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1 Introduction
1.1 Biochar
Biochar is charcoal produced through the thermochemical conversion of organic
materials or biomass in an oxygen limited environment (pyrolysis) (Keiluweit, 2010,
Beesley and Dickinson, 2011, Bracmort, 2010, Glaser and Birk, 2012, Beesley et al.,
2011). Biochar is similar to other charcoal like products, except that the term
‘biochar’ has been adopted for charcoal produced through the pyrolysis of waste
organic matter for the purpose of land applications (USGS, 2011). The quality as
well as the quantity of biochar produced depends primarily upon three factors;
feedstock, pyrolysis temperatures and processing time (Bracmort, 2010).

1.1.1 Feedstock
Biomass is considered as living/once living organic matter including crops, plants,
marine organic waste, solid waste, even sewage (Demirbas, 2000). Under a range of
heat conditions the cellular structure of the organic material is broken down; i.e.
carbohydrates (cellulose and hemicellulose), lignin, and minor amounts of other
organic and inorganic materials (Bridgwater et al., 1999, Sparkes and Stoutjesdijk,
2011). As the original cellular structure of the biomass is broken down, the
macromolecules fuse together creating stable aromatic structures, micro to nano-sized
pores, and producer gas. The rate at which the macromolecules original structure is
broken down depends upon the macromolecule (cellulose, hemicellulose, and lignin),

2

temperature regime, and retention time. Generally, higher temperatures increase the
process of cellular degradation, and the rate at which the structure degrades.
Cellulose is the primary structural polysaccharide (long chains of sugars and sugar
derivatives) in plant cell walls and woody tissues, and the most abundant
macromolecule on earth (Becker et al., 2009). An investigation by the USGS
indicated that pure cellulose when heated at 250 °C lost 6.4% of its weight within the
first hour, and 68.6% after 72 hours (Rutherford et al., 2005). The investigation
further revealed that for higher temperatures (˃ 300 °C), cellulose was primarily
broken down in the first hour (Rutherford et al., 2005).
Lignin is insoluble chains of small aromatic alcohols, mainly found in woody
tissues (Becker et al., 2009). About 25% of the dry weight of woody plants is
composed of Lignin, leading behind cellulose as the second most abundant
macromolecule on earth (Becker et al., 2009). The cellular structure of Lignin is
broken down under a larger temperature range compared to that of cellulose and
hemicellulose (Bridgwater et al., 2009). Investigations by the USGS indicated that the
percent of lignin lost during heating was consistently less than half that of cellulose
(Rutherford et al., 2005).
The physicochemical properties of the biochar, including composition, particle
size, and pore sizes depend upon the feedstock used (Sparkes and Stoutjesdijk, 2011).
One property is the amount of biochar yield under different temperature regimes. The
composition of feedstock varies considerably among plant interspecies and even
intraspecies due to soil type, harvest and climate (Brown, 2009). Composition of
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feedstock refers to the amount of cellulose, hemicellulose and lignin present with the
cellular structure, as each of these components breakdown at different rates. Biomass
with a greater percentage of lignin produce the highest biochar yield, as lignin is the
most resistant to breakdown at higher temperatures (Sparkes and Stoutjeskijk, 2011).
Therefore woody types, such as nutshells, forestry wastes, and sawmill residues
produce the highest yield of biochar (Demirbas, 2004). An important consideration in
the production of feedstock is also the nutrient composition after production. Biochar
production of manure and other animal wastes, such as chicken litter, may have high
levels of nutrients; phosphorus, potassium, calcium, nitrogen, and magnesium
(Sparkes and Stoutjeskijk, 2011).

1.1.2 Pyrolysis and processing time
There are several types of thermal conversion processes of biomass; direct
combustion for heat and electricity (Obernberger, 1998), gasification, and pyrolysis
among others (Domínguez et al., 2007). Gasification derived biochar is one of the
three biochars featured in this study and was derived in a gasification chamber. An
example of gasification process follows: (1) biomass is placed into the gasifier
column; (2) an air manifold blower pulls air into a hearth located underneath the
column; (3) the hearth is heated by a torch creating a blast zone, with temperatures
around 800 to 900 °C; (4) the high temperatures force the pyrolytic gasses out of the
biomass; (5) the hydrocarbons flow through the hearth, but there is too little oxygen
for which to oxidize; (6) the hydrocarbons grab a super-heated carbon from the
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charcoal located underneath the hearth, and crack; (7) the gases then flow through the
bell chamber and into a blast chamber, around 800 °C, and hit a blast plate causing the
gas to expand, dropping out entrained carbon (Miedema, personal communication
November 7, 2012). The gasification derived biochar was derived from the small
pieces of entrained carbon that dropped out of the heated gas. Of the gas produced by
this process, approximately 20 % is hydrogen, 20 % carbon monoxide, 4 % methane,
and the remaining 56 % inert gases (Miedema, personal communication, November 7,
2012). Gasification process is primarily used to produce syngas as a byproduct.
Pyrolysis is similar to gasification in that it is the thermal decomposition of
biomass in an oxygen-free environment (Domínguez et al., 2007). Generally slow
pyrolysis of biomass occurs under moderate temperatures (500 °C), with vapor
residence times around 10 to 20 seconds (Brown, 2009). The percentage of byproducts
for slow pyrolysis is 30% liquid, 35% solid and 35% gas (Brown, 2009). Fast
pyrolysis, involves moderate temperatures (around 500C), with vapor residence times
around 1 second, which leads to 75% liquid, 12% solid and 13% gas (Brown, 2009).
Last gasification occurs under high temperatures (around 700-750 °C), with residence
times around 10 to 20 seconds, leading to 5% liquid, 10% solid and 85% gas (Brown,
2009).
Vapor residence times refer to the amount of time before vapors are driven off the
biomass in the reaction vessel (Sparkes and Stoutjesdijk, 2011). Generally, the highest
yield of biochar is sourced from low pyrolysis temperatures, slow heating rates, high
pressure and high percentages of lignin within the feedstock (Demirbas, 2004).
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1.1.3 Energy production
Since the beginning of time people have been burning fossil fuels to produce
energy for power and heat. However, in the twenty first century the need for a diverse
energy portfolio became apparent. Renewable resources are becoming increasingly
popular, as knowledge of fossil fuels scarcity rises. Resources include water, wind,
solar, and geothermal to name a few. Biochar could potentially be counted among
these as a renewable resource for energy production.
As biochar is processed, syngas and a liquid mixture of organic compounds are
released that can be harnessed to heat the pyrolysis process (Bracmort, 2010,
Azargohar and Dalai, 2006). The amount of syngas (H2 + CO), liquid and biochar that
is produced depends upon temperature and residence time of the pyrolysis process
(Domínguez et al., 2007). The syngas and liquid mixture is derived from volatiles and
other organic compounds that are released from the biomass under low oxygen
conditions (Gronnow et al., 2013). Volatiles released by the biomass include carbon
monoxide, methane, aldehydes, organic acids, anhydrogenous sugars, phenols and
furans (Gronnow, et al. 2013). The gases and volatile byproducts from the pyrolysis
process are combustible; therefore the energy contained can potentially be used for
electric power generation through internal/external combustion engines (Gronnow et
al., 2013). The amount of potential energy distribution within these byproducts from
the pyrolysis process is gas, biochar and oil, with oil having the least amount of energy
available (Domínguez et al., 2007).
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Gases produced at high pyrolysis temperatures contain more energy, with lower
amounts of potential energy within the biochar (Domínguez et al., 2007). Liquid yield
is maximized through fast pyrolysis, in which biomass undergoes pyrolysis with
moderate heat (500°C) conditions and low residence times (Brown, 2009, Bridgwater
et al., 1999, Domínguez et al., 2007). Domínguez et al., 2007 investigated the amount
of oil, liquid, and solid byproducts produced through the pyrolysis of coffee hull
feedstock. The study concluded that through microwave pyrolysis, using a microwave
oven that the percentage of gas produced was high and the gas increased with
temperature, while the percentage of solid biochar decreased (Domínguez et al., 2007).
Additionally the byproduct liquid mixture of organic compounds can be converted
to a high valued product, known as bio-oil, which can be used in diesel engines and
furnaces (Azargohar and Dalai, 2006). Gronnow et al., 2013 determined that the
relatively low energy cost of the pyrolysis process compared to high levels of bio-oil
and gas obtained would allow the pyrolysis process to be self-sufficient, with extra
energy remaining. Burning of biochars alongside fossil fuels may also provide a
promising new method to reducing carbon dioxide emissions by offsetting emissions
from fossil fuels (Gronnow et al., 2013).

