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Abstract

This project investigated the potential for biochar application to reduce greenhouse gas
emissions from the composting process using locally available biochar resources.
Characterization of 12 biochar samples based on their physical and chemical properties
determined suitability for adsorption of certain greenhouse gases, harmful and odorous air
pollutants associated with composting: ammonia, methane, and hydrogen sulfide.
Characterization studies included measuring pH, surface area, surface chemistry, ash content,
volatile content, moisture and fixed carbon content, and their elemental carbon, nitrogen,
hydrogen, and oxygen content. In addition to lab characterizations and adsorption studies, the
study engineered acidic biochar and combined it with a commercial biochar sample to create a
biochar cocktail, which was used as a filter in bench scale composting reactors designed and
constructed for this study to investigate the application of biochar to the composting process.

The lab characterizations suggested that a majority of the locally available biochar samples
examined in this study had a very high pH, however the surface areas of the biochar samples
varied across a wide range. The results of the adsorption tests showed that higher pH and ash
content is ideal for hydrogen sulfide adsorption, acidic biochars adsorb ammonia effectively,
and that biochar with a high surface area will be most successful at methane adsorption. For
both ammonia and methane, some locally available biochars tested in this study outperformed
adsorption capacities of engineered biochars reported in the literature and would require
application at very low rates (g biochar/kg waste) to effectively adsorb these gases.

The bench scale composting portion of this study showed that a biochar filter can effectively
adsorb ammonia emissions and continue to reduce them significantly throughout the active
stage of composting. The biochar filter reduced ammonia emissions such that no odor was
detectable at the exhaust outlet and measured ammonia was not detectable at the beginning
of the active phase. Biochar saturated with ammonia from the composting gases was altered
dramatically in terms of its surface chemistry and functional groups but continued to reduce
ammonia emissions throughout the course of the experiment.

Based on this work, further studies will be conducted to investigate different methods of
biochar application in the composting process (co-composting, other methods of biofiltration),
directly measure the effects of composting gases on the physical and chemical composition of
biochar, significantly expand sampling of locally available biochar resources (including
information about pyrolysis conditions and feedstock), understand mechanisms of interaction
between biochar and composting gases, and compare experimentally determined adsorption
capacities with the quantity of a pollutant adsorbed measured during the actual composting
process.
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Introduction

As Washington continues to work towards the goal set by the 2022 Organics Management Law
(House Bill 1799) to reduce organic waste in landfills by 75% by 2030, composting facilities will
need to continue to increase the amount of organic waste they can process. Industrial
composting facilities are limited in capacity to receive organic waste by their emissions, as the
composting process produces greenhouse gases, volatiles, and other air pollutants (Jobson and
Khosravi, 2019). Composting facilities are also always at risk for an off-site odor episode that
can damage their reputation with the community they serve and upset residents due to air
pollution concerns (Eitzer, 1995). The implementation of methods to reduce specific emissions
produced during the composting process, including malodorous greenhouse gases such as
ammonia (NHs), methane (CHa), and hydrogen sulfide (H.S), will help accomplish the goal set by
HB 1799.

Current literature, as well as our work in the previous biennium with engineered biochar,
demonstrates that biochar can adsorb a number of these greenhouse gases, therefore we are
investigating the potential application of functionalized locally available biochar resources to
produce biochar cocktails for the reduction of greenhouse gas emissions during the composting
process, as well as provide methods to reduce odorous compounds below the recognition
threshold (Jefferson-Milan, 2021; Table 9; Font, 2011).

Biochar production is increasing across the state and with this growth of biochar production, it
is important to develop new products. Using biochar in composting presents an opportunity to
combine multiple streams of waste biomass products to create a value-added final product that
sequesters carbon and reduces emissions associated with the composting process (Steiner et
al., 2011; Hestrin et al., 2020). This opportunity can be taken advantage of to help meet
Washington’s goals to reduce organic waste in landfills, and this study serves to assess the
locally available biochar resources and experiment with their functionalization in the
composting process to reduce emissions of NH3, CH4, and H,S. Utilities and lumber companies
are producing biochar from forest residuals to create a value-added product from their waste
and sequester carbon. The Kettle Falls Biomass Generating Station (KFBGS), which generates
electricity from a gas-fire combustion turbine serves as a great case study the utilization of ash
and carbon byproducts from biomass boilers fed by forest residuals (Avista Utilities, 2013). This
process produces two types of ash, previously considered waste products, and disposed of in
landfills. Our study includes samples of these “waste” products and investigates their potential
uses in the composting process, along with other commercially available biochar products
made on small and larger commercial scales.

For this study, we built upon previous work to reduce H,S, NH3, and CH4 emissions from
composting. The emission factors associated with each of these gases during composting are
shown in Table 1.



Table 1. Literature values for composting emissions

Emission Factor

Target Compound (mglg waste) References
H.S 0.561 Han, et al., 2019
Clemens & Cuhls, 2003;
NH, 0.018-1.150 Cadena, et al., 2009
CHg, 0.05-0.49 Amlinger, et al., 2008

This study is comprised of three parts: 1. characterization of local biochar resources (industrial
and commercial); 2. directly measuring adsorption capacity of biochars for ammonia, methane,
and hydrogen sulfide; and 3. bench-scale composting reactor construction and use to test
suitable biochars in the composting process. Results of this study suggest that an acidic biochar
cocktail using a mixture of commercial and engineered biochar is incredibly effective at
reducing ammonia emissions during the composting process, basic and high ash content
products from KFBGS can effectively adsorb hydrogen sulfide produced during anaerobic
conditions in a composting pile without any additional functionalization or processing, and that
locally available biochar products can successfully adsorb methane.

These findings will inform future research about how to effectively apply biochar to the
composting process at an industrial scale since we have now tested direct adsorption of
compounds, and adsorption of compounds while composting in benchtop reactors. The results
of this study will further inform research on the functionalization of local biochar and biomass
resources for the adsorption of specific compounds, whether it be applying a treatment to the
biochar, or creating a biochar cocktail to be used for co-composting, as a topper, biofilter, or
other amendment to the composting process. Further implications and future research are
discussed at the end of this report. Each part is outlined briefly below:

Part 1. We collected a total of 12 biochar samples from commercial sources and large industrial
sources (KFBGS). We performed seven different analyses on each sample to quantify elemental
composition, functional surface groups, surface area, micropore and mesopore volume and size
distribution, pH, ash content, volatile content, fixed carbon content, and chemisorption
capacity. Generally, basic pH and high ash biochar are good for hydrogen sulfide adsorption,
acidic biochar is suitable for ammonia adsorption, and high surface area is most important for
methane adsorption. Therefore, we classified the studied biochar by pH and surface area based
on the results (Jefferson-Milan, 2021). Since none of the 12 biochar samples we collected were
highly acidic, we produced acidic biochar to use in a biochar cocktail with biochar samples we
had gathered for the composting experiments in this project and tested its viability in ammonia
adsorption tests.

