely repellent

PLBC400, VT for 24 hand HT <1 nonrepellent

for 24 h

PLBC400, HT for1 hand 2 h 240 strongly repellent

PLBC400, HT for 3hand 24 h <1 nonrepellent

PLBC400, VT for 24 h, WR, <1 nonrepellent

and AD

T Treatment parameters: pyrolysis temperature = 400°C; heating temperature =
105°C; vacuum treatment pressure = -20 in Hg; air temperature = 22.5°C, and
relative humidity % = 50%. AD, air dried in desiccator; HT, heat treatment;
PLBCA400, poultry litter biochar produced at 400°C; VT, vacuum treated; WR,
rinsed in deionized water. ¥ Water drop penetration time.
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Figure 2-1: Mean contact angles (CAs) of poultry litter biochar (PLBCs) produced at
varying pyrolysis temperatures. Error bars represent £1 SEM. Mean CA
for sand shown with upper and lower bound of the SE of the sample mean.
Relative humidity, 17.4 + 0.42%; temperature, 20.5°C.
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Figure 2-2: Mean contact angles of poultry litter biochar at 300°C (PLBC300) and
heated PLBC300 at 105°C for 12 h (HT-PLBC300) after they were
submerged in deionized water for different times. Error bars represent £1
SEM. Relative humidity, 54.8 + 2.9%; temperature, 21.0°C.
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Figure 2-3: Total organic carbon (TOC) leached from poultry litter biochar (PLBC)
produced at 300°C and 600°C when rinsed in deionized (DI) water at
1:200 solid to liquid mass ratio for 24 h (PLBC300 and PLBC600,
respectively). Error bars represent +1 SEM.
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Figure 2-4: Mean contact angles of poultry litter biochar (PLBC)-sand mixtures (w/w)
for PLBC pyrolyzed at 300 (PLBC300), 350 (PLBC350), and 600°C

(PLBCG600). Error bars represent +1 SEM. Relative humidity, 17.7 = 1.5%);
temperature, 20.3°C.
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Figure 2-5: Surface geometry of (a) sand, (b) poultry litter biochar (PLBC) pyrolyzed at
300°C (PLBC300), (c) PLBC at 350°C (PLBC350), and (d) PLBC at
600°C (PLBC600). All particles collected between #30 (0.595mm
opening) and #35 sieves (0.5-mm opening).
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Chapter 3

SOIL-WATER RETENTION CURVE MODELS FOR BIOCHAR AMENDED
SOILS

3.1 Background

Biochar is a carbon-rich solid produced by pyrolysis of organic materials, often
waste biomass. Biochar has been proposed as a soil amendment to increase water
retention and soil fertility [Lehmann, 2007; Novak et al., 2009]. When amended to
stormwater treatment media, such as greenroofs or biofiltration media, biochar may
increase water retention [Beck et al., 2011; Tian et al., 2014] and pollutant removal.
Increases in water retention favor plant growth (greenroofs) and pollutant retention
(biofiltration media). However, predicting these effects in soil or stormwater treatment
media is difficult. Varying with organic feedstock and pyrolysis conditions, biochars
possess different particle size distribution [Cetin et al., 2004; Liu et al., 2016], internal
pore volume [Brewer et al., 2014], surface area [Zabaniotou et al., 2008; Song and Guo,
2012], and other properties that affect water retention. Thus, the influence on water
retention will vary for each biochar/media combination.

The impact of a conifer and hardwood biochar on water retention in a sand,
loam, and clay at pF = 6.8 (pF = log |h|; h = matric potential or capillary pressure head
in cm-H20 or 100 Pa) showed 15% (v/v) conifer biochar amendment to sand increased
volumetric water content by 6% but caused no measureable change in loam and a 7%
reduction in clay [Tryon, 1948]. Tryon [1948] postulated that clays sorbed water 5.6 —
12% more than biochar; thus, adding biochar reduced water retention in biochar-clay
mixtures at pF = 6.8. Amendments with hardwood biochar retained 2.5 — 11.5% more
water than conifer biochar, and fine sized biochar (< 1 mm) retained 10 — 20% more

water than coarse biochar (2 — 5 mm).
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Abel et al. [2013] amended five soils, two sands and three loamy sands with
maize biochar at 1, 2.5, and 5% (w/w). Available water capacity, defined as water
retained between pF 1.8 (field capacity) to 4.2 (wilting point), showed significant
improvement with increasing biochar content: available water capacity doubled at 5%
(w/w) biochar amendment in sands, and increased by 50-70% at the same application
rate in two of the loamy sands. However, for the loamy sand with initial organic matter
(OM) content of 9.1%, almost eight times larger than the other loamy sands, biochar
amendment slightly reduced available water capacity [Abel et al., 2013]. These data are
consistent with the findings of Tryon [1948]: when soils have high initial available
water holding capacity, caused by clay [Tryon, 1948] or organic matter [Abel et al.,
2013], biochar amendment reduces this function. In these soils with initially high
available water capacity, biochar retains water less efficiently than the native soil it
replaced.

In a more recent study, water retention at the dry-end of the soil water
characteristic (SWC) (5 < pF < 6.8) was measured using a vapor sorption analyzer for
sandy loam (~ 10% clay) amended with birch wood biochar and pig manure [Arthur et
al., 2015]. For field-aged samples with pig manure amendment of 21 — 42 Mg ha',
biochar amendment increased gravimetric water contents for 5.5 < pF < 6.6. Arthur et
al. [2015] attributed the increased water sorption to increases in specific surface area
(SSA) resulting from biochar amendment. However, in a related study amendment of 20
Mg ha! of the same biochar to sandy loam (16% clay) resulted in no increase in water
sorption or SSA [Sun et al., 2013]. One explanation for these data was that for the sandy
loam with the higher clay content, 16% versus 10%, the ability of biochar amendment

to significantly increase SSA and thus water sorption was diminished [Arthur et al.,
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2015]. This reasoning is similar to that provided by Abel et al. [2013]: if biochar
replaces soil components that retain water equal to or better than biochar, water
retention will not be improved.

In an effort to elucidate the mechanisms by which biochar alters soil water
retention, Liu et al. [2017] conducted laboratory experiments where Mesquite biochar
pyrolyzed at 400°C was amended to silica sand at 2% (w/w) [Liu et al., 2017]. The
biochar and sand were sieved to three particle size ranges (<0.251, 0.251 - 0.853, and
0.853 - 2.00 mm), and water retention measurements made for various sand/biochar
combinations. By quantifying the intrapores of the biochar (pores within the envelope
of biochar particles and connected to external pores) and the interpores of the
biochar/sand mixtures (larger pores between the exterior particle surfaces), Liu et al.
[2017] were able to differentiate the influence of biochar on intrapore and interpore
spaces. As matric potential decreased from pF ~ 6 to pF ~ 3, Mesquite biochar
increased water retention by adding intrapore spaces not present in 100% sand samples.
With further decreases in matric potential, the elongated shapes of biochar particles
increased the interpore volumes and thus water retention. Liu et al. [2017] suggested
that for sandy soils, available water capacity would be enhanced most by biochars with
high intrapores and irregular shapes.

The intrapores in biochars are formed during biochar production and are
affected by the pyrolysis temperatures and the parent source materials [Brewer et al.,
2014]. Intrapores may range in size from sub-nanometer to micrometer [Briggs et al.,
2012; Hardie et al., 2014], and may provide significant intrapore volumes. Porosity of
biochar particles have been measured from 50 to 85%, and intrapore volumes up to 3

cm?® gt for grass biochars [Brewer et al., 2014]. Scanning electron microscope (SEM)
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images of acacia wood biochar produced in a continuous flow kiln at 550°C for 30 — 40
min showed that intrapores were elliptical in shape with an average minimum pore
diameter ~ 0.1 pum and 95% of all pores < 22 um [Hardie et al., 2014].

The Young-Laplace equation can be used to understand the relationship between

the radius of a cylindrical pore and capillary pressure that drains at this pressure

20 cos6°

AP =

[3-1]

™p

where 4P is the capillary pressure and is the difference between gas (Pg) and water (Pw)
pressure, o is the interfacial tension of air-water, 6° is the contact angle between the
wetting fluid and the solid, and rp is the pore radius. If soil pores are represented as a
collection of cylindrical pores, biochar amendment may alter rp due to rearrangement of
biochar-soil particles (interpores) or the addition of pores within biochar particles
(intrapores). In addition, biochar may affect air-water interfacial tension and the contact
angle.

About 70 varieties of biochar produced at low temperature (< 350 °C) were
shown to release short chained organics (aldehydes, furans, and ketones), aromatic
compounds, and large organic carbons [Spokas et al., 2011]. These compounds may
affect the air-water interfacial tension and the soil liquid contact angles [Savage, 1974;
Beatty and Smith, 2010; Atanassova and Doerr, 2011]. The presence of alkyl groups on
biochar surfaces have been linked to hydrophobicity in plant derived biochars [Kinney
et al., 2012], but a complicating factor is the organic compounds on biochar surfaces
may be removed through heating or dissolution into water, resulting in increasingly
hydrophilic surfaces as biochars age in the field [Ojeda et al., 2015; Yi et al., 2015].

Thus, because biochar amendment may alter rp, o, and 6°, when a given capillary
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pressure is applied to a soil-biochar mixture biochar may influence water retention
through several mechanisms.

Finally, intrapores and interpores created or altered from biochar amendment
may change over time [Liu et al., 2016]. Biochars produced at lower temperatures (<
500°C) are susceptible to breakage, and over 50% biochar mass can be lost through
weathering [Spokas et al., 2014]. Despite the possible transient changes in air-water
interfacial tension, contact angle, and intrapores/interpores with biochar amendment,
models are needed to predict changes in water retention with biochar amendment, even
if these changes may be altered in time. Many studies demonstrate the influence of
biochar amendment on water retention, and some have fitted van Genuchten models to
describe these data [Abel et al., 2013; Liu et al., 2017]. However, we are aware of no
model that can predict the impact of biochar amendment on water retention, as most
studies have been observational.

The purpose of this study was to develop a predictive biochar-soil SWC model
that describes the influence of biochar amendment on water retention by accounting for
biochar’s influence on intrapores and interpores. The model excludes biochar impact on
air-water interfacial tension and contact angle. In this model, volumetric water content
retained in a biochar-amended soil at each capillary pressure step is determined by
summing the volumetric water content from: 1) the native soil without biochar addition
(6%), 2) the change in intrapore water for 3.85 < pF < 6.8 due to the changes in adsorbed
and capillary water when soil is replaced with biochar (A9%45), 3) the additional
intrapore capillary water within biochar for pF < 3.85 (A9™*t"), and 4) the change in

water stored in interpores (8t¢"). This model was developed as follows.
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3.2 Theory

3.2.1 Intrapore adsorbed and capillary water (pF > 3.85)

The Kelvin equation describes the relationship between total water potential, ¥,
which is the sum of the osmotic and the matric potential, and water vapor pressure, P
[Jury et al., 1991; Dane and Topp, 2002; Decagon Devices, 2013]:

pF =log|¥| =10g|0.0102 “~p,, In (P%) | [3-2]
where R is the universal gas constant (J mol™ °K™), T is the absolute temperature (°K),
M is the molecular mass of water (g mol™), pw is density of water (g m™), and Py is the
saturated water vapor pressure at sample temperature (°K). Water retention in the highly
dry region of the SWC is controlled by relative humidity (P/Po). The chilled mirror dew
point technique may be used to measure ?. To obtain the matric potential, h, the
osmotic potential is typically subtracted from the total potential using the ionic
concentration of the sample [Dane and Topp, 2002]. However, linear regression was
fitted to obtain an equation to correct for the osmotic effects (see Appendix B for

details).
The water in a biochar/soil mixture at a matric potential greater than pF > 3.85

can be estimated by using the water content of the soil and biochar measured separately
at the reference matric potential, and the mass fraction of biochar and soil in the

mixture:

Ve = [M5 x MCF]+[MPe x McPe|
i = MS+Mbc

[3-3]

where MC™, MC;, and MCP° are moisture content (g g*) of the biochar/soil mixture,
soil, and biochar, respectively at matric potential i; and M?¢ and M* are dry mass of

biochar and soil, respectively, in the biochar/soil mixture. A dew-point potentiometer
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can be used to measure the matric potential of soil and biochar samples prepared at
different moisture contents, which are used in equation [3-3] to estimate the moisture
content of biochar/soil mixtures. To obtain the volumetric water content associated with
water retention (87%%), equation [3-3] is divided by water density (p,,) and multiplied
by the dry bulk density (M{"/V;) of the biochar/soil mixture, where M{" is the total dry
mass (biochar/soil mixture) and V; is the total sample volume. The change in water due
to biochar amendment at pF > 3.85 is then the difference between this volumetric water

content and that for the native soil.

"M —MC]ME

M
ppgs = M [3-4]

3.2.2 Intrapore water (pF < 3.85)

In addition to water adsorbed in biochar intrapores, additional water may fill the
cavities of large biochar intrapores. The additional water retained in a biochar/soil
mixture between pF < 3.85 is estimated by mercury intrusion porosimetry (MIP)
measurements of biochar, where care must be exercised to exclude interpore volume.
With these measurements (described below) and the known mass of biochar in a
biochar/soil mixture, the additional intrapore water retained at matric potential i due to

biochar amendment is determined from:

. MbC . .
Agimtra — Tt (Z;: - V}mtra ) [3_5]

where Vf”"a is the specific intrapore volume (mL g*) determined by MIP at the jth

matric potential increment, and pF~ = 3.85 is the lower limit of detection water

measured by a dew-point potentiometer. In order to determine intrapore volume at
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particular matric potential from MIP data, estimates of contact angles of mercury and

water in biochar intrapores were needed. These calculations are discussed below.

3.2.3 Interpore water

SWC models often use empirically fitted parameters to describe soil water
retention [Brooks and Corey, 1964; Campbell, 1974; Mualem, 1976; van Genuchten,
1980]. However, number of models have been proposed to predict SWC using a limited
number of soil measurements. For example, Gupta and Larson [1979] used multiple
linear regression analysis of soil textural properties, organic matter, and/or dry bulk
density to predict SWC [Gupta and Larson, 1979]. Alternatively, beginning with Arya
and Paris [1981], models have been proposed relating particle size distribution (PSD) to
water retention at particular matric potentials [Arya et al., 1999; Arya and Heitman,
2015]. There are other models in this category, including the recent two-step model
proposed by Jensen et al. [2015] that predicts SWC from saturation to oven-dryness (pF
= 0-6.9) using a limited number of measured textural data, organic matter content, and
dry bulk density [Jensen et al., 2015].

The SWC models are mostly based on empirical [Gupta and Larson, 1979;
Schaap and Bouten, 1996] and physio-empirical methods [Arya and Paris, 1981;
Haverkamp and Parlange, 1986]. Empirical approaches typically use statistical
regressions to estimate soil water retention from soil properties. Regression models are
easy to develop with sufficient data [Gupta and Larson, 1979]. Using soil texture and
bulk density obtained from soil surveys conducted by USDA and UNSODA hydraulic
property database [Nemes and Rawls, 2006], empirically based SWC models can also
be developed [Hwang and Choi, 2006]. However, the accuracy and the reliability are

limited in empirically based models because they depend on the number of data used to
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adequately predict SWC properties, making these models inapplicable for biochar/soil
mixtures since large data sets are not available for these mixtures. A physically based
scaling method integrates spatial variations to assess soil hydraulic properties, which
may overcome some limitations in empirical models since physio-empirical models are
based on particle shape and the cumulative particle size distribution. Arya and Paris’s
[1981] work uses properties of spherical particles to estimate SWC, which was further
advanced by Haverkamp and Parlange [1986] and other researchers [Mohammadi and
Vanclooster, 2011; Jensen et al., 2015]. Although the Arya model assumes spherical
particles, it only requires information on particle sizes, masses, and dry bulk density,
and thus can be used for biochar/soil mixtures where sufficient particle size and density
information is available [Arya et al., 1999; Arya and Heitman, 2015].

To predict the influence of biochar amendment on water retained in interpores,
AB™e", the Arya model [Arya et al., 1999; Arya and Heitman, 2015] was adopted for
biochar/soil mixtures. Because of the significant intrapore volume in biochar and
because the Arya model quantifies effects on interpores, the envelope density
determined from MIP data [Webb, 2001; Brewer et al., 2014] was used for biochar
particle density to estimate the interpores. To determine the average particle density for
each size fraction i of a PSD in the Arya model, a volume-weighted particle density was
computed:

o, = Lok 3]
where pg’; is the volume-weighted particle density of the mixture for size fraction i, pbe
is the envelope density of biochar, p$ is the soil particle density, and V¢ and V$ are the

volume of biochar and soil particles, respectively, in size fraction i. Volume weighting
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was used instead of mass weighting in the Arya model, since the pore radii are
correlated to the number and size of spherical particles in a given size fraction in the
Arya model, not the mass of particles. The volume of biochar and soil in size fraction i
are:

bc S
Ve = T and VP = 0 [3-7]

"~ ps

where MP¢and M} are the mass of biochar and soil, respectively, in each size fraction.
The particle density of the biochar mixture for size fraction i can be expressed as:

bc s
M;"+M;
m __ i i -
ps,l - M?C+M.L$ [3 8]
pbe " p3

The Arya model also requires the sample void ratio (¢) that is computed from:

_ Ps— Pb )
e= == [3-9]

where p,is the dry bulk density and py is the average particle density of the entire sample:

—_ Mbams

Py = S 3 [3-10]
_+_
p2¢ " 3

where MP¢ and M are the total dry mass of biochar and soil, respectively, in the
biochar/soil mixture.

With these definitions, the fraction of the total particle volume of the mixture
(V™) (cm3/cm?) associated with size fraction i is:

bc s =~

p  ps) M™

39



where M™ = MS + MP€ is the total mixture mass. This modified Arya model assumes
that pore volume created by each particle size class is proportional to the volume of
particles in that size class. With this assumption, the volumetric water content retained
in pores associated with particle size fraction i of the mixture, 6;™, is obtained from

successive summations of water-filled pore volumes for that particle class and smaller:
o = ¢Sy Bj-a V" [3-12]

where ¢™ is the total interparticle porosity of the mixture (not total porosity) expressed

as:

P =— [3-13]

_1+E

and S;;' is the degree of saturation of the interpores at pF ~ 1, which may be less than 1
with air entrapment. Subscript j is the index for particle size fraction and begins with the
smallest particle class. Equation [3-12] is applied to each particle size fraction i to
determine the volumetric water content associated with water-filled pores created by
particles in that size class and smaller.

To obtain the matric potential associated with water retained in pores associated
with particle size class i, the number of particles in each size class i (n;) is determined

assuming spherical particles in each size class:

ny = M0 [3-14]

t 47TpgliRi3

where M/ = MP€ + M; is the total mass of particles in size class i, and R; is the
mean particle radius of size class i. The pore radius for each size class i (r;) is then

estimated using a relationship that combines the attributes of natural-packed soil
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structure with those of a counterpart hypothetical structure consisting of spherical

particles [Arya and Heitman, 2015].

