


  

ABSTRACT 
Interactions between Biochar, Soil, and Water 

by 
Zuolin Liu 

The use of biochar as soil amendment has been proposed as an approach for 
carbon sequestration and soil improvement. Biochar impacts soil carbon cycling. In 
addition, biochar interacts with soil water to affect the soil hydrologic cycle as well 
as plant growth. After being applied to soil, for instance, biochar releases through 
leachate dissolved organic carbon (DOC) into ground water. This may influence the 
regional and global carbon cycling, where biochar amendment widely implemented. 
In addition, biochar particles’ grain size and shape evolve due to natural processes 
and these changes will then have feedback on the hydrologic properties of soil. For 
these reasons it is important to understand both how biochar affects soil hydrologic 
properties and how the properties of biochar change over time.  Through laboratory 
experiments and numerical modeling, I first investigated the effect of wood-based 
biochar amendment on soil hydraulic conductivity and soil water retention.  
Secondly, I measured the DOC as a pathway of biochar carbon transport. Finally, I 
reported how biochar grain size was altered by freeze and thaw cycling. An 
improved understanding of the mechanisms driving these changes will help us 
better understand how soil amendment by biochar impacts the environment.   



  
Results here show that biochar’s effect on soil hydraulic conductivity, soil 

water retention, and DOC release varies with biochar grain size.  Fine biochar had 
the biggest effect on hydraulic conductivity decreasing it by 72 ± 2%. Medium 
biochar did not cause significant change of hydraulic conductivity, while coarse 
biochar decreased hydraulic conductivity by 15 ± 2%.  Hydraulic conductivity also 
decreased with increased biochar concentration, by as much as 72 ± 3% after 10 
wt% mixtures of fine and coarse biochar addition. Fine biochar did not affect plant 
available water significantly. The addition of medium and coarse biochar, however, 
increased plant available water by 75% and 125%, respectively. DOC in the leachate 
decreased with increasing mesquite biochar grain size. The fraction of biochar 
carbon lost as DOC ranged from 0.06 to 0.18 wt% of biochar. 

When fine biochar is added to the soil, the hydraulic conductivity decreases 
because the finer biochar grains fill the spaces between sand grains, thereby 
increasing the tortuosity of flow path and reducing the average pore throat size of 
the mixture. The drop of hydraulic conductivity observed with the addition of 
coarser biochar is caused by the bimodal grain size distribution of the biochar-sand 
mixture that results in more compact packing geometry and increased tortuosity. 
The volume of pores inside biochar grains (intraporosity) and grain shape appear to 
control the observed changes in water retention at different range of soil water 
potentials due to different pore sizes.  Intraporosity causes the increase in water 
retention of biochar-amended soils at more negative soil water potentials. At less 
negative soil water potentials, the elongated shape of biochar grains increases water 
retention by reducing the efficiency of grain packing, creating large gaps where 



  
water can be stored. Fine biochar may have higher surface area than coarse biochar 
resulting in more contact with water thus higher DOC in the leachate. 

My results show that biochar grain size plays an important role in controlling 
soil hydrologic properties and DOC leaching. However, the magnitude and direction 
of effects may not stay constant over time (e.g., years or decades) because biochar 
grain size can be changed by freeze and thaw cycling. The effect of freeze and thaw 
cycling on biochar grain size varies with biochar feedstock type. For instance, after 
20 freeze thaw cycles the median grain diameter of pine biochar decreased by up to 
28.8%, that of miscanthus biochar decreased by up to 45.8%, and for mesquite 
biochar it decreased by up to 32%. However, there was no significant change in 
grain size observed for sewage waste biochar after five freeze and thaw cycles. 
Freeze-thaw cycling decreases grain size for pine, mesquite, and miscanthus biochar 
through loss of thin layers on the grain surface and the degree of decrease in grain 
size correlates with biochar’s water content.  

These results suggest that mixing sandy soils with biochar is likely to (1) 
reduce infiltration rates, (2) hold water near the surface longer, (3) increase soil 
water storage with little loss of biochar-derived carbon to groundwater and 
streams. However, the reduction of biochar grain size by freeze and thaw cycling 
will drive changes in soil properties such as hydraulic conductivity and soil water 
retention.  
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Chapter 1 

Summary 

Biochar is the term used to describe charred organic matter applied to soil 
deliberate, with the intent to improve soil properties (Lehmann and Joseph, 2009). 
The amendment of soil with biochar can sequester carbon and improve soil 
performance. In addition, the interactions between biochar and water can influence 
biochar’s effectiveness as soil amendment as well as its efficacy as a carbon 
sequestration technique. Biochar can alter soil hydrologic properties by changing 
soil physical and chemical characteristics, resulting in changed soil performance. 
These effects vary with time, however, since biochar properties are subject to 
change in the field by natural processes. The aim of this study is to test how biochar 
interacts with soil and water to gain insight into how biochar affects soil water 
properties and how soil water changes biochar properties. Specifically, I have 
investigated (a) how biochar influences soil water movement (through its effect on 
hydraulic conductivity, K) and soil water storage (through its effect on water 
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retention curve); (b) how much biochar carbon will be transported in water as 
dissolved organic carbon (DOC); and (c) how weathering processes (freeze and 
thaw cycling) affect biochar grain size.  An improved understanding of the 
mechanisms driving biochar’s environmental changes, helping us gain new insights 
into the impact of biochar soil amendments on the environment.   

Chapter 2 will present the results of my study on how the biochar amendment 
affects hydraulic conductivity and the dissolved organic carbon flux of biochar 
amended sand. Hydraulic conductivity is a measurement of the ease of water 
movement through porous media. It plays an important role in the delivery of water 
to plant roots, and the flow of water to streams, groundwater, and oceans (Klute, 
1986). Previous studies have investigated the effects of various types of biochar on 
hydraulic conductivities of different soil textures using different methods (Table 
1-1). The biochars in Table 1-1 were produced from hardwood, soft wood, 
herbaceous species and manure at temperatures ranged from 400-800°C, and 
mostly by slow pyrolysis. Very few studies used biochars from fast pyrolysis 
(Brockhoff et al., 2010) or gasification (Reddy et al., 2015) which results in different 
internal pore structures and surface chemistry than that of biochars produced by 
slow pyrolysis. The studies in Table 1-1 tested unsaturated hydraulic conductivities 
(Kr) and saturated hydraulic conductivities (Ks) of sandy, silty or clayey soil in the 
laboratory or in the field. Unsaturated hydraulic conductivity of biochar amended 
soil was directly measured by the unit hydraulic gradient method (Castellini et al., 
2015) or calculated from soil water retention curve using the Van Genuchten model 
(Bayabil et al., 2015). Saturated hydraulic conductivity was measured in the 
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laboratory through the falling head method (Ajayi et al., 2016; Barnes et al., 2014; 
Castellini et al., 2015; Eibisch et al., 2015; Lei and Zhang, 2013; Lim et al., 2016; Liu 
et al., 2016; Ouyang et al., 2013; Uzoma et al., 2011b), constant head method 
(Brockhoff et al., 2010; Chaganti et al., 2015; Herath et al., 2013; Reddy et al., 2015; 
Zhang et al., 2016) and by the cumulative infiltration method (Githinji, 2013) or in 
the field by tension infiltrometer (Hardie et al., 2014; Major et al., 2012), double-ring 
infiltrometer (Jeffery et al., 2015; Major et al., 2012), or calculated by Van Genuchten 
model using soil water retention data (Ibrahim et al., 2013).  

The literature studies showed increasing, decreasing or no effect of biochar 
addition on soil hydraulic conductivity. Most studies reported that biochar addition 
decreased the hydraulic conductivity of sandy soils (Ajayi et al., 2016; Barnes et al., 
2014; Brockhoff et al., 2010; Githinji, 2013; Lim et al., 2016; Liu et al., 2016; Uzoma 
et al., 2011a; Uzoma et al., 2011b; Zhang et al., 2016) and some of them even showed 
that hydraulic conductivity of sandy soil decreased with increasing biochar 
amendment rate (Ajayi et al., 2016; Githinji, 2013; Liu et al., 2016; Zhang et al., 
2016). However, a few literature studies showed that biochar increased hydraulic 
conductivity in sandy soil (Eibisch et al., 2015; Hardie et al., 2014). The hydraulic 
conductivity of silty soil increased by biochar addition (Ajayi et al., 2016; Herath et 
al., 2013). Similarly, the hydraulic conductivity of clayey soil increased after biochar 
addition (Barnes et al., 2014; Chaganti et al., 2015; Kameyama et al., 2014; Lim et al., 
2016; Ouyang et al., 2013; Reddy et al., 2015). However, some studies reported no 
effect of biochar on soil hydraulic conductivity (Castellini et al., 2015; Jeffery et al., 
2015; Major et al., 2012).  
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Study Soil type 
Biochar feedstock, pyrolysis temperature (°C), 
fast/slow pyrolysis 

Method of K Biochar effect on K 

Ajayi et al., 2016 Fine sand Carbonizing hardwood, 500-600 Falling head Ks decreased with increasing biochar amendment rate in fine sand, K increased in sandy loamy silt 
 Sandy loamy silt 

  

Barnes et al., 2014 Sand  Mesquite, 400, slow Falling head K decreased in sand and organic soil and increased in clay  Organic soil 
  

 Clay   

Bayabil et al., 2015 Clay Corn stover, oak, 450, slow Van Genuchten model Kr dereased by both biochars 
Brockhoff et al., 2010 Sand Switchgrass, 500, fast Constant head  K decreased 
Castellini et al., 2015 Vertisol Prunings of fruit trees, 500, slow Simplified falling head and unit hydraulic gradient  

no effect 

Chaganti et al., 2015 Clayey loam Oak wood chips, 500, slow Constant head K increased 
Eibisch et al., 2015 Loamy sand Digestate (99% corn), willow + poplar woodchips, 750, slow  

Falling head K increased  

Githinji, 2014 Loamy sand Peanut hulls, 500, slow Inflitration Negative linear regression between K and biochar amendment rate Hardie et al., 2014 Sandy loam 550, slow Tension infiltrition Near Ks increased, no effect on unstaturated K 
Herath et al., 2013 Silt loam (TK) Corn stover, 350, 550, slow Constant head Both biochars increased Ks of TK soil, 350 °C biochar significantly Ks of EG soil.   Silt loam (TG) 

  

Ibrahim et al., 2013 Sandy loam Conocarpus, 400 ± 10, slow Van Genuchten model Biochar decreased Ks and infiltration rate 

Jeffery et al., 2015 Coarse sand Herbaceous hay residue, 400, 600, slow 
Double ring infiltrometer No effect 

Kameyama et al., 2012 Clay Sugarcane bagasse, 400, 500, 600, 700, 800, slow 
Multistep outflow No effect on Ks for 1 and 3% (w/w) biochar, Ks and Kr increased for 5 and 10% (w/w) biochar 

Lei and Zhang, 2013 Loamy soil Dairy manure, woodchips, 300, 500, 700, slow 
Falling head Ks increased especially for high temperature biochar, woodchip biochars resulted in higher Ks than dairy manure biochar Lim et al., 2016 Coarse sand Quercus robur (wood) pellets, Falling head Impact of biochar additions on K can be modeled 



- 5 -   Fine sand quercus robur (wood) chips, pine chips, oat hulls, 500, slow 

 as a grain size effect, K of coarse sand and fine sand decreased by all biochar treatments, K was increased by biochars in clay 
 Silt loam  
 Clay loam  

Liu et al., 2016 Sand Mesquite, 400, slow Falling head K decreased with increasing biochar amendment rate when biochar <0.853 mm, K decreased when biochar was coarser or finer than sand, no effect when biochar had the same size to sand 
Major et al., 2011 Clay  Wood species, 500-700, slow Disk infiltrometer and double-ring infiltrometer 

No effect on surface K 

Ouyang et al., 2013 Silty clay Dairy manure, 500, slow Falling head Slightly increased Ks  
 Sandy loam 

   

Reddy et al., 2016 Silty clay Wood pellets, 520, gascification Constant head K increased 
Uzoma et al., 2011a  Sandy soil Black locust, 300, 400, 500, slow Falling head K decreased with increasing moisture content comparing with control 
Uzoma et al., 2011b Sandy soil Cow manure, 500, slow Pressure infiltrometer Decreaed field Ks of sandy soil 
Zhang et al., 2016 Sandy soil Pine, Poplar, 450, 550  Constant head  Ks of sandy soil gradually decreased with the increasing biochar amendment rate 

 

Table 1-1 Summary of existing studies of biochar effect on soil hydraulic 
conductivity 

Existing studies has discussed different mechanisms that control hydraulic 
conductivity in biochar-amended soils. Most of these literature studies concluded 
that the change of soil hydraulic conductivity by biochar is mainly due to grain size 
effects. When fine biochar grains infill into pores between coarse soil grains (e.g. 
sand), this increases tortuosity, reduces interpore size and pore throat size, and thus 
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decreases hydraulic conductivity (Ajayi et al., 2016; Lim et al., 2016; Liu et al., 2016). 
When biochar is coarser than soil grains (e.g. clay), pore sizes increase, resulting in 
an increase of hydraulic conductivity (Ajayi et al., 2016; Kameyama et al., 2014). 
Hydraulic conductivity is controlled by interparticle pores. Bayabil et al. (2015) also 
suggested that, in addition to soil texture, clay mineralogy, as well as elemental 
compositions of amendments could significantly affect the impact of biochar on 
hydraulic conductivity. Eibisch et al. (2015) found that hydraulic conductivity values 
of biochar-amended soil saturated by vacuum were significantly higher than those 
of samples saturated by capillary rise due to entrapped air and lower water 
contents in the capillary saturated samples which leads to lower cross sectional 
areas for conducting water. Liu et al (2016) also showed that water saturation 
decreased as biochar amendment rate increased probably due to the presence of 
biochar micropores. These two studies point to the needs for careful selection of 
saturation method as well as reporting water saturation when reporting hydraulic 
conductivity of biochar-amended soil. 

In chapter 2, the main conclusions are that biochar controls hydraulic 
conductivity of sand by grain size effects, and intrapores do not conduct water flow, 
thus having no effect on hydraulic conductivity. This is consistent with statements in 
some previous studies. For example, Lim et al. (Lim et al., 2016) concluded that the 
effect of biochar on soil hydraulic conductivity is a function of the original soil 
texture and biochar grain size distribution. Hardie et al (2014) found that an 
increase in K of a silt loam correlated with an increase of interparticle macropore 
volume. Similarly, grain size effect also controlled hydraulic conductivity when two 
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types of soil were mixed. Crawford (2008) found that the permeability (hydraulic 
conductivity excluding fluid properties) of sand decreased after adding clay up 
to~35% by mass. In their study, theoretical models such as Kozeny-Carman 
(Herdan, 1960) and Revil and Cathles (1999) were used to predict permeability of 
sand-clay mixtures. To reduce experimental cost, research is needed to test if these 
models are efficient to predict hydraulic conductivity of biochar-amended soil.  

 



 

1  

Chapter 2 

Impacts of Biochar Concentration and 
Grain Size on Hydraulic Conductivity 

and DOC Leaching of Biochar-Sand 
Mixtures 

The amendment of soil with biochar can sequester carbon and alter 
hydrologic properties by changing physical and chemical characteristics of soil. To 
understand the effect of biochar amendment on soil hydrology, I measured the 
hydraulic conductivity (K) of biochar-sand mixtures as well as dissolved organic 
carbon in leachate. Specifically, I assessed the effects of biochar concentration and 
grain size on K and the amount of DOC in the soil leachate.  To better understand 
how physical properties influenced K, I also measured the skeletal density of 
biochars and sand, and the bulk density, the water saturation, and the porosity of 
biochar-sand mixtures. The model soil was sand (0.251-0.853 mm) with biochar 
amendment rates from 2-10 wt% (g biochar/g total soil x100%). As biochar (<0.853 
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mm) concentration increased from 0 to 10 wt%, K decreased by 72 ± 3%.  

When biochar grain size was equal to, greater than, and less than grain size of 
sand, I found that biochar in different grain sizes have different effects on K.  For a 2 
wt% biochar amendment rate, K decreased by 72 ± 2% when biochar grains were 
finer than sand grains, and decreased by 15 ± 2% when biochar grains were coarser 
than sand grains. When biochar and sand grain size were comparable, we observed 
no significant effect on K.  The addition of fine biochar decreased K because the finer 
biochar grains filled spaces between sand grains, thus increasing the tortuosity and 
reducing the pore throat size of the mixture. The decrease of K associated with 
coarser biochar was caused by the bimodal grain size distribution, resulting in more 
compact packing and increased tortuosity.  

The loss of biochar C as DOC was related to both biochar amendment rate 
and grain size. The cumulative DOC loss was 1350% higher from 10 wt% biochar 
compared to pure sand.  This large increase reflected the very small DOC yield from 
pure sand. In addition, DOC in the leachate decreased as biochar grain size 
increased. For all treatments, the fraction of carbon lost as DOC ranged from 0.06 to 
0.18 wt% of biochar. These experiments suggest that mixing sandy soils with 
biochar is likely to reduce infiltration rates, holding water near the surface longer 
with little loss of biochar-derived carbon to groundwater and streams. 



 3 
2.1. Introduction 

Biochar amendment of soil has been proposed for carbon (C) sequestration 
(Molina et al., 2009; Woolf et al., 2010) and for improving soil productivity (Liu et 
al., 2013). Biochar may also improve soil performance by altering soil physical 
characteristics such as porosity (), bulk density (ρb), hydraulic conductivity (K), 
and water holding capacity (Githinji, 2013; Herath et al., 2013; Streubel et al., 2011; 
Tryon, 1948) and by changing soil chemical properties including pH, cation 
exchange capacity, and nutrient availability (Deal et al., 2012; Liu et al., 2012; Major 
et al., 2009).  

The rate of water movement through soil is important for infiltration, 
delivery of water to plant roots, and flow of water to streams, groundwater, and 
oceans (Klute, 1986). Hydraulic conductivity (K) is a measurement of the ease of 
water movement through porous media and is related to other soil properties (e.g., 
effective porosity, pore throat size, tortuosity, and hydrophobicity) and fluid 
properties (e.g., fluid saturation (S), viscosity, and density) (Freeze and Cherry, 
1979). 