Part 2. After characterization of the biochar samples, we tested their ability to adsorb methane,
and hydrogen sulfide using gas chromatography, injecting samples of biogas with known
concentrations through vertically oriented columns of biochar and measuring the resulting
concentrations. These concentrations were then used to calculate the adsorption capacity for
each gas per gram of biochar. To test ammonia adsorption capacity, we used a Draeger tube



indicator method to detect the concentration of ammonia gas at the outlet of a biochar column
as we passed ammonia air of a known concentration and steady flow rate through the system.

Part 3. We constructed 15 bench-scale composting units to test biochar’s ability to reduce
greenhouse gas emissions when applied as a filtering top layer to aerated static pile
composting. We observed and measured a reduction in gaseous emissions and odors. We
produced large batches of compost feedstock to ensure consistency between the amended
biochar and units without the biochar filters. We confirmed that bulk density, moisture content,
pH, C: N ratio and other parameters were all-sufficient for composting. Due to the size of the
composting units, we placed them in a hot room to simulate the center of a compost pile as
other bench-scale composting studies have done to ensure consistency and meet the
temperature further to reduce pathogens for aerated static pile composting methods. During
the composting period, we measured aqueous ammonia using an impinger to bubble exhaust
gas through water and measure the ammonia emissions from each unit. We also collected
samples using Tedlar bags to measure methane by injection into a gas chromatograph. We also
monitored oxygen concentration, temperature, change in compost mass, and moisture.



Biochar Characterization and Production of Acidic
Biochar for Composting

We characterized the biochar from commercial and locally available resources using several
techniques to identify existing biochar(s) with attributes that would help with the adsorption of
gases released during the composting process. Combined with our adsorption study data, these
characterizations determined the biochar used for the composting treatments. Each biochar
sample obtained was oven dried at 45°C for 24 hours, crushed, and homogenized by passing it
through a 180-micrometer sieve to ensure representative results across all the analyses. We
collected eight samples from commercial resources and two samples from the Kettle Falls
Biomass Boiler Power Generating Station (KFBGS), which were processed to produce four
samples from KFBGS, yielding twelve samples in total from the combined commercial and
industrial resources. Each of these samples were characterized using seven different
characterization techniques.

We measured both chemical and physical characteristics of these locally available biochar
materials, since effective adsorption of each type of gas released is accomplished by a specific
composition of biochar, many of which differ significantly from one other. We also produced an
acidic biochar to study use of acidic biochar as a topper/biofilter to reduce ammonia. Table 2
lists the biochars studied in this project.

Table 2. Locally available biochar samples were analyzed for this project.

Sample Ref. and No.

Sample Name

KFCA (1)

Kettle Falls Carbonaceous Ash

KFESA (2) Kettle Falls End-stage Ash

SSUN (3) Soil Sunrise Biochar

WAKE (4) Wakefield Biochar Soil Conditioner
PLANTX (5) Plantonix Char Bliss Premium Quality Biochar
GEN (6) Genesis Biochar

OLYM (7) Olympic Biochar

CARBOC (8) Carboculture Biochar

OR60 (9) Oregon Biochar Solutions (60%)
OR80 (10) Oregon Biochar Solutions (80%)
KF"carbon" (11) KFCA large seived fraction

KF"ash" (12) KFCA small seived particles

Publication XX-XX-XXX
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Proximate analysis

We performed proximate analysis in triplicate on all the commercial biochar samples with a
thermogravimetric analyzer (SDTA851e Mettler Toledo, US) to gather data on the fixed carbon
content, ash content, volatile matter, and moisture content of each sample. The sample was
placed in an assigned pan with its tare weight input into the TGA software in the correct
location. The atmospheric conditions and time and temperature steps used were programmed
based on relevant literature for his work. In an N; atmosphere, each sample was heated to
120°C for three minutes to make a dry mass measurement, then heated to 950°C for five
minutes to make a mass measurement to calculate the volatile matter (VM) and fixed carbon
content (FC). The sample was then cooled to 450°C in the same N, atmosphere before a shift to
an O, atmosphere, where the sample was heated back up to 650°C to burn off the remaining
carbon and allow for a final mass measurement of ash content. The output was a .txt file for our
sample, from which we used the following data columns for our proximate analysis: time (s),
reference temperature (T;), and mass (g). We located the critical T, for measurements of dry
mass of the sample (the last 120°C mass recorded), volatiles matter and fixed carbon mass (the
last 950°C mass recorded), and ash content (the final mass recorded). We were especially
interested in the ash content of the samples, as high-ash biochar can be a very good adsorbent
of H2S, which was supported by our breakthrough experiments. The average weight %
composition of the fixed carbon, ash, volatile matter, and moisture yielded are included below
in Table 3 below and represented visually in Figure 1.

Table 3. Proximate analysis results

Sample Name (No.)/ % Yield | Fixed carbon Ash Volatile matter | Moisture
(wt. %) (wt. %) (wt. %) (wt. %)
KFCA (1) 21.7 64.1 14.2 1.8
KFESA (2) 19.4 64.2 16.4 1.6
SSUN (3) 79.4 9.7 10.9 2.0
WAKE (4) 41.1 49.5 9.4 1.9
PLANTX (5) 82.2 6.8 11.0 2.2
GEN (6) 26.2 56.6 17.2 2.7
OLYM (7) 84.8 3.1 12.1 2.0
CARBOC (8) 87.3 1.4 11.3 14
OR60 (9) 65.2 17.8 17.0 4.0
OR80 (10) 85.1 5.6 9.3 2.3
KF"carbon" (11) 37.3 44.8 17.8 3.1
KF"ash" (12) 13.7 72.2 14.0 2.2
Publication XX-XX-XXX Compost Emission Reduction with Biochar

Page 5 June 2023
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Figure 1. Wt. % composition of products yielded from proximate analysis

Elemental analysis

We performed elemental analysis using the TRUSPEC-CHN® (LECO, US) elemental analyzer to
measure the total carbon, nitrogen, hydrogen, and oxygen content of each biochar sample in
triplicate. Approximately 0.15 g of each biochar was combusted under pure oxygen at a
temperature of 900°C and the evolved gases were measured to yield results of mass % of
carbon, nitrogen, and hydrogen. Using the moisture content measured in proximate analysis,
we corrected for the effect of sample moisture on C, H, N, and calculated O. Mass % oxygen
was calculated using the ash content yield from our proximate analysis studies, as we
subtracted the sum of the ash, carbon, hydrogen, and nitrogen contents from 1. Blank tins,
conditioners, and standards (standard material 502-092 EDTA) are analyzed with each set of
sample tins to ensure accuracy. The results of these experiments are included in Table 4 below
and are represented visually in Figure 2.