[3-15]

The matric potential associated with water retained for particle size class i, 6;", is then

determined from h; = 2":;:?0 , where p is density of water and g is the gravitational

4

constant.

This modified Arya model is used to estimate the change in water retention due
to change in interpores with biochar amendment. The model is applied first to native
soil and then to the biochar/soil mixture, using the same particle size classes for each
medium. The estimated change in interpore space associated with biochar amendment at

each matric potential i is determined from:

AGfeT = o — 67 [3-16]

where AG™ is the change in water retention due to change in interpores from the
biochar addition, 8™ is the Arya model-predicted volumetric water content retained in
the biochar/soil mixture, and 6; is the Arya model-predicted volumetric water content
retained in the reference soil.

It is important to note that in the Arya model capillary water in interpores is
predicted assuming that samples have a fixed dry bulk density. Because samples in the
dew-point potentiometer were loose and packed much less densely than samples for
other water retention measurements, dew-point potentiometer data do not capture all

capillary water in interpores. A looser packing results in larger interpores and less
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retention of capillary water. Therefore, in applying the Arya model to predict water
retention for pF < 3.85 the entire particle size distribution that includes data from sieve
analysis and the hydrometer measurements was used. In this way capillary interpore
water not measured or predicted from WP4C data but that occurred in other water

retention samples for pF > 3.85 was accounted for.

3.2.4 Models for water retention in biochar-amended media

To evaluate the different mechanisms that alter water retention with biochar
addition, four models are used:
Model 1: reference, native soil data without biochar addition.

oM = 67 [3-17]
Model 2: Model 1 and the effect of intrapore adsorbed and capillary water pF > 3.85

" = 67 + AGfS [3-18]
Model 3: Model 2 and the effect of intrapore water at pF < 3.85

" = 67 + AQFS + ApTE [3-19]
Model 4: Model 3 and changes in water stored in interpores

O = 0 + MBS + MGV + Ap[mEeT [3-20]
Experiments described below were used to test the hypothesis that Model 4 is sufficient

to describe changes in water retention when biochar is amended to soils.
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3.3 Materials and Methods

3.3.1 Biochars

Two biochars were selected: poultry litter biochar (PLBC) produced from
poultry litter using a slow pyrolysis system at 300°C [Song and Guo, 2012], and Soil
Reef™ biochar (SRBC) produced by heating Southern Yellow Pine in a continuous
pyrolysis system at 550°C for 10 min (The Biochar Company in Berwyn, PA, USA).
Additional information regarding the production and elemental composition of these
biochars is found elsewhere [Teixido et al., 2011; Song and Guo, 2012].

PLBC and SRBC were selected to provide particles with significantly different
internal pore volume. PLBC [Song and Guo, 2012] has SSA of 2.68 m? g%, while
SRBC has SSA at 338 m? g [Teixido et al., 2011] and thus much larger internal pore
volume.

Water retention may be influenced by the transient biochar hydrophobicity [Yi et
al., 2015]. To reduce transient changes in contact angle, the biochars were rinsed in
water to remove water soluble compounds and oven dried, steps that in prior work were
shown to remove hydrophobicity [Yi et al., 2015]. Each biochar was separately rinsed in
deionized water three to four times at 1:50 ratio (biochar to DI water) at 50 rpm until
the electrical conductivity of the rinsate was < 100 puS cm. The rinsed biochars were
oven-dried at 105°C for 12 to 15 h and cooled to room temperature. The PLBC and
SRBC were then checked for water repellency using the water drop penetration time
test, and the contact angles were measured to verify that water rinsing was effective
[Letey et al., 2000; Yi et al., 2015]. Both water drop penetration time test (< 0 sec) and
the contact angle measurements (< 0.3°) showed that biochars were water wetting, and

contact angles of 0.0° were assumed in all analyses.
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The biochar samples were then separately sieved between #30 (0.595 mm
opening) and #35 (0.5 mm opening) mesh, resulting in particles with a geometric mean
diameter of 0.545 mm. The post-treated biochars are referred to as PLBC and SRBC,
while samples that were sieved but not rinsed with water and oven-dried are referred to
as fresh PLBC or fresh SRBC.

Following similar post-treatment procedures, a well-characterized sand (30/40
Accusand, Unimin Co., Le Sueur, MN, USA) was rinsed in deionized water until the
water turned clear, oven-dried at 105°C for 24 h, and then sieved to a geometric mean
diameter of 0.545 mm. Only rinsed, oven-dried, and sieved sand was used in this study.

A sandy loam agricultural soil (74% sand, 13% silt, 13% clay) was also used to
understand the effect of biochar amendment on water retention. This soil was collected
from the top 30 cm at the Delaware State University Outreach and Research Center
(Smyrna, DE USA), dried at 105°C for 24 h, and then crushed using a mortar and
rubber-tipped pestle to remove all aggregates.

The PLBC and SRBC were mixed separately with sand at 2% and 7% (w/w).
The mixed biochar-sand samples were designated as 2%PLBC-Sand, 7%PLBC-Sand,
2%SRBC-Sand, and 7%SRBC-Sand. Because sand and biochar particles were sieved to
the same size fraction, the biochar/sand mixtures were intended to have minimal change
in interpores from biochar amendment. Thus, the biochar/sand mixtures primarily tested
the effect of biochar on sorbed and capillary water in intrapores.

The sandy loam (SL) was also mixed with biochars at 2% and 7% (w/w) and
samples are identified as 2%PLBC-SL, 7%PLBC-SL, 2%SRBC-SL, and 7%SRBC-SL,
respectively, depending on the mass fraction of PLBC or SRBC. These PLBC and

SRBC samples mixed with SL represent samples where both intrapore and interpore
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spaces were modified with biochar amendment. The particle size distribution curves of
biochar/sandy loam mixtures plotted based on volume and by mass are found in

Appendix B.

3.3.2 Biochar particle density, surface area, and intrapore volume

The particle density of sand and SL were measured using the pycnometer
method [Dane and Topp, 2002]. Six to eight independent samples were tested for each
material type. Duplicate samples of PLBC and SRBC were analyzed by Micrometrics
Analytical Services (Norcross, GA, USA) to characterize biochar intrapores using MIP.
The pore volume distribution, envelope density (p2¢), and skeletal density (pZ¢) were
obtained from MIP data [ASTM Standard D4404-10, 2010]. This method was chosen
since mercury is a non-wetting liquid that can penetrate pores, cracks, and crevices of
porous materials up to ~ pF = 6.6, entering pores as small as = 0.003 pum in diameter
[Webb, 2001].

SEM images (Hitachi S4700 Scanning Electron Microscope at 3.0 kV, Hitachi,
Japan) of biochar particles were obtained to determine the largest pore diameter that
allowed estimation of the mercury entry pressure for MIP data. The entry pressures
required to penetrate the largest intrapore of each biochar were identified by measuring
the largest pore diameters of SEM images using Image J software (National Institute of
Health, Bethesda, MD, USA) [Impoco et al., 2006; Hardie et al., 2014] and using
equation [3-1].

Brunauer, Emmett, and Teller (BET) specific surface area (SSA) measurements
were carried out with an ASAP 2020 Micromeritics Physisorption Analyzer (Norcross,
GA, USA) using Nz-adsorption at 77.3°K for PLBC and SRBC before and after post-
treatment [Brunauer et al., 1938; ASTM Standard D6556-14, 2012]. BET-N2 adsorption
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is a common technique utilized to obtain SSA of particles with a pore size distribution

range 0.002 to 0.05 um [Brewer et al., 2014].

3.3.3 Particle-size distribution

PSD were obtained for sand, SL, PLBC, and SRBC using standard methods
[ASTM Standard C136-06, 2003] and plotted as both volume and mass distribution. The
PSD for the biochar-mixtures were computed based upon the mass of material falling
on each sieve. Using the density of sand, SL, and envelop density of biochar, the
particle volume contributions from each biochar were calculated and plotted as volume
distributions. The PSD were plotted using volume distribution to illustrate particle

volume changes due to biochar amendment.

3.3.4 Intrapore adsorbed and capillary water (pF > 3.85)

The WPAC dew-point potentiometer (Decagon Pullman, WA, USA) was used to
obtain data to estimate 624 for 3.85 < pF < 6.5 (Equation [3-4]). Gubiani et al [2013]
showed that the WP4, which is less precise than the WP4C, had decreasing accuracy for
pF < 3.85 [Gubiani et al., 2013]. The WP4C manual [Decagon Devices, 2013] showed
that the instrument limitation is up to pF = 6.48. Other studies have used pF = 4 as the
matric potential that separates the dry and the wet region of the SWRC [Campbell and
Shiozawa, 1992; Jensen et al., 2015]. The procedure from the instrument manufacturer
was followed to obtain the adsorption and desorption isotherms for 3.85 < pF < 6.5 for
all samples and sample mixtures: PLBC, SRBC, sand, 2%PLBC-Sand, 7%PLBC-Sand,
2%SRBC-Sand, 7%SRBC-Sand, SL, 2%PLBC-SL, 7%PLBC-SL, 2%SRBC-SL, and
7%SRBC-SL.
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The measurement procedure is illustrated with PLBC. About 2 — 11 g of 100%
rinsed and oven-dried PLBC was placed loosely inside a stainless steel cup, with
approximately 10-13 samples prepared for analysis. To obtain the water adsorption
isotherm for 3.85 < pF < 6.5, deionized water was added to each cup starting with 10
uL and incrementally increased to approximately 1000 pL. The wet samples were
covered with a plastic cap and set to equilibrate over-night before measurements in the
WPAC. The dry bulk density in the WP4C ranged 1.29 — 1.65 g mL™ for PLBC/Sand,
1.27 - 1.72 g mL* for SRBC/Sand, 1.05 - 1.36 g mL™* for PLBC/Sand, and 0.61 — 1.28
g mL™ for SRBC/SL.

Desorption isotherms for PLBC were collected by initially saturating the loosely
packed samples with deionized water in the metal cups until a water film formed above
the sample, followed by equilibration over-night. Samples were then dried
incrementally in the oven, placed on the lab bench to cool between heating steps, and
then measured using the WP4C. Some samples were also placed on the lab bench for
further drying at ambient conditions and measured sequentially in WP4C. The
adsorption and desorption isotherms for all samples were collected following the
method describe above for PLBC. The number of data collected per individual sample
and number of samples for each soil mixture are listed in Appendix B, Table B1.

WP4C measurements determine the total water potential, v, associated with a
sample gravimetric moisture content, MC. For PLBC only, data indicated that osmotic
effects were important: at high MC when a horizontal water layer formed on top of
PLBC particles, the y was not = 0. For PLBC data, the measured total potential was
corrected for osmotic effects following a procedure consistent with the manufacturers’

guidelines [Decagon Devices, 2013]. At high MC, the total water potential became
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linear for the PLBC as the water started to fill the cavities of biochar. The data was
linearly regressed to quantify the potential required to correct for the osmotic potential.

This correction is described in Figure B1, Appendix B.

3.3.5 Interpore capillary water (pF < 3.85)

The sand and biochar-sand mixtures (sand, 2%PLBC-Sand, 7%PLBC-Sand,
2%SRBC-Sand, and 7%SRBC-Sand) were tightly packed dry by pouring well-mixed
dry biochar or biochar/sand mixtures into a two-layer nest of screens and then into
metal cores 7.7 cm inside diameter x 3.6 cm height. To pack the SL and biochar/SL
mixtures, ~1 cm thick layers of sample mixtures were dry packed in metal cores 5.4 cm
inside diameter x 3.0 cm height. Using a small rod, each layer was pressed down gently
to avoid fracturing the biochar particles. Scratch marks were made on top of each soil
layer to connect all the individual layers. This was repeated until the samples were
packed tightly to the rim of the aluminum cores. The excess particles were brushed off
and weighed. All samples were prepared in duplicate.

The sample cores were placed in a plastic bin then slowly saturated from below
with deaired, deionized water in 1 — 3 cm increments hourly until the water level
reached slightly below the height of sample cores. The plastic bin was covered
overnight to saturate the samples. To reduce any interferences with the water retention
measurements, calcium sulfate that is often used to reduce water evaporation was not
used in this study. The results were not affected because coarse materials were used
where the equilibration rate is faster than most soils.

SWC for pF < 3.85 were measured by draining the saturated sample cores. The
water-saturated sand and biochar-sand mixtures were placed on a tension table [Topp

and Zebchuk, 1979; Dane and Topp, 2002] and matric potentials of -3, -7, -17, -22, -27,
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-37 and -57 cm H20 were applied until equilibrium was reached with each step, defined
as a mass change < 1% over 8 — 12 h period. Following tension table measurements,
samples were transferred to a pressure plate extractor (15 bar Ceramic Plate Extractor,
Cat. #1500, Soil Moisture Equipment Corp., Santa Barbara, CA, USA) and matric
potentials of -129, -256, -383, -510, -764, -1400, -3500 and -6330 cm H20 were applied
sequentially to the samples. Samples were weighed through time at each pressure step
until equilibrium was reached, which was defined as mass change < 1% over 3 - 4 days.
Due to the different equilibration time between sand and SL, SWC for SL
mixtures were measured separately [Topp and Zebchuk, 1979]. Saturated SL samples
were placed on the tension table at -6.5 and at -21.5 cm H20. Samples were weighed
through time at each pressure step until equilibrium was reached, which was defined as
mass change < 1% over 2 - 4 days. The samples were then transferred to the pressure
plate extractor and matric potentials of -70.3, -246, -492, -1000, -1500, -2100, and -
5200 cm H20 applied sequentially to the samples. Sample mass change < 1% over 6
days (h =-70.3 cm H20) to 31 days (h =-5200 cm H20) were defined as equilibrium
conditions. At the completion of SWC measurements, samples were oven-dried and

weighed.
3.4 Results & Discussion

3.4.1 Particle density

MIP measurements were used to determine biochar envelope and skeletal
densities. No biochar particle breakage was observed as mercury invaded pores at
pressure steps ranging from pF = 0 to pF = 6.5. The envelope densities for PLBC and
SRBC are reported in Table 3-1: p2¢ = 0.96 g mL™* and 0.57 g mL"* for PLBC and
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SRBC, respectively. Because the envelope density is 1.7 times larger for PLBC than
SRBC, amending a soil with the same biochar mass will result in 70% more SRBC than
PLBC particles. This may cause much different modifications to the interpore volume.
The skeletal densities for PLBC and SRBC are p2¢ = 1.72 g mL™ and 1.39 g mL™! for
PLBC and SRBC, respectively. SRBC’s smaller envelope and skeletal densities indicate
that it has a larger total intrapore volume, which is discussed further below. From
pycnometer measurements for sand and SL, the skeletal density (assumed equal to
envelope density) was 2.66 + 0.001 g mL™* and 2.42 + 0.02 g mL"* for sand and SL,

respectively.

3.4.2 Biochar specific surface area

The SSA of biochars are reported in Table 3-1 and were affected by rinsing in
deionized water. Rinsing increased SSA from 0.8 m? g* to 1.53 m? g* and from 41 m?
g1to 350 m? g for PLBC and SRBC, respectively. With vigorous rinsing, biochar may
fracture and open inaccessible pores to create higher SSA and larger intrapores [Spokas
et al., 2014]. Because higher SSA indicates more sorption sites, SRBC is expected to

adsorb significantly more water than PLBC.

3.4.3 Biochar intrapore volume

Typical SEM images of PLBC and SRBC biochars are shown in Appendix B,
Figure B2. From the analysis of these and other images, the largest pores are =~ 33 um in
diameter for both biochars. While invasion pressures were measured for mercury, they
were converted to pF for water entry into air-filled biochar, assuming a contact angle of
0° and 130° [Giesche, 2006] for air-water and air-mercury systems, respectively. The

Young-Laplace equation was also used to estimate the pore diameter at each invasion
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pressure step. Cumulative invaded volumes are plotted against pF (air-water system) in
Figure 3-1a, and invaded pore volumes associated with equivalent pore diameters
(cylindrical pores assumed) are plotted in Figure 3-1b. The plotted pore diameter range
33 um to 0.1 pum represents the pressure range 1.9 < pF < 4.4. Most of the intrapore
volume occurs between 1.9 < pF < 4.4 for PLBC and 1.9 < pF < 3.5 for SRBC. The
intrapore filling was linear for PLBC and sigmoidal for SRBC, indicating that SRBC
intrapore volume is not distributed uniformly across pore sizes (Figure 3-2b). The total
intrapore volume is 0.23 mL g* for PLBC and 0.83 mL g for SRBC, which is

consistent with the higher SSA measured for SRBC.

3.4.4 Particle size distribution

While the addition of SRBC or PLBC to sand will not change the PSD since
sand and biochar particles are sieved to the same size, biochar amendment to SL will
alter particle and pore size distributions. The PSDs of SL and biochar-amended SL are
shown in Figure 3-2. They are plotted by mass in Figure 3-2a for PLBC/SL mixtures
and Figure 3-2b for SRBC/SL mixtures, and by volume in Figure 3-2c for PLBC/SL
mixtures and Figure 3-2d for SRBC/SL mixtures using the envelope density. The PSD
was measured for SL and computed for biochar/SL mixtures, using measured PSD for
SL and known biochar particle sizes and masses and the envelope density of biochars.
For PLBC and SRBC, biochar addition has a minimal effect on PSD for 2% (w/w) by
mass as shown in Figure 3-2a and Figure 3-2b. However, biochar amendment shifts the
PSD mean particle diameter for mass-based PSD from Dso~ 0.25 to Dso~ 0.42 for 7%
(w/w). Using the envelope density of biochar to plot the PSD as a function of % finer by
volume, a larger shift in particle diameter is observed, especially between SRBC

(Figure 3-2d) versus PLBC (Figure 3- 2¢) for the same amendment of biochar. SRBC
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contributes about 10% more particles by volume than PLBC at 7% (w/w) amendment.
At the same particle diameter, % finer by volume is lowered with biochar amendment:
the addition of biochar results in a reduction of small particles in biochar/SL mixtures.
If PSD is determined based on mass of particles, though, there is no observable

difference between PSD’s with PLBC and SRBC amendment.

3.4.5 Porosity

Using the measured dry bulk densities of biochar/sand and biochar/SL mixtures
in the water retention cells, biochar envelope and skeletal densities (Table 3-1), and the
particle densities of sand and SL, interpore and intrapore porosities of the water
retention cell samples were computed and are reported in Table 3-2. Adding biochar to
sand, sieved to the same particle diameter, had a negligible influence on interpore
volume. For biochar amendment to SL, though, interpore volumes were altered. At 2%
biochar addition, interpore porosities changed slightly, decreasing by 1.0% for PLBC
and increasing by 3.3% for SRBC. At 7% biochar addition, more significant changes
occurred: interpore porosity decreased by 5.6% and 6.3% for PLBC and SRBC,
respectively. The decrease in interpore porosity with biochar amendment was expected,
since relatively large biochar particles (0.545 mm < D < 0.595 mm) were amended to
SL, displacing silt and clay size material.