1.1.4 Carbon sequestration
Climate change has become a major issue facing modern society. There are a
number consequences stemming from the changing climate including but not limited
to migration of animals, sea level rise, melting glaciers and loss of habitat. The world
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is warming primarily due to the increase in greenhouse gasses, derived from human
activity. One particular gas is carbon dioxide, which has been increasing in
concentration since the industrial revolution and continues to rise. There is a need to
find methods to reduce the amount of carbon dioxide through sequestration and
storage of carbon. Biochar production is one potential method for doing just that.
The pyrolysis process transforms waste organic matter into a more stabilized form,
transforming the aliphatic carbon (non-ring structure) into stable aromatic carbon (ring
structure) (USGS, 2011). Carbon in biochar is more stable chemically and
biologically than carbon in plant residue (Gronnow et al., 2013). The amount of
carbon transformed into stabilized carbon depends upon the type of pyrolysis process
as well as the temperature. Gronnow et al., 2013 investigated the percent of stabilized
carbon within the final product of biochar through different pyrolysis methods. Results
indicated that about 21-25% stabilized carbon was produced from microwave
pyrolysis and 35% for conventional slow pyrolysis (Gronnow et al., 2013).
Stabilization is due to aromatic carbon structures within the biochar. Under high
temperatures, the characteristic cellular structure of carbohydrates is degraded
transforming into aromatic carbon structures, similar to graphite. Rutherford et al.,
2005, investigated the characteristic changes in cellulose and lignin using Nuclear
Magnetic Resonance. They studied the bands of cellulose and lignin under different
temperature regimes over a period of time. Their investigation revealed that heating
cellulose at 250 °C for a period of 1 hour is structurally similar to unheated carbon
(Rutherford et al., 2005). Rutherford and others discovered that heating cellulose at
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temperatures above 250 °C caused a rapid decline in cellulose structure and a presence
of fuse-ring structures. The percentage of aromatic carbon present after the pyrolysis
ranged from 1 to 92.8%, 250 °C for 1 hour and 300 °C for 48 hours (Rutherford et al.,
2005). A similar study performed on poplar and pine wood, matched the same loses
in cellulose and lignin compared to pure cellulose and lignin (Rutherford et al., 2005).
Generally, higher temperatures and longer residence times increase the percentage of
aromatic carbons present with the biochar (Rutherford et al., 2005).
The breakdown of lignin occurred under a longer time frame compared to that of
cellulose. Even after a period of 72 hours at 250 °C there was very little structural
change (Rutherford et al., 2005). Only after a period of 24 hours at 300 °C was there a
large alteration in structure, along with some remaining methyl-ether and aliphatic
structures (Rutherford et al., 2005). The percentage of aromatic carbon for lignin after
pyrolysis ranged from 57.3 to 91.6, 250 °C for 24 hours and 500 °C for 8 hours
(Rutherford et al., 2005).
The transformation of un-stabilized aliphatic carbon to aromatic carbon provides a
method for carbon sequestering. Carbon sequestration is the “…capture and storage
of carbon to prevent it from being released to the atmosphere” (Bracmort, 2010).
Carbon in the stabilized form is not as easily oxidized into carbon dioxide, therefore
biomass that has gone through the pyrolysis process releases less carbon dioxide over
time and the carbon is locked in a stabilized form, potentially for thousands of
years. By reducing the release of carbon dioxide from the biomass, sequestered
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originally from photosynthesis, biochar has the ability to reduce the impacts of climate
change.

1.1.5 Porosity, surface area, and adsorption

Biochar is known to have high surface area and porosity. The porosity is sourced
from the restructuring of the carbon molecules and the release of organic matter.
Although the pore sizes of the biochar differ depending upon the feedstock and
pyrolysis process, in general micropores (˂ 2 nm) contribute the greatest amount to the
total surface area (Downie et al., 2009). Micropores within biochars range from about
750-1360 m2/g, with a volume range from 0.2 to 0.5 cm3/g (Downie et al., 2009). The
large surface area provided by these micropores allows for large absorptive capacities,
as well as water retention.
Microporosity increases with longer retention times and higher temperatures; as
increasing the temperature raises the activation energies increasing the structure
formation within the biochar and longer retention times increases the time in which the
reaction takes place (Downey et al., 2009). However, as the temperature increases
eventually the structure of the cell walls will begin to degrade, as the walls between
the pores are destroyed (Zhang et al., 2004). The deformation of the walls forms larger
pores, decreasing the percentage of micropores and increasing the total pore volume
(Downey et al., 2009). Brown et al. (2006) produced biochar from pine and tested the
surface area of the biochars using the Brunauer-Emmett-Teller theory (BET) (N2) test.
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Under a heat regime of 450 °C to 1000 °C, the surface area reached a minimum at 450
°C, 10 m2/g and a maximum at 750 °C, 400 m2/g (Brown et al., 2006).
Several studies have indicated that biochar has the ability to adsorb metals
(Kolodynska et al., 2012, Park, et al., 2011, and Inyang et al., 2012), herbicides (Sun
et al., 2012) and pesticides (Yu et al., 2011). Results for biochar sorption varied, but
the overall trend was biochar has high adsorption capabilities for a variety of different
compounds. Inyang et al. (2012) used digested dairy waste-derived biochar as part of
a sorption study for lead, where the results of the study indicated that the sorption of
lead by the biochar was comparable to activated carbon.

1.2 Activated carbon
Biochar is thought to be an alternative to activated carbon in terms of storm water
remediation due to its comparable properties, i.e. how it is made, porosity, surface
area, and sorption capacities. Activated carbon (AC) is defined as “highly porous
material which has high surface area and exhibits good adsorption capacities”
(Azargohar and Dalai, 2006). The high porosity, catalytic and adsorptive properties
of AC is due to the activation process; physical or chemical (Azargohar and Dalai,
2006, Kyotani, 2000, El-Hendawy, 2001).
Activated carbon first undergoes a chemical treatment in which a dehydrating
agent (sulfuric acid, phosphoric acid, zinc chloride, or alkali metal hydroxides) is
applied, followed by a specific heat treatment schedule (400-600°C) under inert
conditions in a one step process (Azargohar and Dalai, 2006, El-Hendawy, 2001).
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Once the carbon has been heated it is washed of the agent, dried and classified
(Azargohar and Dalai, 2006). Additionally through the physical activation process the
initial step of carbonization of raw material occurs under a heating regime (˂ 700°C),
followed by controlled gasification (˃ 850°C) using an oxidizing gas, either steam,
carbon dioxide, air or a mixture (El-Hendawy, 2001). Carbon sources are primarily
from degraded plant matter or of botanical origin, i.e. peat, lignite, coal or wood,
coconut and nut shells (El-Hendawy et al., 2000). Activated carbons are of interest in
many economic sectors and industries; food processing, vacuum manufacturing,
automobile, mining, petroleum, pharmaceuticals, and nuclear (El-Hendway et al.,
2001). The interest lies in the absorptive properties, sourced from the “extensive
internal pore structure” creating high surface area for adsorption of compounds (ELHendawy et al., 2001).
Biochar is similar in nature to activated carbon as it is processed in a similar
fashion, by undergoing a heating regime under inert conditions. Biochar, however, is
not initially activated by a chemical treatment.