Publication XX-XX-XXX Compost Emission Reduction with Biochar
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Table 4. Elemental analysis results (C+H+N+O+ash = 100 wt. %) (in dry basis)

Sample Name (No.)/Mass % C (wt. %) H (wt. %) N (wt. %) O (wt. %)
composition
KFCA (1) 30.8 1.0 0.2 6.2
KFESA (2) 20.3 3.9 0.1 11.5
SSUN (3) 47.9 4.4 0.1 38.0
WAKE (4) 38.1 1.4 0.1 10.9
PLANTX (5) 72.3 1.9 0.3 18.6
GEN (6) 27.6 11 0.1 14.6
OLYM (7) 60.8 3.4 0.2 32,5
CARBOC (8) 81.0 2.4 0.8 14.3
OR60 (9) 49.6 2.4 0.1 30.2
OR80 (10) 75.2 1.9 0.3 16.9
KF"carbon" (11) 22.0 5.8 - 27.3
KF"ash" (12) 9.3 3.8 - 14.7
100
80 — —
a G ] i
9 40 0wt 700 B
* —
20 —
- W e [l - | m_ [lm |

KFCA | KFESA SSUN WAKE PLANTX | GEN | oLym 'caRBOC' OR6O OR80 'KF "carbon" KF "ash"

Figure 2. Elemental analysis results for dry wt. % carbon, hydrogen, nitrogen, and oxygen for
biochar samples
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Surface area, pore volume and distribution

Measurement of surface area, pore size distribution, and pore volume of the commercial and
industrial biochar samples provides us with information on the types of gases or compounds a
certain biochar may be suited to adsorbing physically or chemically, with other factors
contributing, particularly surface functional groups and pH. To measure surface area and pore
characteristics of the biochars, we performed gas physisorption analysis on each sample using
the Micromeritics TriStar 11 3030 PLUS Surface Area and Porosity Analyzer (Norcross, GA, USA)
and obtained the carbon dioxide (CO;) and nitrogen (N3) isotherms at 273 Kand 77 K,
respectively. Some studies only utilize results from Ny isotherms to analyze the mesopores of a
sample, however we performed additional experiments to obtain CO; isotherms for each
sample to gain information about the micropore characteristics of the biochars as well. For
both physisorption analyses performed on each biochar, a 0.1g sample was degassed in a
vacuum (0.05 to 0.1 mbar) at 200°C for 18 hours to degas the sample while simultaneously
avoiding sample degradation as we were preparing them for analysis. We measured CO;
adsorption isotherms were measured across a partial pressure range beginning at p/po =
0.00001 and ending at p/po = 0.03 with a total of 75 equilibration points. The Dubnin-
Radushkevich (DR) Equation and density functional theory (DFT) was used to estimate surface
area, micropore volumes, and distribution based on the CO; adsorption isotherms produced for
each biochar sample (Mood et al., 2020 and Suliman et al., 2016). To measure surface area,
mesopore volumes, and distribution, we obtained N, adsorption and desorption isotherms for
each biochar sample. We measured the N; adsorption isotherms across a partial pressure range
beginning at p/po, = 0.0001 and ending at p/p, = 0.99 with a total of 50 equilibration points, and
the N, desorption isotherms across a partial pressure range beginning at p/po = 0.99 and ending
at p/po = 0.01 with a total of 36 equilibration points. The Brunauer-Emmett-Teller surface area
analysis (BET) and DFT were used to estimate the surface area, pore volume, and distribution of
each of the commercial and industrially sourced biochar samples that we analyzed. The results
of these analyses can be seen in Table 5 below. CO; and N; isotherms are visually represented
in Figures 3, 4, 5, and 6 and are split between the KFGBS samples and the commercial samples
for easier interpretation. Figures 7, 8, 9, and 10 are also split between KFBGS and commercial,
displaying the pore size distribution of each sample.

Publication XX-XX-XXX Compost Emission Reduction with Biochar
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Table 5. Surface area, pore volume and distribution results

Sample Name SAn2 SAco2 PViotal PViimiting micropore volume
(No.)/Characteristic (m?/g) (m?/g) (cm3/g) (cm3/g)
KFCA (1) 214+ 2 218 0.073 0.087 £ 0.00016
KFESA (2) 160+1 158 0.054 0.063 + 0.000042
SSUN (3) 334+3 409 0.11 0.16 +£ 0.00020
WAKE (4) 242 £ 4 263 0.086 0.11 £ 0.00013
PLANTX (5) 449 + 4 500 0.16 0.20 £ 0.00040
GEN (6) 2332 239 0.22 0.096 + 0.00026
OLYM (7) 428 +3 513 0.16 0.21 + 0.00089
CARBOC (8) 7+0.01 374 0.0016 0.15+0.0011
OR60 (9) 303+3 365 0.18 0.15 +0.00025
OR80 (10) 490+ 4 533 0.25 0.21 £ 0.00054
KF"carbon" (11) 240+ 3 314 0.21 0.13 £ 0.00033
KF"ash" (12) - 151 - 0.061 + 0.000074

w B I
& 3 &

w
=]

Quantity Adsorbed (cm¥g STP)
~ .

-
wn

=
=]

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Relative Pressure (P/Po)

== KFCA (1) weeeree KFESA (2) —-.KF "carbon” (11) ——KF "ash" (12)

Figure 3. CO; isotherms for four KFBGS biochar fractions
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Figure 7.
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FT-IR

To understand the functional groups on the surface of the biochar, which affect what gases it
may adsorb and how it will behave in the compost, we performed Fourier Transform Infrared
Spectroscopy (FT-IR) on each biochar sample using the Shimadzu IRPrestige 21 spectrometer and
accompanying MIRacle single reflection ATR Ge probe. We recorded the FT-IR spectra of each
biochar between 4000 and 600 cm™. For each sample we performed 64 scans of the spectrum
and background measurements before all the samples to develop a baseline for data correction
on each sample. Certain signatures indicate the presence of functional groups that may interact
with target compounds. Ammonia adsorption is affected by the acidic functional groups on the
biochar surface and literature suggests that oxygen groups on the biochar surface can facilitate
ammonia adsorption (Jefferson-Milan, 2021). The biofilter cocktail used for composting can be
seen in Figure 11, displaying the most dramatic vibrations out of all the samples at wavenumbers
which indicate the presence of oxygen functional groups on its surface (3400, 1250-100).

|—N—H bendi—‘ng

—
e ——
——

e

) )l

~ T~

— KFCA (1)
— KFESA (2)
SSUN (3) ;
— WAKE (4) [+C-0 stretching
— PLANTX (5) i
— SE\?“}S)? [?C-‘N stretching—,
CARBOC @ |[O-H groups [C-H stretching| C=C groups A A
— ORG60 (9)
_ gg%:l’c(; 0) C=C stretching
— Biofilter cocktail C-H bending
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Figure 11. FT-IR spectra for biochar samples, engineered acidic biochar, and biochar cocktail
used in composting. Dotted lines represent wavelengths where vibrations for different functional
groups would be present and solid lines define ranges of stretching or bending due to different
functional groups (Elnour et al., 2019; Jefferson-Milan, 2021).
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pH

The pH of biochar samples was also important in hypothesizing the gases they would adsorb.
We performed a pH test on all the industrial and commercial biochar samples following the
methods of Mood et al. (2020). The method used to measure pH here was also implemented to
measure the pH of the biochars we produced for ammonia adsorption and the biochar cocktail
that we formulated for the co-composting experiments. To measure pH, 0.4g of each sample
was added to 20mL of deionized (DI) water and placed on an orbital shaker at 40 rpm for 1
hour. The samples were passed through filter paper in a glass funnel to remove the particulate
matter before we measured pH values in triplicate using the Mettler Toledo SevenEasy S20 pH
Meter. The pH meter was calibrated using a three-point calibration method with solutions at
pH 4, 7, and 10 (Mettler Toledo, Mettler Toledo SevenEasy S20 Operating Instructions Manual,
WSU QAQC Manual Table 5). Results are graphed in Figure 12 below.