While biochar amendment at 7% (w/w) decreased interpores in SL, total
porosities were increased for all biochar amendments in both sand and SL. On a relative
basis, total porosities increased most for biochar-amended sand: increasing by 13.5 and
27.0% for 7% (w/w) PLBC and SRBC, respectively. Similarly, 7% (w/w) biochar
amendment to SL resulted in a 6.1 and 16.2% increase in total porosity for PLBC and

SRBC, respectively. These results illustrate two factors that affected total sample
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porosity: (1) PLBC had smaller intrapore volume than SRBC, so equal masses added to
sand where there was minimal change in interpore porosity resulted in smaller increases
in total porosity for PLBC than SRBC amendment; and (2) although both PLBC and
SRBC resulted in reductions in interpore porosity at 7% (w/w) in SL, the contribution
of intrapore porosity offset these reductions causing a net increase in total sample
porosity for both biochars. As will be shown below, the interplay between intrapore and

interpore volumes both affect water retention in biochar-amended media.

3.4.6 Water retention pF > 3.85

The adsorption and desorption isotherms of rinsed biochar are shown in Figure
3-3. Hysteresis in sorption was not observed for these biochars, while it has occurred for
others [Arthur et al., 2015]. The non-hysteretic behavior may be the result of biochar
aging in the lab, where biochars were rinsed, oven-dried, and sieved opening up pores
not present in raw biochar. Figure 3-3 shows very different curvature of sorption
isotherms: the PLBC sorption isotherm is concave up whereas the SRBC isotherm is
concave down. SRBC retains more water than PLBC over the range of 5.6 < pF < 6.5,
while for 4.4 < pF < 5.6 PLBC adsorbs more. However, when PLBC data are corrected
for osmaotic effects such that matric potential rather than total potential is plotted, water
retention for SRBC is larger than that for PLBC for most matric potentials, consistent
with the larger SSA measured for SRBC.

Similar sorption isotherms were measured for sand and SL, and for these media
amended with 2% and 7% PLBC. Water sorption data for PLBC-Sand are shown in
Figure 3-4a, where measured water potential is plotted against volumetric water content
(0%4s = (MC M™)/(V,p,)) of the packed sample in the tension table and the pressure

plate extractor. While adsorption onto sand was negligible, amendment with PLBC
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increased water adsorption dramatically. To estimate MC and 8445 of these biochar-
amended sands, MC for PLBC and sand measured alone were used in equations [3-3]
and [3-4] to generate the model predictions in Figure 3-4a. The model performed
reasonably well for 2%PLBC-Sand, but over-predicted sorbed water for 7%PLBC-Sand
at low pF. Osmotic pressures were small and assumed negligible in model-predictions
for the PLBC-sand mixtures. The scatter in data is more significant for water sorption
onto PLBC-sand mixtures than measurements of PLBC or sand alone, which may be
due to limitations in achieving a representative sample with the 7-8 cm® sample volume
of the dew point potentiometer.

Water sorption isotherms for 2% and 7% PLBC-SL mixtures are shown in
Figures 3-4b and 3-4c. Because water sorption onto SL was significant, a regression
line fitting these data is shown for reference. Model predictions for adsorbed water onto
PLBC-SL mixtures using equations [3-3] and [3-4] are also shown, where osmotic
pressures were assumed negligible. Overall, model predictions are in reasonable
agreement with data, although the model underpredicted adsorption in 2% PLBC-SL for
55<pF<6.5.

Water sorption isotherms for SRBC amended to sand and SL are shown in
Figure 3-5. Because SRBC adsorbs more water than PLBC, SRBC-sand mixtures
showed greater sorption than PLBC-sand mixtures. Model predictions (equations [3-3]
and [3-4]) slightly overestimated adsorbed water for SRBC-sand mixtures. When
amended to SL, SRBC increased water sorption over SL alone, although the data
suggest a slight decrease in adsorption for 2% SRBC-SL near pF = 6. While there is
considerable scatter in the data, overall model predictions captured the effect of SRBC

amendment on water sorption.
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The data from Figures 3-3 to 3-5 were used in equations [3-3] and [3-4] for the

adsorption regions of the SWC (64%5) reported below for biochar/soil mixtures.
3.4.7 Soil water characteristic

3471 PLBCinsand

The SWC’s for sand and PLBC-Sand are shown in Figure 3-6a to Figure 3-6c:
the solid black line is fitted to sand data while individual data points for PLBC-sand
experiments are shown. PLBC amendment at both 2% and 7% increased volumetric
water content at all pF, with the largest effect near sample saturation. PBLC increased
water retention by adsorbing more water and retaining additional capillary water in
biochar intrapores. Predicted SWC from Model 1 (equation [3-17]) that describes only
the native soil is shown in Figure 3-6a, while Model 2 (equation [3-18]) that includes
the increase in water retention from adsorbed and capillary water at pF > 3.85 is shown
in Figure 3-6b. Predictions for water sorption were based on WP4C measurements of
sand and biochar alone, using equations [3-3] and [3-4]. By accounting for adsorbed
water, Model 2 described data well for 2.5 < pF < 6.5, with model error increasing
significantly for pF < 2. Model 3 (equation [3-19]) includes the increase in water
retention from adsorbed water and capillary water (pF > 3.85) and the additional
capillary water in large biochar intrapores (pF < 3.85) and is shown in Figure 3-6c.
Overall, Model 3 improved predictions significantly with RMSE decreasing by =~ 50%
for both 2% and 7% PLBC amendment (Table 3-3). However, the inclusion of capillary
water in biochar for pF < 3.85 resulted in over-prediction of water retention for 1.8 < pF
< 3.85 (Figure 3-6¢) for the 7% PLBC. Biochar shape may have influenced the

reduction in water retention of the samples in this region at 7% amendment. Although
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PLBC particles are of somewhat different shape than sand, because both PLBC and
sand were sieved to the same size for these packings changes in interpore volume were
minor. Thus, accounting for only the effects of biochar intrapores on water retention
(hydroscopic + capillary retention) was sufficient to predict the influence of PLBC

amendment on water retention.

3.4.7.2 SRBC insand

The SWC’s for sand and SRBC-Sand are shown in Figure 3-7a through Figure
3-7c: the solid black line is fitted to sand data while individual data points for SRBC-
sand experiments are shown. While PLBC increased total porosity (and volumetric
water content at saturation) to 0.395 at 7% amendment, SRBC increased total porosity
to 0.442 at this same application rate (Table 3-2). This is because the intrapore volume
in SRBC is almost 4 times larger than that for PLBC (Table 3-1).

When Model 2 was applied to account for only the increase in water retention
from adsorbed and capillary water at pF > 3.85 from SRBC amendment, model
predictions are only improved for 3.85 < pF < 6.5 (Figure 3-7b). Water retention was
significantly under-predicted for pF < 3.85. When Model 3 was applied that accounts
for the increase in water retention from adsorbed water and capillary water (pF > 3.85)
and the additional capillary water in large biochar intrapores (pF < 3.85), model
predictions captured most of the increase in water retention at both 2% and 7%
amendment (Figure 3-7c). RMSEs were ~ 30% smaller for Model 2 than Model 1, and
~ 50% smaller for Model 3 than Model 1 (Table 3-3).

The one region where Model 3 did not describe water retention well was for 7%
SRBC-sand at 2.5 < pF < 3.85. Here, Model 3 predicted less water retention than

measured. The discrepancy between Model 3 and data may be due to inadequate time
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for sample equilibration: more time may have been required to drain capillary water

retained in SRBC intrapores.

3.4.7.3 PLBC in sandy loam

The SWC’s for SL and PLBC-SL are shown in Figure 3-8a through 3-8d.
Application of 2% PLBC to SL decreased water retention for 0.5 < pF < 3.5. While
application of 7% PLBC increased water retention in SL for 0.5 < pF < 3.5, the effect
was much less significant than observed in PLBC-sand samples (Figure 3-6). The
reason for the dramatic smaller impact of PLBC amendment on water retention is that
large PLBC particles amended to SL replaced smaller particles, reducing interpore
volume. While PLBC amendment increased total porosity from 0.396 (SL) to 0.405
(2% PLBC) and 0.420 (7% PLBC), interpore porosity decreased from 0.396 (SL) to
0.392 (2% PLBC) and 0.377 (7% PLBC). Figure 3-2c also shows that the finer particles
were reduced with higher application of PLBC, suggesting smaller water retention for
small interpore radii. Thus, the beneficial effects of biochar intrapores were mitigated in
PLBC-SL mixtures, since biochar amendment decreased interpore porosity. If PLBC
amendments were made with smaller particles, the reduction in interpore porosity might
have been reduced or eliminated, as Model 4 predicts. These results illustrate the
interplay between biochar particle size and native soil PSD.

Models 2, 3, and 4 were used to predict the effect of PLBC amendment on water
retention in sandy loam and results are shown in Figures 3-8b-d and RMSEs for model
fits reported in Table 3-3. While including the influence of water adsorption and
capillary water retention in PLBC intrapores (Models 2 and 3) improved for 7% PLBC-
SL, these models resulted in poorer predictions for 2% PLBC-SL compared to Model 1.

When Model 4 was employed that includes PLBC’s influence on both intrapores
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(adsorbed and capillary water) and interpores (Arya model), model fits were
significantly improved with RMSEs decreasing from Model 1 by 66% and 61% for 2%
and 7% PLBC, respectively.

It is important to note that total sample porosities at pF = 0.0 for PLBC-SL
samples were larger than measured volumetric water contents at pF = 1 for both 2% and
7% amendments (Figure 3-8a). This indicates air entrapment. Model 4 accounts for air
entrapment by fixing the maximum volumetric water content to that measured at pF = 1.
If instead air entrapment was assumed negligible, Model 4 would perform more poorly

and significantly over-predict water retention at small pF.

3.4.7.4 SRBC in sandy loam

The SWC’s for SL and SRBC-SL are shown in Figure 3-9a through 3-9d.
Similar to PLBC, the influence of SRBC amendment on water retention in SL was
much less than in sand (Figure 3-7a-c). However, while 2% PLBC amendment resulted
in less water retention in SL over a wide pF range (0.5 < pF < 3.5), 2% SRBC
amendment decreased water retention only for 2.5 < pF < 3.5. Overall, water retention
was improved more significantly with SRBC than PLBC amendment because of greater
intrapore volume of SRBC (Table 3-1) and smaller air entrapment at pF ~ 1.

Models 2, 3, and 4 were used to predict the effect of SRBC amendment on water
retention and results are shown in Figures 9b-d, and RMSEs for model fits are reported
in Table 3-3. Similar to PLBC-SL mixtures, while including the influence of water
adsorption and capillary water retention in SRBC intrapores, Models 2 and 3 improved
model fits for 7% SRBC-SL, these models resulted in no improvement in prediction of
2% SRBC-SL data. When Model 4 was employed that included SRBC’s influence on

both intrapores (adsorbed and capillary water) and interpores (Arya model), model fits
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were significantly improved with RMSEs decreasing from Model 1 by 47% and 67%
for 2% and 7% SRBC, respectively.

It is important to note that improvement in the Model 4 prediction is due to two
effects: accounting for changes in interpore volume and air entrapment at pF ~ 1.
Similar to PLBC-SL samples, the sieved SRBC lowered the amount of fine particles in
sandy loam (Figure 3-2d) and decreased the interpore volume. To reduce or eliminate
the reduction in interpore volume, finer biochar particles could be added to sandy loam.
Changes in interpore volumes were estimated in the Arya model using the PSD and dry
bulk density. Air entrapment can be determined directly from water retention

measurements, but is difficult to predict a priori.

3.4.7.5 Auvailable water capacity

Available water capacity can be defined as water retained between pF = 1.8
(field capacity) to 4.2 (wilting point), and was determined for the samples in this study
using measurements and the model predictions: Model 3 for sand/biochar mixtures, and
Model 4 for SL/biochar mixtures. The predicted versus measured plot is of averages of
the samples and presented in Figure 3-10. The available water capacity increased in
sand/biochar, where higher water capacity (0.06 to 0.1) was found in mixtures with
higher biochar content. However, in SL/biochar mixtures, available water capacity
decreased with PLBC amendment (-0.005 to -0.026). The available water capacity was
lower in PLBC/SL than SRBC/SL mixtures since the water stored in intrapores is
higher in SRBC than PLBC. Biochars can increase the available water capacity in
coarse materials [Abel et al., 2013; Kerre et al., 2017], and Sun et al. [2014] suggests
that biochars increase soil macropores to enhance water retention [Sun and Lu, 2014].

However, when organic matter was present > 9.1% in loamy sand, available water
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capacity was reduced with biochar amendment [Abel et al., 2013]. In soils with high
available water capacity, such as soils with high contents of clays or organic matter,
biochar can further reduce available water capacity [Tryon, 1948; Abel et al., 2013].
Models 3 and 4 were able to predict the direction and magnitude of the observed
change in available water capacity reasonably well, as shown in Figure 3-10. For all but
the 2% PLBC/SL mixture, biochar amendment resulted in an increase in available water
content. The results in Figure 3-10 suggest that changes in available water capacity
because of biochar amendment to an existing soil can be predicted reasonably well if
the following information is available: water retained by pure biochar and soil for pF >
3.85, PSD of both soil and biochar, MIP measurements of biochar to quantify intrapore
volume and biochar density, and estimates of dry bulk density and air entrapment in the

biochar/soil mixture.

3.5 Conclusions

In this work a conceptual model for the effect of biochar amendment on water
retention in soil was proposed that includes three processes: changes in water retention
due to adsorption in biochar intrapores, changes due to capillary water filling intrapores,
and changes due to modification of interpores. This conceptual model was then tested
on two types of biochar added to sand or sandy loam at two different mass fractions.
Four different model predictions to water retention data were tested: Model 1 is water
retention in the reference soil, Model 2 adds to the first model changes in retained water
from adsorbed and capillary water for pF < 3.85, Model 3 adds the additional capillary
water retained in biochar intrapores, and Model 4 adds changes in water retention due to

alteration of interpores.
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The impact of biochar amendment on adsorbed and capillary water for pF < 3.85
was tested with mixtures of biochar/sand and biochar/sandy loam. A simple mixing
model that incorporates the mass fractions of soil and biochar and the independently-
measured retention properties of each material worked well.

Mixtures of biochar and sand where there were minimal change in interpore
porosity permitted testing the impact of additional water retained in biochar intrapores
on water retention. Model 3 described these data well, demonstrating that mercury
intrusion porosimetry and dew point potentiometer measurements of biochar were
sufficient to predict biochar impact on water retention from intrapores.

When biochar was amended to sandy loam, changes in both intrapores and
interpores were important. Amending sandy loam with 2% (w/w) PLBC resulted in a
reduction in water retention for 0.5 < pF < 3.5. While PLBC increased water storage in
biochar intrapores, it resulted in a decrease in interpore porosity and water retention in
interpores in sandy loam, which exceeded the increase from intrapores. At 7% PLBC
amendment and for both 2% and 7% SRBC amendment, though, biochar amendment
increased water retention. Model 4 that accounted for both changes to intrapores and
interpores described these data well, although the model required air entrapment data.

In addition to advancing our conceptual understanding of how biochar alters
water retention in soil, this work provides the first example of using independent
measurements of biochar and soil properties to predict water retention in biochar-
amended media. For biochar, mercury intrusion porosimetry measurements, dew point
potentiometer data, and the particle size distribution were needed. For soil, dew point
potentiometer data, particle density, particle size distribution, and water retention data

were required. In addition, the dry bulk density of the biochar/soil mixture was needed
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and some estimate of the degree of air entrapment. These data are not expensive to
collect and can be readily obtained. Alternatively, only biochar measurements may be
made and models used to estimate the required soil properties. With such an approach,
estimates of the benefit of biochar amendment on water retention for different
biochar/soil mixtures can be made independent of direct measurement.

One limitation of this work is that the experiments and models neglect soil
aggregation, which biochar has been shown to impact in some settings. Aggregate
formation is a naturally-occurring process influenced by soil chemistry and microbial
activity, both of which are affected by biochar. In settings where soil aggregation is
significant, the models developed in this work will not apply. Future work is necessary
to develop models for understanding and predicting the influence of biochar amendment

on soil aggregation and subsequent effects on water retention.
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Table 3-1: Biochar specific surface area, intrapore volume, intrapore air-entry pressure, and biochar densities

€9

Pore
. Intrapore )
Envelope Skeletal Specific surface Intrapore ent diameter at
air-entr
. density density area volume Y air entry
Sample type pressure
pressure
gmL? gmL? m? gt mL g pF=log |ni um
cm-H,0
Fresh PLBC n.a.’ n.a. 0.8+0.2 n.a. n.a. n.a.
PLBC 0.96 £0.01° 1.72 £0.04 1.53+0.15 0.23+0.01 19+01 33zx1
Fresh SRBC n.a. n.a. 41+19 n.a. n.a. n.a.
SRBC 0.57+0.01 1.39+£0.03 350 + 30 0.83+0.01 19+01 33zx1

@ PLBC = poultry litter biochar, SRBC = Soil Reef biochar
b not available

¢ standard error



Table 3-2: Porosities and dry bulk density of samples with different biochar mass

fractions
Interpore ) Bulk density
Sample type ) Total porosity 4
porosity gcm
Sand 0.348 £ 0.001 1.74 £0.01
2% PLBC-Sand®*  0.349 £ 0.001° 0.365 £ 0.001 1.67 £0.01
7% PLBC-Sand 0.346 £ 0.001 0.395 £ 0.001 1.55+0.01
2% SRBC-Sand®  0.350 + 0.001 0.383 £ 0.001 1.61+0.01
7% SRBC-Sand 0.342 £ 0.001 0.442 £ 0.001 1.40 £0.01
Sandy Loam 0.396 £+ 0.001 1.46 £ 0.01
2% PLBC-SL® 0.392 £ 0.001 0.405 £ 0.001 1.43+0.01
7% PLBC-SL 0.377 £ 0.004 0.420 + 0.004 1.36 £ 0.01
2% SRBC-SL¢ 0.409 + 0.002 0.437 £ 0.002 1.34+£0.01
7% SRBC-SL 0.371 £ 0.001 0.460 £ 0.001 1.24+0.01

3PLBC-Sand = poultry litter biochar in 30/40 Accusand at 2% and 7% by weight
PSRBC-Sand = Soil Reef™ biochar in 30/40 Accusand at 2% and 7% by weight
°PLBC-SL = poultry litter biochar in sandy loam (SL) at 2% and 7% by weight
4SRBC-SL = Soil Reef™ biochar in sandy loam at 2% and 7% by weight