Azargohar and Dalai (2006) proposed

that biochar could act as a precursor to activated carbon. In their study they activated
biochar through the use of heat (550-800°C), nitrogen flow and potassium hydroxide;
once activated they used hydrochloric acid and distilled water to remove the activation
agent. Results of the study indicated that activated biochar was comparable to
commercial activated carbon. The activation process increased the carbon yield, and
indicated by a BET surface area was as a large as 1500 m2/g (Azargohar and Dalai,
2006).
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1.3 Terra preta
The initial discovery of biochar was in the Amazon regions of Central Amazonia,
Brazil, Peru, Columbia, Southern Venezuela, and Guianas, through the discovery of
Terra preta soils (Glaser and Birk, 2012). Researchers discovered patches of soils
within several regions, which were unlike the surrounding soils in terms of fertility.
Researchers called this soil Terra preta (de índio), or Anthropogenic Dark Earths
(ADE). ADE is roughly defined as a stable soil containing a several decimeter-thick
top soil containing high levels of soil organic matter (SOM), mixed with biochar and
high nutrients levels (Glaser and Birk, 2012). The stability of the ADE and fertility is
attributed to the biochar content within the SOM (Glaser and Birk, 2012).
ADE research began in the 1870s and according to past studies, archaeological
evidence and radioative dating have traced the formation of ADE to pre-columbian
inhabitants (Glaser and Birk, 2012). Aromatic structures within the SOM, derived
from the biochar, were discovered through 13C Nuclear Magnetic Resonance,
indicating the source of the high stability of ADE. Radioactive studies have traced the
formation of ADE within the Upper Zingu region in Brazil to 60 and 1640 AD, and
the central Amazon to 2500 and 500BP (before present) (Glaser and Birk, 2012). The
presence of the soil in the Amazon is an indicator of the stability of biochar sourced
from the transformation of carbon to aromatic structures during the heating process.
ADE soils contain high nutrient concentrations. The nutrient holding capacity of
ADE was attributed to biochar, which increased the overall fertility of the soil.
Studies performed on ADE indicated that the total concentrations of phosphorus,
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calcium, magnesium, potassium, and zinc were higher compared to the surrounding
soils (Glaser and Birk, 2012).
The amount of biochar within ADE provides a potential for cation exchange
capacity (CEC), 13-25 cmolc/kg; the high CEC within ADE increases the nutrient
holding capacity and prevents nutrient leaching (Glaser and Birk, 2012).
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C NMR

and DRIFT spectroscopy, (diffuse reflectance infrared fourier transform), studies have
indicated that SOM in ADE contains higher carboxylic groups, compared to the
surrounding soils, providing a source of CEC (Glaser and Birk, 2012).
According to experimental data, ADE could potentially be used to remediate soils
degraded from intense agricultural and increase the nutrient holding capacity of the
soil (Glaser and Birk, 2012). Additional data indicated that ADE could be used to
sequester carbon for milennia (Glaser and Birk, 2012).

1.4 Storm water remediation
Urban runoff is storm water flow over impervious surfaces. Storm water is
collected in storm drains and either discharged directly into local water bodies or
conveyed to local wastewater treatment plants. Both systems are valuable for
redirecting storm water away from urban areas but both come at a high cost. MS4s,
municipal separate storm water system, directly discharge high volume, pollutant rich
storm water into local water bodies. Combined sewers overflows (CSOs) occur during
high rainfall events in which the treatment facility is over capacity and overflows of
untreated and partially treated sewage, industrial wastes, toxic materials, and debris
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occur. CSOs are a major water quality concern as 772 cities within the United States
manage water with combined sanitary sewers (EPA, 2012).
In the United States urban runoff is a leading contributor of aquatic ecosystem
impairment. The percentage of water quality impairment caused by urban runoff is
equal to 13% of streams and rivers, 18% of lakes, ponds, and reservoirs and 32% of
estuaries located in the United States (USEPA, 2002). The increase in volume of
overland flow, duration of peak flow, along with the concentration of pollutants within
runoff has impaired urban watersheds physically, chemically, and biologically (Walsh
et al., 2005). Urban runoff discharged from MS4s, as well as combined sewers (during
overflows) is a major contributor to urban stream syndrome. Urban stream syndrome
was coined after frequent observations were made about the ecological degradation of
streams that was occurring downstream from urban runoff and treatment plant
effluents (Walsh et al., 2005). Symptoms of urban stream syndrome include a
“flashier” hydrograph of local streams, elevated concentrations of nutrients and
contaminants, along with reduced biotic richness and increased dominance of tolerant
species (Walsh et al., 2005).
“Flashier” hydrographs, abrupt rise and fall of flow, in local streams are sourced
from impervious surfaces and conveyance of storm water through pipes (Walsh et al.,
2005). For MS4s impervious surfaces and pipes accumulate storm water and direct it
to local streams. Therefore, during each rainfall event high volumes of storm water are
discharged directly with little mitigation to reduce the volume or flow. Frequent rapid
changes to stream flow associated with the “flashier” hydrographs have intensified the
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mobilization of sediments within urban streams triggering bank erosion, channel
incision and disruption of biota (Walsh et al., 2005).
A second symptom to urban stream syndrome is chemical changes associated with
pollutants present within urban runoff. A majority of pollutants are sourced from
various anthropogenic activities including fertilizing of lawns, vehicle use, as well as
the improper disposal of chemicals and waste. Major pollutants include nutrients,
toxicants (heavy metals, toxic chemicals, and hydrocarbons), sediments, and bacteria
(Walsh et al, 2005). Anthropogenic sourced pollutants degrade designated uses
including municipal water supply, recreation, and fisheries. In fact, a major contributor
to drinking water contamination is urban runoff both from MS4s and combined
sewers.
Combined sewers can greatly influence the pollutant load via overflows. During
seasons of plentiful rainfall, combined sewers can be overloaded releasing both
untreated storm water and partially treated or untreated sewage directly into local
water bodies. Elevated fecal coliform sourced from storm water and untreated sewage
increase the potential for harmful viruses, parasites and pathogens. Within the United
States 5,529 streams are impaired by pathogens and since 1948 over half the reported
waterborne illnesses occurred after extreme rainfall events (Gaffield et al., 2003).
Changes in stream flow and the presence of contaminants within local streams are
affecting aquatic species, specifically benthic macroinvertebrates and fish. Past studies
on benthic macroinvertebrates indicate a clear distinction between urban and nonurban
streams (Walsh et al., 2005). Studies have shown that urban streams are lacking
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sensitive species (i.e. plecoptera and trichoptera) and are primarily dominated by
tolerant species (i.e. oligochaetes and chironomids) (Walsh et al., 2005). Fish findings
have shown similar results; overall more sensitive species have lowered in abundance
and the more tolerant species (i.e. catfish) dominate. The loss of species richness
within streams can impair food chains, impacting the health of streams.
Storm water quality was initially investigated by the EPA in 1979 through the
Nationwide Urban Runoff Program (NURP). Studies were conducted across the
United States at 28 locations; Illinois, Michigan, Wisconsin, Arkansas, Texas, Kansas,
Missouri, Colorado, South Dakota, Utah, California, Oregon, Washington, New
Hampshire, Maryland, Florida, North and South Carolina and Tennessee (EPA, 1983).
Storm water was collected from outfalls to analyze the types and concentrations of
pollutants including nutrients, total suspended solids, bacteria, and heavy metals
(EPA, 1983). There were 13 heavy metals that were detected in the study (EPA,
1983); the primary metals of concern were copper, lead and zinc found in 91% of the
samples (EPA, 1983).

1.5 Low Impact Development
Low impact development (LID) is defined as “an approach to land development
(or re-development) that works with nature to manage stormwater as close to its
source as possible” (EPA, 2013). LID is employed to mitigate the impacts associated
with urban runoff. LID is beneficial for onsite treatment before the storm water is
discharged into local water bodies. LID utilizes natural systems to both reduce and
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treat storm water, in essence mimicking pre-development conditions. Table 1.1 lists
some of the examples of LID in practice.
LID has improved water quality; however, this treatment is not completely
efficient at removing pollutants. Biochar could potentially serve as a secondary
treatment device to further reduce the impact of runoff.
Table 1.1: LID technology, mechanism, and purpose (City of Corvallis, 2007)
Technology

Mechanism

Purpose

Infiltration trench

Deep depression with no outlet,
water is stored in voids
between the rocks, and is
filtered by the soil matrix
Shallow impoundment, stores
water and allows for gradual
soil infiltration and soil
filtration
Stores water in holding pond

Volume reduction,
runoff filtration,
groundwater recharge

Infiltration basin

Retention
Wet pond
Extended detention
basin

Vegetative swale

Vegetative buffer
strip
Bio-retention

Media filter

Permanent pool of water,
settling and biological uptake
Dry pond, with outlet, allows
for retention for a certain
numbers of hours, settling of
particles
Open, shallow channel with
vegetation, reduces flow to
discharge point, filters via
vegetation and soil, infiltration
Vegetative strips, designed to
treat sheet flow, vegetation
slows runoff, sediment settles
Soil and plant filtration,
through physical, chemical and
biological processes
Two-chambers, pre-treatment
settling basin, second chamber
a filter bed; first settling,
second filtration

Volume reduction,
filtration,
groundwater recharge
Filtration. runoff
control management
Runoff reduction,
filtration
Flood control, runoff
mitigation, pollutant
reduction
Flow velocity
reduction, volume
reduction, filtration
Flow reduction
(velocity, volume),
filtration, settling
Flow reduction
(velocity, volume),
filtration, settling
Filtration, runoff
control management
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Water quality inlets
(trapping catch
basins, oil/grit
separators,
oil/water
separators
Wetland

Media filter

One or more chambers, Sand
filters

Oil/grease filtration

Manufactured wetland, plant
filtration with gravel substrate

Flow reduction
(velocity, volume),
filtration, settling
Filtration

Two chambered; pretreatment
settling basin and filter bed
filled with sand or other
absorptive filtering media

1.6 Biochar research at Oregon State University
Biochar research performed at Oregon State University is underway by both
undergraduate and graduate students. Studies performed include comparing biochar to
activated carbon, hydrology, ethylene production, market value, and the hydraulic
properties and adsorption capacities of the biochar.