Previous studies showed that amending soil with biochar can either increase 
or decrease K (Barnes et al., 2014; Brockhoff et al., 2010; Githinji, 2014; Herath et al., 
2013). Using the falling head method to determine K, Barnes et al. (2014) showed 
that adding 10 wt% biochar (g biochar/g total soil x100%) can decrease the K of 
sand by 92%, decrease the K of organic soil by 67%, but increase the K of clay by 
328%. Githinji (2014) conducted cumulative infiltration experiments using an 
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infiltrometer and documented a linear decrease in K of a sandy loam with an 
increasing biochar amendment rate from 0 to 100% by volume. From constant head 
experiments, Brockhoff et al. (2010) observed that K of sand-based turf grass root 
zones decreased from 58.9 x 10-5 to 4.6 x 10-5 m/s as biochar amendment rate 
increased from 0-25% by volume. In another series of constant head experiments, 
Herath et al. (2013) documented increases in K of Alfisols by 50, 32 and 139% when 
adding unpyrolyzed corn stover, 350°C corn stover biochar, and 550°C corn stover 
biochar at 7.18 t C/ha, respectively. Herath et al. (2013) also showed a similar 
increase in K (41%) by adding 350°C corn stover biochar at 7.18 t C/ha to an 
Andisol. Additionally, Herath et al. (2013) found that the increase in K correlated 
with an increase of interparticle macropore volume. These changes in hydraulic 
conductivity through biochar are sometimes intended to have a lasting effect on soil 
water movement (Herath et al., 2013) and thus affect the hydrologic cycle.  

Porosity may play a role in how K changes in biochar-amended soils as pores 
can allow water migration and can change the tortuosity of flow paths. Increased 
porosity in soils after biochar amendment results from pores inside biochar grains 
(intra, intraporosity) and from pores between biochar and soil grains (inter, 
interporosity) (Masiello et al., 2015). Depending on the pore size, the pore 
connectivity, and the hydrophobicity of the grain surface, these two types of 
porosity may or may not be effective for water flow or water storage. When pores 
are connected, water moves faster in larger pores than in smaller pores and, thus, 
larger pores dominate water flow through porous media. Meanwhile, biochar grains 
can have high initial hydrophobicity if they are produced at low temperatures (<400 
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C) (Kinney et al., 2012). Hydrophobic biochar has positive water entry pressure 
(Wang et al., 2000), which means that an applied pressure is required for water to 
enter intrapores. If the hydrostatic pressure is less than the water entry pressure, 
water will not enter these intrapores, therefore reducing their effectiveness of water 
flow and water storage. Amending soil with biochar will likely change porosity, pore 
size, pore connectivity, and hydrophobicity of soil because of the dual porosity of the 
system, changes in the grain size distribution, and hydrophobicity of the biochar. 
Combined, these changes can affect the hydraulic conductivity.  

Feedbacks likely exist between the effects of biochar on soil water and 
carbon. The ability of biochar to sequester C can be affected by the mobility and 
retention of biochar within the soil matrix (Glaser et al., 2002b; Zhang et al., 2010). 
Mobilization of biochar could occur via erosion through runoff (Glaser et al., 2002b; 
Major et al., 2010; Rumpel et al., 2009; Rumpel et al., 2006), microbial and abiotic 
decay (Czimczik and Masiello, 2007; Foereid et al., 2011; Kuzyakov et al., 2009; 
Zimmerman, 2010), or vertical movement deeper into the soil profile or into 
groundwater, either via leachate (Hockaday et al., 2006; Major et al., 2010) or as 
particulate organic carbon (Lehmann and Joseph, 2009). Its ultimate fate can 
include discharge into the ocean (Dittmar et al., 2012; Jaffé et al., 2013).  

Amending soil with biochar may change soil K, thus altering the partitioning 
of precipitation between infiltration and surface runoff. If that is the case, the 
transport of biochar (with surface runoff or downward into groundwater) could be 
affected. In addition, the increased transport of pyrogenic DOC to depth in soils 
could increase soil C storage as deeper soil C is more protected from decomposition 
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(Schaetzl, 2002). Therefore, it is important to investigate the influence of biochar on 
K as well as biochar C movement as DOC leachate to understand the coupled effects 
of biochar on carbon and water in soils.  

I hypothesized that adding biochar into soil may affect soil K by changing 
pore characteristics and soil hydrophobicity, and may also introduce DOC into 
groundwater. To better characterize the impacts of biochar on these soil properties, 
I quantitatively investigated the K of biochar-sand mixtures and the concentration of 
DOC in the leachate collected during falling head experiments in the lab. Measuring 
changes in K associated with biochar amendment rate (biochar% by dry weight) 
and biochar grain size allowed us to better understand the effects of biochar on 
water movement in an idealized coarse soil (sand). I also measured skeletal density 
of biochars (ρsb) and sand (ρss), bulk density (ρb), and calculated , and S (percent of 
pore volume occupied by water) of the biochar-sand mixtures to help understand 
the physical mechanisms that may cause changes in K and in DOC leaching. 

2.2. Materials and methods  

2.2.1.  Biochar production 

There are differences of heat transport as well as composition in coarser 
biochar grains compared to finer biochar grains, confounding biochar chemistry and 
grain size if feedstock is ground after pyrolysis.  To avoid this, I pre-ground all 
biomass feedstocks to a uniform size prior to pyrolysis. The biochar grain sizes were 
different in the two experiments (concentration experiment and grain size 
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experiment). For the concentration experiment I ground mesquite (Prosopis sp.) 
wood feedstock into grains <0.853 mm, and for the grain size experiment I 
produced biochar from feedstock grains 1.7-2.00 mm (Table 2-1). Biochar in the 
grain size experiment were further ground after production (see 2.3).   

To produce biochar I placed 45 g of ground mesquite into a stainless steel 
crucible and packed each batch of ground mesquite to the same volume to minimize 
variation in heating rates between batches. I covered the steel crucible with ceramic 
fiber insulation and buried it inside a larger stainless steel, open-top vessel using 
approximately 9 kg of silica sand to allow uniform heat conduction (Kinney et al., 
2012). The vessel was heated in a muffle furnace at a rate of 5°C/min until the 
furnace temperature reached 400°C. I set the furnace to hold at 400°C for 4 hours 
and then allowed the biochar to cool down in the absence of oxygen for a minimum 
of 16 hrs. The general properties of biochars used in this study are shown in Table 
2-1.  

I measured the biochar mass yields immediately after pyrolysis, and found 
the mass yield to be constant at 44 wt% (no variation within the error of the balance 
used to measure mass, ± 0.001 kg). Biochar was stored in sealed glass jars until it 
was used in the experiments. Because biochar may absorb water after being 
exposed to air, I oven-dried all biochar samples at 60°C for 72 hours prior to use to 
remove any water absorbed during storage. I measured the mass of the biochar 
samples immediately after drying to insure an accurate dry mass value. 
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Properties Data 

Silica Sand Grain Size (mm) 0.251-0.853 pH 7.06 Electric Conductivity (μs/cm) 77 MED index 0 %C 0.14 ± 0.05 %H  NA %N  NA Biochar Production Feedstock Mesquite Heating Rate (°C/min) 5 Heating Duration (hours) 4 Pyrolysis Temperature (°C) 400 Mass Yield (wt%) 44.4 Biochar in Concentration Experiment Mesquite Feedstock Grain Size before Pyrolysis (mm) <0.853 Biochar Grain Size used in Experiment (mm) <0.853 
Biochar Amendment Rate (wt%) 0, 2, 4, 6, 8 and 10 
Ash Content (wt%) 5.06 pH 7.95 Electric Conductivity (μs/cm) 238 MED Index 3-5 %C  68 ± 1 %H  3.0 ± 0.1 %N  0.76 ± 0.01 MED index of Biochar-Sand Mixtures 0 Biochar in Grain Size Experiment Mesquite Feedstock Grain Size before Pyrolysis (mm) 1.70-2.00 Biochar Grain Size used in Experiment (mm) <0.251, 0.251-0.853, 0.853-2.00 
Biochar Amendment Rate (wt%) 0 and 2  
Ash Content (wt%) 4.26 Ph 7.41 Electric Conductivity (μs/cm) 110 MED Index 3-5 %C  73.0 ± 0.4 %H  3.2 ± 0.1 %N  0.74 ± 0.01 MED Index of Biochar-Sand Mixtures 0 

Table 2-1 General properties of silica sand and biochar used in this study. 
Values and error bars were the average and standard deviation of three 
replicates conducted for each treatment. 
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2.2.2. Biochar characterization 

I collected basic information on the biochar including one replicate of 
measurement for ash content, pH, and electrical conductivity (EC), and three 
replicates of measurements for hydrophobicity, %C, %N, and %H (Table 2-1). I 
placed a portion of oven-dried biochar in a ceramic crucible and heated at 750°C for 
6 hours to measure ash content. To measure the EC and pH I first mixed a 1:20 (w:v) 
suspension of biochar: Milli-Q water (18.2 MΩ-cm, PURELAB® Ultra Laboratory 
Water Purification Systems, SIEMENS, Germany) on a shaker for 1.5 h (IBI, 2013).  I 
measured the surface hydrophobicity of biochar using the molarity of ethanol drop 
(MED) test (Doerr, 1998). I reported the range of ethanol concentrations (MED 
index) at which the sample starts absorbing the ethanol solution within three 
seconds. I measured the %C, %N, and H% by mass of the pure biochar using a 
Costech ECS4010 elemental analyzer (within error of ±1%, ± 0.1% and ± 0.01% for 
%C, %N, and H%, respectively). 

2.2.3. Sample preparation 

I wet-sieved silica sand (Pavestone, USA) to a grain size between 0.251 mm 
(U.S. Std. No. 60 mesh) and 0.853 mm (U.S. Std. No. 20 mesh) to obtain a narrow 
grain size range without defining grain size distribution of sand. The sieved sand 
was heated for at least 72 hours at 60°C before experiments to remove any 
moisture. I mixed biochar with sand in aluminum jars by hand shaking to achieve 
homogeneous samples. In concentration experiments, the biochar (dry-sieved to 
grain size < 0.853 mm) amendment rates were 0 wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, 
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and 10 wt %, which are equal to 0, 22, 44, 66, 88 and 111 Mg C/ha, respectively, for 
an application depth of 12.0 ± 2.0 cm (the average length of the samples with 0-10 
wt% biochar). In grain size experiments, the biochar (grain size pre-pyrolysis: 1.70-
2.0 mm) was ground from one batch and dry-sieved it into three size ranges (fine: 
<0.251 mm, medium: 0.251-0.853 mm, coarse: 0.853-2.00 mm) to obtain biochar 
finer than sand, the same as sand, and coarser than sand. The biochar amendment 
rate was 2 wt%, which is equal to 22 Mg C/ha for an application depth of 10.4 ± 0.4 
cm (the average length of the samples with 2 wt% biochar in grain size 
experiments). Three replicates of each treatment resulted in a total of 18 samples in 
concentration experiments and 12 samples in grain size experiments (Table 2-1).  

I explored high biochar amendment rates, up to 10 wt%, to detect any effects 
beyond 2 wt%. This allowed us to derive relationships between biochar amendment 
rate, K, and DOC leaching. The upper limit (10 wt%) was selected based on previous 
experiments conducted that showed 10 wt% biochar has an effect on soil K and C 
export (Barnes et al., 2014). 

2.2.4. Experimental setup and procedures 

Some method modifications were necessary to measure the K in the biochar-
sand mixtures and DOC concentration in leachate from these mixtures. The 
hydraulic conductivity of the sand (wet-sieved, 0.251-0.853 mm) was greater than 1 
x 10-5 m/s (Figure 2-1). For K values of this magnitude, the constant head method 
was recommended to measure K (ASTM International, 2006); however, this method 
did not allow us to measure DOC concentration quantitatively in the leachate. To 
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address this I compared constant head and falling head K values for the sand, and 
confirmed that both methods gave the same hydraulic conductivity (p=0.3796, p 
value was obtained by two-tailed t-tests, differences are deemed significant at a p-
value less than 0.05, Figure 2-1). The use of falling head tests allowed us to measure 
K in the biochar-sand mixtures and to easily collect and analyze leachate 
quantitatively. Falling head experiments additionally allowed rapid completion of 
multiple replicates. Although distilled water is not recommended as a permeant 
fluid because it can lower the hydraulic conductivity of clayey soils (ASTM 
International, 2010), I used Milli-Q water as the permeant fluid because: 1) sand 
was unlikely to swell in response to wetting, thus using distilled water has lower 
influence on K for sand than for clay; and 2) Milli-Q water provided a blank to 
address how DOC in the leachate is produced from biochar C. I de-aired permeant 
fluid under vacuum prior to experiments to remove air bubbles in water.  

I constructed falling head columns to measure K (see Barnes et al., 2014). 
Before adding the biochar-sand mixture evenly to the bottom of a clear plastic 
cylindrical column (0.0198 m inner radius, 0.25 m height), I fastened a piece of 54 
micron polyester mesh (Part No.: CMY-0054-10YD, Small parts, FL) to the bottom of 
the column to allow water flow while preventing soil loss. I attached measuring tape 
(S.E. Rose Co., TX) along the height of each column to facilitate accurate 
measurements of sample length and hydraulic head (h). To fill the sample columns, I 
gently poured the biochar-sand mixture into the columns, I then placed a piece of 54 
micron polyester mesh on the top of the sample and then a porous, permeable stone 
(cleaned using a Branson 1510 Ultrasonic Cleaner in Milli-Q water to avoid 
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contamination) to confine the sample surface and to allow even distribution of 
water through sample. The last step was to load each sample with 4.54 kg mass to 
allow compaction under a constant load. I monitored sample length until it did not 
change; this was recorded as the sample length (L, ranged from 0.097 to 0.148 m). I 
then placed the base of each column into a plastic cup and filled the cup with Milli-Q 
water to allow the water to rise into the sample from bottom to top all at once. Each 
sample was stored in the water-filled saturation cup for two days without drainage 
to insure saturation.  

 

Figure 2-1 The hydraulic conductivity (K) of sand (0.251-0.853 mm) measured 
by falling head (black dots) method and constant head (grey dots) method 
(p=0.3796) were statistically identical. 

2.2.4.1. Hydraulic conductivity  

I allowed free, gravity-driven drainage of water through the samples until 
water level was ~0.005 m above the top of the sample and collected the first 



 13 
leachate (flush 0) for DOC analysis. I then poured 300 ml of Milli-Q water into each 
column and recorded the hydraulic head until the water level was ~0.005 m above 
the top of the sample. I used this approach to conduct six flushes (flush 1-6) for each 
sample, each flush right after the previous one to prevent any drying between 
flushes. I collected leachate from each flush for DOC analysis. I monitored the head 
change over time to determine K for each flush (Klute, 1986) by Equation 2-1: 

K   tL  //hhln 12                                                                            Equation 2-1 
Where ∆t was time elapsed (s), h1 was initial head (0.25 m) from water 

surface to sample bottom, and h2 was final head (varying between 0.24 and 0.19 m). 
This equation defines the hydraulic conductivity for saturated samples. For 
consistency I used Equation 2-1 and report water saturation (S) for all samples 
(Equation 2-3). The falling head experiments were conducted following the protocol 
as described in ASTM standard D5085 (ASTM International, 2010).  

2.2.4.2. Skeletal density, bulk density, and saturation 

Pores inside plant-derived biochars (intrapores) are bimodal in size 
distribution (Sun et al., 2012), and these pores may or may not be connected. Even 
when pores are connected, nanometer-scale pores may be too small to permit water 
entry (Brewer et al., 2014). To make a first assessment of the pore connectivity, I 
measured the skeletal densities of the biochar in different grain sizes and sand used 
in the falling head experiments using helium (He) pycnometry (AccuPyc II 1340, 
Micromeritics Instrument Corporation, USA) (Table 2-2). Helium pycnometry 
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determines the volume of the biochar skeleton by measuring the volume of 
displaced He; the mass of the biochar sample was divided by this volume to obtain 
the skeletal density of biochar (ρsb) (Brewer et al., 2014).  

Grain Size Silica Sand  Biochar in Concentration Experiment  
Biochar in Grain Size Experiment  

<0.251 mm - - 1477 ± 2 
<0.853 mm - 1500 ± 10 - 
0.251-0.853 mm 2660 ± 20 - 1452 ± 5 
0.853-2.00 mm - - 1430 ± 2 

Table 2-2 Skeletal density (kg/m3) of silica sand (ρss) and biochar (ρsb) used in 
this study. Values and error bars were the average and standard deviation of 
three replicates conducted for each treatment. 

Using sample length, inner radius of the column (r=0.0198 m) and total 
sample mass (M=0.2 kg), I calculated the dry bulk density (ρb) of each biochar-sand 
mixture (Table 2-3) using Equation 2-2: 

Lr
M

b 2                                                                                          Equation 2-2 

After I finished six water flushes and water surface was no longer above the 
top of the sample, I measured the mass the wet sample (Mt). I then oven-dried each 
sample until there was no further change in mass. I then calculated S (Equation 2-
3,Table 2-3), which is the percent of pore space occupied by water: 

S  
sbbcMM

MM



//Lr

/
sss
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wdt 

  x 100%                                   Equation 2-3 

Where Md was the oven-dried sample mass (kg) and ρw is density of water 
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(1000 kg/m3), Ms was mass of sand (0.2 x (1-biochar%) kg), ρss was skeletal density 
of sand (kg/m3,Table 2-2), Mbc was mass of biochar (0.2 x biochar% kg), and ρsb was 
skeletal density of biochar (kg/m3,Table 2-2). The dry mass was very close to the 
pre-experiment mass (0.2 kg) with 0.4 ± 0.2 % mass loss. If S = 100%, all pores were 
filled with water and the sample was fully saturated; if S < 100%, the sample was 
partially saturated (pores are partially filled by water and partially filled by air). 

Biochar Grain Size (mm) 
Biochar amendment rate (wt%) b (kg/m3) S (%) 

Concentration Experiment 
- 0 1620 ± 30 102 ± 3 

<0.853 2 1450 ± 10 96 ± 1 
<0.853 4 1340 ± 20 90 ± 2 
<0.853 6 1280 ± 20 87 ± 3 
<0.853 8 1200 ± 10 87 ± 4 
<0.853 10 1110 ± 10 82 ± 5 

Grain Size Experiment 
- 0 1660 ± 40 105 ± 5 

<0.251 2 1540 ± 10 88 ± 4 
0.251-0.853 2 1520 ± 20 101 ± 1 
0.853-2.00 2 1570 ± 10 99 ± 3 

Table 2-3 Bulk density (ρb) and water saturation (S) after the final flush of 
each treatment in this study. Values and error bars were the average and 
standard deviation of three replicates conducted for each treatment, 
respectively. 