¢ + indicates standard error

64



99

Table 3-3: Root-mean-square errors of biochar water retention models

Sand Sandy Loam
Sample type
Model 1°  Model2¢  Model 3° | Model1  Model2  Model 3 Model 4°
2% PLBC? 0.015 0.009 0.008 0.012 0.015 0.016 0.007
7% PLBC 0.031 0.015 0.017 0.011 0.014 0.020 0.008
2% SRBC® 0.016 0.011 0.008 0.012 0.013 0.014 0.008
7% SRBC 0.059 0.042 0.023 0.020 0.016 0.021 0.011

aPLBC = poultry litter biochar at 2% and 7% by weight

®SRBC = Soil Reef™ biochar at 2% and 7% by weight

°Model 1: reference soil only

9Model 2: reference soil + biochar intrapore water pF > 3.85

®Model 3: reference soil + biochar intrapore water pF > 3.85 + biochar intrapore water pF < 3.85

fModel 4: reference soil + sorption + biochar intrapore water pF > 3.85 + biochar intrapore water pF < 3.85 + change in

interpore volume
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Figure 3-1: Intrapore volumes from mercury intrusion porosimetry: (a) cumulative
intrapore volumes from duplicate measurements of poultry litter biochar
(PLBC) (e/0) or Soil Reef™ biochar (SRBC) (m/0), where pF for mercury-
air system are converted to pF for air-water system; and (b) pore volume
distribution of PLBC and SRBC.
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Figure 3-2. Particle size distribution by mass (a, b) and volume (c, d) of PLBC in sandy
loam (SL) and SRBC in sandy loam at 2% and 7% by weight, respectively.
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y = -152.28x° + 74.286x%-16.13x+6.502
r’ = 0.9337
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— Polynomial regression model

T T T T T T T T T T T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0

y =-753.5x* + 94.223x% + 14.717x* - 3.8783x + 6.29231
r’ = 0.8355

B SRBC (adsorption)
O SRBC (desorption)
— — Polynomial regression model

T T T T T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Moisture content

Figure 3-3. Water sorption data for biochar: (a) total and matric potential measurements
for PLBC, and (b) total potential measurements for SRBC where osmotic effects

were negligible.
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Figure 3-4. Water sorption data for PLBC/sediment mixtures and model predictions: (a)
2 and 7% (w/w) PLBC in sand, (b) 2% PLBC in sandy loam (SL), and (c) 7%
(w/w) PLBC in SL. Solid lines in (b) and (c) are best-fits to SL data.
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Figure 3-5. Water sorption data for SRBC/sediment mixtures and model predictions: (a)
2 and 7% (w/w) SRBC mixtures in sand, (b) 2% SRBC in sandy loam (SL),
and (c) 7% (w/w) SRBC in SL. Solid lines in (b) and (c) are best-fits to SL
data.
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Figure 3-6. Soil water retention data and model predictions for mixtures of PLBC and sand. Data collected from tension
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Model 2, reference soil + intrapores pF > 3.85; and (c) Model 3, reference soil + all intrapores.
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Figure 3-7. Soil water retention data and model predictions for mixtures of SRBC and sand. (a) Model 1, reference soil;

(b) Model 2, reference soil + intrapores pF > 3.85 ; and (c) Model 3, reference soil + all intrapores.
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Chapter 4

THE EFFECTS OF BIOCHAR ON GAS TRANSPORT IN VARIABLY
SATURATED SAND AND SANDY LOAM SOIL

4.1 Background

Anthropogenic greenhouse gases have been increasing in the atmosphere with
the agriculture sector being a significant contributor, emitting 69% of the total N2O
emissions [USEPA, 2013]. A suggested strategy to reduce greenhouse gases from
agriculture production is to apply biochars. Recently, NoO emissions were reduced by
57, 57 and 74% from silt loam soil when amended with woodchip biochar of 20, 40,
and 60% (w/w), respectively [Spokas K.A. et al., 2009]. Biochar-amended soils have
reduced greenhouse gas emissions in some soils but the level of reduction may vary
[Yanai et al., 2007; Sohi et al., 2010; Spokas et al., 2012a; Luz Cayuela et al., 2013].

Understanding the processes affecting gas migration through soils is important
when predicting the emission of greenhouse gases. Biochar amendment to soil can alter
soil-gas transport properties, which could play a significant role in N2O flux. The two
gas transport parameters, relative gas diffusivity (Dp/Do) and gas permeability (ka), are
traditionally used to characterize soil gas transport, and they depend on the air-filled
porosity (¢). Relative gas diffusivity is the ratio between the gas diffusion coefficient in
soil (Dp) and the gas diffusion coefficient in free air (Do). The gas permeability, ka
(um?), is similar to water permeability where the flow of gas is governed by the pore
structure of materials. It is another gas transport parameter where the air pressure
gradients drive the gas movement through air-filled pores, often used in conjunction

with Dp/Do to characterize soil structure [Kawamoto et al., 2006b; Arthur et al., 2012;
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Sun et al., 2013]. Pore size and pore connectivity significantly affect gas transport: gas
permeability is most significantly affected by the diameter of the pores, whereas the
relative gas diffusivity is governed by the pore connectivity [Jury et al., 1991].

To understand the effect of biochar on gas transport parameters, Sun et al.
[2013] measured gas transport in biochar-amended sandy loam where ~20 tons ha* of
Birchwood biochar produced at 500°C was harrowed into the top 0 — 20 cm of sandy
loam (Typic Hapludalf). Ryegrass was grown on the plot for seven months before intact
cores (3.5 cm x 6.1 cm, length x diameter) were collected for Dy/Do, gas permeability,
and soil-water retention measurements [Sun et al., 2013]. For samples at the same air-
filled porosity (&), biochar did not alter Dp/Do or ka: over the range 0.05 < ¢ < 0.5, when
¢ was the independent variable Dp/Do and ka were the same for biochar-amended and
biochar-free samples. On the other hand, biochar amendment increased total porosity
and water retention of the sandy loam by 11% and 3%, respectively [Sun et al., 2013].
Sun et al. [2013] suggested that the 20 ton ha® application rate was too small to show an
improvement in gas transport, and higher gas transport parameters (Dp/Do, and ka) were
expected with larger biochar application rates. When Sun et al [2013] plotted Dy/D, and
ka as a function of matric potential (in pF) between 2.0 < pF < 3.0 instead of as a
function of ¢, there were increases in ¢ (28 — 34%), Dp/Do (53 — 161%), and ka (69 —
223%) with biochar-amendment. It was suggested that biochars changed the pore
characteristics of amended soils resulting in increased ¢ at particular pF that led to
increases in Dp/Do and ka [Sun et al., 2013].

As an extension to the Sun et al. [2013] study, gas permeability was measured

by Kumari et al. [2014] in intact cores (8 cm x 10 cm, length x diameter) collected from
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the same site [Kumari et al., 2014]. Higher gas permeability was measured for sandy
loam than biochar-amended sandy loam for samples with nearly identical volumetric
water contents (0.25 — 0.28). Kumari et al. [2014] suggested that small pockets of high
water content in biochar-amended sandy loam may have reduced ka [Kumari et al.,
2014].

Recently, compacted biochar-amended clay was evaluated as an alternative
landfill final cover [Wong et al., 2016]. The purpose of having a final cover is to reduce
landfill gas generation and to minimize stormwater infiltration that leads to the
production of leachate. Compacted clay is commonly used, but biomass compost and
wastewater sludge have been used as an alternative to produce biologically active
landfill covers by increasing both the water content and air-filled porosity to enhance
microbial populations responsible for reducing landfill gas emissions. The major
disadvantage of using compost or sludge is that they are easily degradable, reducing the
lifespan of the landfill final cover. Biochars are known to be more recalcitrant from
degradation than compost [Lehmann and Joseph, 2009]. Thus, Wong et al. [2016]
investigated the effect of peanut shell biochar amended clay on gas permeability to test
its feasibility as an alternative component in landfill final covers [Wong et al., 2016].
The peanut shell biochars were produced by slow pyrolysis at 500°C and sieved to 425
pm then amended to kaolin clay at 5, 10, and 15% (w/w) [Wong et al., 2016]. Wong et
al. [2016] suggest that biochars decreased ka with increasing biochar application rates
when the gas permeability was measured at 35% gravimetric water content. Further
examination of scanning electron microscope (SEM) images suggested that while the

sieved biochars were larger than clay particles, clay clogged biochar intrapores (pores
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on biochar surfaces) and interpores (pores between particles), reducing the gas
permeability especially in samples with higher compaction [Wong et al., 2016].

Very few studies have examined the impact of biochar amendment on gas
transport properties of soil. For soils, relative gas diffusion and gas permeability are
usually described as functions of air-filled porosity. In the single study that examined
biochar-amended soil in this fashion, data from biochar-free and biochar-amended soils
collapsed when plotted against air-filled porosity. This implies that air-filled porosity is
the single parameter that can be used to describe biochar’s impact on gas transport
properties. However, | hypothesize that air-filled porosity alone is not sufficient to
describe the influence of biochar-amendment on relative gas diffusion and gas
permeability. Air-filled pores may be interpores or intrapores when biochar is present,
and the division of air-filled porosity between these two pore classes should affect gas
transport. Secondly, | hypothesize that in many soils biochar particles, which are
typically more angular and elongated than soil grains, will increase tortuosity and thus
reduce gas transport, and thus result in different gas transport parameters for biochar-
free and biochar-amended soil at the same air-filled porosity. These two hypothesis will
be tested by amending a uniform sand and a sandy loam with two biochars: poultry
litter biochar (PLBC) and Soil Reef™ biochar (SRBC).

The PLBC particles are more rounded and less angular than SRBC, and thus are
expected to affect tortuosity less. SRBC has 113% more intrapore space than PLBC.

Experiments using these sediments and biochar particles are described next.
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4.2 Materials and Methods

4.2.1 Sample preparation

Two biochars were employed: poultry litter biochar (PLBC) produced from
poultry litter obtained from Purdue AgriRecycle (Seaford, DE, USA), and Soil Reef™
biochar (SRBC) (The Biochar Company in Berwyn, PA, USA). These two biochars
were chosen for comparison since the feedstock source, production, and physical
characteristics differed. The poultry litter biochars were produced from a slow pyrolysis
system at 300°C [Song and Guo, 2012], and SRBC was produced from Southern
Yellow Pine by a continuous system heated to 550°C for 10 min. The elemental
contents for these biochars are reported elsewhere [Teixido et al., 2011; Song and Guo,
2012].

Biochars were rinsed separately in deionized water until they were classified as
wettable after carrying out the Water Drop Penetration Time tests on rinsed/oven-dried
biochars [Yi et al., 2015]. The biochars were subsequently sieved between #30 (0.595
mm opening) and #35 (0.5 mm opening) sieves. The biochar particles with a geometric
mean diameter of 0.545 mm collected on #35 sieve were used.

Each biochar was mixed at 7% (w/w) with uniform sand (30/40 Accusand,
Unimin Co., Le Sueur, MN, USA). The sand was pretreated first by rinsing in deionized
water until the water turned clear, oven-dried at 105°C for 24 hr, then sieved between
#30 and #35 sieves before mixing with the biochars. Samples of 7% PLBC mixed with
sand is referred to as 7%PLBC-Sand, and 7% SRBC mixed with sand as 7%SRBC-
Sand.
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An agricultural soil collected from the top 30 cm of soil in Smyrna, Delaware
(USA) was dried at 105°C for 24 h and then crushed using a mortar and a rubber-tipped
pestle to break apart aggregates. The particle size distribution was determined using
sieve analysis [ASTM Standard C136-06, 2003], and the soil was characterized as sandy
loam (SL). Biochars were then mixed at 7% (w/w) with SL and identified as 7%PLBC-
SL for poultry litter biochar and 7%SRBC-SL for Soil Reef biochar.

All sample mixtures were packed into individual aluminum cores 4.2 cm height
and 8 cm inner diameter. The empty core volume was checked individually by filling
with water and weighing the weight of water on a tared scale. The volumes of the
aluminum cores were all ~ 210 cm?®,

The sand and biochar-sand mixtures were packed dry using a two-tiered screen
system to ensure uniform packing inside the metal cores by using momentum to
minimize preferential settling [Arya and Paris, 1981]. Because the density of sand and
biochar were different, segregation of sand and biochar particles may occur during
packing; therefore, the samples were packed using a funnel at the end of the screen
system and the free-fall height was reduced to minimize sand-biochar segregation. The
samples were tapped and compacted to evenly distribute the particles until the cores
were packed to the rim. Excess particles that collected around the outside perimeter of
each sample core were carefully brushed off and weighed, and these masses used to
correct the actual sample masses packed into the cores. The samples were individually
weighed to obtain the dry bulk densities.

Particle segregation increases with increasing particle size range, and sandy

loam is expected to segregate more easily during packing than uniform sand because it
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has a wider particle size distribution [Tang and Puri, 2004]. Therefore, a published
procedure for repacking soil was employed to prepare the SL and biochar-SL sample
cores [Poulsen et al., 2008]. In this procedure ~1 cm thick layer of the oven-dried
samples was placed at the bottom of each metal core. Then, this layer was gently
compacted using a glass rod to gently press the sample while avoiding breakage of
biochar particles. The top surface of the 1-cm tall section was scratched with a thin
metal spatula, and the next 1 cm thick layer added. This procedure was repeated until
each sample core was packed to the rim. The samples were individually weighed to
obtain the dry bulk densities.

All sample cores were slowly saturated in de-aired deionized water. Samples
were placed in a large plastic container, and water was added to this container in 1-cm
increments hourly until the water level was near the top of the sample cores (~2 mm).
The samples were then set overnight in water to reach full saturation. Samples were
then drained incrementally using the tension table and the pressure plate extractor to
achieve desired water contents. At each desired volumetric water content, samples were
weighed and gas transport measurements conducted, as described below. The samples
were then placed back on the water extractors (tension table or pressure plate extractor)
to further remove water in the samples, and gas transport measurements repeated at
selected volumetric water contents. When samples were near residual water content, the
samples were discarded. The cores were repacked with fresh materials and the
experiments were repeated. Eight repacked samples were made for sand, three repacked
samples for 7%PLBC-Sand, and three repacked samples for 7%SRBC-Sand. Two

repacked samples were made for each sample type for SL and biochar-SL samples.
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4.2.2 Air-filled porosity

Intrapore volume was measured on both rinsed/sieved biochars using mercury
intrusion porosimetry (MIP) (Micrometrics Analytical Services, Norcross, GA, USA).
The skeletal density of biochar, which is the absolute density of biochar, was also
determined using MIP. The detailed MIP results for PLBC and SRBC are described in
Chapter 3. From the MIP data, water that drained from intrapores at each pressure step
was estimated (Figure 4-1).

The average particle skeletal density for each sample was calculated from

Ps = T % [4-1]
Pbc  Ps
where % is percent weight of biochar (7%), %s is percent weight of sand or sandy
loam (93%), puc is the skeletal density of biochar obtained from the MIP test, and ps is
the particle density of sand or sandy loam. The particle densities of the reference
materials were obtained from the pycnometer test and were 2.66 g cm for sand and

2.42 g cm™ for sandy loam.

The air-filled porosity of each sample was found by determining the volume of

air in the sample, V,, at a given sample water content

Vo= Vp— 22— o

Ps Pw [4-2]

where V7 is the total volume (volume of the aluminum core), Ms is the dry mass of
solids in the sample, My is the mass of water in the sample, and pw is the density of

water.
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The total porosity (@) at the total air filled volume (Va) was determined by

b = Va — (pintra + (pinter [4_3]
Vr

where the total porosity is the sum of the total intrapore porosity (@) and the total
interpore porosity (@),
The total air-filled porosity at each pressure step i (g;) is the sum of the air inside

the intrapores (%) with air filled inside the interpores (£*¢"), expressed as

i M M,,,i

where the £ is estimated from the MIP results using the volumetric water content

inside biochar at each pressure step i (A8"*) from equations [3-5] in Chapter 3. This
was accomplished by using the cubic spline function to interpolate the data at the same
matric potential to find /™", Using equation [4-4], the air-filled porosity at each
pressure step i can be obtained by using the mass of water at each step i (Mw,i). The ¢;

and £™7 are measured and £™*" is calculated from the difference between &; and

intra

€

The actual measurements of the intrapore and interpore drainage for the biochar
mixtures were determined using the water retention curves from Chapter 3 to obtain the
equivalent pressure using porosity as the independent variable. Because pressure
controls the draining of water from soil pores, it will then control the ¢. Therefore, these

plots were included in this chapter.
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Thus, the % water filled in intrapores (% 6™t") from each pressure step i can

be obtained from

—lntra

0% gintra = Tui__ v 1009, [4-5]

thra

where Vvivf‘i”“ is the incremental water volume inside biochar at pressure step i, and
V4 s the total intrapore volume of biochar estimated from MIP data (details in

Chapter 3, Figure 3-2). The % air-filled porosity inside the intrapores (% £"%) can be

—Lntra

Va
obtained from _mtm x 100% where V;’l‘tmls the volume of air inside the intrapores at

each pressure step i found using V[7e= pintra _ yintra

Similarly, the % air-filled porosity of the interpores at pressure step i (% £**¢")
was also calculated by the volume of air inside the interopore space at each pressure
step i (V¢™) divided by the total interpore volume (V/™*¢"), where Viiter=y, - pinire,

and V, is the total air filled pore volume from equation [4-2].

—inter

0p ginter = Zari_ y 1009 [4-6]

ther

4.2.3 Gas diffusion

Relative gas diffusivity of all samples was measured using the Currie method
[Currie, 1960a; Currie, 1960b]. Each repacked sample core was placed on top of the
sliding plate diffusion apparatus and sealed tightly with rubber O-rings and Dow
Corning® High Vacuum Grease to prevent leaks [Dane and Topp, 2002; Mostafid et

al., 2012]. The diagram and the specifications of the diffusion apparatus are shown in
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Figures C1 and C2 in Appendix C. Once a soil sample was secure and the sliding plate
closed, 3 mL of Grade 5 (99.99 % pure) helium tracer gas was injected into the bottom
of the diffusion chamber. A small fan inside the diffusion chamber mixed helium and
resident air, and 1 mL sample was extracted from the bottom diffusion chamber to
measure the initial helium concentration (Co) using a gas chromatograph equipped with
a thermal conductive detector (GC-TCD) (Model 8610C, SRI Instruments, Inc.,
Torrance, CA, USA). About 3 — 5 samples were measured to quantify C, for each
experiment.

After C, was determined, the metal plate separating the bottom chamber from
the soil-sample chamber was slid open allowing helium to diffuse through the soil
sample. Gas samples from the bottom chamber were then collected and measured to
obtain the helium concentrations through time: 1 mL of gas from the bottom diffusion
chamber was injected into the gas chromatograph every 2 — 3 min. The time was
recorded for every measurement until the helium was nondetectable.

The Currie method was used to obtain D, by applying Fick’s first law of
diffusion to the diffusion apparatus [Dane and Topp, 2002]. The Curry method assumes
that the soil is uniform with respect to the diffusion coefficient and the air-filled
porosity is constant over space and time. In an open system, the relative helium

concentration in the bottom chamber, C;, reduces to

Dpa’t
2Cp exp(— p81 )

L(a2+ cp?)+cp

G = [4-7]

where the helium-air content at the upper boundary of the soil sample chamber (Cy) is

calculated using Ch = ¢/aec, Where ¢ is the air-filled porosity of the sample, a is the
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length of the diffusion chamber, and & is the air content inside the diffusion chamber
which is 1.0. L is the depth of the soil, t is time, and a; is the positive root of (al) tan
(al) = CnL. Thus, the plot of In (C;) as a function of time becomes linear with slope
—D, a?/ & for sufficiently large t [Dane and Topp, 2002].