1.6.1 Biochar vs. activated carbon
As part of their undergraduate senior capstone project, two OSU students, Luke
Injerd and Caitlin Bradach, in the School of Chemical, Biological, and Environmental
Engineering did an experiment comparing different types of biochar to activated
carbon in its ability to adsorb copper. The students experimented with four different
types of biochar and one sample of activated carbon. They performed several tests
with two different concentrations of copper. The results of the test were promising,
indicating biochar acts in a similar fashion to activated carbon in adsorbing copper.
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1.6.2 Hydrology of biochar
Myles Gray, a Masters Candidate in the school of Crops and Soil Science and
Water Resources Engineering, under the direction of Markus Kleber is examining
water uptake and water movement through biochar. Gray’s research is primarily
focused on the ability of the inner pores of biochar to store water, and water
movement through the tiny pore spaces. The physical parameters under investigation
include pore size, total porosity along with hydrophobicity and hydrophilicity of the
biochar, repelling water and having an affinity for water.
Gray’s experiment is designed to test these processes based on two main factors:
type of feedstock, and temperature at which the biochar is produced. In order to
determine water holding capacity of the different biochars, he used the previouslydescribed Brunauer-Emmett-Teller theory. He placed a dried out sample of biochar
within a vacuumed tube. The tube was placed into a solution of liquid nitrogen. Gas
nitrogen was then discharged into the tube; pressure readings from the biochar
indicated the pressure at which the gas formed a single adsorbed layer of nitrogen on
the biochar surface. Based on the pressure at which the liquid layer formed, the
surface area of the biochar, along with total surface availability for water uptake was
determined.
A second test with ethanol was performed to test the porosity and hydrophobicity
of the biochar. Results indicated that the highest temperature biochar had the highest
water holding capacity. The ethanol experiment revealed that there is reason to
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believe that inner pores of biochar are inaccessible to water. The difference between
biochars ability to hold water may be due to water repellency.
The potential application for this research is to determine how to produce the most
efficient biochar for water uptake and water movement based on type of feedstock and
temperature. The second potential application is the replacement of peat in potting
media with biochar. The importance in replacing peat with biochar is the function and
formation that peat plays in the natural environment.
Peat could potentially be replaced with biochar providing a more environmentally
friendly alternative. Peat is a natural sediment formed from organic material that has
partially decomposed under anaerobic (absence of oxygen) conditions (Calauto et al.,
2010). The collection of peat from peatlands, highly fragile wetlands, is causing a
rapid depletion of these ecosystems which serves important ecosystem functions
including acting as a natural carbon reserve (Calauto et al., 2010).

1.6.3 Biochar and ethylene production
Will Fulton, a Master’s Candidate in the Crop and Soil Science department, under
the direction of Markus Kleber, participated in a study involving biochar and ethylene
production. The first research goal of the experiment was to measure ethylene
production of biochar made from different feedstock and produced at different
temperatures. The second goal was to evaluate post-production handling methods that
may reduce the ability of biochar to produce ethylene. The mechanism in which
biochar produces ethylene after addition to the soil is unknown, however, researchers
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suggest that it is caused by both biotic and abiotic factors, with the former
predominating (Spokas et al., 2010).
The two types of biochar used in this experiment were Douglas fir chips, and
hazelnut shell. Biochar was mixed with peat moss, about a 50/50 ratio, in small serum
bottles, at both moisture field capacity and saturation. Gas chromatography was used
to measure the ethylene emitted from the biochar. In addition to the bottles, biochar
was also placed in the open air and left for 90 days (post-production). Results
indicated that hazelnut nut shell feedstock showed higher emissions of ethylene from
the start of the experiment, whereas Douglas fir only emitted small amounts. Results
also indicated that the lower temperature produced hazelnut shell biochar emitted
more ethylene. Douglas fir was more or less the same in ethylene emissions at both
higher and lower production temperatures. Saturated moistures levels also showed a
slight increase in emissions. The biochar left out in the open did not produce any
ethylene.
Both natural and anthropogenic ethylene act as a plant hormone at low
concentrations, i.e. less than 1 part per million (1µL L-1), (Taiz et al, 2002). The
hormone acts as a plant growth regulator and impacts exposed plants both positively
and negatively (Taiz et al., 2002). Ethylene increases fruit ripening and seed
germination, and acts as a stress responder by initiating the onset of wound healing,
leaf and flower senescence, and increased disease resistance (Taiz et al., 2002). The
problem lies with the negative exposure of the hormone including reduced crop yields,
reduction of stem growth, simulation of flowering, along with increased root diameter
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(Spokas et al., 2010). Ethylene is also known to inhibit the microbial activity within
the soil (Spokas et al., 2010).
The potential for this research was to determine the best temperature and type of
biochar that would produce the least amount of ethylene. The second goal was to
determine if there was a post-production process that may remove the ethylene from
biochar.
The production of biochar, if put to use within the farming industry, could power
greenhouses from the liquid/gas byproduct of the pyrolysis process. Biochar, fed by
farm waste, could then be used for the soil amendments. Ultimately decreasing farm
waste, electricity, and the need for peat and vermiculate.

1.6.4 Market value of biochar
An ongoing study at Oregon State in the College of Forestry, Renewable Materials
program is researching the market value of biochar in removing heavy metals, along
with oil and bacteria, from storm water runoff. Research seeks to quantify the market
potential of biochar with the application of biochar as a storm water filter. Students
targeted primarily industrial sites that are required to have minimum heavy metal
discharges under permitting regulations, OR 1200z (DEQ, 2012). Students performed
a survey with questions in four categories; personal, current, biochar technology, and
supplement. One question that was asked was: Are businesses interested in
considering biochar as an alternative to current storm water filtering technologies? A
portion of industries said yes, about 95%, and that they are interested in less expensive
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alternatives to their current technologies. About 5% said no, they were not interested
in considering the use of biochar as an alternative storm water technology. The
potential for this study was to determine whether biochar production would be
successful at a large scale. The study is ongoing; however, results indicated an
interest in biochar.

1.6.5 Hydraulic properties and sorption capacities of biochar
This study evaluates the use and efficacy of biochar for treatment of source and
nonpoint source pollutants in storm water through the investigation of the hydraulic
conductivity of the three types of biochar at three bed depths (Douglas fir, gasification
derived biochar, and chicken litter). This study also investigated the ability of biochar
to adsorb methylene blue dye. Dyes and pigments are common discharges of textile,
food processing, cosmetics, and paper and dye manufacturers (Tarawou and Horsfall
Jr., 2007). Dyes and pigments are characteristically high in color and organic content,
which make water unsuitable for drinking, as well as unsuitable for other uses
(Tarawou and Horsfall Jr., 2007). Dyes are also semi-toxic to organisms such as
Daphina magna (Verma, 2011); a zooplankton, and an important food source for fish
species.
Hydraulic conductivity is described as a measure of the ability for a porous media
to transmit water (Bedient et al., 2013). Hydraulic conductivity (K) is evaluated
through Darcy’s Law, and the relationship between hydraulic gradient, i, and velocity,
q (Hillel, 1998, Bedient et al., 2013).
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Darcy’s Law as defined for saturated conditions is:

where
q = Darcy velocity (cm/s)
= length of porous media
( )
h = potential or (total) head,
pressure head
Ks = saturated hydraulic conductivity
(Bedient et al., 2013)
Flow rate values were evaluated by performing a column study with layers of
biochar and shale. The first layer contained shale, second layer contained a ratio of
70:30 of biochar to shale, and last a layer of shale. The purpose for the ratio is
maintain flow through the media, as both Douglas fir and gasification derived biochar
are buoyant in water, and chicken litter somewhat buoyant (Miedema, personal
communication, May 8, 2013). Shale also has some cation exchange capacity
(Miedema, personal communication, May 8, 2013). Stratification of biochar and
shale was performed for Douglas fir chip and the gasification derived biochar.
Chicken litter derived biochar, was studied using a smaller column as the flow from
the faucet was limited; a layer of shale was placed in the column followed by a layer
of chicken litter, and last shale.
A sprinkler head was utilized to mimic rainfall. The flow rate through the biochar
was measured based on total head (calculated by using the bottom layer of shale as the
datum) using a 5 gallon bucket and a stop watch. Hydraulic conductivities were
evaluated based on the relationship between hydraulic gradient, i, and velocity, q.
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The saturated hydraulic conductivity value can be used to evaluate the ease at
which water will flow through the biochar to determine the effectiveness of the
biochar as a filter for storm water, groundwater, and water supplies primarily for
pollutant removal. In addition, future studies may be performed using similar methods
to evaluate the flow paths on additional biochar types.
An additional study was performed to evaluate the effectiveness of the three
biochars at adsorbing methylene blue, over a period of 16 days. The purpose of this
study was to evaluate the differences between the three biochars methylene blue
adsorption capacities over a period of time. The capacities of the biochars were
evaluated based on the amount of dye adsorbed, as well as the time it took to adsorb
the dye.
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2 Video production
During the thesis project I worked on three videos for the Institute for Water and
Watersheds. The three videos produced were about water conservation, biochar
research, and a master’s defense video pertaining to the research written in this paper.
The videos produced were focused towards informing the general public on water
conservation methods, biochar, and biochar research.
The conservation video was filmed in the spring of 2011, at the South First
Alternative Co-op in Corvallis. The video featured the manager of the Co-op, David
Eckert, of the Water Action Team, and three senior students in the Chemical,
Biological, and Environmental Engineering department. The First Alternative Co-op
in Corvallis has implemented many water conservation practices to reduce their water
and storm water runoff by installing rain barrels, removing pavement and installing
rain gardens, placing water use charts in the bathroom, and installing low water usage
technologies. These features were discussed in the video, along with the installment
of the first permitted grey-water system in the city of Corvallis, designed by the three
Oregon State students. The video is primarily used for education purposes and shown
in engineering classes, as an example of a senior capstone project.
The second video produced was about biochar research at Oregon State
University. The video was primarily for individuals interested in biochar, both
academic and non-academic. The video featured John Miedema, founder of
BioLogical Carbon, Myles Gray, a duel master’s student in the Water Resources
Engineering program and Crop and Soil Science, Camille Moyers, junior
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undergraduate in the forestry department, and me. The video focused on the
properties written in this document; carbon sequestration and the hydrology, market
value, and hydraulic properties and sorption capacities of biochar. This video was
featured on several websites including ClimateSolutions and Terra Magazine, a
research website for Oregon State University.
The third video produced had footage of the previous biochar video; however, a
greater percentage of the video featured the information that is written in chapters 3, 4
and 5. The information is primarily for interested individuals, and for those
individuals who were not present at my defense.
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3 Material and methods
3.1 Biochar
The materials used in this experiment included three different types of biochar
(chicken litter, 500°C, Douglas Fir, 550°C, and gasification derived biochar from
woodchips and charcoal, 700°C) (Figure 3.1, 3.2, 3.3). The retention times for the
three biochars were 20 to 30 minutes. Biochar and shale was supplied by a John
Miedema, founder of BioLogical Carbon LLC. Douglas fir and chicken litter were
produced through pyrolysis in a pyrolytic retort made by John Miedema. The
gasification biochar was produced in a fluidyne Pacific class downdraft gasifier that
was built 25 years ago in New Zealand (Miedema, personal communication,
November 8, 2012).

Figure 3.1: Chicken litter biochar, produced at 500°C
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Figure 3.2: Douglas Fir biochar, produced at 550°C

Figure 3.3: Gasification biochar, produced at 700°C
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3.2 Size distribution of biochar and shale
A particle size distribution study was performed on the biochar and shale. The
purpose of the particle size distribution was to investigate the hydraulic properties
associated with the particle size distribution on the biochar. The particle size
distribution was performed for the benefit of future studies and users, as the hydraulic
properties will likely follow a similar trend as the one shown if the particle size
distribution of the biochar is the similar.
The particle size distribution of the Douglas fir was performed utilizing a ruler to
measure the top surface area in mm2. A total of 43 pieces of Douglas fir biochar was
chosen at random. The length and width of the surface of the biochar was measured.
The percent frequency distribution of Douglas fir biochar was plotted with the top
surface area on the x-axis and the percent frequency of particles on the y-axis.
Therefore the total surface area is more than twice the plotted value.
Chicken litter, gasification biochar and the shale size distribution was determined
using four standardized screens (12.7, 6.35, 2.5, and 1.2 mm openings) and a balance.
A handful of biochar or shale was placed in the top screen and shaken. The top screen
of biochar (12.7 mm) was weighed, followed by the second screen (6.35 mm), third
screen (2.5 mm), and last screen (1.2 mm). The size distribution was graphed with the
screen size on the horizontal axis and the % of total weight on the y-axis.
A percent finer graph was also created combining each of the three biochars with
the shale size distribution in order to calculate the D50 value, for the combined
samples.
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3.3 Hydraulic conductivity
In order to determine the saturated hydraulic conductivity of the three biochars, a
column experiment was performed. Douglas fir and gasification biochar were studied
using a 3 ft by 8 in. acrylic column supported by a 16 in. in diameter cylindrical base
(Figure 3.4). Two fittings were placed 4.5 cm (half way) above the base allowing the
column to drain. Four 9.1 cm PVC pipe sections were then placed in the column to
support a 1/4 in. opening hardware cloth mesh. The mesh held up the biochar and
shale layers; from the top a 5.5 cm shale layer, followed by mixed layer of biochar and
shale, 70:30, and lastly a shale layer, 5.5 cm (Figure 3.5). Plastic tubing connected the
fittings to the sink for drainage and two additional plastic tubes connected the flow of
water from the faucets to the column. A ring stand was used to support the water inlet
tubing as it draped over the top of the cylinder. A watering can head and two
DRAMM Quick DisconnectsTM with water stops were used to distribute the flow of
water onto the biochar and were attached to the end of the plastic tubing (Figure 3.5).
Douglas fir and gasification biochar/shale pattern was prepared at depths of 10, 20
and 30 cm. The purpose for increasing the bed depths was to evaluate how the
different concentrations of media impacted the hydraulics of the system; to determine
a concentration of media that might work most efficiently as a potential filter. For
each depth and type of biochar, the flow rate was measured at varying constant level
heads above the top shale layer. The constant level equals to a constant pressure head
during flow. The faucet was turned on and water from the sink flowed through the
shale and biochar layers. Once a constant pressure head was established, the degree to

32

which the faucet was turned was marked. The hose was removed from the cylinder
and placed into a 5 gallon bucket. The faucet was turned to match the level of flow
that the pressure head was generated; the hose was then removed from the bucket and
quickly transferred to an additional 5 gallon bucket with one gallon markings. A stop
watch was used, and the rate at which the water filled the bucket was determined. The
process was repeated three times for each pressure head to obtain the average flow
rate.
A slightly different procedure was followed for obtaining the saturated hydraulic
conductivity of chicken litter derived biochar. Due to the limited flow using the
faucets, a smaller column open on both ends, 10 cm by 6.52 cm in diameter was used
for the study. The column was held vertical with a ring stand; a ¼ in. metal mesh was
placed underneath the column held up by funnel, held up by the ring stand. Plastic
tubing was attached to the end of funnel to allow for drainage to the sink. A layer of
shale, 2.5 cm, followed by a layer of chicken litter, and last a 2.5 cm layer of shale was
placed into the column. A similar procedure was followed to measure the flow rate,
using a stop watch and two five gallon buckets.
All measurements were calculated to obtain a volumetric flow rate in cm3/s. The
saturated hydraulic conductivity, Ks, of the biochar was evaluated through the
relationship between velocity, q, and hydraulic gradient, i (Hillel, 1998):
Ks=q/i
where
(