2.2.4.3. Total Porosity, effective porosity, interporosity, and intraporosity 

Porosity is the fraction of pore volume per total sample volume (pores plus 
solids). In this study, the total porosity (T) of the biochar-sand mixture was the sum 
of intraparticle and interparticle porosity and was defined by the volume fraction 
that could be invaded by He. I calculated T (Equation 2-4, Table 2-3) using skeletal 
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density data: 

Lr
MMLr sbbcsssT 2

2 //


                                                     Equation 2-4 

The total porosity measured by He may be larger than the porosity accessible 
by water, because water is a larger molecule than helium. To examine the porosity 
accessible by water, I also calculated effective porosity (eff, Equation 2-5). Effective 
porosity is equal to the volume of pores accessible by water (Vep) divided by total 
sample volume (VT, =r2L): 

T
ep

eff V
V                                                                                           Equation 2-5 

The volume of pores accessible by water (effective pores) equaled total 
sample volume minus volume of sand grains (Vs) and volume of biochar solids (Vbc, 
including pores that were inaccessible to water) (Equation 2-6): 

bcsTep VVVV                                                                            Equation 2-6 

For sand, the volume of sand grains equaled to the mass of sand divided by 
the density of sand (Equation 2-7): 

ss
ss

MV                                                                                              Equation 2-7 

Below I discuss three means of estimating solid volume of biochar based on 
the accessibility of the internal pores to water. 
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(a) If all biochar internal pores were accessible to water and Vep was the 

volume of interpores plus intrapores, then Vbc was the volume of biochar skeleton 
measured by helium pyconometry (Equation 2-8 and Figure 2-2a). In this case, the 
effective porosity equals total porosity: 

sb
bcbc

MV                                                                                           Equation 2-8 

 

Figure 2-2 Idealized, 2D biochar grains with internal (a) connected pores, (b) 
unconnected pores and (c) both connected and unconnected pores had 
different biochar volume (Vbc). (a). When biochar internal pores were 
connected, Vbc was the volume of biochar skeleton measured by helium 
pycnometry; (b). When biochar internal pores were unconnected, Vbc was the 
volume of biochar skeleton plus biochar internal pores; (c) when biochar 
grains had both connected and unconnected pores, Vbc was volume of biochar 
skeletal plus non-accessible biochar internal pores. 

(b) If all biochar internal pores were not accessible to water and Vep was the 
volume of interpores only in the mixture, then Vbc was the volume of biochar 
skeleton plus biochar internal pores (Equation 2-9 and Figure 2-2b). In this 
scenario, effective porosity equals interporosity: 

eb
bcbc

MV    .                                                                                       Equation 2-9 
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Where ρeb is the envelope density of biochar grain, ρeb=(1-bc)ρsb and bc is the 

internal porosity of biochar (Brewer et al., 2014).  
(c) Intermediate scenario between scenarios (a) and (b), where some 

fraction (f, ranges from 0-1) of biochar internal pores were accessible to water. In 
this case, Vep is the volume of interpores plus accessible intrapores (Figure 2-2c). 
Then Vbc is volume of biochar skeletal plus non-accessible biochar internal pores 
(Equation 2-10). In this scenario, effective porosity is the sum of interporosity and a 
fraction of intraporosity: 

)1( fMMV bc
eb
bc

sb
bcbc                                                              Equation 2-10 

If we substitute (1-bc)ρsb for ρeb, then:  

 fMMV bc
bcsb

bc
sb
bcbc  1)1(                                                 Equation 2-11 

If f=1, (effective pore volume was the sum of interpore plus intrapore 
volume), then Equation 2-11 simplifies to Equation 2-8. If f=0, (effective pore 
volume is interpore volume only), thenError! Reference source not found. 
simplifies to Equation 2-9.  

Reorganizing Equation 2-11 gives:  
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                           Equation 2-12 
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To calculate effective pore volume in Equation 2-6 I substituted 

ss
sM

 for Vs 

(see Equation 2-7) and  
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bc fM

 for Vbc (see Equation 2-12). In this case 

Equation 2-6 becomes: 
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ss
sTep

fMMVV
                                                Equation 2-13 

By combing Equations 2-5 and 2-13, I obtained Equation 2-14 for the 
effective porosity that is accessible to water in the biochar-sand mixture:  

 
 



































 11
111

11
11

bc
Tsb

bc
Tss
s

T
bc

sb
bc

ss
sT

eff
f

V
M

V
M

V

fMMV




 . 

                                                                                                             Equation 2-14 
In Equation 2-14, if f=0, eff was the interporosity of the mixture (Equation 2-

9). If f=1, eff =T which was the sum of interporosity and intraporosity (Equation 2-
8). To calculate eff using Equation 2-14, I measured Ms, ρss, Mbc, ρsb and VT; however, 
bc and f are two unknowns.   

I assumed bc=0.622 m3/m3 for mesquite biochar produced at 400 C based 
on the analysis of Brewer et al. (2014), who estimated the internal porosity of 
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mesquite biochar, produced at different temperatures, from measured skeletal 
density and envelope density. Their biochar and the biochar used in this study were 
produced by the same technique.  

The fraction (f) of biochar intraporosity that is accessible to water depends 
on the biochar surface chemistry, biochar internal pore size distribution, and 
biochar pore connectivity. If the biochar surface is hydrophilic ( <90) then water 
entry pressure is negative (Baker and Hillel, 1990). If these pores are connected and 
larger than a water molecule, then water can imbibe the pores and f=1, meaning the 
pores can all be filled with water. On the other hand, if the biochar is hydrophobic ( 
>90), then water entry pressure is positive (Wang et al., 2000). In this case, the 
water pressure needs to exceed the entry pressure in order for water to enter the 
biochar pores. Consequently, for hydrophobic biochar water imbibes the larger 
pores first because they have a lower water entry pressure (Bauters et al., 2000). As 
the higher hydrostatic pressure, progressively smaller pores become saturated 
(thus higher f).  

The minimum biochar pore diameter (D) that can be invaded by water at a 
given hydrostatic pressure, wgh is determined by  

ghD
w

 cos4                                                                                    Equation 2-15 

Here  is the interfacial tension between water and air at room temperature 
(0.072 N/m), and  is the contact angle between the water, air and biochar. 



 21 
Data for biochar contact angle, , is limited and I assumed that =120, the 

maximum contact angle of biochar reported in the literature (Herath et al., 2013; 
Smetanova et al., 2012; Wang et al., 2013a). This contact angle corresponds to a 
breakthrough pore diameter of 59 m for a hydrostatic pressure of 2.45 kPa (0.25 m 
of hydraulic head). From pore size distribution data measured by mercury 
pycnometry, Brewer et al. (2014) found that mesquite biochar at 450C had 12% 
(f=0.12) pores larger than 59 m. 

If biochar is hydrophobic determination of f is difficult because the 
hydrophobicity of biochar can be reduced by water treatment, reducing the contact 
angle of biochar. A decrease of contact angle would result in a decrease of 
breakthrough D and corresponding increase of f. A second source of uncertainty 
would be the use of pore size distribution data obtained by mercury porosimetry 
Brewer et al. (2014). Because mercury porosimetry does not differentiate between 
interpores and intrapores, f might be slightly overestimated; however, for the 
mesquite biochar there was no statistical difference between porosity determined 
by mercury porosimetry (0.660 m3/m3) and (Brewer et al. 2014) determined by He 
pycnometry (0.667 ±0.017 m3/m3).  

2.2.4.4. Dissolved organic carbon measurement 

I collected leachate after the two-day saturation period (Flush 0). I also 
collected leachate after each flush (Flush 1-6). The leachate was massed (Fisher 
Scientific Accu 4202, USA) and filtered through pre-combusted glass fiber filters 
(Whatman, GF/F, 1825-025, UK) with a nominal pore size of 0.7 µm (Kolka et al., 
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2008; Wangersky, 1993). Filtered leachate samples were then refrigerated until 
DOC analyses could be performed (ASTM International, 2009; Cleveland et al., 2010) 
using a high temperature combustion total C analyzer (Shimadzu TOCvcsh, Kyoto, 
Japan). Sample replicates indicate a 0.06 mg/L precision for DOC.  

2.2.5. Statistical analyses 

Statistical comparisons of K and DOC in leachate between various 
concentrations, grain sizes, and controls (sand) were done using two-tailed t-tests. 
Differences were deemed significant at a p-value less than 0.05. I computed Pearson 
correlation coefficients (R) to assess the relationship between geometric mean of K 
of all flushes and ρb, S, ϕT, ϕeff, ϕinter, and ϕintra as well as the relationship between 
cumulative DOC for each flush and ρb, S, ϕT, ϕeff, ϕinter, and ϕintra (Table 2-4). 

2.3. Results 

2.3.1. Biochar concentration, grain Size, and hydraulic conductivity 

In the concentration experiment, hydraulic conductivity decreased with 
increasing biochar concentration. For instance, hydraulic conductivity decreased by 
an average of 72 ± 3% (p<0.001) with biochar concentration of 10 wt% compared to 
pure sand (Figure 2-3). Previous studies proposed linear relations between log(K) 
and clay content. Here I employed a similar approach by relating log(K) and biochar 
concentration: 

log(K) = -0.0541 x biochar% - 3.166 (R2=0.9851, K in m/s)                          
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                                                                                                             Equation 2-16 
This empirical relation means that K, not log(K), decreased by a factor of 1.28 

with each 2 wt% increase in biochar concentration. Any change in sand and biochar 
properties (i.e. grain size of sand and biochar, feedstock, pyrolysis temperature of 
biochar, hydrophobicity, intrapore size, and interpore size) would affect the slope 
and intercept of this relationship. Although this function was constrained for 
materials (grain size and surface chemistry) in the concentration experiment, it 
adds additional information on the magnitude of changes in K that can be expected 
from biochar. 

 

Figure 2-3 Effects of biochar concentration on K. Hydraulic conductivity 
decreased as biochar amendment rate increased from 0 to 10 wt%. The 
dashed line is an empirical, linear relationship between log(K) and biochar 
concentration (biochar%). Values and error bars were the average and 
standard deviation of three replicates conducted for each treatment. 



 24 
To understand the physical controls that drive K changes with biochar 

addition, I considered the effects of grain size. I determined that biochar grains finer 
than sand grains played an important role in decreasing K; biochar grains coarser 
than sand grains decreased K as well, but to a lesser extent (Figure 2-3). At 2 wt% 
biochar amendment rate, when biochar grains were finer than the sand grains, K of 
the mixture was 72 ± 2% lower than K of pure sand (p<0.001). Hydraulic 
conductivity decreased by 15 ± 2% when the biochar grain size was coarser than the 
sand grain size (p<0.01). When biochar and sand grain sizes were comparable, K 
was the same (p=0.25) (Figure 2-4). 

 

Figure 2-4 Effects of biochar grain size on K at a biochar concentration of 2 
wt%. Compared with the sand-only control (grey dots), fine biochar (<0.251 
mm, small black dots) caused a significant decrease in K; when biochar grain 
size was equal to sand grain size (0.251-0.853 mm, medium black dots), no 
significant change in K was observed; larger biochar grains (0.853-2.00 mm, 
large black dots) than sand grains (0.251-0.853 mm) caused increase of K. 
Values and error bars were the average and standard deviation of three 
replicates conducted for each treatment. 
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2.3.2. Skeletal density, bulk density, and water saturation 

The biochar used in the concentration experiments had a lower skeletal 
density (1500 ± 10 kg/m3) than the sand (2660 ± 20 kg/m3, Table 2-2). For the 
biochar-sand mixtures, bulk density decreased from 1620 ± 30 kg/m3 to 1110 ± 10 
kg/m3 as biochar amendment rate increased from 0 to 10 wt%. The final water 
saturation decreased from 102 ± 3% to 82 ± 5% when adding 10 wt% biochar 
(Table 2-3).  

The skeletal density of biochar decreased with increasing grain size (1477 ± 
2 kg/m3, 1452 5 kg/m3, 1430 ± 5 kg/m3 for fine, medium, and coarse biochar, 
respectively (Table 2-2). All biochar-sand mixtures, regardless of biochar grain size, 
had lower ρb (1540 ± 10 kg/m3, 1520 ± 2 kg/m3 and 1570 ± 10 kg/m3for fine, 
medium, and coarse biochar-sand mixtures, respectively) at 2 wt% biochar 
amendment rate than those of pure sand (ρb: 1660 ± 40 kg/m3, Table 2-3). The final 
water saturation of the sand-only and fine, medium, and coarse biochar-sand 
mixtures were 105 ± 5%, 88 ± 4%, 101 ± 1%, and 99 ± 3%, respectively.  

2.3.3. Total porosity, effective porosity, interporosity, and intraporosity 

Adding biochar into the system also changed the porosity of the sand-biochar 
mixtures. In the concentration experiment, T, eff, intra, and inter increased with 
biochar amendment rate (Figure 2-5a). For example, T increased from 0.39 ± 0.01 
m3/m3 to 0.55 ± 0.0 m3/m3 and intra increased from 0 to 0.12 ± 0.0 m3/m3 from 0-10 
wt% biochar. Effective porosity increased slightly from 0.39 ± 0.01 to 0.45 ± 0.0 
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m3/m3 and intraporosity increased slightly from 0.39 ± 0.01 to 0.43 ± 0.0 m3/m3 
from 0-10 wt% biochar. Although I observed a generally increasing trend of 
interporosity and effective porosity for biochar concentration ranging from 0 to 10 
wt%, the change of interporosity and effective porosity is subtle for each 2 wt% 
increase of biochar concentration. As a result, the interporosity and effective 
porosity of 4wt% biochar were statistically the same within error to those of 6 wt% 
biochar. 

 

Figure 2-5 Total porosity, effective porosity, interporosity and intraporosity of 
sand and biochar-sand mixtures. Adding biochar into sand increased total 
porosity and intraporosity in the system because biochar has intrapores.  In 
the concentration experiment, not all biochar internal pores were accessible 
to water, and as a result, effective porosity was not equal to total porosity and 
it was slightly higher than interporosity (a). In the grain size experiment, 
interporosities of biochar-sand mixtures were similar to sand (b). 

In the grain size experiment, biochar-sand mixtures had higher T (0.41 ± 0.0, 
0.42 ± 0.01 and 0.40 ± 0.01 m3/m3 for fine, medium, and coarse biochar-sand 
mixtures, respectively) than pure sand (0.38 ± 0.02 m3/m3) (Figure 2-5b). Biochar-
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sand mixtures had similar inter (0.38 ± 0.0, 0.38 ± 0.01 and 0.37 ± 0.01 m3/m3 for 
fine, medium, and coarse biochar-sand mixtures, respectively) in comparison to 
pure sand (0.38 ± 0.02 m3/m3). In biochar-sand mixtures only 12% of intra was 
accessible to water (f=0.12) and biochar amendment rate was only 2wt%, eff was 
slightly higher than ϕinter. 

 

Figure 2-6 Cumulative dissolved organic carbon (DOC; mg) through Flush 0-6 
increased with biochar amendment rate (0-10wt%). The biochar grain size 
used in this experiment was <0.853 mm. Values and error bars were the 
average and standard deviation of three replicates conducted for each 
treatment. 

2.3.1. Leaching of biochar C as DOC 

To explore the fraction of biochar C lost through leachate as DOC, I analyzed 
effluent from each flush for DOC concentration and calculated mass loss of biochar 
C. In the concentration experiment, the cumulative DOC released from all seven 
flushes (Flush 0-6) increased from 1.4 ± 0.1 mg to 20 ± 1 mg (or increased by 
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1350%) from 0-10 wt% biochar (Figure 2-6). The DOC mainly leached during Flush 
1, which contributed 35%, 58%, 65%, 74%, 76% and 75% of the cumulative DOC 
loss for 0, 2, 4, 6, 8 and 10 wt% biochar, respectively. Based on the mass of DOC 
observed and the known mass of biochar C added to the mixtures, the percentages 
of total biochar C that lost as DOC were similar across all treatments: 0.18 ± 
0.01wt%, 0.16 ± 0.01 wt%, 0.15 ± 0.01wt%, 0.14 ± 0.01wt% and 0.14 ± 0.01 wt% 
for 2, 4, 6, 8 and 10 wt% treatments, respectively. The very low levels of DOC 
released from sand might come from the sand collection site or from the tap water 
(DOC concentration = 5.78 ± 0.08 mg/L) used during wet-sieving, or both. 

 

Figure 2-7 Cumulative dissolved organic carbon (DOC; mg) through flushes 
increased as biochar grain size decreased at 2 wt% biochar amendment rate. 
Values and error bars were the average and standard deviation of three 
replicates conducted for each treatment. 

In the grain size experiment, the cumulative DOC released from Flush 0 to 
Flush 6 decreased as biochar grain size increased (by 46% from fine to coarse 
biochar) (Figure 2-7). Similar to the concentration experiment, the largest portion of 
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the DOC came out in Flush 1, which contributed 61%, 70%, and 54% of the 
cumulative DOC mass loss for fine, medium, and coarse biochar-sand mixtures, 
respectively. The fraction of biochar C that moved as DOC was 0.15 ± 0.02 wt%, 0.08 
± 0.01 wt% and 0.06 ± 0.02 wt% of total biochar C added for fine, medium, and 
coarse biochar treatments, respectively. 

2.4. Discussion 

2.4.1. Hydrophobicity and pore characteristics as controls on hydraulic 
conductivity 

Hydraulic conductivity correlates with soil properties such as grain 
hydrophobicity, pore connectivity, pore size, and tortuosity (Carman, 1937, Kozeny, 
1927). The biochars analyzed were slightly hydrophobic (MED index=3-5; Table 2-
1) and all biochar-sand mixtures were hydrophilic (MED index=0, Table 2-1). The 
difference between hydrophobic biochar and hydrophilic biochar-sand mixtures 
indicate that this type of biochar did not result in significant changes in bulk 
hydrophobicity at concentrations of 0-10 wt%. However, the hydrophobicity of 
biochar grains, or biochar’s small intrapore size, or both, may cause a high intrapore 
entry pressure, preventing water from imbibing intrapores. For instance, I estimate 
that total porosity increased more than the effective porosity (Figure 2-5). In the 
biochar concentration experiments the total porosity increased by 0.16 m3/m3, 
whereas effective porosity increased by 0.06 m3/m3 from 0-10 wt% biochar. This is 
likely because the hydraulic pressure of 2500 Pa applied at the beginning of the 
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falling head experiments was insufficient to overcome the entry pressure caused 
either by the hydrophobicity of the biochar grains or the biochar’s small intrapore 
size, or both. Therefore, the increase of total porosity by adding biochar may not 
conduct water flow, and thus had little effect on K. Although biochar did not change 
the bulk hydrophobicity of the biochar-sand mixture, at the low mass fraction in the 
experiments, it may have affected flow at the pore scale. However, previous 
experimental and modeling studies showed that clay started to affect hydraulic 
conductivity at volume fractions as low as 5% (Daigle and Reece, 2015; Revil and 
Cathles, 1999). Similarly, I speculate that individual biochar grains can interact with 
water in sand and, thus, impact properties such as K, but not produce a significant 
change in hydrophobicity. 