The diffusion coefficient (Dp) in cm? sect is normalized by D, (cm? sec?),
which is the binary diffusion coefficient of helium in air [Fuller et al., 1966]:

0.001 T175 /Ma*'MHe
' MgM
_ aMye [4-8]

o 1/3 1/3
P, +vil3y2

where T is temperature (K°), Ma is molecular weight of air (28.97 g mol™), My is the
molecular weight of helium (4 g mol™), Va is molar volume of air (20 cm® mol™), Vie is
molar volume of helium (2.88 cm® mol™?), and P is pressure in atm [Fuller et al., 1966].
The method was tested by determining the diffusion coefficient of helium in pure, dry
sand which was then compared to a published reference value for this sand. The Dy/Do
of 20/30 Accusand ranged between 0.12 to 0.21 for air-filled porosity between 0.35 to
0.36, values consistent with those from previous studies for this medium [AbuEIShar

and Abriola, 1997].

4.2.4 Gas diffusion models
Several classic models that describe relative gas diffusivity of sieved and
repacked soils as a function of air-filled porosity were used to analyze the laboratory

data. One of the oldest models is the Buckingham model [1904] expressed as
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2 = 2 [4-9]

The Buckingham model is used for describing diffusivity of granular materials using
total air-filled porosity (@) as a single parameter [Buckingham, 1904].
The Penman-Call (PC) model [1957] includes a constant inactive pore space

term (ein) where the inactive pore space is typically &in = 0.1 with air-filled porosity (e).

?: 0.66 (¢ — &) ; if &n< & [4-10]
Z_z =0 ; Iif ein> €

This model has a tendency to overestimate diffusion when relative gas diffusivities are
small, and it is often used for estimating gas diffusion of soils with high organic matter
content.

The Millington-Quirk (MQ) model [1961] is the most commonly used model to

predict relative gas diffusivity of granular materials or repacked soils

D 10/3
o= — [4-11]

The theory behind the MQ model was developed by assuming that particles are
spherical, and therefore the solid and pore systems are symmetrical.

The Penman-Millington-Quirk (PMQ) model derived by Moldrup [1997] and
best descxribes the relative gas diffusivity in sieved, repacked soils and is independent

of soil type [Moldrup et al., 1997]. It is expressed as
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Dp _ £5(12-m)/3 -
o = 0.66 P() [4-12]

where m is a fitting constant that represents tortuosity. For soils with high tortuosity m =
3, while for soils with medium tortuosity m = 6. For pure sands and different loamy
soils that are sieved/repacked, m = 6 best described gas diffusivity [Moldrup et al.,
1997; Moldrup et al., 2000].

The variable inactive pore space (VIPS) model has also been used to describe
gas diffusion in repacked soils

d—¢
Dd— Eth

o= (e~ [ en)” [4-13]
where e is the threshold air-filled porosity below which gas-filled pores are
disconnected and gas diffusion ceases. Typically, en = 0.1 is assumed even though it
can range from 0 to 0.2. A fitting parameter V is also used in the model, where V = 1.58
worked well for repacked soils [Moldrup et al., 2005a].

Archie’s law correlates relative gas diffusivity with air-filled porosity and is
similar to the Buckingham equation, but uses a fitting parameter [Archie, 1942;

Grathwohl, 1998].

2o g [4-14]

where m” is the cementation factor and is fitted using the measured data. The m” value
depends on the pore geometry of the porous media. Buckingham assumed m” = 2
[Buckingham, 1904]. Peng et al. (2012) reported several m” values and concluded that

m” is related to the mean pore diameter (dso) [Peng et al., 2012]
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m* = —0.591Indg, + 1.63 [4-15]

These six models for gas diffusion in soil are used below when analyzing gas

diffusion data from biochar-amended soil.

4.2.5 Air permeability

After the diffusion measurement, air permeability was measured for each
sample. The packed soil columns were individually placed on top of an apparatus
flowing with air from the bottom chamber with adjustable flow rates ranging from 0 —
20 L min! using a flow meter (Cole-Parmer Flow Meter, Vernon Hills, L) to measure
ka of biochar-amended soils directly after measuring the diffusion coefficients. A
number of the soil samples during the experiment started forming cracks during the
tests and these data are not presented. A visual inspection also showed some samples
were drying out excessively during the experiment. The air from the installed air-line in
the laboratory was used. It is unclear if the air used for the analysis were saturated with
water vapor. The samples were weighed before and after the experiment to check for
moisture loss. The data with a change in weight after the experiment are not presented
here.

The diagram of the air permeability apparatus is shown in Figure C3, Appendix
C. The outlet was attached to a pressure gauge (Testo 506, Lenzkirch, Germany) to
measure the pressure difference at each flow rate across the soil sample. The Darcy-
Forchheimer equation that describes the energy losses through both viscous and inertial

effects was applied to obtain Ka.
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= gt Crpadd [4-16]

where P in dPJ/dL is the air pressure gradient across the sample length (L), Ha is the
kinematic viscosity of air, ka is the gas permeability, ga is the Darcy velocity for gas, Cs
is the fitted coefficient from the ga— dPa data that depends on air filled porosity, and pa is
the air density. Equation [4-16] was used to determine Cs and ka using Excel function of
SOLVER by fitting the nonlinear regression. This expression accounts for turbulent flow

in the sample through the second ga term with Cs [Poulsen and Blendstrup, 2008].

4.2.6 Statistical analysis of gas diffusion
Bias was measured to evaluate overestimation or underestimation of data with

the models and was computed from

bias = %Zli\]:l d? [4-17]

where di is the difference between the predicted and the measured value of relative gas
diffusivity (Dp/Do) at a given air-filled porosity (or at a given soil-water matric
potential) and N is the number of measurements in the data set. The root mean square
error (RMSE) was also used to evaluate the model performance.

RMSE = %zgvzl d? [4-18]

1
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4.3 Results & Discussion

4.3.1 Air-filled porosity

The averaged total porosities (&), total intraporosity (&'"?), the ratio between
intraparticle air-filled porosity and interporosity (@M% @) and the bulk densities for
gas transport samples are tabulated in Table 4-1. In general, total porosity increased
with biochar addition in both sand and sandy loam mixtures, and the bulk density
decreased with biochar addition. Table 4-1 shows that the @M was 0.024 (sand) and
0.023 (SL) for PLBC, and 0.076 (sand) to 0.077 (SL) for SRBC. The increase in the
intrapore porosity is variable depending on the biochar type [Brewer et al., 2014]. The
ratio of @'""3/ @ which likely represents the immobile fraction of porosity, also
depended on the biochar type as shown in Table 4-1. Because SRBC had a higher
intrapore volume than PLBC (PLBC = 0.23 ml g, SRBC = 0.83 ml g1, the porosity
was higher in SRBC mixtures than PLBC: 5% more in sand and 16% more in SL. The
ratio of @""3/ @M was also lower in PLBC mixtures (~0.06) than SRBC mixtures
(0.18 - 0.22). Adding biochar increased @™" in sand by 9% with PLBC and 13% with
SRBC, decreased @™ by 2% with PLBC in SL, and increased @™ by 4% with SRBC
in SL. As will be shown below, SRBC particles although sieved to the size as PLBC are
more elongated and thus resulted in more interpore volume when packed with the
uniform sand.

There was a large difference in interporosity in biochar/sand mixtures in Chapter
3 versus Chapter 4. There was a difference up to 13% in interporosity, while there was a

difference of 2% in Chapter 3. The packing methods were the same, but the column size
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may have affected the packing of the columns. The metal cores used in this chapter had
taller columns (4.2 cm height x 8 cm inner diameter) than metal cores in Chapter 3 that
measured 3.6 cm height x 7.7 cm. This may have caused a larger interporosity in the
samples used in this chapter.

In sand, PLBC lowered the bulk density by 10% and SRBC lowered the bulk
density by 26%. Adding biochar to sandy loam also lowered the bulk density by 9% in
PLBC-SL and 16% in SRBC-SL. The bulk densities were lowered because of larger
intrapore volume and smaller skeletal density of SRBC versus PLBC: the skeletal
density was 1.72 g mltand 1.39 g mlI** for PLBC and SRBC, respectively (Chapter 3).

It should be noted that skeletal densities from the same feedstock material can
vary with pyrolysis temperature. Brewer et al. [2014] showed that wood biochar
pyrolysized at ~300°C had an intraporosity of 0.55, whereas at 700°C the intraporosity
was ~ 0.7 [Brewer et al., 2014]. The total porosities and bulk densities from samples

used to measure water retention data are also shown in Table 4-1.

4.3.2 Biochar intrapores

The intrapore drainage curves for 7%PLBC-Sand and 7%SRBC-Sand as a
function of g; at 7% (w/w) are shown in Figure 4-1a. The bulk densities of these
samples were different than the bulk densities of samples used to measure gas transport
(Table 4-1). These plots were calculated from the water retention curves from Chapter
3, to obtain &; at their equivalent matric pressure. For the water retention measurements
in sand, the & were lower with higher bulk densities. Therefore, in Figure 4-1a, the

measured water retention data did not exceed the @ = 0.4. In biochar sandy loam
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mixtures, the total porosity was slightly higher in the water retention measurements
with lower bulk densities. Therefore, the interpolation was not performed for @ > 0.4
from limited data at higher porosities.

Young-Laplace equation of capillarity shows that pores release water at
pressures inversely proportional to the pore size (Chapter 3, equation [3-1]). The pore
size distribution is believed to yield the most general form of water retention model;
therefore, the soil-water retention curves from Chapter 3 were used to interpolate the
corresponding matric potential. The purpose of interpolating the data was to find the
corresponding matric potential for the gas transport/air-filled porosity, assuming that at
the same matric potential, the air-filled pore space dimensions (pore radius, rp) will be
comparable between the samples with the same biochar amendment. The details of
water retention measurements and results are found in Chapter 3, Section 3.4.5.

The volumetric water contents of biochar intrapores from the water retention
curves in Chapter 3 were also plotted on the secondary axis of Figure 4-1. Figure 4-1a
shows that water held inside intrapores for both biochars did not drain when ¢ increased
from 0 to 0.33, since water from larger interpores drained first. The data suggest that the
interpores drained similarly between the two samples at the same matric potential,
because the biochars-sand mixtures were sieved to the same size and thus had similar
intepores. The biochar volumetric water content was higher in 7%SRBC-Sand than
7%PLBC-Sand at full saturation, since SRBC larger intrapore volume that held more
water [Marsiello et al., 2015]. Beyond the total air-filled porosity of ¢ > 0.33 (matric
potential of pF = 1.9) (Figure 4-1b), water drained from the intrapores. The air-entry

pressure was pF = 1.9 for both biochars (Figure 4-1b, and Chapter 3).
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Figure 4-1c and Figure 4-1d show intrapore drainage for 7%PLBC-SL and 7%
SRBC-SL when particle size distribution of reference soil is different than that of
biochar. Volumetric water content of intrapores are also plotted on the secondary axes
in these figures. The percentage of water filling intrapores decreases with increasing e,
similar to results for biochar-sand mixtures. The 7%PLBC-SL released water from
intrapores at ¢ ~0.03 and at ¢ ~0.06 for 7% SRBC-SL, even though the air-entry
pressure for both biochars were pF = 1.9.

For both sand and SL mixtures, SRBC had higher intrapore volumetric water
content, but had lower percentage of water filled inside the intrapores at the same air-
filled porosity than PLBC: SRBC drained more readily, since a larger percentage of the
intrapore volume was associated with larger intrapores. However, the total air-filled
porosity from the intrapores was higher for SRBC for both sand and SL. Larger pores
promote gas transport, whereas smaller pore sizes reduce gas transport in comparison.
Because gas diffusion only occurs through connected air-filled pores [Moldrup et al.,
2000], intrapores may not participate significantly in gas transport, even if they are air-
filled. Some intrapores in biochar may be dead end pores. Soil pores that are not
involved in gas transport is often referred to as ineffective pore space [Moldrup et al.,
2000; Fujikawa and Miyazaki, 2005]. Thus, biochars with higher intrapore volume may

not improve gas transport in soils despite increasing soil porosity.

4.3.3 Gas diffusion

Figure 4-2a shows the relative gas diffusivity as a function of ¢ for biochar-

amended sand samples. The summary of the total porosity, intraporosity, and bulk
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density for these samples are listed in Table 4-1. The red lines indicate the percentage of
air-filled porosity contribution from interpores for each biochar, calculated using
equation [4-6]. The diffusivity increased with increasing air-filled porosity
proportionately for the samples in Figure 4-2a after interpores started draining around ¢
= 0.14. The interpores in biochar-sand mixtures accounted for 100% of the air-filled
porosity until ¢ ~ 0.33 (pF = 1.9), when water started draining from intrapores.

Because biochars were sieved to the same particle size as sand, it was presumed
that both PLBC and SRBC would have similar diffusivity in sand until the water in
intrapores started draining. The air-filled porosity included both interpores and
intrapores beyond ¢ > 0.33. However, the 7%SRBC-sand mixture had a lower Dy/D, for
0.2 <& < 0.3 compared to sand and 7%PLBC-Sand. The relative gas diffusivity
decreased with both 7% biochar amendments at ¢ < 0.3 (Figure 4-2a).

Figure 4-2b shows relative gas diffusion in sand as a function of air-filled
interporosity (¢™"), which was postulated to be a better measure of connected gas-filled
pores than the total air-filled porosity. Even when plotting data against ™" the lowest
relative gas diffusivity was observed on 7%SRBC-Sand similar to Figure 4-2a. At both
¢ and £ < 0.33, the Dyp/D, 0f 7%SRBC-Sand was 18% lower than 7%PLBC-Sand.
Even though biochars and sands were sieved to the same particle size, data suggests that
the connectivity of interpores were lower and the tortuosity higher for 7%SRBC-Sand
when water in intrapores were completely filled with water. Once the biochar intrapores
began to drain (¢™¢" > 0.33), there were no observable differences in Dy/Do in Figure 4-

2Db.
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Figure 4-2c shows the Dy/Do of biochar in SL as a function of total air-filled
porosity. Water inside the intrapores started draining at ¢ = 0.04 and ¢ = 0.06 for PLBC
and SRBC, respectively. Both inter/intrapores started releasing water at a relatively low
air-filled porosity (e > 0.1) compared to sand (¢ > 0.3). The diffusivities were similar for
all media at & > 0.2, even though both biochar amendments increased interpores and
intrapores in the samples. Both biochar amendments had only a small effect on relative
gas diffusivity for the entire & range (Figure 4-2c).

Figure 4-2d shows the relative diffusivity of SL and biochar-SL mixtures as a
function of ¢™". PLBC and SRBC had higher diffusivity than SL after removing the
effect of intrapore porosity. When the intrapores started draining along with the
interpores, the tortuosity was lowered and relative gas diffusivity was higher in both
biochar-SL mixtures. As the water drained between the particles simultaneously with
water trapped inside the intrapores, higher interconnected pore spaces were likely
available for gases to migrate through the biochar-SL mixtures.

The two major parameters that control the migration of gases in porous media
are ¢ and the degree of connectivity, as typically expressed by tortuosity [Moldrup et
al., 2001]. Gas diffusion decreased in sand with the addition of biochar when plotted
against total air-filled porosity. When the gas diffusion was assessed against the air-
filled interporosity, it showed that tortuosity was reduced with biochar, both in sand and
SL. The data suggest that the intrapores contribute to gas diffusion much less than an
equivalent volume of interpores, likely because intrapores have reduced pore continuity.
When intraporosity was removed as shown in Figure 4-2b and Figure 4-2d, the

tortuosity of the biochar mixtures decreased and Dp/D, increased. Hence, larger total
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porosity of biochar-amended media does not always provide higher gas diffusion
through soils.

Data further suggest that the shapes of PLBC and SRBC biochars altered the
interpores. Despite 7%SRBC-Sand having higher total porosity (0.5) than 7%PLBC-
Sand (0.43) and sand (0.37) (Table 4-1), the relative gas diffusivity was the lowest for
7%SRBC-Sand even before intrapores water started draining. Porosity tends to increase
when elongated shaped particles are added to spherical particles [Deng and Dave,
2013], indicating that biochar shape may have altered the interpores despite sieving the
sand and biochar particles to the same diameter. However, when the volume of inactive
pores exceeds the volume of active pores that influence tortuosity, diffusivity can
decrease even at a higher air-filled porosity [Fujikawa and Miyazaki, 2005]. It is likely
that this process was occurring in biochar amended mixtures, which was more evident

in sand than in SL.

4.3.4 Gas diffusion models

Figure 4-3 and Figure 4-4 show predictions or fits of the gas diffusion models
for the experimental systems. The Buckingham, PC, and MQ models are predictive
models with no fitting parameters, whereas the PMQ and the VIPS models were fitted
to data (equations [4-9] to [4-13]). The value of inactive pore space constant (PC) or the
threshold air-filled porosity (VIPS) when gas diffusion ceases was assumed to be ¢in =
0.1 and & = 0.1; model accuracy improved when using ein = 0.1 for 18 repacked soils
tested with the PC model [Moldrup et al., 2005a]. Biochar may increase the threshold

air-filled porosity by increasing the variation of pore spaces for air entrapment and air
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connectivity in the media. Nevertheless, &in = 0.1 and en = 0.1 was assumed when
evaluating the PC and VIPS models.

In Figure 4-3 the models were applied using the total porosity for & and
traditional total air-filled porosity for ¢ in the models. Table 4-2 lists the RMSE of these
model results shown in Figure 4-3. Figure 4-3 shows the simultaneous effects of both
interpore and intrapore porosity on tortuosity and inactive pore space. In Figure 4.4 the
models were applied using interporosity for @ and air-filled interporosity for ¢ in the
models. Evaluating the data this way shows the influence of interpores on tortuosity and
inactive pore spaces by removing the intraporosity in the models. This will distinguish
if either interpore or intrapores are responsible for the changes in the gas connectivity. It
will also show if air-filled intrapore volume is an important parameter affecting the
models. Table 4-3 lists the RMSE of the models when air-filled interporosity was used.

The Buckingham model predicted the data relatively well in 7%PLBC-Sand
(RMSE = 0.049 in Figure 4-3, RMSE = 0.063 in Figure 4-4), but overestimated
7%SRBC-Sand (RMSE = 0.065 in Figure 4-3, RMSE = 0.062 in Figure 4-4). The
Buckingham model performed particularly well in sand at low air-filled porosities but
underestimated diffusion at high air-filled porosities. It predicted the data better in SL
mixtures with RMSE ~ 0.02 in Figure 4-3 compared to sand (RMSE = 0.046). The
RMSE for 7%PLBC-SL and 7%SRBC-SL were higher at 0.03 and 0.047 when air-filled
interporosity was used as shown in Figure 4-4. The Buckingham model has limitations
for repacked soils with high clay content [Moldrup et al., 2005b], thus using this model

for predicting relative gas diffusivity is not advised for all soil textures.
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The PC model was the worst performing model for all samples, with RMSE
ranging from 0.026 to 0.09 for all mixtures in sand and SL mixtures. The PC model is
best applied on samples with high organic content, and it overestimated relative gas
diffusivity for all samples in this study. The PC model includes a constant inactive pore
space for the entire range of data that may have caused the overprediction.