⁄

);

33

and
q=Q/A (cm/s), Q=volumetric flow rate (cm3/s), A=cross sectional area (cm2)
The total head (

) was calculated by adding the pressure head (Ψ) and gravitational

head (g), above the geodetic datum (Figure 3.6).
Graphing i vs. q was performed to evaluate the Ks value independently of systematic
error, as well as to evaluate for non-laminar (or turbulent) flow (Madsen et al., 2008)
in which Darcy’s law no longer applies.
Additional evaluation of turbulent flow was performed through the calculation of
the Reynolds number. The Reynolds number quantifies a ratio between inertial forces
of a moving fluid and viscous properties resisting mixing (Allan and Castillo, 2007).
With low Reynolds numbers, viscous forces predominate and the flow is laminar,
whereas for high Reynolds numbers the inertial forces predominate resulting in
turbulent flow (Allan and Castillo, 2007). Reynolds number equation is (Miyazaki,
2006):

where
D = characteristic length (m)
u = average velocity (m/s)
= Coefficient of kinematic viscosity of the fluid (1.004*10-6 m2/s)
For the characteristic length value for soils, the average diameter of soil particles is
often used (D50). When using the average diameter of soil particles, laminar flow for
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soils is considered to predominate when values are under 10, turbulent flows higher
than 10 (Miyazaki, 2006).

Figure 3.4: Biochar column 3 ft by 8 in. in diameter
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Figure 3.5: Biochar column containing layers of shale and biochar. The markers
represent the boundary layers. The bottom layer is 5.5 cm of shale, the next layer is a
70:30 biochar and shale mix followed by a 5.5 cm of shale.
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Figure 3.6: Represents the pressure head (ѱ) above the biochar, the gravitational head
(g) and the zero datum used to calculate the total head.
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3.4 Methylene blue sorption batch study
A methylene blue dye sorption study was performed to evaluate the sorption
capabilities of the three biochars. Biochar performance was assessed using 250 mL
glass bottles, methylene blue, and RO water. The three different biochars (2, 5, and 10
g [and 20 g for chicken litter]) were placed in 250 mL glass bottles. A methylene blue
solution (5 mg/L) was added to the bottles containing the biochar. The absorbance of
the methylene blue solution was measured using a GENESYS 20 Visible
Spectrophotometer, at 665 nm wavelength. The concentration of methylene blue
within the bottles was obtained through a methylene blue concentration curve.
Readings were evaluated every day to every other day for a period of 16 days. The
bottles containing the biochar were placed into an incubator/shaker (INOVA 4230) at
55 rpm and 18°C.
Three additional studies were performed to evaluate the biochar under varying
situations. A short duration study involved placing 10 g of Douglas fir and chicken
litter or 5 g of gasification biochar into 250 mL glass bottles. A 5 mg/L methylene
blue solution was added to the bottles. The absorbance was measured every half hour
for 2.5 hours followed by hourly readings for the next 2 hours for a total period of 4.5
hours. A saturation study was performed in which two bottles containing 10 g of
chicken litter and Douglas fir with 200 mL of RO was left to sit for a little over two
days to saturate the biochar with water. On the third day 5 mg of methylene blue dye
was added to the bottles. Once added a short duration study was performed, followed
by a daily to every other day absorbance reading. The third test was performed to
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account for interference by the adding chicken litter (2, 5, 10 and 20 g) and RO water
to the bottles. The interference measured was then subtracted from the chicken litter
methylene blue sorption study. The percent of methylene blue dye adsorbed onto the
biochars was calculated for the three methylene blue dye studies.

(

)

3.5 Break through curve and saturation batch study
Two preliminary studies were performed to determine the saturation concentration
of the dye for the three biochars. The first test run was a column study, using a 15 in.
tall column by 2 in. in diameter, along with a pump, bucket and plastic tubes. About
10 g of Douglas fir and gasification derived biochar were placed into the column (not
simultaneously), with a small layer of shale for the top and bottom layers. The
velocity through the biochar was set around 2 to 20 mL/min, average 15 mL/min. The
column experiment was monitored for around 2 to 3 hours for Douglas fir, and 24
hours for gasification biochar with occasional sampling of the outflow from the
column. The sample was measured using the GENESYS 20 Visible
Spectrophotometer, at 665 nm wavelength.
The second preliminary study was performed through a batch study, following a
similar procedure to the methylene blue dye sorption study. Concentrations of 1 g of
Douglas fir, chicken litter and gasification derived biochar were placed into 250 mL
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bottles. The three bottles were then filled with 100 mL of water, followed by 10 mg of
methylene blue dye. Once the adsorption was recorded, an additional 10 mg of dye
was added to the bottles either through replacement of the solution or adding 1 mL of
a stock solution of 1.0 g/L. For Douglas fir the solution was replaced once, chicken
litter three times and for gasification seven times.
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4 Results and discussion
4.1 Size distribution
The size distribution of Douglas fir biochar is shown in Figure 4.1. The surface
area in mm2 was plotted on the horizontal axis and the percent frequency on the
vertical axis. The one side surface area of individual biochar pieces ranged from 4 to
110 mm2. The highest frequency (58%) of biochar was primarily within the smaller
size (4-25 mm2) category, and 30% was larger, in the 26 to 47 mm2 range (Figure 4.1).
The smallest frequency of biochar was within the largest size categories, 5% in 48-69
mm2 and 2% in 92-110 mm2and 70-91 mm2 (Figure 4.1).
Chicken litter mass distribution indicated the sizes of the individual particles were
primarily the same size, 2.5 mm (Figure 4.2), similar to gasification biochar (Figure
4.3) and shale (Figure 4.4), which also had the highest percentage within that size
range.
Gasification biochar, similar to chicken litter, had the highest percent weight for the
2.5 mm size category (59%) but unlike chicken litter, gasification biochar had a wider
distribution of size ranges with 25% at 1.2 mm, and 13% in the 6.35 mm size category
(Figure 4.3).
Shale, similar to chicken litter and gasification biochar had the highest
percentage of total weight for the 2.5 mm screen size; however, there was a more even
distribution between 2.5 mm (50%) and 6.35 mm (43%) than for chicken litter or
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gasification biochar (Figure 4.4). There was also a greater percentage of weight
within the 12.7 mm size category (7.1%) than for either of the two other biochars.
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Figure 4.1: Percent biochar mass of Douglas fir per surface area (mm2) distribution.
43 pieces were measured individually, length and width, to calculate the top surface
area of the biochar.
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Figure 4.2: Chicken litter particle size distribution using standardized sieves. The
graph displays the screen size in millimeters on the x axis and the % of the total
weight on the y-axis. The majority of the particles in the sample were 2.5 mm, 98%.
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Figure 4.3: Gasification particle size distribution using standardized sieves. The graph
displays the screen size in millimeters on the x axis and the % biochar mass on the yaxis. The majority of the particles in the sample were 2.5 mm, 59%.
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Figure 4.4: Shale particle size distribution using standardized sieves. The graph
displays the screen size in millimeters on the x axis and the % biochar mass on the yaxis. The majority of the particles in the sample were 2.5 mm, 50% with the second
highest percent weight for 6.35 mm, 43%.
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To account for the combined samples of the biochar and shale, a percent finer
graph was created for three biochars. A value of D50 was also calculated for the three
biochars; Douglas fir, 2.5 mm, gasification biochar, 1.6 mm, and chicken litter, 2.25
mm (Figure 4.5, 4.6, 4.7).
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Figure 4.5: % of finer particles of Douglas fir and shale versus the grain size. The
vertical line marks the D50, or the diameter of the particles at 50% finer, which was
approximately 2.5 mm.
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Figure 4.6: % of finer particles of gasification biochar and shale versus the grain size.
The vertical line marks the D50, or the diameter of the particles at 50% finer, which
was approximately 1.6 mm.
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Figure 4.7: % of finer particles of chicken litter and shale versus the grain size. The
vertical line marks the D50, or the diameter of the particles at 50% finer, which was
approximately 2.25 mm.
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4.2 Hydraulic conductivity
A standardized method was used to evaluate the saturated hydraulic conductivity
by plotting velocity against hydraulic gradient, in order to minimize error (Madsen et
al., 2008). For laminar flows that satisfy Darcy’s Law, the slope of the velocity vs.
gradient line is equivalent to hydraulic conductivity, i.e. Ks=q/I (Madsen, et al., 2008).
However, for these experiments, the relatively large diameter of the grains likely
resulted in macro-porosity and some preferential flow paths within the samples. This
increased advective transport within the column. The conductivity for the biochars
were 0.32 (cm/s) for Douglas fir with an r2 value of 0.93, and 0.10 (cm/s) for
gasification derived biochar with an r2 value of 0.75 (Figure 4.8, 4.9). Chicken litter
differed from the other two biochars, with an r2 value 0.34 (Figure 4.10). The
Reynolds number was calculated for the three biochars and was found to be around 10
and over 10 indicating turbulent flow (where Darcy’s law is not valid), with the
exception of gasification derived char (Table 4.1).
A more thorough analysis was calculated by plotting the Reynolds number for
each velocity measurement for the three biochars (Figure 4.11, 4.12, 4.13). Results
indicated that for Douglas fir derived biochar there was a transition from laminar to
turbulent flow at approximately 0.40 cm/s (Figure 4.11). This indicated that for flow
rates less than 0.40 cm/s the flow through the biochar is most likely laminar (Figure
4.11).
The Reynolds number for gasification biochar was also calculated. Reynolds
number for gasification biochar indicated that it is possible that the flow through the
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biochar was below the threshold value for turbulent flow, as the Reynolds number
calculated was between 5 and 8 (Figure 4.12).
The three hydraulic conductivities measured were for shale-biochar-shale layers,
and not biochar in isolation. However, the conductivity measurements were likely
significantly influenced by the biochar, as the conductivities differed. Hence, shale
does not seem to be a limiting factor in this study.
Table 4.1: Lists the conductivity, R2, and Reynolds number calculated for the three
biochars.
Biochar
Douglas fir
gasification
chicken litter