 Figure 2-8 Illustration showing how biochar’s skeletal density (sb) may 
change after grinding (from left to right) soil aggregates with (a) solid grains 
and (b) grains with isolated intrapores. a) Skeletal density did not change by 
breaking (white bar) soil grain aggregates; sb was identical in the single 
aggregate (left) and as in the broken aggregate (two pieces) (right). b) After 
grinding grains with isolated pores, He can access these pores, increasing ρsb 
as determined by He pycnometry. 
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Biochar intrapore connectivity may be affected by grinding and also may be 

related to pore size. When intrapores are not connected, they act as isolated pockets 
of gas, creating an apparent skeletal density that is lower than the true skeletal 
density (Figure 2-8b, left). The lower ρsb of the coarse biochar (Table 2-2) reflected 
the preservation of isolated, unconnected pores. Grinding biochar into finer size 
grains opened the unconnected intrapores (Figure 2-8b, right) and allowed He to 
enter. As a result, the finer biochar grains had a higher skeletal density as 
determined by He pycnometry. However, water moved faster in larger pores than in 
smaller pores when pores were saturated and thus larger pores dominated water 
flow when pores were connected. For instance, when biochar and sand grains of the 
same grain size were mixed at 2 wt% biochar, the biochar-sand mixture had the 
same inter (0.38 ± 0.01 m3/m3) to that of pure sand (0.38 ± 0.01 m3/m3). Meanwhile, 
the K values of these two treatments were the same (p=0.25) and the treatments 
were fully saturated (Table 2-3). In addition, the Pearson correlation coefficients (R) 
between K and ϕT, ϕeff, ϕinter, and ϕintra were -0.99, -0.90, -0.81 and -1.00 in 
concentration experiments and were -0.42, -0.17, -0.06 and -0.43 in grain size 
experiments, respectively (Table 2-4). This negative correlation between K and 
porosity indicates that the increase of porosity by introducing biochar intrapores is 
not necessarily providing flow paths for water, and thus does not have a positive 
effect on K. Therefore, it is likely that the smaller intrapores were poorly 
hydraulically connected and larger interpores dominated the flow path (Figure 
2-9b).  

The results showed that mixing sand with biochar of different grain sizes can 
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change interpore size and tortuosity. When biochar grains were finer than sand 
grains, the biochar grains filled the pores between the sand grains, resulting in more 
effective packing (Figure 2-9c) and higher bulk density (Table 2-3) than when 
biochar grains were the same size as the sand grains (both under the same 
compaction force). This reduced intergranular pore throat size and increased 
tortuosity. If interpores dominated water flow (as we hypothesize), the geometric 
changes to the interpores caused by adding finer biochar grains may have accounted 
for the observed reduction in K (Figure 2-4).  

Results Flush # b  S  ϕT ϕeff ϕinter ϕintra 
Concentration Experiment 

K ALL  0.99 0.98 -0.99 -0.90 -0.81 -1.00 
Cumulative DOC 0 -0.89 -0.95 0.89 0.92 0.90 0.85 
Cumulative DOC 1 -0.99 -0.97 0.99 0.89 0.79 1.00 
Cumulative DOC 2 -0.99 -0.98 0.99 0.89 0.80 1.00 
Cumulative DOC 3 -0.99 -0.98 0.99 0.90 0.80 1.00 
Cumulative DOC 4 -0.99 -0.98 0.99 0.90 0.81 1.00 
Cumulative DOC 5 -1.00 -0.98 0.99 0.91 0.82 1.00 
Cumulative DOC 6 -1.00 -0.98 0.99 0.91 0.82 1.00 

Grain Size Experiment 
K ALL  0.42 0.98 -0.42 -0.17 -0.06 -0.43 
Cumulative DOC 0 -0.43 -0.56 0.50 0.88 0.86 0.17 
Cumulative DOC 1 -0.90 -0.84 0.91 0.61 0.40 0.81 
Cumulative DOC 2 -0.87 -0.87 0.88 0.61 0.41 0.78 
Cumulative DOC 3 -0.87 -0.90 0.88 0.53 0.31 0.81 
Cumulative DOC 4 -0.85 -0.91 0.86 0.53 0.32 0.79 
Cumulative DOC 5 -0.84 -0.92 0.85 0.52 0.32 0.77 
Cumulative DOC 6 -0.83 -0.93 0.84 0.49 0.29 0.78 

Table 2-4 Pearson correlation coefficients between hydraulic conductivity and 
bulk density, water saturation, total porosity, effective porosity, interporosity, 
intraporosity; between cumulative DOC and bulk density, water saturation, 
total porosity, effective porosity, interporosity, intraporosity.  
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When biochar grains were coarser than sand grains, sand grains likely 

surrounded biochar grains (Figure 2-9d), which may explain the higher bulk density 
(Table 2-3) in this case compared to mixtures where biochar and sand grains were 
of the same size. The denser packing caused by coarser biochar may also decrease 
pore throat size between grains and increase tortuosity. If interpores dominated 
water flow, these changes of interpores due to addition of coarser biochar grains 
can explain the observed reduction in K (Figure 2-4).  

 

Figure 2-9 Illustration showing idealized mixture of pure sand (gray circles) 
and biochar (circles with black pattern). a) grain arrangement of sand as 
control, b) grain arrangement was the same when biochar and sand grains are 
of the same size, c) fine biochar grains filled in the pores between sand grains 
resulting in more compacted packing than control thus reduced porosity and 
increased tortuosity, d) sand grains surrounding big biochar grains increased 
tortuosity. 
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2.4.2. Implications for field application  

Biochar application methods can affect the distribution of biochar in soil, 
with concomitant effects on soil K. In the experiments I mixed biochar with sand 
uniformly, which most closely represents uniform topsoil mixing conditions. Other 
application methods such as top dressing or deep-banding into the rhizosphere 
(Lehmann and Joseph, 2009) may create heterogeneous biochar-sand mixtures, 
resulting in different effects on K compared with uniform mixing. For example, 
when adding fine biochar grains, the vertical K of deep-banded soils will be even 
lower than that of uniformly mixed soils because finer biochar grains would create a 
low permeability layer causing water to preferentially move horizontally.  

In addition, it is important to consider temporal changes in K of biochar-soil 
mixtures. For example, coarse biochar grains can be broken into finer-sized grains 
by plant roots and other natural forces such as freeze-thaw cycles (Lehmann and 
Joseph, 2009; Spokas et al., 2014). As biochar grain size decreases, I anticipate that K 
will also decrease as observed in the experiments. Additionally, biochar may change 
soil K by changing plant physical properties, like root size and density, as previous 
studies have shown that biochar application can increase rice root diameter 
(Noguera et al., 2010), which may increase the diameter of soil macropores (Hu et 
al., 2015) and result in increased K.  

It is also important to consider local ionic strength in the field. Biochar has a 
higher mobility in water with a lower ionic strength than in water with a higher 
ionic strength (Zhang et al., 2010). I used low ionic strength water in the 
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experiment; thus biochar is more susceptible to be transported. In some cases, 
transported biochar may then form clogs in pores and reduce K.  Biochar can also 
act as a source of cations to the solution resulting in an increase of ionic strength. 
The increase may cause a decrease in DOC concentration (Hruska et al., 2009) and 
then DOC may have less effect on K. Although I did not observe the effect of this 
negative feedback (between DOC and ionic strength) on K in biochar-sand mixtures 
at laboratory scale, this may occur over long residence times or more water flushing 
events.  

Biochar concentration, biochar/soil grain size distribution (soil texture), and 
application techniques should be considered together to evaluate the most effective 
application scenario for the desired field conditions. We also need to consider 
changes in water storage and K of biochar-soil mixtures when defining an optimal 
biochar application rate and grain size to maximize water retention without 
adversely affecting water flow. To reduce water drainage in sandy areas, biochar 
grains that are finer than soil grains may be more effective (Figure 2-4). However, 
finer biochar grains may introduce more DOC leaching to groundwater compared to 
coarser biochar grains (Figure 2-7), although the data suggest that the overall effect 
of biochar on DOC fluxes is likely to be minor. In addition, during application grains 
less than 2.5 μm may enter the atmosphere and become part of the PM2.5 pool, 
adversely affecting human health (WHO Europe, 2003) and climate (IPCC, 2003). 
This risk points to the need for application techniques that deliver biochar grains 
into the soil without introducing grains into atmosphere. Ideally biochar would be 
broken down into desired grain sizes only once in the soil. To reduce groundwater 
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pollution caused by biochar-induced DOC leaching, pretreatment of biochar to 
remove leachable C may sometimes be needed, depending on the chemistry of the 
biochar used.  

The experiments suggest that biochar’s effect on soil K was mainly controlled 
by interparticle space (interpores). When biochar grains are finer than sand grains, 
finer biochar filled interpores between sands resulting in a creation of smaller pores 
and an increase of tortuosity, thus decreasing K. Based on this theory, I expect that 
biochar with low intraporosity (e.g., poultry litter) would likely also reduce soil K if 
biochar grains were finer than soil grains. While biochar grains in this study were 
relatively monodisperse, other studies with polydisperse grains have shown similar 
results. Brockhoff et al. (2010) reported a decrease in K in a sandy soil when fast 
pyrolysis switchgrass biochar was used. This switchgrass had a very fine grain size, 
with approximately 20 wt%, 30 wt%, and 50 wt% of the grains coarser than 100μm, 
between 50 and 100μm, and finer than 50μm, respectively (Brewer, unpublished 
data).  

When biochar grains (0.853-2.00 mm) were slightly coarser than sand grains 
(0.251-0.853 mm), biochar caused a 15 ± 2% decrease in K. It is possible that this 
effect may not persist when adding coarser biochar into soil with finer textures (e.g. 
clay or silt). Indrawan et al. (2006) found that permeability of a clayey sand was 
increased by mixing with either a gravelly sand or a medium sand by developing 
large pores between grains. Similarly, when biochar grains become much coarser 
than soil grains, it may be that much coarser biochar grains increase the size of 
pores between grains, driving an overall increase in K.  For instance, Barnes et al. 
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(2014) found that adding mesquite biochar (50 wt% of biochar grain >0.32 mm) 
increased the K of clay by 328%. Herath et al. (2013) observed an increase in K by 
32% and 139% when adding 350°C corn stover biochar (88 wt% of biochar grain 
>0.25 mm) and 550°C corn stover biochar (92 wt% of biochar grain>0.25mm) into 
Alfisols (silt loam). Herath et al. (2013) also showed that K of Alfisols (silt loam) 
increased by 50% for unpyrolyzed corn stover (coarser than corn stover biochar). 
This suggested that biochar may behave similarly to fresh organic material in 
influencing soil K.  

2.4.3. Implications for soil water storage  

Biochar application may increase soil porosity by introducing a significant 
volume of nanometer-sized intrapores (<2 nm) inside of biochar grains (Sun et al., 
2012). These intrapores may be beneficial for plant growth by increasing soil water 
storage. However, these intrapores may be accessible to helium but not water 
because He molecules are smaller and less viscous than water molecules; as a result, 
the He measurements provide an upper limit of pore space (or T).  

The effective porosity calculation estimated pore space that was accessible to 
water. The lower effective porosity compared to total porosity for biochar-amended 
sand explains the observed partial saturation when saturation is defined based on 
helium pycnometry measurements. In the concentration experiment, S decreased 
with increasing biochar concentration (Table 2-3). In the grain size experiment, 
samples with finer biochar grains were not fully saturated (Table 2-3). In addition, 
all sand samples but not all biochar-sand mixtures were fully saturated. This 



 38 
suggested that the hydrostatic pressure in the experiment was not high enough to 
exceed the water entry pressure of some of the biochar intrapores due to biochar’s 
hydrophobicity. This observation leads us to speculate that some biochar intrapores 
might be too small to be invaded by water once biochar is applied near surface. If 
ponding water pressure is not high enough to overcome water entry pressure of 
smaller intrapores, biochar intrapores might not be fully saturated. However, this 
partial saturation of biochar is unlikely to significantly reduce its water storage 
benefits because these nanopores are a small fraction of total biochar porosity (but 
only for plant-derived chars) (Brewer et al., 2014).  

The effect of biochar on soil water storage could also vary with soil texture 
and biochar type. Previous studies summarized by Masiello et al. (2015) suggested 
that biochar either increased or caused no significant change in water storage, and 
the improvement of soil water storage was largest in soils with lower water storage 
capacity (i.e. sandy soil). For example, hardwood biochar added to a sandy soil 
caused the largest change in water storage (Novak et al., 2012).  

2.4.4. Implications for C sequestration 

We found that only a small portion of biochar C moved as DOC. These 
findings are consistent with previous studies that reported minimal DOC leaching 
from biochar-amended field plots (Bell and Worrall, 2011; Major et al., 2010). Most 
of the DOC was lost during the first flush, suggesting that the majority of leachable C 
may be removed during the first rain event after the biochar amendment. Once in 
the field, biochar can be microbially decomposed (Baldock and Smernik, 2002) and 
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physically broken down by processes like freezing and thawing, tillage, or 
bioturbation (Spokas et al., 2014). Decayed biochar C dissolved in water leads to 
further leaching of DOC. Given that more DOC and a greater fraction of biochar C 
was lost as DOC from the finer biochar grains (Figure 2-7), physical and/or chemical 
weathering of biochar could lead to further DOC loss due to increase of biochar 
surface area in contact with water. In field applications, precipitation of iron 
hydroxides at the oxic surface layer can remove some DOC thus reducing DOC 
leaching (Riedel et al., 2013). The Pearson correlation coefficients between DOC and 
ϕT, ϕeff, ϕinter and ϕintra were 0.89 to 0.99, 0.89 to 0.92, 0.79 to 0.90 and 0.85 to 1.00 
for all flushes in concentration experiments and were 0.50 to 0.91, 0.49 to 0.88, 0.29 
to 0.86 and 0.17 to 0.81 for all flushes in grain size experiments, respectively. 
Meanwhile, the Pearson coefficients between DOC and ρb were -1.00 to -0.89 for all 
flushes in concentration experiments and were -0.90 to -0.43 for all flushes in grain 
size experiments, respectively (Table 2-4). The positive correlation between DOC 
and porosities and negative correlation between DOC and ρb suggest that biochar 
carbon is more susceptible to be transported as DOC in less dense and more pore 
space media. 

Biochar’s effect on DOC leaching has also been shown to vary with soil 
texture. Barnes et al. (2014) observed that DOC leaching either increased, 
decreased, or did not change depending on the type of soil.  Increases in DOC 
leaching were observed when adding biochar into C-poor sand, decreases in DOC 
leaching were observed when adding biochar to C-rich organic soil, and no change 
was observed when biochar was mixed to a clay-rich soil. This suggested that while 
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biochar can add leachable C to the soil, it is also capable of absorbing soil-derived C.  

2.5. Conclusions 

The hydraulic conductivity (K) of sand varied with biochar concentration and 
also with biochar grain size. Hydraulic conductivity decreased by 72 ± 3% as 
biochar content increased from 0 to 10 wt%. For 2 wt% biochar, K decreased by 72 
± 2% when biochar grains were finer than sand grains. In the concentration 
experiments the permeability of the biochar-sand mixture, despite higher total 
porosity (T), was the same as pure sand, suggesting that intrapores (pores inside of 
biochar grains) may not be hydraulically connected or accessible by water probably 
due to water’s higher viscosity or larger molecule size. The decrease in K following 
the addition of fine biochar grains was likely the result of increased tortuosity and 
reduced pore throat sizes in the mixture. The decrease of K associated with coarse 
biochar grains was likely caused by the bimodal grain size distribution of the sand-
biochar mixture, resulting in denser packing and increased tortuosity. Although the 
DOC in the leachate increased with biochar concentration (by 1350% at 10 wt% 
biochar) and decreased as grain size increased, only 0.06 to 0.18 wt% of biochar C 
was transported as DOC during all experiments. Over the long term (e.g. decades), 
effects of microbial activity, soil aggregation and climate on biochar may alter 
biochar’s impact on soil hydraulic conductivity and C mobility.  
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Chapter 3 

Different Roles for Intrapores and 
Interpores in Controlling Water 

Retention in Biochar-Sand Mixtures 

Many recent studies report that amending soil with biochar can improve field 
capacity as well as plant available water. However, little is known about the 
mechanisms that control these effects, making it challenging to predict when 
biochar will improve soil water properties. To begin developing a theory for 
explaining how biochar effects soil hydrology, I used laboratory experiments to 
measure water retention curves of sand (0.251-0.853 mm), mixed with three sizes 
of biochar which are fine: <0.251mm, medium: 0.251-0.853 mm, and coarse: 0.853-
2.00 mm, at 2 wt% (kg biochar/kg total mixture x100%). I determined initial water 
content, field capacity, and permanent wilting point from water retention curves, 
and i calculated plant available water. I showed that biochar grain size affects soil 



 42  

water storage through changing pore space between grains (interpores) and by 
adding pores which are part of the biochar (intrapores).  

The results point to an important role for biochar grain size in altering soil 
water properties. Biochar that was finer or the same size as the sand matrix 
increased initial water content by 18% and 23%; however, no significant change 
was observed for biochar coarser than the sand matrix. Fine biochar did not affect 
field capacity or plant available water significantly, but medium and coarse biochar 
increased field capacity, permanent wilting point, and plant available water. For 
instance, coarse biochar caused increases in field capacity of up to 127% and in 
plant available water of up to 125%.   

I used these experimental results to develop a conceptual model describing 
how the pores inside biochar grains (intrapores) and biochar grain shape control 
the observed changes in water retention. I propose that the intrapores increase 
water content of biochar-sand mixtures at more negative soil water potentials. At 
less negative soil water potentials, biochar grains’ elongated shape in the sandy 
matrix increases the volume of pores between soil grains (interpores) available for 
water storage. These results imply that biochars with a high intraporosity and 
irregular shapes will most effectively increase water storage in coarse soils. 
However, because plants only benefit for water in certain range of pore sizes, the 
results suggest that the increase of water retention by biochar addition may not be 
fully plant available in some soil-biochar mixtures.  
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3.1. Introduction 

Biochar is charcoal made for the purpose of soil amendment (Lehmann and 
Joseph, 2009). Amending soil with biochar is an approach to mitigate climate change 
(Woolf et al., 2010) and to improve crop productivity (Glaser et al., 2002a; Lehmann 
and Joseph, 2009). Once mixed with soil, biochar can affect plant growth by altering 
soil hydrologic properties (Githinji, 2013; Herath et al., 2013; Streubel et al., 2011; 
Tryon, 1948) and nutrient availability (Major et al., 2009).  