14

12 1 11.3

10.6 10.3 106 403

8.7 9.1

8.2

pH

KFCA KFESA SSUN WAKE PLANTX GEN OLYM CARBOC OR60 ORS8O0

Biochar Sample ID
Figure 12. pH of commercial and locally available biomass samples as received

Biochar categorization

Biochars were classified in basic and neutral (See Table 6) and surface area was also a defining
characteristic.
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Table 6. Biochar classifications by pH and surface area

Sample Ref. and No. Defining Characteristic(s)
KFCA (1) Basic
KFESA (2) Basic
SSUN (3) Basic
WAKE (4) Neutral to basic, high surface area
PLANTX (5) Basic
GEN (6) Basic
OLYM (7) Neutral to basic, high surface area
CARBOC (8) Neutral, very low surface area
OR60 (9) Basic
OR80 (10) Basic, high surface area

Production of acidic biochar for ammonia adsorption and
biochar cocktail for composting

Of the 12 biochars we analyzed, the pH ranged from neutral to very basic, therefore we also
produced an acidic biochar for ammonia adsorption to use in our composting study. We
produced different batches of phosphoric acid (H3PO4) treated biochar from Douglas Fir at
temperatures ranging from 350°C to 850°C, based on literature which has shown that activation
of biochar with phosphoric acid increases ammonia adsorption (Ro et al., 2015; Jefferson-Milan,
2021).These experiments yielded products with an average pH of 1.62, which is lower than
literature values for biochar used in co-composting studies (Hestrin et al., 2020), therefore we
formulated a biochar cocktail with a measured pH of 4.28 using one of the commercial biochars
that we characterized in objective 2 of this project. We created a 10:1 mixture of commercial
biochar sample 7 (Olympic Biochar) and the acidic biochars that we produced, respectively,
which has been incorporated into the composting mixtures for objective 3 of this study based
on the success of our breakthrough experiments.
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Analysis of Breakthrough Curves and Biochar
Adsorption Capacity with Model Compounds

We measured the adsorption capacity of biochar samples using H,S, CHs, and NHs to test their
applicability in reducing harmful or undesirable composting emissions. Just as engineering and
functionalizing biochar to adsorb the different composting emissions is complex, detection and
direct measurement of biochar adsorption of these gases required different experimental
setups for each emission using model compounds in the lab. Methods for measuring
breakthrough and biochar saturation are relatively similar for all the gases tested, as we
maintain a steady flow rate of the gas being measured, measure the starting concentration of
gas (ppm measured with a blank column, no biochar in-line in the system), mass of the biochar
sample, breakthrough time (time of the first non-zero concentration reading), and the
concentration of gas until the biochar is fully saturated (we are able to obtain a measurement
matching the starting concentration of gas). We used the following equation to quantify
biochar adsorption capacity (g:) in mg gas/g biochar for all the gases tested:

q.= - Jo(Co— C))dt (Ean. 1)

Where Cp and C; represent initial gas concentration (2,000 ppm HsS, 15 ppm NHs, ) and gas
concentration at approximate observed breakthrough time t (min) respectively in mg/mL. The
mass of biochar in grams is depicted by m and the flow rate (mL/min) by F. (Yang et al., 2019
and Rodrigues et al., 2007, as cited in Milan & Garcia-Perez, 2021)

For methane and hydrogen sulfide, we used the Varian 8500 Gas Chromatograph, while for
ammonia we used a Draeger Tube short term measurement system.

Ammonia (NHs)

We adapted experimental methods used by Jefferson-Milan (2021) to measure the ammonia
adsorption capacity of each biochar characterized in this study. To measure gaseous ammonia-
air at a concentration of 15ppm, we diluted 200ppm ammonia-air with a compressed zero-air
cylinder. This process is outlined in Figure 13 and the mixing ratio was determined using
equation 2 below.
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Figure 13. Modified experimental setup for measuring biochar ammonia adsorption, figure
adapted from Jefferson-Milan (2021)

To calculate the dilution for the ammonia-air mixture used in the adsorption tests at standard
temperature at pressure, we used the following equation to calculate the flow of NHs-air and
zero-air needed (Fyy, and Fy;, respectively) for an NH3 mixing ratio (Xyp,) of 15 ppm, where
zero-air flow (F,;;) is set to be constant at 1.233 SLPM and F . is set to be constant at 0.1
SLPM, such that Xy, = 15 ppm:

(Fyuy)(200 ppmyy,) = (twws) (Fang + Fair) (Ean. 2)

We confirmed the ammonia concentration of the ammonia-air cylinder was 200ppm using a
Draeger Tube with a measurement range of 50 to 600ppm (Draeger Tube Ammonia 5/a 50-
600ppm). Due to the reactive and sticky nature of ammonia gas, we let the system warm up for
15 minutes before performing a baseline measurement to confirm the ammonia concentration
was 15ppm using Draeger Tubes with a measurement range of 2 to 30ppm (Draeger Tube
Ammonia 2/a 2-30ppm) before adding the biochar column in-line. While we warmed up the
system for each sample or between samples, we performed a leak test on the Draeger Accuro
pump per the manual instructions, by placing an unbroken tube into the pump and
compressing the bellows, ensuring that the stroke counter did not register air entering the
system. Time t = 0 was recorded when bubbles first appeared at the end of the system (5
seconds after adding biochar column in-line) and an ammonia concentration measurement was
taken in 10-minute intervals until we obtained a reading of 15ppm, indicating that the biochar
was saturated and no longer adsorbing any ammonia. We also tested the acidic biochar we
made. Due to the high flow rate required for dilution, a larger tube was used for the biochar
sample and the mass used was based off of the density of each sample in order to maintain
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steady pressure throughout the system and duration of the experiment. Adsorption capacities
calculated and breakthrough curves are shown in Table 7 and Figure 14.