Conductivity (cm/s)
0.32
0.10
9.0

Reynolds number
13 ± 1
8±1
191 ± 4

R²
0.93
0.76
0.34

0.8
0.7

q (cm/s)

0.6
0.5
0.4
0.3
0.2
y = 0.3233x + 0.0412
R² = 0.9275

0.1
0.0
0.0

0.5

1.0

1.5

2.0

2.5

i (cm/cm)

Figure 4.8: Hydraulic gradient (i) versus velocity (q) in cm/s for Douglas fir. The Ks
value was determined from the slope of the line, 0.32 cm/s (R-value, 0.93).
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0.54
0.53
0.52
q (cm/s)

0.51
0.50
0.49
0.48
0.47

y = 0.1043x + 0.331
R² = 0.7578

0.46
0.45
0.0

0.5

1.0

1.5

2.0

i (cm/cm)

Figure 4.9: Hydraulic gradient (i) versus velocity (q) in cm/s for gasification biochar.
The Ks value was determined from the slope of the line, 0.10 cm/s (R-value, 0.75).
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y = 9.0236x - 5.7213
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Figure 4.10: Hydraulic gradient (i) versus velocity, q, in cm/s for chicken litter. The
Ks value was determined from the slope of the line, 9.0 (R-value .34),
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Figure 4.11: Reynolds number for Douglas fir versus velocity. The vertical line in the
graph denotes the transition between laminar and turbulent flow, with a Reynolds
number higher than 10.
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Figure 4.12: Reynolds number for gasification biochar versus velocity.
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Chicken litter physical differences compared to Douglas fir and the gasification
derived biochar, spherical versus semi- flat, resulted in a higher flow rate through the
biochar. The physical differences may have been the reason that the original column
(3 ft by 8 in. in diameter) was inadequate to obtain a pressure head. With the smaller
diameter column, the hydraulic head was difficult to keep constant resulting in noisy
data. The high Reynolds number indicated that flow through the chicken litter was
highly turbulent; indicating that Darcy’s Law is may not be applicable (Figure 4.13,
Table 4.1).

16
14
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10
8
6
4
2
0
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100
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200

250

300

350

Reynolds number

Figure 4.13: Reynolds number for Chicken litter versus velocity. The Reynolds
number calculated was within the range 109-317 indicating turbulent flow.
It is likely the differences between the results shown between Douglas fir and
gasification derived biochar are due to the differences in grain size. Douglas fir grains
were flat and angular, and larger than gasification biochar. The angularity, as well as
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the difference in size most likely led to an increase in macro-porosity within the
Douglas fir compared to that of gasification biochar, with more evenly sorted particles
of smaller size. For gasification biochar there was a greater resistance to flow due to
smaller and evenly sized particles. The greater resistance decreased the velocity
through the gasification derived biochar and increased the chance of laminar flow
persisting in the system. Chicken litter was more elongated than gasification derived
biochar and had uneven size distributed (98%, 2.5 mm). Due the fact that chicken
litter derived biochar was primarily the same size, and elongated left little resistance to
flow within the column. The high velocities resulted in turbulent flow and high
Reynolds number.
Biochar is comparable to fractured rock in size; leading to dominance of
preferential flow from the macro-porosity of the biochar. There was little resistance to
advective transport in the biochar, which caused the overall velocity to be similar to
sorted gravel. As the bed depth increased, from 10 to 20 and 30 cm there was an
increased resistance to flow. The increased resistance resulted in lower velocities and
lowered the Reynolds number, indicating a potential for laminar flow within the
system, specifically in relation to Douglas fir and gasification derived biochars.
Based on the data achieved with this study, it is likely that residence time will have
to be controlled using engineered methods to ensure adequate contact time between
storm water and biochar. Methods to adjust contact time include increasing the bed
depth of the biochar, decreasing the size of the biochars through crushing, or adding a
low conductivity layer.
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4.3 Methylene blue sorption

Methylene blue dye is a heterocyclic aromatic organic compound (Figure 4.14).
Methylene blue dye may be similar to polycyclic aromatic hydrocarbons, a common
pollutant found in storm water. Polycyclic aromatic hydrocarbons (PAH) are similar
in chemical structure to methylene blue dye, as PAH is also an organic compound with
aromatic rings (USEPA, 2007). Therefore adsorption of methylene blue dye by the
biochar could be a surrogate PAH.

Figure 4.14: Chemical structure of Methylene blue. Source: Wikipedia

Methylene blue sorption of the biochars showed mixed results between biochars
and biochar mass (Figure 4.15). The greatest sorption rate was shown for the
gasification biochar, which occurred within a period of two days, the majority of
which took place within the first few hours (Figure 4.15). There was an immediate
sorption of methylene blue by the biochar within minutes to hours of adding the dye to
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the bottles (day 1). By day two almost 100% of the dye had been adsorbed by the
gasification biochar (Figure 4.15).
Sorption of dye by Douglas fir differed among the three concentrations. Overall
Douglas fir had a slower sorption rate compared to gasification biochar; although by
day 3 almost 100% of the dye had been adsorbed by the 5 g and 10 g mass
concentrations (Figure 4.15). For Douglas fir, 2 g adsorbed the dye slower compared
to the 5 g and 10 g concentrations. It is likely that due to less surface area availability
and diffusion, it took 10 days longer to adsorb the dye (Figure 4.15). Chicken litter,
followed a similar sorption pattern to Douglas Fir, 2 g, with complete sorption of
methylene blue within 12 days (10 g and 20 g). Chicken litter adsorbed the methylene
blue at a slower rate compared to both gasification biochar and Douglas fir (Figure
4.15). Chicken litter, 2 and 5 g, took the longest to adsorb the dye, taking about 16
days.
A short duration study was performed following the long duration batch study for
the three biochar. The fastest adsorption rate was once again gasification biochar. 46%
of the dye was adsorbed within a few minutes of the addition of the dye to the bottles
(Figure 4.16). The percent of methylene blue adsorbed by the gasification derived
biochar was larger than chicken litter, with only 22% adsorbed and 0% adsorbed by
the Douglas fir in the same time period (Figure 4.16). Over period of 4.5 hours
gasification biochar completely adsorbed the dye, with Douglas fir following at 90%
and chicken litter only at 40% (Figure 4.16).