Soil water movement and storage are crucial for nutrient delivery and plant 
productivity. Biochar has the potential to alter soil hydrology and to drive shifts in 
the amount of water stored in soils (Basso et al., 2013; Kinney et al., 2012; Novak et 
al., 2012). To understand how biochar amendment may influence water delivery to 
plants, we must understand how biochar affects soil hydrologic processes. However, 
while many studies report effects of specific biochars on specific soil water 
properties, there is a dearth of mechanistic information available, and mechanisms 
are needed to predict under what circumstances biochar will have beneficial effects 
on soils. 

Understanding how the amount of water held at field capacity (θfc, water 
content at ψ = -33kPa), permanent wilting point (θpwp, water content at ψ = -
1500kPa), and the amount of plant available water (θpaw = θfc - θpwp) of soil change 
with biochar amendment is an efficient way to quantify how biochar affects soil 
water conditions and plant growth. These basic soil water properties are the 
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foundation to begin this analysis. I use the water retention curve, which defines 
equilibrium water content (θ) at a given soil water potential (ψ), and can be used to 
extract the key parameters of initial water content (θi, water content at saturation), 
θfc, θpwp, and θpaw (Hillel, 1998; Marshall et al., 1996). Water held at field capacity is 
also defined as the water present in the soil after gravity-driven drainage. Water 
held at and beyond permanent wilting point is assumed to be held at a pressure too 
high for plants to extract from soil (Brady and Weil, 2008). 

Previous studies have shown that biochar increased water retention of soil 
(Scott et al., 2014); however, the mechanisms controlling these observations remain 
elusive. Studies on sand and sandy loam showed an increase in θpaw after biochar 
amendment (Abel et al., 2013; Briggs et al., 2012; Brockhoff et al., 2010). Sun and Lu 
(2014) observed a significant increase of θpaw of clayed soil by biochar. A review by 
Scott et al. (2014) concluded that biochar application improved water retention of 
soil. However, few studies focused on the mechanism of how biochar increase θpaw. 
This is a serious gap: without understanding the mechanisms that control biochar-
driven changes of water retention of soil, it is difficult to predict when and by how 
much biochar will improve soil water retention.  

Biochar’s grain size, shape, and internal structure likely play important roles 
in controlling soil water storage because they alter pore characteristics. For 
instance, biochar has pores inside of grains (intrapores), which may provide 
additional space for water storage beyond the pore space between grains 
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(interpores) (Masiello et al., 2015). Grain size may influence both intrapores and 
interpores through different processes because the size and connectivity of these 
grains likely differ. When applied in the field, biochar grains may have different size 
and shape than soil grains. This will change interpore characteristics (size, shape, 
connectivity, and volume) of soil and thus will affect water storage and mobility. For 
instance, fine biochar grains can fill pores between coarse soil grains thus 
decreasing pore size and changing interpore shape. Conversely, high-aspect ratio 
biochar grains may interfere with packing of lower-aspect ratio soil grains, leading 
to increased interpore sizes. Both of these cases can be expected to change soil 
water retention.   

Here I aim to develop a mechanistic understanding of how and when biochar 
application affects water retention in a sandy matrix. I determined θi, θfc, θpwp, and 
θpaw by measuring water retention curves of sand mixed with three grain size ranges 
of biochar at 2 wt% (kg biochar/kg total mixture x100%). In addition, I conducted 
control experiments measuring water retention curves of sand plus fine sand 
(<0.251 mm, volume of fine sand was equal to volume of fine biochar at 2 wt% 
biochar amendment rate) and sand plus coarse sand (0.853-2.00 mm, volume of 
coarse sand was equal to volume of coarse biochar at 2 wt% biochar amendment 
rate). In addition, I measured envelope density (density of biochar grain including 
intrapores, ρe) and skeletal density (density of biochar skeleton without intrapores, 
ρs) of biochar and calculated biochar intraporosity (ϕb = 1 - ρe/ρs), as these 
properties influence water retention. Last, I qualitatively and quantitatively 
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characterized the size and shape of biochar grains. Using these constraints, I 
develop a conceptual model of how these physical properties drive changes in water 
retention of biochar-sand mixtures.  

3.2. Materials and Methods 

3.2.1. Sample Preparation 

Property Data 
Silica Sand 

Sieved grain size (mm) <0.251, 0.251-0.853, 
0.853-2.00 

Biochar 
Feedstock Mesquite 
Heating rate (°C/min) 5 
Heating duration (hours) 4 
Pyrolysis temperature (°C) 400 
Feedstock grain size before pyrolysis (mm) 2.00-2.30 
Sieved grain size used in experiments (mm) <0.251, 0.251-0.853, 

0.853-2.00 
Biochar amendment rate (wt%) 2 

Table 3-1 Descriptions of silica sand and biochar used in this study 

I pyrolyzed mesquite feedstock (2.00-2.30 mm) at 400 ºC for 4 hours to form 
biochar (Table 3-1) as described in Kinney et al. (2012) and Liu et al. (2016). Ash 
content, pH, electrical conductivity, and carbon, nitrogen, and hydrogen content of 
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biochar were reported in Liu et al. (2016). Before mixing with silica sand (sieved 
into 0.251-0.853 mm, NO. 60-NO. 20 U.S. Std. mesh, referred as sand in the following 
text) (Pavestone, US), I ground and sieved biochar into three sizes: fine (<0.251 mm, 
NO. 60 U.S. Std. mesh), medium (0.251-0.853 mm) and coarse (0.853-2.00 mm, NO. 
20-NO. 10 U.S. Std. mesh). To obtain accurate mass fractions, all sand and biochar 
were oven dried at 60°C for 72 hours to remove any water absorbed during storage. 
I then mixed 2 wt% biochar into the sand (Table 3-2). I also mixed medium sand 
with fine sand (<0.251 mm, volume of fine sand was equal to volume of fine biochar 
at 2 wt% biochar amendment rate) and coarse sand (0.853-2.00 mm, volume of 
coarse sand was equal to volume of coarse biochar at 2 wt% biochar amendment 
rate).  

To understand pore systems and water storage, I measured the skeletal 
density of biochar (density of the biochar skeleton without intrapores, ρs) and sand 
by helium pycnometry in a 1cc sample chamber (AccuPyc II 1340, Micromeritics, 
Norcross, GA) and the envelope density of biochar (density including intrapores, ρe) 
(Geopyc 1360, Micromeritics, Norcross, GA) (Table 3-2). I only measured ρe of 
biochar before grinding due to instrumental limitation on the minimum grain size 
measurable. For details on measurement of ρs and ρe, see Brewer et al. (2014). I then 
used these two measurements to calculate porosity of biochars (ϕb = 1 - ρe/ρs). The 
use of density measurements (ρs and ρe) to calculate porosity compares favorably 
with traditional mercury (Hg) porosimetry and with N2-sorption based techniques 
(e.g. BET). Benefits to density-based porosity measurements include ease, speed, 



 48  

low cost, and no involvement of toxic materials. Like Hg porosimetry, density-based 
measurements detect the entire range of pore sizes in a sample, compared to N2-
sorption based techniques, which can only detect very small pores and can miss 
>90% of the pore volume of biochars (Brewer et al., 2014). In addition, while Hg 
porosimetry measures total porosity (pores inside plus pores between grains), the 
combined total porosity measured through density analysis measures only the 
porosity inside of grains (intrapores) and does not detect the porosity between 
grains (interpores). Two disadvantages of density-based techniques include the 
inability to make measurements on grains smaller than 2 mm, requiring us to 
assume that the porosity of small biochar was approximately equal to that of the 
large biochar. In addition, density-based porosity measurements provide only total 
porosity, unlike Hg porosimetry, which can provide information on the entire 
spectrum of pore characteristics. 

Materials Sieved grain size (mm) ρs (kg/m3) ρe (kg/m3) 
Sand 0.251-0.853 2660 ± 20   
Parent biochar 2.00-2.30 1430 ± 10 570 ± 70 
Fine biochar <0.251 1500 ± 20   
Medium biochar 0.251-0.853 1480 ± 10   
Coarse biochar 0.853-2.00 1450 ± 10   

Table 3-2 Grain size, skeletal density (s), and envelope density (e) of sand 
and biochar used in this study. I report average and standard deviation of at 
least three measurements. 
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3.2.2. Measurement of water retention curves  

I measured water retention curves using a Hyprop for ψ of +2 to -440 kPa 
and a WP4C device for ψ of -100 to -300000 kPa (both pieces of equipment were 
made by Decagon Devices Inc., Pullman, WA).    

For Hyprop measurements, each sample was poured loosely without 
intentional compaction into a stainless-steel cylinder (250 cm3 volume, diameter 
8cm, height 5cm) with a piece of fabric filter and a plastic cap on the bottom. I then 
put the cylinder with the sample into a beaker with de-aired, purified water (18.2 
MΩ-cm, PURELAB® Ultra Laboratory Water Purification Systems, SIMENS, 
Germany). The use of purified water allowed us to exclude osmotic potential effects 
from the measurement. In the beaker, purified water rose from the bottom into 
sample through a fabric filter and pushed air out of the sample through the top. I 
considered samples saturated by this technique after at least 24 hours (ASTM 
International, 2008). I installed two tensiometers with heights of 0.5 and 3.5 cm and 
the cylinder with sample was clamped to the tensiometer assembly. I then removed 
the fabric filter and the plastic cap to allow water to evaporate from the sample. I 
monitored ψ during evaporation using the Hyprop tensiometers and sample mass 
by a mass balance (Kern EG 2200, Balingen, Germany) (Schindler et al., 2010). A 
water retention curve was defined by the average ψ measured by two tensiometers 
and the water content (θ=M/Md-1, kg/kg) calculated from sample mass with water 
(M, kg) and dry sample mass (Md, kg).  
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For biochar-sand mixtures and sand samples, I measured at least three water 
retention curves by the Hyprop (Figure A.1). Because each water retention curve 
produced by the Hyprop measured soil water potential at certain time step not 
certain soil potential interval, it was not possible to calculate an average water 
retention curve for sand and each biochar-sand mixture. Therefore, I used one 
representative curve for comparison between sand and biochar-sand mixtures 
(Figure 3-1). From the Hyprop data I extracted θi and θfc and reported the average 
and standard deviation of these replicated measurements (Table 3-3 and Figure 
3-2). In addition, I measured three replicated water retention curves for fine sand-
sand mixture and coarse sand-sand mixture using the Hyprop (Figure 3-3).  

For WP4C measurements I added de-aired, purified water to sand and 
biochar-sand mixtures to make samples with water content from 0.000 to 0.036 
kg/kg. I then placed about 7.5 ml of each sample into a 15 ml stainless steel 
chamber. The chamber was covered with a plastic cap for 2-3 hours to allow 
moisture equilibration across the whole chamber. I then inserted the sample 
chamber into the WP4C, removed the plastic cap, and measured the ψ by a dew 
point Hygrometer. Sample mass was measured to calculate θ (=M/Md-1, kg/kg). 
Based on a suite of experiments, it is difficult to prepare several samples with same 
ψ. Therefore, I used WP4C data to estimate one θpwp (without error bars) for the 
biochar-sand mixtures and sand (Figure 3-1 and Figure 3-2).  
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With Hyprop measurements I can determine θfc and WP4C measurements I 
can determine θpwp, which then allows us to calculated plant available water (θpaw = 
θfc.- θpwp).  

3.2.3. Bulk density and total porosity 

I calculated the dry bulk density (ρb=M/V) of each sample (sand or biochar-
sand mixture) (Table 3-3 and Figure 3-4) using measured sample mass (M) and total 
sample volume (V=250 cm3), which is the volume of the stainless-steel cylinder for 
the Hyprop.  

I calculated total porosity (T, volume fraction of intrapores plus interpores) 
(Table 3-3 and Figure 3-4) of the biochar-sand mixtures using Equation 1,  

V
MMV sbbcsssT

 //                                                                               (1) 

where Ms (kg) is mass of sand, Mbc (kg) is mass of biochar, ρss (kg/m3) is 
skeletal density of sand, and ρsb (kg/m3) is skeletal density of biochar (Table 3-2).  

3.2.4. Biochar and sand grain shape 

To qualitatively examine size and shape of biochar and sand grains, I 
photographed biochar grains and sand grains under a microscope with a maximum 
zoom of 1:20 (Stereo Discovery.V20, Zeiss, Germany) (Figure A.2). To quantitatively 
characterize grain size and shape I used a Camsizer (Retsch Technology, Germany). I 
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measured grain size distribution (Figure A.3) of fine, medium, and coarse biochars 
and sands and reported median diameter of grains’ shortest chord (D50) and aspect 
ratio (AR) which is D50 divided by median of the maximum distance between two 
parallel tangential lines of a grain projection (Table 3-4). I used these images and 
the Camsizer data in the development of conceptual models of how biochar grains 
break and mix with sand grains (Figure 3-5, Figure 3-6, and Figure 3-7).  

3.2.5. Statistical analyses 

I performed statistical comparisons of θi, θfc, ρb, and ϕT between different 
biochar-sand mixtures and sand using two-tailed t-tests. Differences were deemed 
significant at a p-value less than 0.05. I also computed Pearson correlation 
coefficients (R) to assess the relationships between θi, θfc, θpwp, θpaw, and ρb as well as 
the relationships between θi, θfc, θpwp, θpaw, and ϕT (Figure 3-4). 

Samples ρb (kg/m3) ϕT (m3/m3) θi (kg/kg) 
Sand 1520 ± 20 0.43 ± 0.01 0.22 ± 0.01 
Fine biochar + sand 1500 ± 30 0.47 ± 0.01 0.26 ± 0.02 
Medium biochar + sand 1490 ± 20 0.47 ± 0.01 0.27 ± 0.01 
Coarse biochar + sand 1480 ± 10 0.47 ± 0.00 0.23 ± 0.00 

Table 3-3 Bulk density (ρb), total porosity (ϕT), and initial water content (θi) of 
samples for measuring water retention curves by the Hyprop device. I report 
average and standard deviation of at least three measurements.  
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Figure 3-1 Comparisons of water retention curves (water content, θ, versus 
soil water potential, ψ) between sand and sand plus 2 wt% (a) fine (b) 
medium and (c) coarse biochar showed that biochar addition increased water 
content at given soil water potential. Data indicated with the lines were 
measured by the Hyprop and data indicated by the dots were measured by the 
WP4C. For each treatment, one out of at least three replicates (Figure A.1) is 
shown in this figure. 





  
  





  
  





  
  



 54  

3.3. Results 

Biochar grain size played an important role in the water retention of sand. 
Field capacity, permanent wilting point, and plant available water of sand increased 
with biochar grain size.  Meanwhile, medium and coarse biochar increased field 
capacity, permanent wilting point, and plant available water above that of sand. 

3.3.1. Effect of biochar on water retention of sand varied with biochar 
grain size  

Initial water contents of fine (0.26 ± 0.02 kg/kg) and medium (0.27 ± 0.01 
kg/kg) biochar-sand mixtures were 18% (p<0.05) and 23% (p<0.05) higher than 
that for sand (0.22 ± 0.01 kg/kg); however, there was no significant difference 
between θi (p=0.40) for the coarse biochar-sand mixtures (0.23 ± 0.03 kg/kg) and 
for sand (Table 3-3). The differences of θ between biochar-sand mixtures and sand 
became smaller when ψ became more negative. When ψ is less than -5000 kPa, 
water retention curves of biochar-sand mixtures and sand merged (Figure 3-1).  

Compared to the θfc of sand (0.015 ± 0.003 kg/kg), the field capacity of 
medium (0.028 ± 0.002 kg/kg) and coarse (0.034 ± 0.003 kg/kg) biochar-sand 
mixtures increased by 93% (p<0.05) and 127% (p<0.05), respectively (Figure 3-2). 
Field capacity of fine biochar-sand mixture (0.019 ± 0.001 kg/kg) increased by 27% 
but was not statistically significant (p=0.12). Similarly, permanent wilting point 
increased from 0.004 kg/kg for sand to 0.005 kg/kg (25% increase), 0.007 kg/kg 
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(75% increase), and 0.007 kg/kg (75% increase) for fine, medium, and coarse 
biochar-sand mixtures, respectively (no p value due to lack of replicates). These 
increases in θfc and θpwp resulted in increases in θpaw for medium and coarse 
biochar-sand mixtures. Sand had θpaw of 0.012 ± 0.003 kg/kg, whereas θpaw was 
0.014 ± 0.001 kg/kg for fine biochar-sand mixtures (17% increase, but not different 
within error). Plant available water was higher for medium and coarse biochar-sand 
mixtures: 0.021 ± 0.001 kg/kg (75% increase) and 0.027 ± 0.003 kg/kg (125% 
increase) (Figure 3-2).  

 

Figure 3-2 Field capacity (θfc), permanent wilting point (θpwp), and plant 
available water (θpaw) of sand, sand plus 2 wt% fine, medium, and coarse 
biochar indicated that θfc, θpwp, and θpaw increased with biochar addition as 
well as biochar grain size. Values and error bars for θfc were the average and 
standard deviation of at least three replicates conducted for each treatment. 
Values for θpwp and θpaw are only one replicate. Error bars of θpaw are the same 
to error bars of θfc. 
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Figure 3-3 Water retention curves (water content, θ, versus soil water 
potential, ψ, measured by the Hyprop) of sand, fine sand (volume of fine sand 
is equal to volume of fine biochar at 2 wt% biochar amendment rate) plus 
sand and coarse sand (volume of coarse sand is equal to volume of coarse 
biochar at 2 wt% biochar amendment rate) plus sand. These three curves 
overlapped with each other indicating that addition of small fraction of 
different sizes of sand did not cause significant change in soil water retention 
at such low rate.  

3.3.1. Biochar addition decreased bulk density and increased total porosity  

Compared with sand, there were no significant changes of bulk density for 
fine and medium biochar-sand mixtures (p=0.38 and 0.12, respectively). Bulk 
density increased by 2.6% (p<0.05) after adding coarse biochar into sand. Total 
porosity increased 9.3% (p<0.05) for all biochar-sand mixtures (Table 3-3). 
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3.3.1. Fine sand and coarse sand addition had no effect on water retention 

Water retention curves of sand-fine sand mixtures and sand-coarse sand 
mixtures overlapped with that of sand sample for ψ<-8kPa (Figure 3-3).  

3.4. Discussion 

The results suggest that pores inside biochar (intrapores) play 
fundamentally different roles in soil water retention compared to the pores created 
between biochar grains and soil grains (interpores). Intrapores control water 
retention at more negative soil water potential values causing an increase in field 
capacity, permanent wilting point, and plant available water for medium and coarse 
biochar-sand mixtures. However, interpores control water retention at less negative 
soil water potential values for fine biochar-sand mixtures.   