The performance of predictive models in Figure 4-3 and Figure 4-4 shows that
the MQ model performed the best for models without any fitting parameters for sand
(Figure 4-3) (RMSE = 0.016, Table 4-2), since this model is best applied on pore
systems with spherical particles. However, the MQ model overpredicted diffusion in
7%SRBC-Sand (RMSE = 0.089 in Figure 4-3, RMSE = 0.062 in Figure 4-4), and
underpredicted it in SL (RMSE = 0.04), 7%PLBC-SL (RMSE = 0.026 in Figure 4-3,
RMSE = 0.027 in Figure 4-4), and 7%SRBC-SL (RMSE = 0.019 in Figure 4-3, RMSE
= 0.034 in Figure 4-4).

The fitted PMQ and VIPS models yielded the best performance among all
models tested, as shown in Figure 4-3 and Figure 4-4. The PMQ model fitted a
tortuosity parameter (m). The tortuosity parameter range is 1 <m < 6, where m = 6
represents lower tortuosity, m = 3 for medium tortuosity, and m = 1 for high tortuosity
[Moldrup et al., 1997]. The PMQ model results with & = total porosity and ¢ = total air-
filled porosity showed that sand had the lowest tortuosity m = 3 (RMSE = 0.015),
followed by 7%PLBC-Sand with m = 1.8 (RMSE = 0.045), then 7%SRBC-Sand with m
=1 (RMSE = 0.042). Thus, addition of biochar increased sample tortuosity. The PMQ
model in Figure 4-4 and Table 4-3 had m = 1.9 (RMSE = 0.04) and 1.0 (RMSE 0.053)

in 7%PLBC-Sand and 7%SRBC-Sand, respectively, when @ = interpore porosity and ¢
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= air-filled interporosity. Thus, even when only interpores are considered, biochar
amendment increased tortuosity when amended to the uniform sand.

The PMQ model showed that tortuosity was the lowest in 7%PLBC-SL (m =
5.4, RMSE = 0.008), followed by 7%SRBC-SL (m = 3.6, RMSE = 0.015) when & =
total porosity and ¢ = air-filled porosity. The highest tortuosity (m = 2.3, RMSE 0.027)
was on SL as estimated by the PMQ model. When the intrapores were removed to
evaluate the effects of interpores alone as shown in Figure 4-4 and Table 4-3, the
tortuosity remained low for 7%PLBC-SL (m = 6.1, RMSE = 0.008), but 7%SRBC-SL
had the lowest tortuosity (m = 6.4, RMSE = 0.011). This shows that intrapores affect
tortuosity, and SRBC with a higher interporosity had lower Dp/D, as shown in Figure 4-
2a and 4-2b.

The VIPS model performed well overall for all samples tested. The VIPS model
fitted the parameter V that represents variable inactive pore space, which was developed
based on the concept that inactive pore space decreases linearly with increasing air-
filled porosity [Troeh et al., 1982; Moldrup et al., 2005a]. The VIPS model (Figure 4-3
and Table 4-2) shows that the variable inactive pore space was highest in 7%SRBC-
Sand (V = 2.08, RMSE = 0.056), followed by 7%PLBC-Sand (V = 1.69, RMSE =
0.041) and sand (V = 1.57, RMSE = 0.024), with & = total porosity and ¢ = air-filled
porosity. The models supported the assumption that increased total porosity with
biochar addition may not enhance gas diffusion, but reduce the relative gas diffusivity
by increasing both tortuosity and inactive pore spaces — at least when biochar is

amended to sand.
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In SL mixtures, the highest tortuosity was estimated for SL (m = 2.3, RMSE =
0.027), then 7%SRBC-SL (m = 3.6, RMSE = 0.015). The 7%PLBC-SL had the lowest
tortuosity with m = 5.4 (RMSE = 0.008). This was consistent with the relative gas
diffusivity measurements from Figure 4-2a and Figure 4-2b. The VIPS model also
performed well for the SL mixtures using @ = interporosity and ¢ = air-filled porosity
contribution from interpores (Figure 4-4 and Table 4-3). The VIPS model V = 1.43 for
7%PLBC-SL and V = 1.36 for 7%SRBC-SL show that the variable inactive pore space
was the highest in SL.

Archie’s law was fitted to the biochar sandy loam data and results are plotted in
Figure 4-5 and tabulated in Tables 4-2 and 4-3. Direct measurements of the pore size
distribution of the biochar mixtures were not available so m* values were fitted using
the Archie’s law since m* signifies the pore geometry of soils [Archie, 1942;
Grathwohl, 1998]. Sand mixtures were ignored since it was clear that pore sizes change
with biochar addition. The effects of biochar on natural soil and its correlation between
total air-filled porosity and air-filled interporosity were examined in Figure 4-5 since
clays may compete with biochars and alter pore structures.

When total air-filled porosity was used in the model, Archie’s law fit the data
well with RMSE = 0.006 for 7%PLBC-SL when m* = 1.72 (Figure 4-5b). The RMSE =
0.103 was 7%SRBC-SL when m” = 1.81 (Figure 4-5d). Increasing pore size diameter
(lower value of m®) increases Dy/Do, and repacked samples have smaller m” values
ranging from 1.65 to 2.56 [Peng et al., 2012]. Using equation [4-15], the volumetric
mean pore diameter (dso) was calculated as 0.86 pum for 7%PLBC-SL and 0.74 um for

7%SRBC-SL for a given . For sandy loam (Figure 4-5a), the dso was 0.58 um. The m”
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value closely relates pore structure to gas diffusion, and when it was evaluated against
the total air-filled porosity, the pore diameter increased with biochar in SL. However,
the dso for PLBC was higher than SRBC.

When the Archie’s law was fitted against the measurements as a function of
interporosity in Figure 4-5¢ and Figure 4-5d, m” values for biochar mixtures were also
lower than SL: 7%PLBC-SL had 1.65 and 7%SRBC-SL had 1.52 values of m".
However, when the intrapores were removed to evaluate the effects of interpores on gas
diffusion, the dso for 7%SRBC-SL was 1.2 pm and 0.97 um for 7%PLBC-SL. This
suggest that SRBC with higher intrapores than PLBC have the ability to lower air-filled
pores and possibly lower gas diffusivity as shown in Figure 4-2a and 4-2b.

The volume-based particle size distribution curve in Chapter 3, Figure 3-1
shows how biochar changes the particle size distribution in sandy loam. The particle
size and composition of SL used in this study consisted of 74% sand (> 0.075 mm),
13% silt (0.005-0.05 mm) and 13% clay (< 0.005 mm). Adding sieved biochar
(~geometric mean diameter of 0.545 mm) with a high intrapore volume like SRBC will
shift the pore size distribution by increasing the content of large particles, especially at
7% (w/w) of biochar. This may also affect interporosity of soils. Even though SL is a
coarse textured soil, SRBC-SL mixtures increased the content of large particles and
decreased tortuosity, particularly in dry soils. The air-filled porosity contributing from
the changes in intra/interporosity from biochar addition increased Dp/Do When the
biochar particle size was larger than the soil particles. This was demonstrated when
Archie’s model was applied to gas diffusion measurements as a function of both total

air filled porosity and interporosity.
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4.3.5 Gas permeability

To examine the properties of gas moving through the connected pores, log (ka)
was plotted as a function of log (¢) in Figure 4-6a for total porosity and Figure 4-6b for
interpore porosity for PLBC or SRBC mixed with sand. The data were plotted as log (¢)
versus log (ka) to show the different structural phases and their impact on air
permeability [Poulsen et al., 2008]. In sand, ka (um?) was measured from -0.87 < log (¢)
<-0.42, where log (ka) ranged from 1.5 to 2.3 (Figure 4-6a). The measurements for
biochar-sand mixtures were made when interpores were draining (pF < 1.9), mostly in
wet to moderately wet conditions in sand mixtures. Air-filled porosities were -1 <log
() <-0.43 for 7%PLBC-Sand, with 1.6 <log (ka) <2.3. The 7%SRBC-Sand had 1.55 <
log (ka) < 2.3 for porosities -0.7 < log (g) <-0.35.

Figures 4-6a and Figure 4-6b show that the log-transformed ka did not improve
with PLBC or SRBC amendment to sand with it was evaluated against ¢ and ™2, Air
permeability is influenced by soil water content and ka increases with higher ¢, as
expected. Although adding biochar created higher @ (Table 4-1), measurements did not
reflect an increased air permeability with biochar amendment, since water between the
intrapores did not drain significantly for the air-permeability measurements collected.

The biochars and sands were sieved to be uniform (~0.5 mm) and repacked. Air
permeability increased for all samples in Figure 4-6a and 4-6b, but from lack of data it
was difficult to determine the influence of biochar on ka when PLBC or SRBC were
added to uniform sand at 7%. What was more evident was that between log (¢) range of
-0.75 to -0.5, slightly lower ka was measured in 7%SRBC-Sand than sand, which is

consistent with Figure 4-2. The SRBC particle shape (see Figure C-4, Appendix C) may
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have influenced the connectivity and tortuosity to lower air permeability. The shape of
PLBC was less angular than SRBC, potentially resulting in smaller changes to
interpores when amended to the uniform sand.

Figure 4-6¢ and Figure 4-6d show ka increased from -1.1 < ¢ < 0.75 for
7%PLBC-SL and 7%SRBC-SL, but ka decreased near log (¢) < -0.6 for both ¢ and ™",
respectively. The measurements of ka were all made after the intrapores started draining
of water. Figure 4-6d shows biochar-SL mixtures as a function of log-transformed air-
filled interpore porosity and also show that at log (¢"") < -0.65 both 7%PLBC-SL and
7%SRBC-SL reduce log (ka). There was a significant reduction of air permeability in
7%PLBC-SL than SRBC samples between -0.6 < ¢ < 0.5 (Figure 4-6¢). The ka for
7%PLBC-SL decreased by about a factor of 10 compared to 7%SRBC-SL with
increasing ¢. The 7%PLBC-SL and 7%SRBC-SL mixtures trended lower than SL
overall, which is indicative of air permeability changing as water-filled pores drained.
The results showed that gas permeability performed similarly between ¢ and &',
showing a negligible affect from intrapores, but suggested differences between the

sample mixtures.

4.4 Conclusions

Biochars have the ability to alter interporosity and intraporosity of soils.
Because gas transport through soils is governed by air-filled porosity (¢), gas transport
parameters were measured on materials with and without biochar to evaluate the effects
of inter/intraporosity on gas transport. Biochars lowered gas diffusivity when amended

to sand, but increased gas diffusivity in sandy loam. When the intrapores from biochars
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were removed to evaluate the gas transport parameters against air-filled interporosity,
the gas diffusion increased showing that intrapores can influence relative gas diffusion.
The SRBC in sand lowered diffusivity more than the PLBC, possibly from SRBC
holding more water than PLBC in the intrapores and from biochar particle shapes that
increased tortuosity.

Classic gas diffusion models were used to predict and fit the Dp/Do to verify the
changes in tortuosity and pore connectivity. The results showed that biochars can
influence gas transport by influencing tortuosity by altering inter/intrapores from
biochar particle shape, water holding capacity, and the mean pore diameter (dso). The
models showed that intraporosity should not be neglected, particularly in the dry
regions of the curve when these pores drain and may affect gas transport. Biochars with
high water retention may not always increase gas transport as it may alter air-filled
porosity by reducing interparticle pore spaces. We further observed that the air-
permeability decreased with biochar amendment to sandy loam, suggesting that bulk
density, soil structure, water blockage, biochar shape, and pore geometry may all have
affected the ka. The pore characteristics of soils and air-filled porosity were important
properties, and biochar distinctly can alter the soil pores structures to drive gas
transport.

Biochars have high water retention capacity that can increase water blockage,
which requires high matric potential to make inactive pores available by draining
sufficient amounts of water trapped inside the intrapores. It is likely that water blockage
decreased gas diffusion and air permeability that lowered gas migration (e.g.

greenhouse gas emissions) by entrapping the gases between the soil-biochar particles.
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Complex pore geometry is prevalent in heterogeneous mixtures, even more so
with biochar, which then affects gas transfer processes by providing different flow
paths, and/or by impeding the pathways. The geometric configurations of mixtures
between soils, biochar, water, and air needs further assessment. The pore size
distribution of biochar-sand and biochar-SL should be evaluated to get a better

understanding of the pore morphology of biochar amended soils.
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Table 4-1: Summary of air-filled porosities and dry bulk density of samples

Gas transport Water retention
Mean total .
Total porosity  intrapore Srg}e:o Bulk densit Bulk densit
Sample type (D) porosity (diimer)/qﬁ Y Total porosity Y
(@) (P, g/ml) (P, g/ml)
sand 0'368(5)0'014 i 1.68+0.04 (8) | 0.348+0.001(2) 1.74+0.01(2)
7%PLBC-Sand 0'427(?30'007 002440001 0060 152+001(3) | 0.395+0.002(2) 155+ 001 (2)
79%SRBC-Sand 0'500(;5)0'035 007640004 0179  1.29+0.09 (3) | 0.442+0.001(2) 1.40+0.01(2)
sandy Loam (SL) 0'418(;-“)0'008 i 155+ 0,01 (2) | 0.396+0.001 (2) 1.46 +0.01 (2)
7%PLBC-SL 0'411(50'005 002340001 0059  1.42+001(2) | 0.420+0.005(2) 1.36+0.01(2)
79%SRBC-SL 0'433(;-“)0'011 007740001 0216  1.32+0.01(2) | 0.460+0.001(2) 1.24+0.01 ()

Sandy Loam (SL); 7% (w/w) poultry litter biochar (PLBC) mixed with sand (7% PLBC-Sand); 7% (w/w) Soil Reef
biochar (SRBC) mixed with sand (7% SRBC-Sand); 7% (w/w) PLBC mixed with sandy loam (7% PLBC-SL), and
7% (w/w) SRBC mixed with sandy loam (7% SRBC-SL); values after * are standard error, and values in parenthesis

are sample number.



Table 4.2: Root mean square error (RMSE) of gas diffusion models evaluated using total porosity and the fitted

60T

parameters
Millington Penman- . . .
| Buckingham Ptfg:l?n -Quirk Millington- Varlgtr);eslnaa(l:(;tlve Archie
Sample type (1961) Quirk pore sp
RMSE RMSE RMSE RMSE m RMSE v RMSE  m*
10+ 157+
Sand 0.046 0.042 0.016 0011 F 0024 .
79%PLBC-Sand 0.049 0.052 0.059 0.045 1(')8 004 166321
79%SRBC-Sand 0.065 0.090 0.089 0.042 1606i 0.056 260(5)351
23+ 1.75 + 1.05 +
Sandy Loam (SL) 0.020 0.041 0.040 0027 5 0012 o 0.098 o
54+ 150 + 172 +
0, -
7%PLBC-SL 0.025 0.026 0.026 0008 “;uF 0014 e 0.006 e
7%SRBC-SL 0.019 0.032 0.019 0015 8% (o016 168+ 03 181%

0.3 0.03 0.02
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Table 4-3: Root mean square error (RMSE) of gas diffusion models evaluated using interpore porosity and the fitted

parameters
Millington- Penman- . . .
Buckingham Pegrarlll?n- Quirk Millington- Varlgl;éeslnai(;tlve Archie
Sample type (1961) Quirk p p
RMSE RMSE RMSE RMSE m RMSE V. RMSE m*
7%PLBC-Sand 0.063 0.055 0.041 0.040 1(')911 0.046 165(?;
79%SRBC-Sand 0.062 0.092 0.062 0.053 1'1024-' 0.055 1(')9851
6.1+ 143 + 1.65+
0, -
7%PLBC-SL 0.030 0.023 0.027 0008 5 0009 SUF 0013 oo
6.4+ 1.36 + 152 +
0, -
7%SRBC-SL 0.047 0.019 0.034 0011  °o 0040 SLE 0064 O
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Figure 4-1: Mercury intrusion porosimetry and water retention data from Chapter 3
were used to plot % water filled in intrapores and the volumetric water
content (VWC) of the intrapores (in red) as a function of total air-filled
porosity in (a) for sand mixtures and (c) for sandy loam (SL) mixtures. The

% water filled in intrapores and the VWC are plotted as a function of

Volumetric water content of intrapores

Volumetric water content of intrapores

pressure (pF = -log |h, cm-H20]) in (b) for sand mixtures and in (d) for SL

mixtures. Sand and sandy loam were not plotted since they were assumed

to have negligible intrapores.
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Figure 4-2: Relative gas diffusivity (Dp/Do) as a function of total air-filled porosity (¢)
where (a) includes sand mixtures, and (c) is of mixtures in sandy loam
(SL). The plots Dy/Do as a function of air-filled porosity from interpores

(¢ ) are shown in (b) for sand mixtures and in (d) for SL mixtures. Plots
(@) and (c) show the % porosity contribution from interpores of PLBC and

SRBC mixtures in red.
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Figure 4-3: Relative gas diffusivity (Dp/Do) as a function of total air-filled porosity (¢) where plots are of: (a) Sand, (b) 7%
PLBC-Sand, (c) 7%SRBC-Sand, (d) sandy loam, (e) 7%PLBC-SL, and (f) 7%SRBC-SL.The lines are the
comparison of the Buckingham model, Penman-Call (PC) model, Millington-Quirk (MQ) model, Penman-
Millington-Quirk (PMQ) model, and the Variable Inactive Pore Space (VIPS) model.
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Figure 4-4: Relative gas diffusivity (Dp/Do) as a function of air-filled porosity from

interpores (") where the plots are: (a) 7% PLBC-Sand, (b) 7%SRBC-
Sand, (c) 7%PLBC-SL, and (d) 7%SRBC-SL. The lines are the
comparison of the Buckingham model, Penman-Call (PC) model,
Millington-Quirk (MQ) model, Penman-Millington-Quirk (PMQ) model,
and the Variable Inactive Pore Space (VIPS) model.
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Figure 4-5: Fitted Archie’s law model plots of relative gas diffusivity (Dp/Do) as a
function of total air-filled porosity (¢) in (a) for sandy loam, (b) for
7%PLBC-SL, and (d) for 7%SRBC-SL. Plots of Dy/D, as a function air-
filled porosity from interpores (¢"") are in (c) for 7%PLBC-SL and (e) for
7%SRBC-SL. Sand mixtures were not plotted since the particle size
distribution was not affected.
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Figure 4-6: Plots of gas permeability (ka) as a function of total air-filled porosity (¢) in
(a) for sand mixtures, and (c) for sandy loam (SL) mixtures. The gas
permeability plotted as a function of air-filled porosity from intrapores
(¢"™e") are in (b) for sand mixtures, and in (d) for sandy loam mixtures.
Vertical lines indicate logarithmic intrapore air-entry pressure for PLBC
(black line) and SRBC (red dotted line).
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Chapter 5

FUTURE WORK

Understanding the mechanisms that govern the soil physical properties of biochar-
amended soil is important to accurately describe water and gas transport processes.
Biochar performance in soils can vary, as biochar surface properties, shape, and particle
size are all affected by parent feedstock, pyrolysis temperature, and weathering. The
internal porosity and surface roughness of biochar can be significant at high pyrolysis
temperature, and such properties may result in long lasting changes in soil pore
structure that impact soil-water relationships. This dissertation presented three studies
conducted to better understand the changes in soil properties with biochar application:
1) biochar hydrophobicity, 2) soil-water retention, and 3) gas transport parameters.
Future work is briefly discussed in this chapter to improve the presented work and to
provide a better mechanistic understanding of the processes that govern changes in soil

associated with biochar amendment.