Table 7. Ammonia adsorption capacities of basic, neutral, and acidic biochar(s)

Appx. Breakthrough Breakthrough Adsorption Capacity
Biochar Time t (mins) Concentration C; q: (mg gas/g biochar)
(mg/mL)
KFCA (1) 0 0.003 15
OLYM (7) 70 0.001 9
CARBOC (8) 20 0.003 0.1
ACIDIC 15 ppm: > 400 mins 0.002 242
200 ppm: 10 mins

The engineered acidic biochar performed extremely well as expected, however we were
surprised to see that KFCA, which is very basic, performed better than the other more neutral
biochars. This is an especially good result, as it suggests that without any additional treatment,
this byproduct of KFBGS can adsorb some ammonia and we will explore applications of this
material during the composting process in future repetitions of benchtop composting.

Ammonia concentration (ppm)

100

threshold (15 ppm)

—— CARBOC (8, neutral and extremely low surface area)
OLYM (7, neutral to basic and high surface area)

— KFCA (1, basic and low surface area)
ACIDIC (engineered acidic biochar for this study)

I T 1
200 300 400
Time (mins)

Figure 14. Ammonia breakthrough curves for biochar samples
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Hydrogen sulfide (H2S)

We also used the methods of Jefferson-Milan (2021) to measure biochar adsorption capacity of
hydrogen sulfide gas. The biochar that performed best had a high pH and ash content. Results
of the top performing biochars are included in Table 8 and the results from all of the biochar
samples are included in Figures 16 and 17. The flow rate used for all samples was 10 mL/min of
simulated biogas with an H,S concentration of 2000 ppm. For each sample, we prepared a 0.2g
column of biochar and the experimental setup is shown below in Figure 15.

j ]

®
o
(]

170

Il
Il
14y

Fiber column

Q=1
-

Bio
~ 2000 ppM H.S

Gas Chromatograph

Figure 15. Figure 2 from Ayiania M, et al., 2019.

Table 8. Experimentally determined hydrogen sulfide adsorption capacities for samples with
breakthrough times > 0 minutes

Appx. Breakthrough Breakthrough Adsorption Capacity
Biochar Time t (mins) Concentration C; g: (mg gas/g biochar)
(mg/mL)

KFCA (1) 30 0.124098 95
KFESA (2) 210 0.053151 97
WAKE (4) 30 1.00133 50
GEN (6) 60 0.913418 54
OLYM (7) 90 0.825438 59
OR60 (9) 90 0.272503 86
OR80 (10) 60 1.405139 29

KFESA has the highest ash content and pH, therefore we were not surprised that it
outperformed the other biochar materials, however its adsorption capacity (97 mg H.S/g
biochar) is still lower than what is documented in the literature (272 mg H,S/g biochar).
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Figure 16. H,S adsorption results for three KFBGS biochar fractions
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Figure 17. H>S adsorption curves for seven commercial biochars

Methane (CH)

We predicted that the biochars with the highest surface area would have the best methane
adsorption capacity. We performed adsorption tests on the biochar samples with the highest
surface area using simulated biogas with a methane concentration of 200 ppm. The
instrumental setup and timesteps were identical to those used for H,S above (see Figure 15 and
explanation of equatio), however we used a flow rate of 3 mL/min and a 3g sample of biochar

was added to the in-line vertically oriented tube.

Table 9. Methane adsorption capacities of high surface area biochars

Appx. Breakthrough Breakthrough Adsorption Capacity

Biochar Time t (mins) Concentration C; (mg/mL) | g: (mg gas/g biochar)
PLANTX (5) 1 0.03296 0.1
OLYM (7) 1 0.002236 30
OR80 (10) 1 0.003725 0.2

Compost Emission Reduction with Biochar
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We tested the biochars with the highest surface areas for their ability to adsorb methane, and
sample 7 (second highest surface area) outperformed the others dramatically, therefore further
research is needed to understand the roles other characteristics play in this particular sample’s

ability to adsorb methane in addition to its surface area.

200 —

150

100 —

Methane concentration (ppm)

50 —

— PLANTX (5, high surface area)
—— OLYM (7, high surface area)
—— ORB80 (10, high surface area)

I I I
50 100 150
Tima (mins}

I I
200 250

Figure 18. Methane adsorption breakthrough curves for high surface area biochars. Methane
concentration was measured through a blank tube before each sample was tested to determine
a “threshold” after which the samples were considered saturated. For sample 5, this saturation
point was 180 ppm, sample 7 was 200 ppm, and sample 10 was 185 ppm. These values were

used to calculate adsorption capacity for each biochar.

Conclusions from adsorption studies and characterization

Biochars that we tested and the acidic biochar that we engineered surpassed literature values
for methane and ammonia. While KFESA (2) performed better than biochars engineered in the
previous biennium, these results are not comparable to literature values. Despite this, KFESA (2)
is an end-stage ash product that is readily available in excess (presenting a waste management
problem for KFBGS) and could be effective at reducing H,S emissions if properly applied to the
composting process. Further discussion of the application of these biochars is included in the final

section of this report.
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Table 10. Literature values for biochar adsorption capacity of target compounds vs. biochars
studied and acidic biochar we produced

Compound | Adsorption capacity References Adsorption capacity of biochali
(mg/ g char) tested or engineered in this
study (mg/g char)
H2S 272 Abid et al., 2000 97 (KFESA, 2)
NH; 24-53 Ro et al., 2015 242 (ACIDIC)
CH4 6.5 Song et al., 2021 30 (OLYM, 7)

Constructed Composting Reactors and Experiment
with Engineered Acidic Biochar Biofilter

Fifteen bench-scale composting reactors, each containing air flow and temperature systems
were constructed and have been adapted to reduce heat loss. Here, we discuss the evolution of
the design, building and characterizing the compost following standard methods from the
USDA’s Test Methods for the Examination for Composting and Compost (TMECC), and
experimental results from composting with an engineered biochar biofilter to remove gaseous
pollutants, ammonia specifically.

Constructing composting reactors

Due to the small volume of the benchtop reactors built, heat loss, air flow, and consistency
across all of the units was considered. Thermocouples were placed at the top and bottom of
each unit to see any spatial differences in temperature in the pile. Each set of thermocouples
was calibrated against a NIST traceable thermocouple and datalogger. The units were built to
function as an aerated static pile (ASP) system with positive aeration, where air flowed into the
units from the bottom through a perforated PVC aeration system (figure 20). Flow into the units
was controlled via flowmeters that were calibrated using a NIST traceable mass flow controller.
Units were insulated with black neoprene and mineral wool, surrounded by a layer of plastic
sheeting for safety, however the insulation was removed when the units were placed into the
hot room. The assembly of the units can be seen in figure 19 and the locations of
thermocouples and air inlet placements can be seen in figures 20 and 21.
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Reactor structure and system design

Figure 19. Evolution (left to right) of original vessels to modified vessels used in the
experiments. Design and construction credit: Robert Macias, PhD; Bikram Borkotoki, PhD

!