3.4.1. Intrapores dominate water retention at most negative soil water 
potential; interpores dominate water retention at least negative soil 
water potential 

Soil water potential is composed of pressure potential, gravitational 
potential, osmotic potential, and perhaps by other potential terms (Hillel, 1998), 
although these first three terms are understood to control most systems. Pressure 
potential (mainly capillary pressure) is a function of soil pore size distribution. 
Gravitational potential depends on the elevation reference. Osmotic potential is a 
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function of solute concentration. Therefore, in a soil with an absence of solutes, soil 
water potential is controlled by soil pore size distribution.  

To understand how pore type and size act to control soil water retention in 
biochar-sand mixtures, I used a simple calculation to estimate pore diameters that 
correlate with the observed increases in water retention. I assumed that capillary 
pressure (Pc) was the major component of soil water potential.   

dP cc /cos4                                                                                            (2) 

Here γ (= 0.072 N/m) is surface tension for the water-air interface at 20°C, θc 
(°) is contact angle between the water-air interface and biochar/sand surface and d 
(m) is the pore diameter. Contact angle describes the hydrophilicity or 
hydrophobicity of a solid surface (Letey et al., 2000). Contact angle of biochar varies 
with its pyrolysis condition and feedstock type due to presence of C-H functional 
groups on the surface of biochar grains (Kinney et al., 2012). Meanwhile, the 
measurement of contact angle can be affected by factors like measurement method 
(Ojeda et al., 2015; Smetanova et al., 2012), liquid (Wang et al., 2013a), grain size 
(Ojeda et al., 2015), and surface morphology (Shang et al., 2008). This leads to the 
complexity of measuring θc of biochar resulting in uncertainties of biochar’s θc. 
While acknowledging these uncertainties, I assumed θc=55° for biochar, which is the 
minimum reported contact angle of fresh biochar in existing studies using direct and 
indirect methods (Herath et al., 2013; Jeffery et al., 2015; Ojeda et al., 2015; 
Smetanova et al., 2012; Wang et al., 2013a). This assumes biochar is hydrophilic, 
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allowing water to penetrate its intrapores. If biochar is hydrophobic ( >90), then 
water entry pressure is positive (Wang et al., 2000). In this case, an applied pressure 
exceeding the entry pressure is needed for water to enter the biochar intrapores. 
Lack of this external pressure will prevent saturation of biochar intrapores. 
However, the hydrophobicity of biochar is rapidly reduced by exposure to water 
(Kinney et al., 2012), as would happen in virtually all environmental conditions, 
decreasing the contact angle of biochar. Therefore, I assume biochar is hydrophilic 
in this study, with the understanding that the results are representative of biochar 
that has had some environmental exposure.    

Most biochar intrapores have diameters (d) <0.01 mm (Hardie et al., 2014; 
Sun et al., 2012). Based on these constraints, Equation 2 provides ψ < -16.5 kPa 
when d is less than 0.01 mm. This suggests that the pores smaller than 0.01 mm 
which are inside biochar grains (intrapores) control water retention of the biochar-
sand mixtures when ψ is less than -16.5 kPa. I did not use θc=0° for biochar because 
there is very low chance that this biochar is fully hydrophillic. However, if θc=0° for 
biochar, then ψ is equal to -28.8 kPa which is still close to -16.5 kPa (consider ψ 
ranges in several orders of magnitude). 

For a mono-dispersed sand (0.251-0.853 mm), the interpore size (d) is larger 
than 0.1 mm if I assume d is 0.4 times of grain diameter (>0.251 mm) for packed 
spheres (Villaume, 1985). I used the contact angle of a hydrophilic sand (θc≈0°) 
because previous studies showed that biochar only cause a small degree of change 
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in contact angle in soil (Ojeda et al., 2015; Smetanova et al., 2012). I then estimated 
that ψ will be greater than -2.88 kPa when interpore size >0.1 mm. Therefore, 
interpores would be more likely control water retention curves at less negative ψ.   

 

Figure 3-4 Negative Pearson correlation coefficients (R) between bulk density 
(ρb) and (a) initial water content (θi), (b) filed capacity (θfc), (c) permanent 
wilting point (θpwp), (d) plant available water (θpaw) and positive R between 
total porosity (ϕT) and (e) initial water content, (f) filed capacity, (g) 
permanent wilting point, (h) plant available water showed that soil water 
retention decreased with ρb increase but increased with ϕT increase. 
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Figure 3-5 Schematic of (a) and (b) sand (dark gray); (c) and (d) sand plus 
medium biochar (black) on a plot of water retention curves for these two 
samples.  Pores inside of biochar grains were filled with water (light gray) 
thus increased water content at saturation as well as field capacity.  

3.4.1. Biohar intrapores increase field capacity, permanent wilting point 
and plant available water 

The increases of θfc, θpwp, and θpaw of medium and coarse biochars correlate 
with the introduction of intraporosity. I found positive relationships between θi, θfc, 
θpwp, θpaw, and ϕT (R=0.63, 0.78, 0.85 and 0.75) (Figure 3-4). Based on these 
observations and the calculation that intrapores control water retention at ψ less 
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than -16.5 kPa, I conclude that the increase of θfc (at ψ= -33kPa), θpwp (at ψ=-
1500kPa), and θpaw (=θfc- θpwp) (Figure 3-3) caused by coarser biochar addition is 
controlled by biochar intrapores (Figure 3-5). The high intraporosity (ϕb) of the 
parent biochar (=0.6 m3/m3, ϕb =1-ρe/ρs) (Table 3-2) also showed the capacity of 
biochar intrapores to store water.   

I also found that θfc, θpwp, and θpaw decreased as biochar grain size decreased 
(Figure 3-2). I interpret this as the result of destruction of intrapores caused by 
grinding biochar into smaller grains. This would increase biochar’s skeletal density 
(Table 3-2) and decrease biochar’s internal porosity (Figure 3-6). As a result, finer 
biochar-sand mixtures have lower water content at a given soil water potential 
(Figure 3-1 and Figure 3-2).   

 

Figure 3-6 Grinding biochar into finer grains reduced the intraporosity (grey) 
of biochar grains, thus reducing water storage by reducing intrapore volume 
(a) original biochar grain before grinding had intraporosity; (b) biochar 
intraporsity decreased after being broken into finer grains. 
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3.4.2. How much water can a sample biochar intrapore hold? Simple 
calculations to understand biochar internal water-holding capacity 

I used intraporosity of the parent biochar to calculate how much water can 
biochar intrapore hold to provide a realistic estimate of biochar’s capacity to 
increase water retention of soil. I then calculated the increase of water content by 
biochar intrapores in the experiments. By comparing these two calculations, I can 
better understand biochar intrapores’ role in water retention of soil.  

The intraporosity of the parent biochar is 0.6 m3/m3, which means that the 
pore volume is 0.6cc and the biochar skeletal volume is 0.4cc for a 1cc biochar grain. 
If all intrapores are filled with water, the water mass would be 0.6 g (assume density 
of water=1g/cc) and the biochar mass would be 0.58 g (0.4 cc x 1.45 g/cc) (Table 
3-2). Therefore, the water content that parent biochar intrapores can store is up to 
1.0 g water/g biochar (=0.6 g water divided by 0.58 g biochar).  

The calculation in section 3.4.1 showed that intrapores control water 
retention of the biochar-sand mixtures when soil water potential (ψ) is less than -
16.5 kPa. Water content of medium biochar-sand mixture was 0.013 g water/g total 
mixture higher than that of sand at ψ=-16.5 kPa (Figure A.1) and the biochar mass 
fraction was 2 wt% or 0.02 g biochar/g total mixture. As a result, medium biochar 
increased water content by 0.65 g water/g biochar (=0.013 g water/g total mixture 
divided by 0.02 g biochar/g total mixture) when ψ=-16.5 kPa. Similarly, the increase 
of water content for coarse biochar-sand mixture was 0.020 g water/g total mixture 
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compared to that of sand (Figure A.1) resulting in 1.0 g water/g biochar increase in 
water content (=0.020 g water/g total mixture divided by 0.02 g biochar/g total 
mixture) when ψ=-16.5 kPa. Therefore, the amount of water (1 g water/g biochar) 
held by coarse biochar intrapores at ψ=-16.5 kPa is approximately equal to the 
maximum water content (1 g water/g biochar) that can be stored by parent biochar 
intrapores. However, water held by medium biochar intrapore at ψ=-16.5 kPa is less 
than water content that can be stored by parent biochar intrapores which probably 
due to destruction of intrapores caused by grinding biochar into smaller grains.   

Materials Sieved grain size (mm) D50 (mm) AR 
Fine biochar <0.251 0.28 ± 0.0 0.61 ± 0.01 
Medium biochar 0.25-0.853 0.54 ± 0.02 0.57 ± 0.03 
Coarse biochar 0.853-2.00 1.41 ± 0.02 0.58 ± 0.0 
Fine sand <0.251 0.15 ± 0.01 0.74± 0.01 
Sand 0.25-0.853 0.34 ± 0.01 0.73 ± 0.01 
Coarse sand 0.853-2.00 1.17 ± 0.03 0.75 ± 0.01 

Table 3-4 Median diameter of grains’ shortest chord (D50) and grains’ aspect 
ratio (AR defined as D50 divided by median of maximum grain diameter) of 
biochar and sand used in this study. I made measurements through dynamic 
image analysis (Camsizer, Retsch Technology, Germany). 

3.4.1. biochar grain shape affects interpore volume driving changes in soil 
water properties 

I observed that fine biochar addition increased ϕT (Table 3-3) as well as 
water content for ψ greater than -33 kPa. However, there was no significant change 
of water content when ψ is less than -33 kPa. Based on the interpretation that 



 65  

interpores control water content when ψ is greater than -33 kPa, I interpret that 
that adding fine biochar into sand increased interpore volume. Both the size and the 
shape of biochar grains can impact interpore volume in biochar-sand mixtures. 
However, water retention curves of sand-fine sand mixtures and sand-coarse sand 
mixtures overlapped with sand sample (Figure 3-3) indicating that these grain size 
mixtures had an insignificant influence on interpore volume for the low application 
rate. Fine biochar grains, however, were more elongated than sand grains as 
documented microscopic images (Figure A.2) and as quantified by lower AR 
measured by the Camsizer (Table 3-4). Through numerical simulation, Deng and 
Davé (2013) found that when elongated grains contacted with each other 
perpendicularly or with angles other than aligned parallel, porosity increased in 
comparison to sphere grains. Therefore, it is possible that the perpendicular 
contacts between elongated biochar grains and sand grains created more space 
between grains, causing increased interporosity (Figure 3-7). As a result, the fine 
biochar-sand mixture had higher water content than sand sample at ψ greater than -
33 kPa. Because this soil water potential range is above field capacity, the increase 
of water retention is not plant available.  
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Figure 3-7 Schematic of (a) and (b) sand (dark gray) plus fine sand and (c) and 
(d) sand plus fine biochar (black) on a plot of water retention curves for these 
two samples. Biochar grains are more elongated which creates more space 
when contacting with biochar grains and sand grains perpendicularly or with 
angles. This may increase the distance between grains resulting in increased 
of interporosity. Sand plus fine biochar had higher water (light gray shade) 
content than that of sand plus fine sand at less negative soil water potential, 
probably due to its higher interporosity. However, there two water retention 
curves merged at more negative soil water potential values (less than -33kPa).   

3.4.1. Increase in water retention by biochar addition may increase crop 
yield and water use efficiency and may reduce runoff  

I observed an increase in water retention of sand by biochar addition, which 
will have impact on the water conditions in the field. For instance, the increase of 
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θpaw may increase crop yield and water use efficiency in water-stressed conditions 
(Batool et al., 2015). The increase of θi by fine and medium biochar shows that 
biochar intrapores are likely to hold more water near the surface during a rain event 
which may help reduce runoff. Doan et al. (2015) reported that presence of biochar 
significantly reduced water runoff for 3 years of application in mesocosms. The 
reduction of runoff may result in change of hydrograph. 

3.4.2. Biochar production can be optimized to produce favorable soil water 
effects 

The results showed that biochar intrapores played an important role in 
increasing the water retention of sand-biochar mixtures at low water potentials (<-
16.5 kPa). Water retention improvements are most useful when they impact the 
plant available water. In order to increase plant available water, I should choose 
biochar with high intraporosity. Feedstock type, pyrolysis temperature, and 
charring residence time influence biochar’s internal porosity (Brewer et al., 2014). 
For instance, biochars with low intraporosity such as wastewater sludge biochar 
and poultry litter biochar are less favorable for soil water storage at low water 
potentials (<-16.5 kPa) because their internal porosity is very low (Novak et al., 
2009; Waqas et al., 2015). Grass biochar should be better than wastewater sludge 
biochar because grass biochar has higher intraporosity than that of wood biochar 
(Brewer et al., 2014). Published studies are consistent with these results.  For 
example, Sun and Lu (2014) observed an increase of plant available water by straw 
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biochar and no effect on plant available water by wastewater sludge biochar. In 
their study, straw biochar increased soil pore volume of pores <10 μm but 
wastewater sludge biochar did not cause a significant change in soil pore volume in 
this size range. Higher pyrolysis temperatures produce more porous biochar 
(Brewer et al., 2014). Depending on feedstock type, biochar intrapores’ 
characteristics also vary with charring residence time (Wang et al., 2013b). 
Therefore, an optimal charring temperature and residence time should be selected 
to produce biochar with high intraporosity.  

The efficiency of biochar for improving soil water retention will be reduced if 
biochars are hydrophobic, but hydrophobicity can likely be managed by 
pretreatment.  Hydrophobic biochar has positive water entry pressure (Wang et al., 
2000). This means that an applied force is required for water to enter intrapores. 
Lack of this external force would prevent water from entering intrapores thus 
preventing saturation of biochar intrapores and limiting water retention benefits of 
biochar. Jeffery et al. (2015) reported that grass species biochar did not improve soil 
water retention; this is probably due to its high hydrophobicity (average contact 
angle of 118°). Biochar’s hydrophobicity varies with production temperature and 
feedstock (Kinney et al., 2012; Wang et al., 2013a), but is usually eliminated by brief 
environmental exposure.  Pretreating biochar either by initially wetting it, or by 
composting, is likely to significantly reduce problems associated with 
hydrophobicity (Kinney et al., 2012). 
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3.4.3. Effect of biochar on soil water retention may change over time 

The experiments documented significant increases (up to 127%) in plant 
available water after mixing coarser biochar with sand at a laboratory timescale. 
Over longer timescales, such as field application, biochar grain size, intraporosity, 
and hydrophobicity might change, likely altering soil water retention. For instance, 
biochar grain size can be reduced by natural forces such as freeze and thaw cycles 
(Carcaillet, 2001), plant root penetration (Lehmann et al., 2003), and bioturbation 
(Ponge et al., 2006). Biochar’s intraporosity can also be reduced by sorption of 
minerals (Lehmann, 2007), adsorption of organic matter (Kaiser and Guggenberger, 
2000), and microorganism growth (Thies and Rillig, 2009). Using x-ray 
photoelectron spectroscopy, LeCroy et al. (2013) found evidence of increased 
surface oxidation on biochar grains suggesting that the first stage of biochar patina 
development involves sorption of dissolved organic compounds in soil. However, 
whether these processes block biochar intrapores has not been investigated. 
Biochar hydrophobicity can prevent water from penetrating into biochar intrapores, 
prohibiting an improvement of soil water retention (Jeffery et al., 2015). However, 
Ojeda et al. (2015) observed a 69.5% decrease of contact angle of biochar after one 
year of its addition to soil suggesting that initial biochar hydrophobicity 
disappeared within one year. This decrease in hydrophobicity will improve soil 
water retention.  
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3.5. Conclusion 

In this study, I used a simple sand-biochar system to develop a mechanistic 
understanding of how biochar interpores and intrapores affect soil water retention. 
In the experiments addition of biochar to sand increase initial water content and 
field capacity. The highly controlled grain size and porosity conditions allowed the 
development of models that connect biochar properties to soil water benefits. I 
extended this observation by proposing a mechanism: the increase of water 
retention of sand by biochar addition is caused by biochar intraporosity at more 
negative ψ and by increasing interporosity due to elongated biochar grain shape 
increasing interpores space at less negative ψ. This suggests that to increase plant-
available water (θpaw) in sand, biochar with high intraporosity and an irregular 
shape will be effective. However, the controlling mechanisms of how biochar affects 
water retention might be different in other soil types due to different soil grain 
shapes and sizes. Various production factors (i.e. feedstock, pyrolysis temperature 
and charring residence time) can be considered to produce biochar with a differing 
porosity. Further studies are needed to address if the biochar intraporosity, grain 
size, and shape of biochar will last long after being applied in the field.  
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Chapter 4 

Effect of Freeze-Thaw Cycling on Grain 
Size of Biochar 

Biochar may improve soil performance by altering soil physical properties 
such as porosity, density, hydraulic conductivity, and water holding capacity. These 
physical properties of soil-biochar mixtures are associated with the grain size of the 
soil and the biochar, and therefore they may change if biochar grains are broken 
down in the environment. In this study I investigated how one physical process, 
freeze-thaw (F-T) cycling, impacts the grain size of biochars. The biochars used here 
were produced at 400°C from four types of feedstock (pine, mesquite, miscanthus, 
and sewage waste). I conducted experiments under two drainage conditions which 
produced different initial water contents- first, in an undrained experiment (water 
content ranged from 1.3 ± 0.5 to 11 ± 3 g/g; all biochars) and second, in a gravity-
drained experiment (1.9 ±0.3 g/g; mesquite only).  Each sample was then run 
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through a set number of F-T cycles. I measured grain size distribution, aspect ratio, 
skeletal density, envelope density, and porosity of biochars pre- and post- F-T 
cycles.  

The results showed that changes in biochar grain size varied with feedstock 
and drainage conditions. In the undrained experiment, when miscanthus biochar 
was subjected to 20 F-T cycles, the biochar grain size distribution changed from 
unimodal into bimodal with lower peaks and wider distributions. For pine, 
mesquite, and miscanthus biochars subjected to 20 F-T cycles, the median grain size 
decreased and the aspect ratio increased. Miscanthus biochar had the largest 
decrease (up to 45.8%) in median grain size and largest increase (up to 22.4%) in 
aspect ratio. F-T cycling did not yield any change in grain size or aspect ratio for 
sewage waste biochar. The changes of skeletal density, envelope density, and 
porosity for these biochars after 20 F-T cycles were small, with up to 1.3% increase 
in skeletal density, up to 12.2% decrease in envelope density and up to 3.2% 
increase in porosity. In the drained experiment, mesquite biochar exhibited a small 
decrease (up to 4.2%) of median grain size and no change of aspect ratio after 10 F-
T cycles. 