5.1 Biochar on soil-water repellency

Three potential mechanisms that cause biochar hydrophobicity were postulated
and tested in Chapter 2. The pyrolysis temperature was shown to affect hydrophobicity
of poultry litter biochar, as higher pyrolysis temperatures produced biochars of lower
hydrophobicity [Kinney et al., 2012]. The hydrophobic organic compounds likely
coated the poultry litter biochar during cooling after pyrolysis, and pyrolysis

temperature dictated the amount of carbon coating biochar surfaces. The hydrophobicity
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of poultry litter biochars was transient and results showed the presence of organic
compounds on biochar surfaces that were easily leached.

Currently, there is limited understanding of the effects of organic carbon
leaching from poultry litter biochar on the surrounding environment. The expectation is
that hydrophobic compounds may alter soil water retention characteristic curves and gas
transport properties, making it difficult to develop predictive models. However, it is
well documented that biochars have beneficial effects on soils. Poultry litter biochars
can improve water holding capacity, increase cation exchange capacity, and increase
extractable nutrients [Revell et al., 2012]. It is also suggested that the organic coatings
on biochars may promote microbial proliferation and increase plant growth.

The organic coatings were released in different concentrations over time from
poultry litter biochar produced at 300°C. Poultry litter biochar produced at 600°C
released smaller quantities of organic carbon than biochar produced at 300°C. Future
study should explore the effects of poultry litter biochar leachate on soils. Organic
solutes leached from poultry litter biochar may improve crop yield and alter greenhouse
gas emissions by promoting microbial activity. It is unclear if the leachable organic
carbons from poultry litter biochar are a nutrient source for the soil biomass, or if the
changes in biochar surface pores, evidenced by an increase in poultry litter biochar
surface area, might also promote microbial growth. Future work should address these

questions.
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5.2 Biochar impact on soil-water retention

A model was developed and tested to predict the effect of biochar amendment
on soil water retention in Chapter 3. This was achieved by quantifying pores within
biochar particles (intrapores) using mercury intrusion porosimetry. Water sorption data
were collected using a dew-point potentiometer. Changes in interpores (pore spaces
between particles) were also estimated using the Arya model [Arya et al., 1999; Arya
and Heitman, 2015]. Combining these three components produced a predictive model
for soil water retention.

Using this predictive model, changes caused by biochar amendment on soil
water retention were assessed. The results showed that poultry litter and pinewood
biochar retained different quantities of water and the amount depended on the size of
the interpores and intrapores. The model was developed using sieved biochars applied
to a coarsely grained soil and a uniform sand. Because of this limitation, future work
requires testing the model on biochar-soil media with different soil texture, especially in
soils with higher clay content than the sandy loam studied here. Studies suggest that
clay particles with smaller diameter than biochar intrapores may clog pores thus
reducing biochar intrapore volume. This reduces the water storage volume of biochar-
amended soil. If intrapores on biochar are partially clogged by clay particles, the model
predictions of water retention may be inaccurate, since the intrapores measured by
mercury intrusion porosimetry would not be available for water storage. Therefore, the
interaction between biochar and variable textures soils needs to be quantified and tested
to validate the utility of the model.

Biochar aging changes the surface structure of biochar, sometimes leading to

particle breakage through weathering. It is unclear if aging significantly alters biochar
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intrapore volume. The size and shape of biochar particles will change with weathering,
which will result in dynamic changes in interpores of biochar-amended soil. Rates of
these changes in interpores and intrapores should be better understood and quantified

for model refinement.

5.3 Biochar impact on soil-gas transport

Chapter 4 presents the effects of poultry litter and wood biochar on gas transport
parameters: diffusivity and air permeability. The gas transport properties of biochar-
amended sand and biochar amended sandy loam were investigated. The results showed
that sieved biochars can alter interpores and intrapores that affect gas transport, and
such changes were important. Adding biochar to sand altered air-filled porosity, and
biochars with a high intrapore volume lowered gas diffusion the most.

Additional work needed is on the air permeability of biochar-amended soils. The
air permeability data in this study were limited. With additional laboratory data, air
permeability models might be applied to further evaluate the relationship between air-
filled porosity and air permeability of biochar-amended soils.

Furthermore, laboratory measurements are needed where water contents and air
permeability are measured complimentary to each other since air permeability is
strongly affected by soil water content. Biochars have the ability to hold water like
clays, but more data is needed to confirm if the biochar results in a reduction in air

permeability for a given air-filled porosity.
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APPENDIX A:

THE ORIGIN AND REVERSIBLE NATURE OF POULTRY LITTER
BIOCHAR HYDROPHOBICITY
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A-1 Properties of poultry litter

Table Al: Properties of poultry litter prior to pyrolysis?

Element Total Water Extractable
(g kg?) (9 kg?)
N 30.66 + 9.52° 7.65 + 13.48°
P 15.14 + 0.76 2.95 +5.66
S 16.16 + 7.46 8.37 +0.18
K 41.77 +12.31 27.18 +0.72
Na 18.64 + 7.10 2.89 +0.09
Ca 43.03 +£16.71 1.53 +0.27
Mg 11.06 + 10.15 1.34 + 0.54
Fe 0.748 +0.11 0.051 +0.01
Mn 0.705 + 0.03 0.018 + 0.04
Cu 0.661 +0.13 0.159 + 0.07
Pb 0.002 +0.03 ND¢
Zn 0.628 £ 0.16 0.048 £ 0.01
Cd 0.001 + 0.00 ND
As 0.037 £ 0.03 0.03 +0.00
Se 0.002 + 0.00 0.002 + 0.00

2 Data obtained from [Song and Guo, 2012]

b 95% confidence interval

¢ Water extractable properties were made on solution prepared with 1:10 solid/water
ratio of poultry litter to deionized water shaken for 24 hr at room temperature

ND= none detected
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A-2 Contact angle stability

Figure Al demonstrates that contact angles measured on poultry litter biochars
(PLBC) pyrolyzed at 300°C (PLBC300) and 600°C (PLBC600) mounted on a
microscope slide were stable up to 60 s. There was a small downward trend in contact
angles measured for PLBC300 biochar between 60-100 s. The contact angles measured
between 0-60 s are reported in this work and thus not influenced by transient effects.
Contact angle measurements over 0-60 s are consistent with other published procedures

[Bachmann et al., 2000].
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Figure Al: Time-dependent contact angle of water droplets place on PLBC300 and
PLBC600.
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A-3 Effect of leached compounds on air-water interfacial tension

Changes in the air-water interfacial tension would alter the contact angle (CA)
of water droplets on biochar surfaces. To assess the impact of leached compounds from
PLBC on air-water interfacial tension three solutions were analyzed: a reference DI
water, and two water extraction solutions prepared with a hydrophobic PLBC. Here,
PLBC pyrolyzed at 400°C (PLBC400) was used. Based on water drop penetration time
tests, this biochar was hydrophobic but after rinsing in DI water for 24 h became
hydrophilic (see manuscript).

Solution 1 was prepared by adding 5 g of PLBC400 to 100 mL DI water and
mixing the solution on a mechanical shaker at 200 rpm for 24 h. Solution 2 was
identical to the first, except that a higher concentration of PLBC400 was selected: 25 g
of PLBC400 was mixed with 75 mL DI water. After mixing for 24 h, PLBC400 was
separated from the rinsate of both solutions by settlement. The air-water interfacial
tension was then measured 5-10 times on each water sample using a CSC Scientific
DuNouy Interfacial Tensiometer (model 70545, Fairfax, VA) following standard
measurement procedures described in the instrument’s user manual.

The air-water interfacial tensions of DI water and PLBC400 rinsate solutions are
reported in Table A2. Measurements of the interfacial tension of DI on different
sampling days likely varied because of differences in room temperature and possibly the
orientation/alignment of the circular platinum ring used in the interfacial tension
measurement, which may change slightly with use. Interfacial tensions of DI water and
Solution 1 differed (t-test, p < 0.05), but those for DI water and Solution 2, the more
concentrated PLBC400 mixture, were not significantly different (t-test, p = 0.706). The

difference in interfacial tension between DI water and Solution 1 was small. At a 95%
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confidence level, interfacial tensions of DI water and Solution 1 and Solution 2 differed
by less than 0.2 dynes/cm (t-test, p < 0.05), which is < 0.3% of the mean interfacial
tension. Thus, while there is some effect of leached compounds from PLBC400 on air-
water interfacial tension, the magnitude of this effect is small.

It is unlikely that compounds leached from PLBC affected CAs reported in
Figures 1, 2, and 4 in the manuscript. Considering that leached compounds from PLBC
can slightly alter air-water interfacial tension, transient changes might occur as
dissolved organic compounds are transported to the air-water interface and modified
surface tension and CAs. However, no such changes were observed in CAs over the 60
s measurement period (Figure Al), and therefore, the influence on measured CAs is

considered negligible within 60 s in this study.
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Table A2: Air-water interfacial tensions of water solutions mixed with PLBC400 and t-test

results
Date Sample Temp IFT Null Hypothesis t-Test
(°C) (dynes/cm) p Value
Hpr1 = Hs1 0.021
DI water 1 76.9 £ 0.4 (5)
7/15/2011 (two-tailed)
21
. Uprn — Us1 = 0.2 0.003
Solution 1 76.3+£0.4 (10)
(one-tailed)
Hprz = Hs2 0.706
DI water 2 76.0 £ 0.4 (10)
7/21/2011 (two-tailed)
22
. Uprz — Usz = 0.2 0.038
Solution 2 75.9+ 0.1 (10)
(one-tailed)

®mean * one standard deviation. Number of samples in parentheses.
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A-4 Rinsate analyses

The biochars produced at 300 and 600°C (PLBC300 and PLBC600), and biochar
produced at 300°C heated for 12 h at 105°C (HT-PLBC300) were rinsed according to
procedures described in the manuscript, and precipitates from the rinsates were
analyzed using FTIR. Spectra are shown in Figure B2 for the three biochars. Although
FTIR spectra differ between biochar type, peaks occur at many of the same wave
numbers indicating the same functional groups, which is expected since PL is the
common source material. The small peaks between 3020 - 2800 cm™ from PLBC300
indicate C-H stretching from alkyl groups that correlated well with hydrophobicity of
plant-derived biochars[Kinney et al., 2012]. Ellerbrock et al. [Ellerbrock et al., 2005]
suggested that for soil organic matter the most important functional groups controlling
soil wettability are the hydrophobic CH-groups, which occur between 3020-2800 cm™.
The alkyl peaks in region 3020-2800 cm™ were much smaller for precipitates from
hydrophilic PLBC600 and HT-PLBC300, though. Thus, the presence (PLBC300) or
absence (PLBC600 and HT-PLBC300) of the hydrophobic CH-groups in the 3020 -
2800 cm™* wavelength range is consistent with CAs (Figures 1 and 2 in manuscript)
measured for PLBC300, PLBC600, and HT-PLBC300. This suggests that alkyl
compounds found in the OC coating on PLBC300 were the cause of hydrophobicity.

Biochar sample rinsates were also analyzed using GS-MS following procedures
described in the manuscript, and spectra are shown for PLBC300 and PLBC600 rinsates
in Figure A3. All spectra were baseline corrected using a sample blank and stability was
reached after 15 minutes of elution time. The peaks measured below an absorbance of
3000 were neglected from compound characterization. More peaks were measurable on

samples prepared using PLBC pyrolyzed at 300°C than those prepared with PLBC
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pyrolyzed at 600°C. Compounds identified are shown in Table A3 and A4 for PLBC300
and PLBC600, respectively. Using U.S. Environmental Protection Agency’s Estimation
Program Interface (EPI) Suite, the physical properties of these compounds were
estimated using MPBPWIN v1.43 to obtain water solubility, boiling point, melting
point, vapor pressures at 25 and 105°C [Boethling, Robert S, Mackay,

Donald,Sheppard, Steve, 2001; U.S. EPA, 2012]. The results are reported in the Tables
A3 and A4. The vapor pressures of all organic molecules are below that of water,
indicating that these compounds will vaporize at lower temperatures and pressures than
water. Therefore, if heated to 105°C for long periods, these compounds covering

biochar surfaces might be removed.
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A4

Table A3: Properties of water extractable organic carbons detected from PLBC300 rinsate using GC-MS

. Vapor Water . - Vapor
Reﬁnmtéon Compound % Match Pressure? Solubility? '\gglitr:?ag I?E,%'ilr']rt]g Pressure?
(min) P from GC (mm Hg (mg/L °C) (°C) (mm Hg
at 25°C) at 25°C) at 105°C)
1,3-bis(1,1-
21.241-21.3 dimethylethyl)- 95 7.97E-02 5.33E-01 19.29 229.63 1.22E+01
benzene
22.305-22.325 Tetradecane 97 3.69E-02 9.19E-03 1.36 243.20 6.45E+00
2,5-bis(1,1-
25.636-25.707 | dimethylethyl)- 95 6.18E-04 4.32E+00 76.96 281.15 1.53E+00
phenol

8values obtained from EPI Suite [U.S. EPA, 2012]
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Table A4: Properties of water extractable organic compounds from PLBC600 rinsate using GC-MS

. Vapor Water Melting | Boiling Vapor
Retention 9% Match | Pressure? | Solubility? | Point? | Point® | Pressure?
T|r_ne Compound from GC
(min) (mm Hg (mg/L (°C) (°C) (mm Hg
at 25°C) at 25°C) at 105°C)
1,3-bis(1,1-
~22 dimethylethyl)- 95 7.97E-02 0.5327 19.29 | 229.63 12.2
benzene
2,5-bis(1,1-
~26 dimethylethyl)- 95 6.18E-04 4.316 76.96 | 281.15 1.53
phenol
~28.5 Octacosane 90 3.24E-03 2.94E-04 | 133.98 | 427.25

2values obtained from EPI Suite [U.S. EPA,

2012]




0.20 ' | ' | ' | ' | ' T ' |

018+ |-~ OD-PLBC300 -
1 ——PLBC300 .
0.16H{ |[— PLBC600 n

0.14 -
0.12
0.10

0.08

Absorbance (a.u.)

0.06

0.04 [}

0024 |

— T - T T - T - | - T -
5 éO 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure A2: FTIR spectra of water extractable compounds from PLBC at 300°C
(PLBC300), PLBC at 300°C heated for 12 h at 105°C (HT-PLBC300), and
PLBC at 600°C (PLBC600). Highlighted region is spectral region 2800 -
3020 cm™.
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Figure A3: Baseline corrected GCMS spectrogram of water extractable organic
compounds from biochar produced at pyrolysis temperatures 300°C and
600°C (PLBC300 and PLBC600, respectively). Peaks below the
absorbance of 3000 were ignored for chemical identification.
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APPENDIX B:

SOIL-WATER RETENTION CURVE MODELS FOR BIOCHAR AMENDED
SOILS
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B-1 Sample information and uncertainty

Table B1: The number of data collected per individual sample using WP4C to obtain water
sorption data

Adsorption isotherm Desorption isotherm
a # of # of # of # of
Sample type individual measurements -g(;igl individual measurements -g(;igl
samples  per sample cup samples  per sample cup
100% PLBC? 10 lto4 13 8 2 to0 43 82
100% SRBC® 9 1to 12 20 7 2t09 34
2%PLBC-Sand°® 3 1to3 11 2 4t08 12
7%PLBC-Sand 3 2to 3 9 2 5t09 8
2%PLBC-SL 40 1to5 80 2 2to 3 5
7%PLBC-SL 47 1to2 51 2 2 4
2%SRBC-Sand 17 1to5 33 6 1to5 8
7%SRBC-Sand 27 1to2 37 8 2to5 10
2%SRBC-SL 15 1to8 18 5 lto5 27
7%SRBC-SL 24 lto7 56 3 3to5 14

3PLBC = poultry litter biochar,
bPSRBC = Soil Reef biochar,
©2% PLBC Sand = 30/40 Accusand, SL = sandy loam, 2% and 7% by weight
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Table B2: Estimates of uncertainty of biochar in sand samples used in soil-water retention characteristic curves

Sand 2%PLBC-Sand® 7%PLBC-Sand 2%SRBC-Sand® 7%SRBC-Sandf
Standard Standard Standard Standard Standard
Standard Standard Standard Standard Standard
error error error error error
Method pF error error error error error
Volume, Volume, Volume, Volume, Volume,
Mass, g Mass, g Mass, g Mass, g Mass, g
mL mL mL mL mL

TT? 0.8 0.001 0.003 0.001 0.003 0.001 0.004 0.001 0.004 0.001 0.004
TT 1.1 0.001 0.003 0.001 0.003 0.001 0.003 0.001 0.003 0.001 0.004
TT 1.2 0.002 0.003 0.001 0.003 0.001 0.003 0.001 0.003 0.001 0.003
TT 1.3 0.004 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.002
TT 14 0.102 3.28E-04 0.034 0.001 0.013 0.001 0.019 0.001 0.004 0.001
TT 1.6 0.119 3.05E-04 0.085 3.47E-04 0.026 0.001 0.053 4.29E-04 0.006 0.001
TT 1.8 0.114 3.11E-04 0.044 4.81E-04 0.018 0.001 0.033 5.37E-04 0.007 0.001
PPEP 2.1 0.190 2.44E-04 0.075 3.68E-04 0.025 0.001 0.041 4.83E-04 0.006 0.001
PPE 2.4 0.519 1.55E-04 0.222 2.19E-04 0.040 4.85E-04 0.061 3.99E-04 0.008 0.001
PPE 2.6 9.451 6.91E-05 0.435 1.62E-04 0.056 4.07E-04 0.082 3.46E-04 0.009 0.001
PPE 2.7 14.498 6.62E-05 0.798 1.26E-04 0.070 3.66E-04 0.093 3.25E-04 0.009 0.001
PPE 2.9 131.669 6.11E-05 0.885 1.21E-04 0.078 3.47E-04 0.146 2.61E-04 0.008 0.001
PPE 3.1 61.102 6.19E-05 0.910 1.20E-04 0.115 2.88E-04 0.211 2.20E-04 0.013 0.001
PPE 35 26.236 6.37E-05 1.101 1.11E-04 0.140 2.62E-04 0.292 1.89E-04 0.014 0.001
PPE 3.8 12.172 6.73E-05 1.025 1.14E-04 0.153 2.51E-04 0.545 1.44E-04 0.021 0.001

aTT = tension table

bPPE = pressure plate extractor

€2%PLBC-Sand = 2% (w/w) of rinsed/oven-dried/sieved poultry litter biochar (PLBC) in 30/40 Accusand
47%PLBC-Sand = 7% (w/w) PLBC in Sand
€2%SRBC-Sand = 2% (w/w) of rinsed/oven-dried/sieved Soil Reef™ hiochar (SRBC) in Sand
f7%SRBC-Sand = 7% (w/w) SRBC in Sand
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Table B3: Estimates of uncertainty of biochar in sandy loam (SL) samples used in soil-water retention characteristic

curves
SL 2%PLBC-SL 7%PLBC-SL 2%SRBC-SL 7%SRBC-SL
Standard Standard Standard Standard Standard
Standard Standard Standard Standard Standard
error error error error error
Method pF error error error error error
Volume, Volume, Volume, Volume, Volume,
Mass, g Mass, g Mass, g Mass, g Mass, g
mL mL mL mL mL
TT 0.8 0.002 0.004 0.002 0.004 0.002 0.004 0.002 0.004 0.001 0.005
TT 1.3 0.002 0.004 0.002 0.004 0.002 0.004 0.002 0.004 0.001 0.005
PPE 1.8 0.002 0.004 0.002 0.004 0.002 0.004 0.002 0.004 0.002 0.004
PPE 2.4 0.002 0.004 0.002 0.003 0.002 0.004 0.002 0.004 0.002 0.004
PPE 2.7 0.002 0.003 0.003 0.003 0.002 0.003 0.002 0.003 0.002 0.003
PPE 3.0 0.004 0.003 0.005 0.002 0.004 0.002 0.004 0.002 0.003 0.003
PPE 3.2 0.004 0.002 0.006 0.002 0.004 0.002 0.005 0.002 0.003 0.003
PPE 3.3 0.007 0.002 0.009 0.002 0.006 0.002 0.009 0.002 0.006 0.002
PPE 3.7 0.017 0.001 0.015 0.001 0.010 0.001 0.020 0.001 0.015 0.001
PPE 4.0 0.045 0.001 0.028 0.001 0.013 0.001 0.024 0.001 0.019 0.001

&TT = tension table

PPPE = pressure plate extractor

€2%PLBC-Sand = 2% (w/w) of rinsed/oven-dried/sieved poultry litter biochar (PLBC) in 30/40 Accusand
47%PLBC-Sand = 7% (w/w) PLBC in Sand

€2%SRBC-Sand = 2% (w/w) of rinsed/oven-dried/sieved Soil Reef™ biochar (SRBC) in Sand
7%SRBC-Sand = 7% (w/w) SRBC in Sand



B-2 Total water potential of WP4C and osmotic potential

It was observed during the WP4C measurements that the interpores of the
biochars started filling and saturating the samples beyond moisture content (MC) above
0.4. There was a lot of uncertainty in the data and osmotic effects were present and
needed correction. Figure B1 (a) plots all the data and revealed that between MC > 0.3,
the total water potential becomes linear from assuming that water on PLBC surfaces
flattened out and lost concavity when water started to fill the voids. When osmotic
effects dominate, the total potential should be linearly related to the moisture content
from the dilution effects. The water films have no curvature; therefore, a solid red line
was drawn to indicate the region where osmotic effects dominate the total potential. The
data that lies on the linear line represents data that needed correction by removing the
osmotic potential in Figure B1(a).