Figure 20. Design and rendering of interior of composting units
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Draining lixiviate valve

Figure 21. Design and rendering of composting units constructed

Compost formulation and characterization
Feedstock and mixing ratios

The process for feedstock selection was based on its characteristics (discussed below), as well
as its availability on a consistent basis. Sourcing feedstock that would allow us to perform
replicable treatments and a sound experimental design was a challenge, however we ended up
making our compost mixture with baled grass hay and chicken litter and manure, both locally
sourced and consistent in their composition and availability. We performed a number of
analyses on the feedstock material “as-is” or how we received it in order to build the compost
such that it would have a proper carbon to nitrogen ratio (C:N), moisture content, pH, bulk
density and porosity, all of which are critical for providing an environment in which the bacteria
resonsible for the composting process had adequate heat, moisture, and food to successfully
compost in a very small pile. Table 10 shows the results of the characterizations of the
composting feedstock, which were performed following TMECC standard methods (USDA and
US Composting Council). In order to perform the elemental analysis (C, H, N), we sampled from
each feedstock multiple times to get a representative sample to homogenize using a coffee
grinder.
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Table 11. Characteristics of feedstocks as-received/as-is

Feedstock C(wt. %) | H(wt. %) | N(wt.%) | C:N | Bulkdensity | Moisture
(Ib/cy) (wt. %)
Grass Hay (bales) 39.5 6.2 0.7 55 79.6 10
Pine 35.1 6.2 1.5 24 387.7 40

Shavings/Chicken
Manure < 1/2"

Chicken Manure > 18.5 7.1 3.2 6 765.9 70
1/2"

. Grass Shavings/Manure < %” Manure > 4"
Hay

Figure 22. Homogenized compost feedstock for elemental analysis

The chicken litter was also seived into a larger than %” fraction and smaller than %” fraction in
an attempt to separate the litter and pine shavings from the pure manure in order to properly
assess the elemental content of the material and ensure that any mixtures made from the
material were homogenous, since the material by nature is not well homogenized.
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Figure 23. Collecting chicken manure from local chicken coop (left) and processing with 2"
sieve (right)

Compost characteristics: bulk density, moisture, pH, composition

We also followed TMECC standard methods (USDA and US Composting Council) to measure
compost pH, moisture, and bulk density and achieve desiraeble composting conditions. Table
11 contains information about the compost mixture used in this study. The bulk density,
moisture content, and C:N ratio are all within the ideal range for composting. The pH ended up
slightly higher than neutral, but still within the range to produce ideal composting conditions
(pH of 6-8). The compost mix contained the feedstocks from table 10, as well as a small fraction
of finished compost that we produced in the pilot composting reactor in March of 2023 as a
bulking agent. We used the aforementioned feedstock characterizations along with the WSU-
Puyallup Compost Mixture Calculator (Barry and Cogger, WSU-Puyallup) in order to create a
solid compost blend.

Table 12. Compost characteristics

Compost Characteristics
Bulk density 765 Ibs/cy
pH 8.2
Moisture (wt. %) 63%
C:N 22

Composting treatment groups and experimental conditions

The acidic biochar we produced had an average pH of 1.62, which is lower than literature values
for biochar used in co-composting studies (Hestrin et al., 2020), therefore we formulated a
biochar cocktail with a measured pH of 4.28 using commercial biochar 7 (sample 7 performed
significantly better than the others tested, as well as literature values for methane adsorption,
in addition to being the second best performing commercial biochar for ammonia adsorption).
We created a 10:1 mixture of commercial biochar sample 7 and the acidic biochars that we
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produced, respectively, and placed a wire-mesh lined filter in the headspace of the composting
unit containing 5% biochar by weight, which was determined by considering literature values,
results of our adsorption studies, and economic feasibility and scalability (Steiner et al., 2011;
Hestrin et al., 2020).

Figure 24. Biochar biofilter. Small wells are visible at the surface where air has flowed through
preferentially after day 3

Temperature and mass

Temperature data was collected for each unit using thermocouples placed at the top and
bottom of each unit. The reactors we designed function as aerated static pile (ASP) composting
systems with a flow rate of approximately 1 liter per minute, therefore the target temperature
was 55°C (WAC 173-350-220(6)(a) — WA State regulations and US EPA 40 CFR Part 503). The
mass of each composting reactor and its accompanying bubbler and thermocouple was
recorded before any material was put in and the control and biochar treatments received
approximately the same amount of compost (appx. 8 kg). Composting units with insulation
increased temperature on their own, but only reached 30°C on their own, therefore they were
moved to a hot room in order to facilitate the transition to thermophilic composting. The units
were kept there until their reached their maximum temperature of approximately 45°C and
remained there until ammonia production began to decrease, indicating a decrease in activity.
During this time in the hot room, the units were removed for aeration by hand and water was
added to them (in equal amounts wt %) in order to compensate for the moisture lost due to
aeration rates of 1 SLPM, which was calculated based on industrial rates for ASP systems scaled
to the size of our compost reactors (Qasim et al., 2019).
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Data collection and results
Temperature

Temperature between the biochar treated unit and the control unit remained similar
throughout the measurement period, suggesting that reduced ammonia emissions from the
biochar unit were largely a result of the treatment, rather than different rates of ammonia
production between the two treatments due to drastically different compost temperatures.
While we did not expect the biochar to have a dramatic effect on temperature, we observed
slightly lower temperatures for the biochar treatment, which we hypothesized could have been
due to the biochar filter altering air flow through the pile or acting as an insulating layer
stopping heat transfer from the hot room where the units were, into the compost and air inside
the unit itself.

Blank TC1 (top thermocouple)
50 —— Control TC1 (top thermocouple)
—— Biochar TC1 (top thermocouple)

Temperature (degrees C)

T T | T T T T T T T | T T
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Days

Figure 25. Top thermocouple compost temperature

Blank TC2 (bottom thermocouple)
50 - Control TC2 (bottom thermocouple)
— Biochar TC2 (bottom thermocouple)|

Temperature (degrees C)

Days

Figure 26. Bottom thermocouple compost temperature
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The drop in temperature seen between days 4 and 5 is due to removal of the units to assess the
effect of the flow rate on moisture content and add water in equal amounts (equivalent weight
% for each unit) to the composting units. While the biochar acted as a very minor barrier for
heat to enter the composting unit in this case, its insulating properties could be useful for
maintaining consistent compost pile temperatures out to the edges of the pile in cold months,
while also reducing emissions. The effects of biochar on compost temperature and moisture
(whether it is co-composted, applied as a topper, etc.) is a relevant topic for future studies.

Ammonia

Bubbling ammonia through water and measuring ammonia content using spectroscopy, is an
effective way to measure differences in ammonia emissions between the composting
treatments. We bubbled the compost gas through water in order to measure ammonia
concentrations using wet chemistry. We have calibrated the effectiveness of this methods using
200pm ammonia-air and calculating the equivalent mg/L in water, which is measured using
HACH test kits with detection ranges of 0 to 50 mg/L of NH3-N, the details of which are included
in the appendix. The high ammonia emission around day 4 for the biochar is hypothesized to be
a measurement error, or the biochar filter was completely saturated at that time and new
surface area needed to be exposed before any more ammonia could be adsorbed, so the
biochar composting unit was emitting ammonia at the same concentrations as the control.