Based on the change of grain size distribution, median grain size and aspect 
ratio, I hypothesize that F-T cycling decreases the grain size of pine, mesquite, and 
miscanthus biochars through loss of thin layers on the grain surface. The decrease of 
biochar grain size correlated with water content positively. The observed decrease 



 73  

in grain size and increase in aspect ratio observed for these biochars in the 
undrained experiment would drive changes in properties like soil water retention, 
hydraulic conductivity, and biochar mobility and thus would have feedbacks on 
plant growth, the soil hydrologic cycle, and the soil carbon cycle.   

4.1. Introduction 

Biochar has been proposed as means to sequester carbon and to improve soil 
properties (Lehmann and Joseph, 2009; Molina et al., 2009; Woolf et al., 2010). In 
order to capture carbon and to improve soil performance, however, biochar must 
have a long residence time in soil and must positively affect soil properties. 
Therefore, it is necessary to understand biochar’s mobility and its effect on soil 
properties.  

Biochar mobility can be controlled by its grain size. After soil application, 
biochar could leave through different paths, such as erosion through runoff 
(Dietrich, 1982), microbial and abiotic decay (Zimmerman, 2010), or vertical 
movement deeper into the soil profile or into groundwater, either via leachate 
(Barnes et al., 2014; Liu et al., 2016) or as particulate organic carbon (Wang et al., 
2013a). Biochar grain size plays a very important role in these processes. For 
example, the transport of soil grains through runoff is a function of grain size and 
density (Dietrich, 1982). In this way, biochar grain size may directly influence 
biochar transport through runoff. Meanwhile, Liu et al. (2016) measured skeletal 
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density of biochar and they found that skeletal density (ρs, kg/m3, density of biochar 
skeleton without internal pores) increased when biochar grain size decreased. As a 
result, biochar grain size has an impact on its transport indirectly by controlling 
skeletal density. In both abiotic and microbial incubation experiments, fine biochar 
released more CO2 than coarse biochar (Zimmerman, 2010) indicating that fine 
biochar degrades more quickly than coarse biochar. Moreover, Liu et al. (2016) also 
found that biochar carbon leaching as dissolved organic carbon decreased as 
biochar grain size increased. In addition, fine biochar had higher transport in water-
saturated quartz downward into effluent than coarse biochar as particulates (Wang 
et al., 2013a).  

When mixed into soil, biochar grain size also can produce changes in soil 
properties such as hydraulic conductivity (Barnes et al., 2014; Githinji, 2014; Liu et 
al., 2016), soil water retention (Abel et al., 2013; Liu et al.), and nutrient leaching or 
chemical sorption (Barnes et al., 2014; Jones et al., 2011).  According to Liu et al. 
(2016), hydraulic conductivity of sand-biochar mixtures decreased when biochar 
was finer than sand, decreased to less extent when biochar was coarser than sand, 
but did not change when biochar was the same size as sand.  By measuring water 
retention curves of biochar-sand mixtures, Liu et al. found that coarse biochar 
caused a higher increase in plant available water than fine biochar. In addition, fine 
biochar has a higher sorption capacity and required less time to reach sorption 
equilibrium for pesticides and herbicides (Jones et al., 2011; Zheng et al., 2010).  
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Biochar grain size, however, can change over time after field application due 
to physical, chemical, and biotic weathering processes.  For example, frequent freeze 
and thaw cycling (F-T) in cold region (Carcaillet, 2001), penetration by plant roots 
or fungal hyphae (Lehmann et al., 2003), decomposition, and bioturbation (Ponge et 
al., 2006) are likely to reduce biochar grain size. While some studies have reported 
observations of biochar grain fragmentation, very few studies focus on 
understanding the mechanisms that alter biochar grain size.  

Biochar’s internal porosity (ϕ, m3/m3) is large, up to 0.86 m3/m3 (Brewer et 
al., 2014). This means that biochar amendment adds intrapores (pores inside 
biochar grains) into soil-biochar mixtures that act in addition to interpores (pores 
between biochar/soil grains), thus providing more space for water.  When water 
that has penetrated into interpores and intrapores expands during freezing, coarse 
biochar grains may be broken into finer grains.  In this study, I hypothesize that 
biochar grain size will be reduced by freeze-thaw cycling. To test this hypothesis, I 
investigated the grain size response of different types of biochar, at different water 
contents, to F-T cycling. The four types of biochar were produced from pre-sieved 
feedstocks (pine, mesquite, miscanthus, and sewage waste) and were pyrolyzed at 
400°C. I conducted 1, 2, 5, 10 and 20 F-T cycles on four types of biochars after they 
were soaked in water for at least one day and sealed without drainage. I measured 
grain size (D) distribution, skeletal density (ρs, kg/m3, density of biochar skeleton 
without internal pores) and envelop density (ρe, kg/m3, density of biochar grain 
including internal pores) of these biochars pre- and post- F-T cycles. I then 
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calculated biochar intraporosity (ϕ=1- ρe/ρs, m3/m3) from ρs and ρe. Using these 
observations, I developed a conceptual model of how grain size of biochar is 
changed by F-T cycles when samples were prepared without drainage. Based on 
these results, I then tested how F-T cycles affect mesquite biochar grain size with 
water content after 30 minutes’ gravity-driven drainage.   

4.2. Materials and Methods 

4.2.1. Synthetic rainwater 

I prepared synthetic rainwater by dissolving NaCl, KNO3, MgSO4, CaSO4, and 
NH4NO3 into purified water (18.2 MΩ-cm, PURELAB® Ultra Laboratory Water 
Purification Systems, SIEMENS, Germany) (Table 1). This recipe represents an 
average U.S. inland rain water (Berner and Berner, 1996).  

Species Average U.S. inland rain Synthetic rain  
Na+ 0.4 0.3 
K+ 0.2 0.2 
Mg2+ 0.1 0.1 
Ca2+ 1.4 1.4 
NH4+ 0.3 0.3 
Cl- 0.41 0.5 
SO42- 3 3.8 
NO3- 1.2 1.4 

Table 4-1 Chemical composition (mg/L) of average U.S. inland rain water 
(Berner & Berner, 1996) and synthetic rain used in this study. 
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4.2.2. Biochar production 

I pyrolyzed pine, mesquite, miscanthus, and pelletized sewage waste 
feedstock at 400°C for 4 hours to form biochar (Figure 4-1) (Kinney et al., 2012; Liu 
et al., 2016). To minimize heat transfer differences, I pre-ground pine, mesquite, and 
miscanthus feedstocks and sieved the four feedstocks into a uniform size range 
(2.36-3.35 mm, corresponding to #8 to #6 US Std. mesh) prior to pyrolysis. During 
pyrolysis, the heating rate was 5°C/min until the furnace reached 400°C. I set the 
furnace to hold at 400°C for 4 hours and then allowed the biochar to cool down in 
the absence of oxygen for a minimum of 16 hrs. Biochar was stored in sealed glass 
jars until it was used in the experiments.  

Type Information 
Undrained experiment Biochar type Pine, mesquite, miscanthus, and sewage waste Freeze-thaw cycles 1, 2, 5, 10 and 20 Measurements Grain size, skeletal density, envelope density and porosity 

  Drained experiment Biochar type Mesquite Freeze-thaw cycles 1, 2, 5 and 10 Measurements Grain size 
Table 4-2 Basic information of the ‘undrained experiment’ and the ‘drained 
experiment’ in this study. 

4.2.3. Freeze-thaw experiments 

For each freeze-thaw experimental sample, I poured 10 g of air-dried biochar 
into a clear plastic cylindrical column (0.0198 m inner radius) with a piece of 54-
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micron polyester mesh (Part No.: CMY-0054-10YD, Small parts, FL) on the bottom of 
the column to allow water flow while preventing mass loss. I attached measuring 
tape (S.E. Rose Co., TX) along the height of each column to facilitate accurate 
measurements of water level. I placed the base of columns into a synthetic rain 
water bath to allow water to rise into the sample from bottom to top. After allowing 
each sample to remain in the rain water bath for at least one day, I prepared 
samples with two drainage conditions which produced different initial water 
contents (Table 2): (1) undrained for all biochars (referred to as the ‘undrained 
experiment’)(Figure 4-1 to Figure 4-7) resulting in samples with water contents 
ranging from 1.3 ± 0.5 to 11 ± 3 g/g; (2) 30 minutes gravity-driven drainage from 
mesh on the bottom for mesquite biochar only (referred ro as ‘drained experiment’) 
(Figure 4-8 to Figure 4-9) resulting samples with water contents of 1.9 ±0.3 g/g. I 
then covered the bottom and the top of each column with plastic wrap and then 
sealed the whole column in a freezer zip-lock bag to avoid water loss.  

I froze biochars at -19 ± 3°C for 8 hours in a freezer, and thawed them at 
room temperature (25 ± 0°C) for 16 hours for each F-T cycle (Figure A.4.-A.6). 
Therefore, each F-T cycle was 24 hours. In the undrained experiment, I completed 
three replicates of four types of biochar treated by 1, 2, 5,10, and 20 F-T cycles, for a 
total of 60 samples. In the drained experiment, I completed three replicates of 
mesquite biochar treated by 1, 2, 5, and 10 F-T cycles, for a total of 12 samples. 
Between F-T cycles, I monitored water mass of each sample after thaw and before 
freeze and then added synthetic rainwater to keep water content constant through 
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F-T cycling. I also monitored the temperature of the freezer, the room and three 
representative biochars (mesquite, miscanthus, and sewage waste) to ensure 
complete freezing. I did not monitor the temperature of pine biochar because it had 
similar sample size with mesquite biochar. Figure A.6. shows temperature change 
during one representative F-T cycle.  

After a set number of F-T cycles, I transferred each sample into a glass jar 
and massed the wet sample (M, kg). I then oven-dried all biochar samples at 60°C 
for 72 hours in the open glass jars and massed each dry sample (Md, kg) in the air-
tight glass jars to avoid water absorption after being exposed to air. I then calculated 
water content (θ=M/Md-1, kg/kg).  

4.2.4. Grain size analysis 

I used a Camsizer (Retsch Technology, Germany) to make quantitative grain 
size and shape measurements of the bulk biochar sample. I measured grain size 
distribution of biochars including grain diameter by area (Darea), grain size at the 
shortest chord (Dmin), and grain size at the maximum diameter (Dmax) of a biochar 
grain projection pre- and post- F-T cycles (Figure 4-2 to Figure 4-4). From the grain 
size distribution, I determined median grain size (Darea50, Dmin50, and Dmax50) (Figure 
4-5) and calculated the aspect ratio (AR = Dmin50 / Dmax50) (Figure 4-6a).  
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Figure 4-1 Photograph of (a) pine biochar; (b) pine biochar after 20 freeze-
thaw (F-T) cycles; (c) mesquite biochar; (d) mesquite biochar after 20 F-T 
cycles; (e) miscanthus biochar; and (f) miscanthus biochar after 20 F-T cycles; 
(g) sewage waste biochar; (h) sewage waste biochar after 20 F-T cycles. The 
undrained experiment showed that these biochars made from different 
feedstocks were visually different but these was no visual difference between 
pre- and post- F-T cycles for the same biochar type. Biochar feedstocks were 
sieved between 2.36-3.35 mm 

After analyzing the grain size distribution data, I decided to examine if the 
grain shapes were the same between coarse biochar and fine biochar. I sieved pine, 
mesquite, and miscanthus biochars at 20 F-T cycles using a #20 U.S. Std mesh 
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resulting in grains smaller than (referred as ‘fine’) and larger than (referred as 
‘coarse’) 0.853mm. I then measured the grain size of the fine and coarse biochar and 
calculated AR (Figure 4-6b).  

4.2.5. Skeletal density, envelope density, and porosity of biochar grains 

To understand the mechanisms of how biochar grain size is changed by F-T 
cycles, I measured the ρs of biochar in the undrained experiment by helium 
pycnometry in a 3.5cc sample chamber (AccuPyc II 1340, Micromeritics, Norcross, 
GA) and the ρe of biochar using quasi-fluid displacement in a sample chamber with 
inside diameter of 1.27 cm (Geopyc 1360, Micromeritics, Norcross, GA).  For details 
on measurement of s and e, see Brewer et al. (2014).  I then calculated 
intraporosity of biochar grains (ϕ=1-ρe/ρs, m3/m3) (Figure 4-7).  

Due to the limitation on grains <2mm, the Geopyc may not detect changes of 
envelope density by F-T cycling. Geopyc provides the best envelope density 
measurement when grains are larger than 2mm. Before F-T cycling, there were a 
small amount of biochar grains which were finer than 2mm. After F-T cycling, fine 
grains of pine, mesquite, and miscanthus biochars became a larger portion of the 
sample (Figure 4-2 to Figure 4-4). The existence of these fine grain causes 
inaccuracy of envelope density measurement by the Geopyc thus the change of 
envelope density caused by F-T cycling may not be detected. However, I still show 
envelope density data in the text to provide basic information of the biochars I used 
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and also envelope density of specific types of biochar that can be used to compare 
with other techniques in future studies.   

 

Figure 4-2 Grain size (by area, Darea) distribution by volume for (a) pine; (b) 
mesquite; and (c) miscanthus; (d) sewage waste biochar from 0-20 F-T cycles 
in the undrained experiments. There were decreases in Darea distribution for 
pine, mesquite, and miscanthus biochars with increaseing number of F-T 
cycles. However, distributions of Darea for sewage waste biochar from 0-20 F-T 
cycles overlapped with each other meaning that there is no change of Darea 
distribution for sewage waste biochar. 



 83  

 

Figure 4-3 Grain size (at the shortest chord of a biochar grain projection, Dmin) 
distribution by volume for (a) pine; (b) mesquite; and (c) miscanthus; (d) 
sewage waste biochar from 0-20 F-T cycles in the undrained experiments. 
There were decreases in Dmin for pine, mesquite, and miscanthus biochars 
with increased number of F-T cycles. However, distributions of Dmin for 
sewage waste biochar from 0-20 F-T cycles overlapped with each other 
meaning that there is no change of Dmin distribution for sewage waste biochar. 

4.2.1. Statistical analysis 

Statistical comparisons of Darea50, Dmin50, Dmax50, AR, ρb, ρe, and ϕ pre- and post- 
F-T cycles, and between different biochars were done using two-tailed t-tests. 
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Differences were deemed significant at a p-value less than 0.05. I also computed 
Pearson correlation coefficients between the decrease of Darea50, Dmin50, Dmax50 versus 
water content of samples at 10 F-T cycles.  

 

Figure 4-4 Grain size (at the maximum diameter of a biochar grain projection, 
Dmax) distribution by volume for (a) pine; (b) mesquite; and (c) miscanthus; 
(d) sewage waste biochar from 0-20 F-T cycles in the undrained experiments. 
There were decreases in Dmax for pine, mesquite, and miscanthus biochars 
with increased number of F-T cycles. However, distributions of Dmax for 
sewage waste biochar from 0-20 F-T cycles overlapped with each other 
meaning that there is no change of Dmax distribution for sewage waste biochar. 
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4.3. Results 

4.3.1. Before F-T cycling, biochar grain size distribution, median grain size, 
and aspect ratio varied with biochar feedstock 

In the undrained experiment, all biochars had unimodal grain size 
distributions before F-T cycling (Figure 4-2 to Figure 4-4). For example, pine and 
mesquite biochars had similar Darea distributions with peaks of 8.4 ± 0.4% (m3/m3) 
and 8.4 ± 0.5% (m3/m3) at Darea of 3.42 mm and 3.53 mm, respectively (Figure 4-2a 
and Figure 4-2b). The peak of Darea distribution for miscanthus was 7.6 ± 0.6% 
(m3/m3) at Darea of 5.21 mm (Figure 4-2c). The grain size distribution of sewage 
waste biochar was more concentrated than that of pine, mesquite, and miscanthus 
biochars, and Darea of sewage waste biochar had peak of 9.5 ± 1.0% (m3/m3) at Darea 
of 2.80 mm (Figure 4-2d).  

Before F-T cycling, the median grain size varied with biochar feedstocks even 
though they were sieved to the same mesh sizes pre-pyrolysis. The Darea50 of pine 
biochar (3.5 ± 0.0mm) was statistically the same (p=0.16) to the Darea50 of mesquite 
biochar (3.5 ± 0.0mm). Pine and mesquite biochars had similar but statistically 
different (p<0.05) Dmin50 (2.2 ± 0.0mm and 2.3± 0.0mm for pine and mesquite 
biochars, respectively) and Dmax50 (5.9 ± 0.1mm, and 5.6 ± 0.1 for pine and mesquite 
biochars, respectively).  Miscanthus biochar had the largest median grain sizes with 
Darea50 of 4.7 ± 0.1mm, Dmin50 of 2.7 ± 0.1mm, and Dmax50 of 10.4 ± 0.2mm. Sewage 
waste biochar had the smallest Darea50 (2.7 ± 0.0mm) and Dmax50 (3.0 ± 0.0mm).  The 
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Dmin50 of sewage biochar was 2.5 ± 0.0mm which was smaller than that of 
miscanthus biochar but higher than that of pine and mesquite biochars (Figure 4-5).  

 

Figure 4-5 Median grain size (a) by area (Darea50); (b) at the shortest chord 
(Dmin50); (c) at the maximum diameter (Dmax50) of all the undrained 
experiment biochar samples from 0 to 20 F-T cycles (note: X-axis is not on a 
linear scale). 
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Biochar grain shapes were visually different (Figure 4-1) although all 
feedstocks were sieved between the same meshe sizes (#8 and #6 U.S. Std. mesh). 
Pine and mesquite biochars had a similar grain shape. The pre- F-T aspect ratio (AR, 
m/m) were 0.38 ± 0.01 and 0.40 ± 0.01 for pine and mesquite biochars, respectively 
(Figure 4-6a). Pre- F-T, miscanthus biochar had the lowest AR of 0.25 ± 0.01 
meaning that miscanthus biochar grains had the most elongated shape. The highest 
AR of 0.84 ± 0.00 was documented for sewage waste biochar indicating its more 
spherical grain shape.  