54

Additionally a water saturation study was also performed for the three biochars,
which was performed for 4.5 hours and over a period of a few days. The mass
concentration for each of the three biochars was 10 g. Results of the study indicated
saturating the biochar with water did not impact the adsorption of the dye over a
period of 4.5 hours, but the percent adsorbed was greater compared to the longer
period study for Douglas fir (Figure 4.17, 4.18, 4.19). Douglas fir after saturating it
with water adsorbed the methylene dye a day sooner compared to the non-saturation
study (Figure 4.19). However, the short duration sample of the non-saturated Douglas
fir matched that of the water saturated study so it is likely that water saturation was not
the key factor in the quicker adsorption of the dye (Figure 4.17). Water saturation of
chicken litter matched that of the unsaturated sample (Figure 4.20). Results of the
short duration water saturation study for chicken litter indicated that the saturated
sample had slightly lower methylene blue adsorbance (Figure 4.18). This may have
been due to some interference of the organic matter released by the chicken litter.
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Figure 4.15: Methylene blue sorption onto gasification (GF), Douglas fir (DF), and
chicken litter (CL), at 2 g, 5 g, and 10 g concentrations. Gasification biochar resulted
in immediate sorption of methylene blue with minutes to hours (day 1), whereas
chicken litter showed the least sorption.
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Figure 4.16: Methylene blue sorption onto gasification, Douglas fir, and chicken litter
(10 g) over a period of 4.5 hours. Gasification biochar resulted in immediate sorption
of methylene blue with minutes, with 46% removed. Overall chicken litter showed the
least adsorption with only 40% removed in 4.5 hour period.
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Figure 4.17: Methylene blue sorption by Douglas fir (10 g) for water unsaturated and
saturated (sat) study. The water saturation of Douglas fir did not differ greatly from
that of non-saturated Douglas fir. After 4.5 hours both samples adsorbed 90% of the
dye.
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Figure 4.18: Methylene blue sorption by chicken litter (10 g) for water unsaturated and
saturated (sat) study. The water saturation of chicken litter did not differ greatly from
that of non-saturated chicken litter. The saturated sample adsorbed slightly less than
that of the saturated sample, potentially due to interference by organic matter.
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Figure 4.19: Methylene blue sorption by Douglas fir (10 g) for water unsaturated and
saturated (sat) study. The water saturation of Douglas fir adsorbed 100% of the dye, a
day earlier than the non-saturated Douglas fir.
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Figure 4.20: Methylene blue sorption by chicken litter (10 g) for water unsaturated and
saturated (sat) study. The water saturation chicken litter did not differ greatly from
that of non-saturated chicken litter. After 12 days both samples adsorbed 100% of the
dye.

The reason for the least amount of sorption for the chicken litter may be due to the
high organic content, observed visually as an orange tint and when mixed with the
methylene blue was slightly greenish. To account for the interference, a control
experiment was conducted in which absorbance readings from the spectrometer were
taken. The results from the control were subtracted from the methylene blue readings.
It is likely that the organic matter within the chicken litter impacted the sorption of the
dye, causing the litter to be slightly hydrophobic. Visually, the chicken litter pellets
sunk to the bottom, and the air bubbles formed stayed on the pellets for several
seconds indicating hydrophobicity, as well.
Generally, the greater concentration of the biochar, the greater reduction of
methylene blue was observed, for gasification biochar, Douglas fir and chicken litter.
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Although with gasification biochar, the higher mass concentrations may have
interfered with the adsorbance readings due to the large amount of fine particles within
the samples. The differences in adsorption rates could be related to surface area, pore
sizes, and chemical sorption sites.
Gasification derived biochar had the highest sorption rates compared to the other
two biochars, which would present the best potential for a media for storm water
filtration, followed by Douglas fir. Chicken litter based on this study would not be as
effective for adsorbing contaminants.
Another important factor to consider is the leaching of compounds from the
biochar itself. Based on what was observed with chicken litter, there was an orange
tint within the water. It is likely that the organic matter still present on the biochar
was impacting its ability to adsorb the methylene blue, while potentially polluting the
water within the bottle. In terms of remediation it is important to consider potential
leaching of contaminants by the biochar. This study did not investigate the matter
further; however, a future study might investigate the types of compounds that are
leaching from the biochar, as well as concentrations. In addition, an important
consideration is whether the concentrations of these compounds are high enough to
impact the quality of waters.

4.4 Break through curve and Saturation batch study
A break through curve was attempted for both Douglas fir and gasification derived
biochar. The results of the study were inconclusive for Douglas fir and no results

60

were able to be gathered. A concentration of methylene blue was pumped through the
biochar, however, after flowing through the biochar the color was unchanged and little
if any dye was removed by the biochar. Gasification biochar did adsorb the dye, and a
sample taken after a period of 2 hours was 0.0 mg/L as most of the dye had been
adsorbed. After a 24 hour period about 0.5 mg/L was observed. The break through
curve was not completed due to the fact that the flow rate through the gasification
biochar caused the column to back up, as there was too much resistance to flow, and
often it would overflow from the top of the column.
A saturation study was performed to evaluate the adsorption of dye per gram of
biochar. Although a saturation point was not reached for the three biochars, over a
period of seven days there was a significant difference in the amount of dye adsorbed
between the three biochars (Table 4.2). Gasification derived biochar had the highest
adsorption per gram compared to the other two biochars, 6.9, almost 5 times as much
as chicken litter and about 9 times that of Douglas fir (Table 4.2). Chicken litter had
the second highest with 1.4 mg of dye, followed by Douglas fir with only 0.72 mg
(Table 4.2).
Table 4.2: Amount in mg of methylene blue adsorbed per gram of biochar in seven
days.
Feedstock/biochar type

mg of methylene blue/g of biochar

gasification derived biochar

6.9

chicken litter

1.4

Douglas Fir

0.7
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The results of the break through curve study indicated Douglas fir derived biochar
was unable to adsorb the methylene blue dye due to the fast flow rate through the
biochar, and the slow adsorption rate. The amount of time required to adsorb the dye
was limited due to the low retention time and the macro-porosity of the biochar. By
increasing the amount of biochar and the retention time, while decreasing the flow
rate, the adsorption of the dye by Douglas fir may improve. Gasification derived
biochar showed promise with little dye flowing out of the column for the first 2 hours.
After a period of 24 hours some dye exited the column, it is likely within that 24 hour
period the dye was no longer being adsorbed. Although a break through curve was not
determined, gasification did show promise with the adsorption of dye over a short
period and flow rate used in this study (2 to 20 ml/min).
Gasification biochar had the highest adsorption of dye per gram within the
sampling period, about 5 to 9 times higher than the other two biochars. Gasification
biochar has high porosity, and it is likely that through the gasification process the
adsorption capacity of the biochar is greatly increased. Chicken litter, likely due to
hydrophobicity adsorbed less dye per gram than gasification biochar. Douglas fir, had
the least adsorption, this may have been due to slow adsorption rate viewed within
seven day period.
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5 Conclusion
The purpose of this paper was to determine the viability of biochar (Douglas fir,
gasification biochar, and chicken litter) as a media for storm water filters based on the
flow through characteristics and sorption capacities. The results of the study
concluded that there is potential for these three biochars to act as a filter, however, as
part of a larger storm water filtration system. Determination of the hydraulic
conductivities for the three biochars resulted in hydraulic values of 0.32 cm/s for
Douglas fir, 0.10 cm/s for gasification derived biochar and 9.0 cm/s for chicken litter.
Due to the high Reynolds number, 191, it is likely that the hydraulic value is not valid.
The fact that that the velocity through the biochars was high, inducing turbulent flow,
limits the ability for the biochars to act as proper filters. The high velocity through the
biochar shows promise, because large amount of storm water could pass through the
system. However, contaminants would most likely not adsorb strongly onto the
biochars, especially as it takes a few hours to days to induce adsorption of dyes as
shown by the batch study.
Gasification biochar showed the most promise for the adsorption of contaminants,
similar to methylene blue dye, as it adsorbed the dye within minutes to hours, and
adsorbed the greatest concentration of dye per gram. Douglas fir and chicken litter
adsorbed the least within a few minutes, and over a period of days compared to
gasification biochar. Based on the velocities within the column, it is likely that very
little contaminants would be adsorbed by the biochars, unless the retention time was
increased.

63

Biochar would most likely work best as part of a larger storm water system.
Adding the biochar to the long trench within the soil, as part of a rain garden or a bioswale would help reduce the storm water flow initially allowing for a longer retention
time. With the addition of biochar there would be most likely be a greater reduction of
contaminants within the trench, improving the water quality before it enters
groundwater or storm water systems. In addition, reducing the size of the biochar may
decrease the macro-porosity, decreasing the velocity as well.
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