2000 —H Impinger NH3 in control unit

= Impinger NH3 in biochar unit
- Outlying high ammonia emission
for biochar unit on day 3 due to saturation

of exposed surface area. After mixing the
biochar filter, it began performing as
expected again

1500 —

1000 —

500 —

Day 0-1 measurements from
control unit surpassed detection
limit of aqueous NH3-N test

Aqueous ammonia concentration in impinger (mg/L NH3-N at sample collection)

Day

Figure 27. Aqueous ammonia measured in impingers for composting units. The unit containing
the biochar filter released significantly less ammonia in the thermophilic period and over the first
15 days than the control. Points represent the ammonia concentration measured at a particular
sample interval on a given day, rather than a 24-hour cumulative aqueous ammonia
concentration (see figure 28).
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Not only was ammonia reduced by the biochar filter quantifiably per the impinger
measurements, but it was also noticeable in terms of smell. Gaseous samples from the control
unit had an incredibly strong ammonia odor, as did the impinger water, while the exhaust and
impinger water from the biochar filtered unit did not smell at all. When the biochar filter was
removed for mixing to expose unsaturated biochar surfaces, the smell of the air emitted and the
material inside both composting units were indistinguishable from one another. Not only do
these results demonstrate a quantifiable reduction in ammonia emissions from composting, but
a reduction in odorous compounds below the Recognition Threshold (RT), which is an important
aspect of industrial composting (Font 2011).

1

6000 —

m Biochar unit 24-hour cumulative impinger NH3-N
5000 — Control unit 24-hour cumulative impinger NH3-N
Control day 0 surpassed aqueous NH3-N detection limit|
4000 —
3000 —

2000 — S

1000 —

24-hour cumulative aqueous ammonia concentration in impinger (mg/L NH3-N)

[

| ]
"pavro T par1 T par2 T pars | DAY4 | DAY5 | DAY6 | DAY7 | DAY8 | DAYS | DAY11 | DAY 13 !

Figure 28. 24-hour cumulative aqueous ammonia concentrations effectively reflect the dramatic
difference in daily ammonia emissions between the control and biochar composting units

Hydrogen sulfide, methane, and oxygen concentrations

H.S was measured using BW instruments/Honeywell personal H,S detector designed for use as
PPE, therefore it is reliable and accurate between 0-100ppm, which is in accordance with the
range we expect in our composting, since we are using the ASP method and will be maintaining
adequate oxygen to reamain in aerobic conditions. We will be measuring H.S by passing
compost exhaust gas over the sensor. Across all treatments and runs of the composting
reactors, H,S was below 10 ppm for all the units. Samples for methane measurement were
taken in triplicate in tedlar bags and transported back to our lab where they were injected into
the GC for analysis. The GC is calibrated the same way for these injections as it has been for the
breakthrough experiments, across the entire span of the instrument to measure high and low
concentrations.
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Due to the small size of our units and ASP reactor design, it is likely there was not much
methane production due to good aeration and high oxygen content in the pile, which ranged
between 17-19%. This is likely due to the high aeration rates, therefore next time we will
reduce aeration rates in order to keep an optimal oxygen concentration of 5-10% to reduce

moisture and heat losses.
14 15 16

After the first 15 days, multiple small samples were taken from the biochar filter for analysis by
FT-IR. The change across all the functional groups examined in Figure 30 shows significant
interaction, however, further analyses would be necessary to understand the chemical changes
to the biochar that occurred when reacting with the compost gases, which we will include in
future studies and is discussed in the following sections.
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Figure 29. Methane for control, biochar, and empty units
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Figure 30. Biochar filter before and after composting
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Conclusions, Recommendations, and Future Studies

Key findings and implications
Characterizations and adsorption studies

Many of the commercially available biochars have a relatively low surface area and a high pH,
however certain samples still out-performed literature values for adsorption capacities of
ammonia and methane. Our hypothesis that an acidic biochar would adsorb ammonia most
efficiently was supported by the results of the adsorption tests, as was our hypothesis that the
high ash content biochar would adsorb hydrogen sulfide well. Future studies to assess a much
larger number of locally available biochar resources with these test methods would be valuable,
as well as gathering information on the pyrolysis conditions, production methods, and
feedstock used.

Based on our adsorption studies, the amount of biochar required to adsorb emissions is a very
low weight % (g biochar/g waste). These results are based off literature values and
experimentally determined adsorption capacities in the lab, therefore future bench-scale
composting studies should be conducted to quantify the emissions from each composting unit
with and without biochar to field test the validity of these weight % application
recommendations as the next step in scaling up towards applying biochar to the industrial
composting process.

Table 13. Biochar needed to reduce emissions. Weight % = g biochar / g waste * 100%
(emission factors from Table 1).

Adsorption capacity of biochar | Biochar required to adsorb
tested/engineered in this study emissions by weight
(mg/g biochar)

Target Emission Factor
Compound | (mg/g waste)

H>S 0.561 97 (KFESA, 2) 0.58 %
NH;3 0.018-1.150 242 (ACIDIC) 0.01 % t0 0.5 %
CHq 0.05-0.49 30 (OLYM, 7) 0.17%t0 1.6 %

Furthermore, the method of application will likely affect the weight % of biochar required to
optimally adsorb or reduce emissions; these adsorption tests measure the biochar’s
functionality as a filter, but biochar can be added to the composting process through co-
composting, bio-filtration, and potentially other methods, therefore future studies will test the
effect of biochar application method on emission reduction in order to pinpoint the most
effective use of biochar in the composting process to apply at a larger scale.

For the composting studies, we used 5% biochar by weight in the filter, which adsorbed
ammonia emissions successfully, but did begin to saturate, and as can be seen in Figure 30, the
surface chemistry and functional groups changed dramatically, therefore further tests should
be conducted to study biochar chemical and physical characteristics before and after
composting, as well as before and after adsorption studies performed with single gas
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compounds in order to better understand the interactions between biochar and compost gases,
especially saturation over time. Studies such as these would also provide insight about the
behavior and the potential uses of “saturated” or “used” biochar (if not co-composted) that has
been used as a bio-filter or top layer in the composting process.

Composting

For this study, a biochar filter effectively eliminated ammonia emissions at the beginning of the
composting process, and continued to adsorb significant amounts of ammonia even as it
became saturated, continuing to reduce ammonia emissions by over 35% by end of the
thermophilic phase. While the biochar reduced ammonia emissions significantly, the percent by
which it reduced emissions between sampling intervals was not consistent. This could be due to
the method of biochar application, as the material did need to be redistributed on the 4" day
and wells from air flow did form, which further supports the need for future study into the
effects of different physical biochar applications (filters, top layers, co-composting, wattles) on
its adsorption capabilities and its interaction with compost and compost gases. The shape of
the biofilter that we used did not allow a large amount of exposed biochar surface area,
therefore future repetitions of this experiment will involve different shapes of biofilters, as well
as alternative placement (biochar wattle surrounding exhaust pipe or a thin biochar blanket to
rest on top of the compost pile that could be easily swapped out once it was saturated, for
example). In addition to external biochar application, biochar co-composting will be included in
future repetitions with the benchtop composting units to see its effects on the temperature
profile and heat distribution throughout the reactor, moisture, compost quality, emissions, and
microbial activity.