The PLBC data were linearly regressed with MC > 0.40 to obtain an equation to
correct for the osmotic effects in Figure B1(b). The data were also regressed with MC >
0.3 and showed a similar equation, therefore, not shown. It is recommended to regress
the data at various MC and use both equations to correct for osmotic effects to see the
influence on the results. In this case we used MC of 0.4 and 0.3.

The regression was applied on the data to correct for the osmotic potential and
filtered for pF > 3.85. The corrected data with high MC was removed since as MC
increases, pF must get small as the water has no more curvature. The data was also
filtered using a restraint of pF > 3.85 and MC < 0.3. These results are shown in Figure

B1(c). These data and the fittings werre used to estimate the pF-MC relationship for
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PLBC for the matric potential. The equation in Figure B1(c) from 0 < MC < 0.35 was

used to predict the pF-MC relationships for 2% and 7% PLBC in sand and sandy loam.
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Figure B1: (a) Total water potential versus gravimetric moisture content (MC) of
PLBC. Solid line indicates where osmotic effects dominate total potential.
(b) PLBC data linearly regressed for MC > 0.40. (c) Corrected water
potential of PLBC for pF > 3.85 at MC < 0.3.
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B-3 Biochar SEM images
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Figure B2: SEM images of rinsed PLBC (a, b, and c) and SEM images of rinsed SRBC (d, e, and f)



B-4 Soil water retention data
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Figure B3: Soil water retention data and Model 3 prediction of PLBC in Sand at 2% and
%
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Figure B4: Soil water retention data and Model 3 prediction of SRBC in Sand at 2% and
%
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Figure B5: Soil water retention data and Model 4 prediction of PLBC in sandy loam (SL)
at 2% and 7%
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Figure B6: Soil water retention data and Model 4 prediction of SRBC in sandy loam
(SL) at 2% and 7%
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B-4 Nomenclature

h. = capillary pressure in cm-H2O

MC = moisture content

M, . = mass of particle class 1 collected on sieve i
M, = mass of particle class 2 collected on sieve i
M, = total mass of particles on all sieves, for both particle classes
M,, ; = mass of water at each step i

n = total porosity

n; = number of spherical particles

r; = pore radius

R; = mean particle radius

So = 5 atpr 1o

Vv = Volume of voids

Vs = Volume of solids

Vi= Total Volume

Vs,, = volume of particle class 1 collected on sieve i

Vs,, = volume of particle class 2 collected on sieve i

w; = fraction of solid mass

AAdsorbed wateri = change or increase in adsorbed water because of biochar addition
at pressure step i

€ = void ratio

6,, = volumetric water content

6,, = volumetric water content evaluated using Arya et al. (1999) model
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6 = contact angle, assume = 0% cos0=1

Hvi|Arya vodel change in 6, as computed from Arya et al. (1999) model between the

native reference soil and this reference soil amended with biochar at pressure step i
ps, = envelope density of particle class 1
ps, = envelope density of particle class 2

ps, = particle density based on volume, not mass

o = surface tension at air — water interface
€

d =
1+ ¢

= Interparticle porosity of sample (not total porosity as suggested by Arya, 1999)
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B-5 Arya model derivation

1) Computing weighted particle density by volume, not mass, collected on sieve i

e I/Slipsl + ‘/SzipSZ
psl I/Sll +V

S2i

Because,

M M
— S1 and ng — pSZ

psl 52

Substitute [2] into [1],

Msu 0 + Mszi p
Dy = Psy; S Ps,i o _ M51i +M52i
. MSlL + Mszi MSlL + MSZL
p51 pSZ p51 pSZ

2) Void ratio, €

Ps — Pb

m

I
(,,<|§<

I

[1]

2]

3) Use equation [1] in Arya et al. (1994) to determine volume of solids, V;_, for

each sieve fraction i

V. = (Msu' +M52i) £
Si psl pSz Mt
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4)

5)

Use equation [3] in Arya et al. (1999) to determine the volumetric water content

for each particle class, 8,,. This is the water in interpores. The mass fraction, w;,

in Arya’s model was replaced with a solid volume fraction, v;.

M51j Mszj Ds
0, = (@S) ) (—L+ L [6]

].=1 p51 pSZ Mt

From equation [6], compute the volumetric water content for each sieve size.

Then assign a capillary pressure to each sieve size.

The key is everywhere psappears in Arya’s derivation, replace it with pg

in equation [3] above. Everywhere w; appears, replace it with v;

Vi _ ( M51j n MSZj)E [7]
p51 pSZ Mt

To find the capillary pressure for each sieve size i, use:

_ 3Wl' 8
= 4mps R} 8]

Then use equation [9] from Arya & Heitman (2015) to obtain r;,
[9]
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Finally the capillary pressure (hc) is computed:

20cos0
he = [10]
T

[11]

Vi |Arya Model Vi | biochar—reference soil Vi |reference soil

At pF= 1.0,
1)

Hvi |Arya Model
i
= (@5.) )V,
j=1

®S,, = measured volumetric water content at pF =~ 1 = change or increase in

Vi |biochar—reference soil vilreference soil

total adsorbed water because of biochar addition to sample
2) For the largest sieve, ¥, V; = 1.0

a. Arya model for the reference soil:
= (®S,,) * 1.0

Vi |reference soil

b. Arya model for the biochar-amended reference soil:

= (®S,,) * 1.0

Vi | biochar—reference soil
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3) If this approach is followed, the model should fit data at pF = 1 almost perfectly

for 6,
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B-6 SWRC Model

Model 1
ewi - Hwi ref soil
Model 2
4 =g AAdsorbed water;
Wi ™ "Wilrer soil + V;
Model 3
intraparticle PV; AAdsorbed water;
0, = 0. _+ +
t tiref soil Vt Vt
Model 4
intraparticle PV; AAdsorbed water;
B, = 6y | _+ A6, +
t tiref soil tlArya Model Vt Vt

169



APPENDIX C:

THE EFFECTS OF BIOCHAR ON GAS TRANSPORT IN VARIABLY
SATURATED SAND AND SANDY LOAM SOIL
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C-1 Schematic of diffusion apparatus
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Figure C1: Schematic of diffusion apparatus
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Figure C3: Schematic of air permeability apparatus intact



C-3 Photographs of biochars

(a) PLBC

(b) SRBC

Figure C4: Photographs of rinsed and sieved biochars where (a) is poultry litter biochar
(PLBC) and (b) is Soil Reef biochar (SRBC)
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TERMS AND CONDITIONS
The following terms are individual to this publisher:
Mone
Other Terms and Conditions:
STANDARD TERMS AND CONDITIONS
1. Dezcription of Service;, Defined Terms. Thiz Republication License enables the Uset to
ohtait licenses for republication of one of tmore copyrighted worles as described in detail on
the relevant Order Confirmation (the “World s3™). Copyright Clearance Center, Inc. (“CCC™)
grants licenses through the Serwice on hehalf of the rightsholder identified on the Crder
Confirmation (the “Fightsholder™). “Eepublication™, as used herein, generally means the
inclusion of a Worl, in whole or in part, in a new work or worles, also as described on the
Order Confirmation. “TTser™, as used herein, means the person or entity making such
republication.
2. The terms set forth in the relewant Order Confirmation, and any terms set by the
Rightsholder with respect to a patticular Worls, govern the terms of use of Worlcs in
connection with the Serwice. By using the Setvice, the person transacting for a republication
license on hehalf of the User represents and warrants that he/shefit (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on
behalf of User, and (b} shall inform User of all such terms and conditions. In the event such
person is a “freelancer™ or other third party independent of User and CCC, such party shall be
deemed jointly a “User”™ for purposes of these termns and conditions. In any event, User shall
be deemned to have accepted and agreed to all such tenms and conditions if User republishes
the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1 All Worles and all ights therein, mchuding copyright rights, remain the sole and eszclusive
property of the Rightshaolder. The license created by the exzchange of an Order Confinmation
(and/or any imvoice) and payment by User of the full amount set forth on that document
includes only those rights espressly set forth in the Order Confirmation and in these terms and
conditions, and conveys no other rights in the Worlg ) to User. All rights not expressly
granted are herehy reserved.
3.2 General Payment Tertns: You tnay pay by credit card or through an account with us
payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 MNetwork Place, Chicago, [L a0873-1291. Payments Due: Inwoices are payable
upon ther delivery to you {or upon our notice to you that they are available to you for
downloading. After 30 days, outstanding amounts will be subject to a service charge of 1-
1/2%: per month or, 1f less, the masomum rate allowed by applicable law. Unless otherwise
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specifically set forth m the Order Confirmation or in a separate written agreement signed by
CCC, mvoices are due and payable on “net 307 terms. While User may exercise the rights
licensed wmmediately upon issuance of the Order Confirmation, the icense 1z automatically
rewoked and iz mall and woid, as if it had never been 1ssued, if complete payment for the license
iz nint recetwed on a titnely basis either from Uzer ditectly or through a payment agent, such as
a credit card company.

3.3 Unless otherwise provided i the Order Confirmation, any grant of rights to Uzer (1) 15
“one-titne” (including the editions and product fatndly specified in the lcense), (i) 13 non-
exclusive and non-transferable and (i) is subject to any and all lirpitations and restrictions
{such as, but not limited to, hrmitations on duration of use or cireulation) included in the Crder
Confirmation or invoice and/or in these tertns and conditions. Upon cotmpletion of the lcensed
use, UTzer shall either secure a new penmission for fiarther use of the Worlg s) or immediately
cease any new use of the Worla s) and shall render inaccessible (such as by deleting or by
removing or severing links or other locators) any further copies of the Work (escept for
copies printed on paper in accordance with this lcense and still in UTzer's stock at the end of
such period).

3.4 In the event that the material for which a republication hcense is sought includes third
party materials (such as photographs, flustrations, graphs, inserts and sirmilar materials) which
are identified ih such material as having heet used by pertnission, User is responsible for
identifying, and seeling separate lcenses (under this Service or otherwise) for, any of such
third party materialz; without a separate license, such third party materials may not be used.
3.5 Uze of proper copyright naotice for a Warl? 12 required as a condition of atiy icense granted
under the Zervice. Unless otherwise provided in the Order Confirmation, a proper copyright
notice will read substantially as follows: “Fepublished with permission of [Fightsholder’s
tatne], from [Worl's title, author, srolutne, edition tunber and yeat of copyright]; pertrission
conveyed through Copyright Clearance Center, Inc. ™ Such notice must be provided in a
reasonably legible font size and must be placed either irimediately adjacent to the Work as
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used [ for example, as part of a by-line or footnote but not as a separate electronic link) or in
the place where substantially all other credits or notices for the new work containing the
republished Worl: are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such
failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee
itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. Mo Work may be used in any way that 1= defamatory, violates the rights of third
parties (including such third parties' rights of copyright, privacy, publicity, or other tangible or
intangible property), or is otherwise fllegal, sexually explicit or obscene. In addition, User may
not conjoit a Worle with any other material that may result in damnage to the reputation of the
Fightsholder. TJzer agrees to inform CCC if it becotnes aware of any infringement of any
rights it a Wotlz and to cooperate with any reasonable request of CCC or the Rightsholder in
connection therewith,

4 Indemnnity. User hereby indemnnifies and agrees to defend the Rightsholder and CCC, and
theit respective employees and directors, against all clatms, lability, datnages, costs and
expenses, inchiding legal fees and expenses, arising out of any use of a Work beyond the
scope of the rights granted herein, of any use of a Workt which has been altered in any
unauthorized way by Uzer, ineluding claitns of defamnation or infringement of rights of
copyright, publicity, privacy or other tangihle or intangible property

5. Litnitation of Liability. UNDEE. MO CIECUMSTAMNCES WILL CCC OF. THE
RIGHTSHOLDEE. BE LIABLE FOR AMNY DIEECT, INDIRECT, CONSEQUEMNTIAL OF.
[MCIDEMTAL DANMAGES (INCLUDING WITHOUT LIMITATION DANMAGES FOR LOGSS
OF BUSINESS PROFITS OF INFOERMATION, OF FOR BUSIMNESS INTERRUPTION)
ARISING OUT OF THE USE OF INABILITY TO USE A WORE, EVEM IF ONE OF THER
Has BEEMN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total
liahility of the Rightsholder and CCC (including their respective employees and directors) shall
not exceed the total amount actually patd by User for this cense. User assumes full lability
for the actions and armissions of its principals, employees, agents, affiliates, successors and
assigns.

f. Litnited Warranties. THE WORK( 3y AND RIGHT(S) ARE PROVIDED “AS I57. CCC HAS
THE RIGHT TO GRANT TO USEER. THE RIGHTS GRAMNTED IM THE ORDER
CONFIELATION DOCUNENT. CCC AMND THE RIGHTSHOLDEE. DIGCLAIN ALL
OTHER. WARFANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER.
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WAREAMNTIES
OF MEFCHAMTABILITY OR. FITNESS FOR. A PARTICULAR PURPOSE. ADDITIONAL
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ABSTRACTS, INSERTS OF. OTHER. PORTIONS OF THE WORK (AS OPPOSED TO THE
ENTIRE WORK) IN & MANNER. CONTEMPLATED BY USER, USER. UNDERZTANDS
AND AGEEER THAT WEITHEE, CCOC MOE. THE RIGHTEHOLDEE. WAY HAVE SUCH
ADDITIONAL RIGHTE TO GRAMT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of 2
Worl beyond the scope of the lcense set forth in the Order Confirmation and/or these terms
and conditions, shall he a material breach of the icense created by the Order Confittnation and
these tertns and conditions. Any breach not cured within 30 days of written notice thereaf
shall result i irmmediate termination of such leense without fiurther notice. Any unauthorized
{but licensahle) uze of a Worle that 15 terminated rnmediately upon notice thereof may be
liquidated by payment of the Fightsholder's ordinary license price therefor, any unavthonzed
(and unlicensable) use that 15 not terminated mumediately for any reason (ncluding, for
exzample, because materials containing the Work cannot reasonably be recalled) will be subject
to all remedies available at law or in equity, but in no event to a payment of less than three
tirmes the Rightsholder's ordinary license price for the most closely analogous licensable use
pluz Rightsholdet's andfor CCC's costs and expenses incurred in collecting such payment.

3. Miscellaneous.

8.1 Uszer aclnowledges that CCC tmay, from time to time, make changes or additions to the
Service or to these terms and conditions, and CCC reserves the right to send notice to the
Uszer by electronic mail or otherwise for the purposes of notifying User of such changes or
additions; provided that any such changes or additions shall not apply to permissions already
secured and paid for.

8.2 Uze of Uszer-related information collected through the Service is governed by CCC's
privacy policy, availahle online here:

httpwrarer copyright. comdcontent/c e 3entools/footerprivacypolicy htrml

8.3 The licensing transaction described in the Order Confirmation iz personal to User
Therefore, User may not assign or transfer to any other person (whether a natural person or
an organization of any land) the lcense created by the Order Confirmation and these terms
and conditions or any rights granted hereunder, provided, howewer, that User may assign such
license in its entirety on written notice to CCC in the event of a transfer of all or substantially
all of User’s rights in the new material which includes the World s) licenzed under this Service.
3.4 Mo amendment or waiver of any terms is hinding unless set forth in writing and signed by
the patties. The Fightsholder and CCC hereby abject to aty tertns contained it atny writing
prepared by the User or its principals, employees, agents or affiliates and purporting to gowern
or otherwise relate to the lcensing transaction described in the Order Confirmation, which
terms are in any way inconsistent with any termes set forth in the Crder Confinmation andfor in
these terms and conditions or CCC's standard operating procedures, whether such wrting 15
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prepared prior to, sitmultatieously with or subzequent to the Order Confitnation, and whether
such writing appears on a copy of the Order Confirmation or it a separate instnument.

8.5 The licensing transaction described in the Order Confitmation document shall be gowverned
by and construed under the law of the State of New Yorls, USA, without regard to the
principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such lcensing transaction shall he brought, at
CCC's sole discretion, i any federal or state court located in the County of Mew York, State
of Mew Yorls, US4, or i any federal or state court whose geographucal jurisdiction covers the
location of the Fightsholder set forth i the Order Confinmation. The parties expressly submit
to the personal jurisdiction and wenue of each such federal or state court. If you have any
comuments or questions about the Service or Copyright Clearance Center, please contact us at
D78-750-8400 or send an e-mail to nfoi@copyright. com.

v 1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US)
or +1-978-646-2777.
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