4.3.2. Grain size of pine, mesquite, and miscanthus biochars decreased 
after F-T cycling in the undrained experiment  

The changes of grain size distributions by F-T cycling for pine and mesquite 
biochars were similar with lower peaks and left shifts (Figure 4-2a-b, Figure 4-3a-b 
and Figure 4-4a-b).  Pine and mesquite biochars had very similar Darea distribution 
after 20 F-T cycles with peak of 6.5 ± 0.2% (m3/m3) and 6.5 ± 1.0% (m3/m3) at Darea 
of 3.03 mm and 3.12 mm, respectively (Figure 4-2a-b). Pine and mesquite biochars 
also had the same Darea50 (p=0.95), Dmin50 (p=0.55) and Dmax50 (p=0.58) from 1-20 F-
T cycles although their pre- F-T Dmin50 and Dmax50 were slightly different. Therefore, 
the magnitudes of decrease in median grain size for pine and mesquite biochars 
from 0-20 F-T cycles were very similar. The decreases of Darea50, Dmin50, and Dmax50 
from 0-20 F-T cycles were 23.6% (p<0.05), 19.9% (p<0.05), and 32.0% (p<0.05) for 



 88  

pine biochar and 23.6% (p<0.05), 19.6% (p<0.05), and 28.8% (p<0.05) for mesquite 
biochar (Figure 4-5a-c). 

The grain size distributions of miscanthus biochar shifted to smaller grain sizes with 
increasing number of F-T cycles. After 20 F-T cycles, grain size distributions of 
miscanthus biochar became bimodal (Figure 4-2c, Figure 4-3b, and Figure 4-4c). 
The Darea distribution of miscanthus had one major peak of 4.7 ± 0.6% (m3/m3) at 
Darea of 4.6mm and one minor peak of 1.5 ± 0.1% (m3/m3) at Darea of 1.12mm (Figure 
4-2c). Miscanthus biochar had the largest decreases of median grain sizes with 
35.7% decrease in Darea50 (p<0.05), 33.9% decrease in Dmin50 (p<0.05) and 45.8% 
decrease in Dmax50 (p<0.05) after 20 F-T cycles (Figure 4-5).I did not observe any 
change of grain size distributions (Figure 4-2d, Figure 4-3d, and Figure 4-4d) nor 
median grain size (p>0.66) (Figure 4-5) by F-T cycling for sewage waste biochar.   

4.3.3. The effect of F-T on biochar grain shape also varied with feedstock in 
the undrained experiment 

The change of AR with F-T cycles varied with biochar feedstock (Figure 4-6a) 
although there were no visual differences of biochar shape pre- and post- F-T 
cycling (Figure 4-1). For pine biochar, there was no significant change of AR after 1 
and 2 F-T cycles (p=0.26 and 0.44 for 1 and 2 F-T cycles, respectively); however, the 
AR increased from 5-20 F-T cycles with a 17.7% increase after 20 F-T cycles 
(p<0.05). The increase of AR for mesquite biochar started at 2 F-T cycles and 
increased with additional F-T cycles; a 13.0% increase (p<0.05) of AR after 20 F-T 
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cycles.  The AR of miscanthus biochar increased by 22.4% (p<0.05) after 20 F-T 
cycles. There was no significant change of AR for sewage waste biochar (Figure 
4-6a). 

 

Figure 4-6 Aspect ratio (AR=Dmin50/Dmax50) of (a) all the undrained experiment 
biochar samples from 0 to 20 F-T cycles (note: X-axis is not on a linear scale); 
and (b) undrained experiment pine, mesquite, and miscanthus biochars 
before (bulk) and after passing (fine) or being retained (coarse) by a U.S. Std 
#20 mesh (0.853 mm) at 20 F-T cycles. 

Aspect ratio also varied with biochar grain size. After 20 F-T cycles, the AR of 
the fine biochar was higher than that of the coarse biochar for pine (p<0.01), 
mesquite (p<0.01), and miscanthus (p<0.01) (Figure 4-6b). However, there were no 
significant difference of AR between coarse biochar and the bulk sample (fine + 
coarse) for pine (p=0.48), mesquite (p=0.34) and miscanthus (p=0.05) (Figure 
4-6b). 
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 Figure 4-7 Figure 7 (a) Skeletal density (ρs), (b) envelope density (ρe), and (c) 
porosity (ϕ) of four types of biochar from 0-20 F-T cycles in undrained 
experiment (note: X-axis is not on a linear scale). 
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4.3.4. Skeletal density, envelope density, and porosity changes induced by 
F-T cycles were small in the undrained experiment 

Pre- F-T, biochar’s skeletal density (ρs), envelope density (ρe), and porosity 
(ϕ) varied with biochar feedstock. Pine, mesquite, and miscanthus biochars, had ρs 
of 1450 ± 10 kg/m3, 1450 ± 20 kg/m3, and 1510 ± 20 kg/m3 (Figure 4-7a), which 
were statistically the same (p=0.16). Miscanthus biochar had the lowest ρe of 320 ± 
10 kg/m3 (Figure 4-7b), leading to the highest ϕ of 0.79 ± 0.00 m3/m3 (Figure 4-7c). 
The envelope densities of pine and mesquite biochars were higher (p<0.05) than 
that of miscanthus biochar with ρe of 410 ± 00 kg/m3 and 520 ± 10 kg/m3 for pine 
and mesquite biochars, respectively (Figure 4-7b). Porosity of pine and mesquite 
biochars were 0.72 ± 0.00 m3/m3 and 0.64 ± 0.01 m3/m3 (Figure 4-7c).  Sewage 
waste biochar had the highest ρs (1760 ± 00 kg/m3) and the highest ρe (1220 ± 10 
kg/m3) resulting in the lowest porosity of 0.31 ± 0.01 m3/m3 (Figure 4-7). 

The effects of F-T cycling on biochar’s skeletal density (ρs), envelope density 
(ρe), and porosity (ϕ) were subtle or even negligible. There was no change of ρs for 
pine, mesquite, and miscanthus biochars after 20 F-T cycles (p>0.05). The skeletal 
density of sewage waste biochar decreased with F-T cycles, but the decreases were 
small; <1.3% after 20 F-T cycles (Figure 4-7a). There were no significant changes of 
ρe from 0-10 F-T cycles for pine and mesquite biochars (p>0.20). However, the 
envelope densities of these two biochars decreased by 7.9% (p=0.02) and 3.7% 
(p=0.03) after 20 F-T cycles, respectively. The envelope density of miscanthus 
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decreased from 2-20 F-T cycles with a decrease of 12.2% after 20 F-T cycles 
(p<0.05). I did not observe changes of ρe for sewage waste biochar (p>0.25) (Figure 
4-7b). 

The porosity of miscanthus biochar increased with increasing number of F-T 
cycles and had the highest increase of 3.2 % at 20 F-T cycles (p<0.05). The porosities 
of the pine biochar (p>0.34) and the mesquite biochar (p>0.33) did not change until 
20 F-T cycles at which ϕ of pine biochar increased by 2.5% (p=0.03) and ϕ of 
mesquite biochar increased by 3.1 % (p=0.03). There were no significant changes in 
ϕ for sewage waste biochar (Figure 4-7c).  

4.3.5. Changes of grain size for mesquite biochar were small in the drained 
experiment 

In the drained experiment, grain size distribution curves (Darea, Dmin, and 
Dmax) of mesquite biochar at 0, 1, 2, 5, and 10 F-T cycles overlapped (Figure 4-8). 
Median grain sizes were statistically the same between before and after each F-T 
cycle number for Darea50 (p=0.17) and Dmax50 (p=0.47) except for Dmin50 which 
showed a small decrease of 4.2% at 10 F-T cycles (p=0.01). There was no change of 
AR (p=0.72) for mesquite biochar at this water content (Figure 4-9).  
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Figure 4-8 Grain size (a) by area (Darea); (b) at the shortest chord (Dmin); (c) at 
the maximum diameter (Dmax) distribution by volume of drained experiment 
mesquite biochars from 0 to 10 F-T cycles. 
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Figure 4-9 (a) Medium grain size (D50) of drained experiment mesquite 
biochars from 0-10 F-T cycles (note: X-axis is not on a linear scale). 

4.4. Discussion 

4.4.1. F-T cycling breaks down wet biochar through loss of thin layers 
creating finer and less elongated grains  

In the undrained experiment, I observed: (1) median grain size decreased; 
(2) grain distributions shifted from unimodal into bimodal; (3) aspect ratio 
increased after F-T cycling for pine, mesquite, and miscanthus biochars. As these 
biochars were being broken down into finer grains, their aspect ratio increased, 
meaning that they became less elongated. By examing the grain sizes at the two 
peaks in each grain size distribution curve, I found that grain size at the major peak 
(right side on the curve) was much larger than the grain size at the minor peak (left 
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side on the curve), generally around four times larger (Figure 4-2 to Figure 4-4). 
This indicated that the decrease of gran size is caused by loss of thin layers on the 
surface, instead of breakage through the core of the particle (Figure 4-10). In our 
experiment, coarser biochar particles still dominated the bulk sample from 0-20 F-T 
cycles.  If more F-T cycles are applied, producing more fine biochars particles, I 
could expect a larger increase in particle aspect ratio.  

 

Figure 4-10 Conceptual model of how the grain size of pine, mesquite, and 
miscanthus biochars with higher water content was reduced by F-T cycles 
through loss of sheets from the grain surface.  

In addition, I observed slight increases (up to 3.2%) of biochar porosity but 
no change of skeletal density by F-T cycling for pine, mesquite and miscanthus 
biochars. However, Liu et al. (2016) observed increases of skeletal density when 
grinding biochar into smaller sizes. These differences indicate that F-T cycling 
breaks biochar grain in a different way than grinding does. Liu et al (2016) 
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suggested that the increase of skeletal density was due to breaking of isolated pores 
by grinding. During F-T cycling, ice crystal growth during freezing could increase 
biochar intrapore size causing an increase of intraporosity before breaking down 
biochar grains. 

4.4.2. Water content influences the effect of F-T cycling on biochar grain 
size 

 

Figure 4-11 Positive Pearson correlation coefficients (R) between decrease in 
median grain size and water content at 10 F-T cycles in all experiments.  

In all experiments, biochars with water content less than 1.3 ± 0.5 g/g had no 
reductions in grain size due to F-T cycling. There is a positive correlation (R=0.90 
for all samples) between decrease of grain size and water content (Figure 4-11).  
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Similarly, Bullock et al. (1988) found that soil aggregate stability was decreased by 
F-T cycling as water content increased.  Forces reducing soil aggregates were 
probably a result of ice crystals expanding in pores, breaking grain-to-grain bonds, 
and splitting the soil aggregates into smaller aggregates. At lower water contents, 
less biochar grains were broken down indicating that the ice crystals completed 
their growth in the pores before they could apply significant disruptive force on the 
wall of pores.  In all experiments, lower water contents were either caused by low 
porosity of biochar (i.e. sewage waste biochar in undrained experiment) or after 
gravity drainage (i.e. mesquite biochar in drained experiment).  Biochar’s 
intraporosity is related to biochar feedstock, pyrolysis temperature and residence 
time. Therefore, the biochar’s pyrolysis conditions and the wetting condition of soils 
where biochar has been applied could alter the effect of F-T cycling on biochar grain 
size.  

4.4.3. Implication for biochar mobility, soil hydraulic conductivity and soil 
water retention  

The decrease of grain size for pine, mesquite, and miscanthus biochars by F-T 
cycling should have an impact on biochar’s mobility. For solid grains without 
intraporosity, if their grain densities are the same, small grains will be easier to be 
transported by fluids (i.e. air or water) compared to larger grains because small 
grains have a lower settling velocity, allowing easier suspension and movement 
with fluids compared to larges grain. Larger grains have a higher settling velocity, 
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making them move by rolling, sliding, and or saltating along the surface. For grains 
with the same diameter, those with a lower density are more easily transported due 
to a lower settling velocity compared to grains with a higher density (Dietrich, 
1982). In this study, I observed decreases in grain size for pine, mesquite, and 
miscanthus biochars which result in a decreased settling velocity, if grain density 
does not change. For pine, mesquite, and miscanthus biochars, I also observed slight 
increases (up to 3.2%) of biochar porosity but no change of skeletal density, which 
will decrease grain densities (=ρs + ϕ(ρf-ρs), ρf is fluid density) when biochar grains 
are partially or fully saturated with fluids (water or air) causing small decreases of 
settling velocity.  

After mixing biochar into soil, the decrease of grain size and increase of 
aspect ratio by F-T cycling for pine, mesquite, and miscanthus biochars would have 
an impact on soil’s hydraulic conductivity and soil water retention. Liu et al. (2016) 
found that by adding finer biochar into sand, the hydraulic conductivity decreased 
due to finer biochar grains filling pores between sand grains, which reduced pore 
throat size and increased tortuosity. Similarly, the decrease of biochar grain size by 
F-T cycling could decrease hydraulic conductivity in biochar-soil mixture as the F-T-
produced finer grains could migrate into pore spaces.  

Change of biochar grain size, grain shape and intraporosity by F-T cycling 
will affect soil water retention curves causing changes in hydrograph and in plant 
available water. Biochar grain size and grain shape could influence the packing in 
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the biochar-soil system and, could change intrapores that have an impact on the soil 
water retention curve. Biochar with lower aspect ratios (more elongated) has been 
found to increase water retention in the wetter range (Liu et al.).  As aspect ratio 
increases and grain size decreases with F-T cycling for pine, mesquite and 
miscanthus biochars, I would expect higher water content in the wet range, meaning 
more water retained during infiltration. This will further affect the hydrograph after 
rain events. Meanwhile, Liu et al. found decreases of plant available water of sand 
after grinding biochar into smaller sizes. Their calculations also showed that plant 
available water in biochar-sand mixtures is mainly controlled by biochar 
intraporosity. However, in this study, I observed slight increases of biochar 
intraporosity (up to 3.2%) which probably increase plant available water.  

4.5. Conclusion 

In this study, I investigated how F-T cycling altered grain size of four types of 
biochar (pine, mesquite, miscanthus, and sewage waste) prepared at two drainage 
conditions: an undrained experiment for all biochars and a drained experiment for 
mesquite biochar only.   

The effect of F-T cycling on biochar grain size varied with feedstock type and 
drainage condition. In the undrained experiment, the grain-size distribution of 
miscanthus biochar shifted from unimodal into bimodal after 20 F-T cycles. The 
median grain size of pine, mesquite, and miscanthus biochars decreased with 
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increasing number of F-T cycles with decreases of up to 45.8% for miscanthus 
biochar after 20 F-T cycles. There were also increased of aspect ratio for pine, 
mesquite, and mesquite biochars with increase of up to 22.4% for miscanthus 
biochar after 20 F-T cycles. The increase of aspect ratio means F-T cycling produced 
grains which were less elongated. I observed no statistically significant change 
median grain size, and grain shape for sewage waste biochar. The changes in 
skeletal density (up to 1.3% decrease), envelope density (up to 12.2% increase) and 
porosity (up to 3.2 % increase) for these biochars were very small.  In the drained 
experiment, median grain size of mesquite biochar decreased by 4.2% after 10 F-T 
cycles.  

I hypothesize that F-T cycling decreases biochar grain size through loss of 
thin layers on the grain surface. Since the effect is correlate with biochar water 
content, I expect the decrease in grain size and increase in aspect ratio by F-T 
cycling for pine, mesquite, and miscanthus biochars would drive changes in 
properties like soil water retention, hydraulic conductivity, and biochar mobility 
and then have feedbacks on plant growth and carbon sequestration.   
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Chapter 5 

Conclusions 

If biochar is to deliver the results we expect, it is important that we 
understand how it behaves before we widely apply it into the field. The amount of 
literature focusing on how biochar application affects physical and hydraulic 
properties of soil is increasing, and the effects are not consistent among these 
studies. In addition, the mechanisms that control the change of these soil properties 
by biochar have been elusive. Using lab experiments and mathematical modeling, 
the research described here provides information on how biochar interacts with soil 
water. It also helps us understand the mechanisms driving these interactions. It 
highlights grain size of biochar and of the original soil as very important controls on 
hydraulic conductivity and water retention of biochar-amended soil. However, 
biochar grain size is not constant through time in the field. Weathering processes 
will break down biochar grains and then further affect soil hydrologic properties. 



 102  

Therefore, I tested how freeze-thaw cycling affect biochar grain size and the effects 
varied with biochar feedstock and water content. I conclude that freeze-thaw cycling 
decreases biochar grain size through loss of thin layers on the biochar surface. I also 
found a positive correlation between the decrease in biochar grain size and increase 
in soil water content. These laboratory experiments provides new information on 
how biochar will behave in the soils. However, because the interactions between 
biochar, soil, and water will also vary with field conditions, these laboratory results 
now need testing in field trial experiments to develop biochar as an effective 
technique to sequester carbon and improve soil performance.  
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Figure A.1 Replicated water retention curves (soil water potential (ψ) versus water content (θ)) measured by the 
Hyprop for (a) sand plus 2 wt% fine biochar, (b) sand plus 2 wt% medium biochar, (c) sand plus 2 wt% coarse 
biochar, (d) sand, (e) sand plus fine sand, (f) sand plus coarse sand.  
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Figure A.2 Microscopic image of (a) fine biochar (<0.251 mm), (b) fine sand 
(<0.251 mm), (c) medium biochar (0.251-0.853 mm), (d) sand (0.251-0.853 
mm), (e) coarse biochar (0.853-2.00 mm), (f) coarse sand (0.853-2.00 mm) 
and (g) parent biochar (2.00-2.30 mm).  
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Figure A.3 Grain diameter (D) distribution (% by volume) of materials used in 
this study, as measured by Camsizer. Grain diameter (D) is the shortest chord 
of a grain projection (results close to screening/sieving).  
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In chapter 4, the median grain sizes were statistically the same after freeze 
mesquite biochar for 8 hours, 2, 5, 10, and 20 days (Figure A. 4-5). Meanwhile, the 
sample temperature during a F-T cycle (Figure A. 6) showed that 8-hours is enough 
for biochar to reach the target freezing temperature and16-hours is sufficient to 
thaw samples. In addition, eight hours plus 16 hours is one day per F-T cycle which 
is convenient for scheduling experiment.  Thus I selected 8 hours-freeze and 16 
hours-thawing.  



 116  

 

Figure A.4. Volumetric distribution of mesquite biochar grain size (a). by area 
(Darea); (b). at the shortest chord (Dmin); and (c) at the maximum diameter 
(Dmax) of a biochar grain projection before (0 day) and after being freeze for 
different durations (0.33, 2, 5, 10, and 20 days).  
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Figure A.5. (a) median grain size (D50) and (b) aspect ratio (AR) of mesquite 
biochars which were freeze for different durations (8 hours, 2, 5, 10, and 20 
days) after sitting in a water bath without drainage. The three types of median 
grain size (Darea50, Dmin50 and Dmax50) and AR were statistically the same 
between different durations (p>0.11).  
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Figure A.6. Temperatures of room, freezer, mesquite biochar, miscanthus 
biochar, and sewage waste biochar during one representative freeze and thaw 
cycle showing that 8-hours is enough for biochar to reach the target freezing 
temperature and16-hours is sufficient to thaw samples.  