Recommendations and future studies

This study represents a step towards utilizing biochar in composting on an industrial scale, by
demonstrating that characterizations and adsorption study data can be used to select a biochar
that will successfully adsorb a target pollutant or compound (ammonia in this case) during the
composting process in bench scale composting units. We plan to build on these results to study
the effects of biochar application method, biochar co-composting, and understanding the
mechanisms of adsorption and interaction of biochar with composting emissions.

Based on our results, future studies should:

1. Focus on expanding sampling of locally available biochar resources and gathering
information on pyrolysis conditions and feedstocks, as well as testing for heavy metals
or compounds that would adversely affect compost health.

2. Test the effect of biochar application method and application rate on emission
reduction compared to literature values and results of adsorption tests, comparing
experimentally determined adsorption capacity with quantity of pollutant adsorbed
during composting. This would help pinpoint the most effective use of biochar in the
composting process to scale up and apply this technology at a larger scale.

3. Study biochar chemical and physical characteristics before and after a. composting and
b. single gas adsorption studies to better understand the mechanisms of interaction
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between compost gases and biochar over time/exposure periods to inform application
methods.

4. Engineer and test different methods and timing of biochar application to the
composting process aside from co-composting (bio-filters, top layers, wattles, etc.) to
design technologies that maximize biochar adsorption capacity and ease of application
on a larger scale.

5. Perform co-composting experiments to measure the effect of biochar on moisture,
temperature, emissions, microbial interactions, and compost quality.
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Appendix A

This section contains supplemental information including calculations and calibration
information.

Constructing composting reactors
Air flow and temperature measurements

Each flow meter for the composting units has been calibrated by a NIST traceable mass flow
controller within 0.1 SLPM. Thermocouples were also calibrated against a NIST traceable
thermocouple and data logger.

Heat loss

Robert Macias, PhD perfomed the following calculations in order to add appropriate insulation
to the system. We are also controlling heat loss by varying aeration rates as temperatures
fluctuates, and higher ratios of nitrogen-rich feedstock. From the calculations below, we
calculated heat losses to be approximately 140 W, requiring an insulating layer with a thickness
of at least 1.5 cm. Based on the literature, we selected mineral wool as the external insulating
material in order to minimize heat loss in the most efficient manner (Alkoaik et al., 2019).

Q loss without insulation

(Tin — Text)
Quoss = t 1
@m k) T le~R)
Where, Parameter Value Unit
Tin = internal temperature Diameter external 0.34 m
Text = external temperature Thickness 0.001 m
h= a: convective lcoeff icient k stainless steel 16.6 W/m°C
k; = thermal gondﬁgf?gz g;?tlainless steel Convection coefficient 10 W/m2°C
t; = thickness of wall Length 0.6 m
Am = Logarithmic mean temperature dif ference Diameter int 0.339 m
External temperature 22 °C
k insulation material 0.04 W/m°C

Figure 31. Calculating heat loss from composting reactors
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Insulation thickness
_Am ki (Tw —Ti) _ 2mL:k;(Tin — Text)
- t: - 2t

27mLek;(Tin—Text)
ti:%*le( Qi )—1]

Q:

Where,
Ti = internal temperature
Text = external temperature
De = external diameter
k; = thermal conductivity of insulation material
t; = insulation tickness
L; = total length

Q; = heat loss
Figure 32. Calculating thickness of mineral wool insulating material

Data collection and results
Calibration and quality control: ammonia measurements

NIST traceable thermocouples and a NIST traceable mass flow controller were used and are
used regularly to calibrate the air flow and temperature measurements for each composting
unit. The GC was calibrated for high and low concentrations of methane (discussed in the
methane adsorption section) and all samples were run using the same calibration curve to
ensure consistency. Using aqueous ammonia as a proxy for gaseous ammonia via an impinger
was also tested for accuracy before composting and sample collection began. We have
calibrated the effectiveness of impinger methods using 200pm ammonia-air and calculating the
equivalent mg/L in water, which is measured using HACH test kits with detection ranges of 0 to
50 mg/L of NH3-N:

Gaseous NHs in ppmv to aqueous NH3 in mg/L

. 200
200 ppmv NHs-air = To6

Molar mass of NH3 = 17 g/mol = 17,000 mg/mol

1

mg mg
(NHzppmv) X I atm X (Molar mass NH; _l) = T1\/1—13
0.08206 —— X 298K mo
mol- K
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1
L-atm
mol-K

mg _
x (17,000 —=) = 0.1390377 mg NHs/L

x 298K mol

(200
106

) x
0.08206

Therefore, in 100 mL of water, 1L of 200 ppmv NHs-air should yield 1.4 mg/L NHs to be
measured with HACH kits. HACH kits range 0-50 mg/L NHs-N, therefore, to get a concentration
of 25 mg/L NH3, (25/1.4 mg/L), pass 17.9 L of 200 ppmv NHs-air into 100mL of water through
impinger.

We performed a test at 300 mL/min of 200 ppm ammonia-air for 2 hours into 100 mL of water,
measuring the agueous ammonia concentration at t = 1 hour and t = 2 hours. At t = 1 hour the
ammonia concentration was 18.3 mg/L, and at t = 2 hours, the ammonia concentration in the
impinger water was 36.7 mg/L. This was 26% less than the expected value, however the results
were consistent over the two hour sampling period, with the concentration doubling after the
first hour. We considered this to be a reliable proxy for standard temperature and pressure, as
well as at the temperatures in the hot room used for composting (52 C) for measuring the
difference in ammonia emissions between composting treatments (biochar vs. no biochar),
since literature values for compost ammonia emissions are significantly higher than 200 ppm.
For future studies, we would plan to measure gaseous ammonia directly, since this proxy
measurement likely underestimates ammonia emissions from the composting units, and
knowing precise ppm measurements of ammonia emissions will allow us to futher investigate
the mechanism by which biochar adsorbs ammonia gas and affects the composting process in
more depth, since there is a gap in the knowledge and literature surrounding this important
topic. Pictured below is an example of the sampling results from the impingers to demonstrate
the dramatic difference that can be seen visually in ammonia released from the control unit.
Three samples were taken from each impinger (control = C, biochar = B, empty = E) and a
reagent blank was prepared.

i#ﬁﬁﬁnﬁﬁ‘

!"‘s !'- t

Figure 33. Ammonia test vials. Samples on the left were taken as-is directly from each impinger
and mixed with the reagents; the control vials were over the detection limit. On the right are
the same samples, except the impinger water from the control has been diluted at a rate of 1%
(10 mL of impinger water and 990 mL of DI water); the biochar and empty unit vials were not
diluted and had the same concentrations as the reagent blank in this sampling interval.
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