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Anaerobic co-digestion of food waste and manure is an increasingly common waste management strategy.
However, current disposal alternatives for the resulting effluent, “digestate”, can lead to nutrient run-off and
cause surface and groundwater contamination. Biochar made from the solid fraction of digestate was used to
recover nutrients present in the liquid fraction of the same effluent stream. Biochar produced from solid digestate
at three different temperatures (500, 800 and 1000 °C) was characterized and evaluated for adsorption of

phosphate in solution and from liquid digestate. Pyrolysis temperature was negatively related to yield. However,
higher processing temperatures (800 °C-1000 °C) are preferred due to better soil stability and phosphate
adsorption capacity. Additional analysis to determine the potential to replicate this process at scale concluded
that the amount of solid digestate biochar produced is sufficient to adsorb approximately 20% of the total
phosphate present in the liquid fraction of the digestate.

1. Introduction

Food waste is a worldwide issue due to its impacts on the environ-
ment and the economy (Hall et al., 2009). It is estimated that 17% of the
total global food production will go to waste (United Nations Environ-
ment Programme, 2021). In the United States, 40% of the food produced
by restaurants, grocery stores, and households is not consumed by
humans. This was approximately 6 million metric tons and $161 billion
worth of food in 2010 (USDA, 2014). Resources like fresh water and
fossil fuels are consumed to produce food that will never be eaten. The
majority of this food will reach the landfill, where it will decompose and
emit methane and carbon dioxide, gases that contribute to climate
change (Hall et al., 2009). In response to this issue, several pathways
have emerged as an alternative to landfilling. These include repurposing
food waste as animal feed or processing it through composting or
wastewater treatment plants (Trabold and Nair, 2018). But there is
particular interest in the valorization of food waste by turning it into
energy products, like biogas, hydrogen, syngas or ethanol. This is known
as the waste-to-energy pathway and includes processes like fermenta-
tion, anaerobic digestion and thermochemical conversion (Pham et al.,
2015).

Anaerobic co-digestion is an established waste-to-energy process
where microorganisms break down food waste in combination with
animal manure in the absence of oxygen (Zhang et al., 2013). This
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process results in two primary co-products: biogas and digestate. Biogas
is a type of biofuel, mainly composed of methane and carbon dioxide,
which once refined can be used for heating or electricity production
(Mata-Alvarez et al., 2000). Digestate is the effluent from the digestion
process which can be separated into its solid and liquid fractions. Liquid
digestate is rich in nutrients like nitrogen, phosphorus, and potassium,
and for this reason, it is often used on crop fields as an alternative to
fertilizer (Moller and Miiller, 2012). But there are some challenges
associated with this practice. Field spreading of digestate requires the
transportation of large volumes of the liquid by-product, which can
become quite costly for the anaerobic digester operation (Armington,
2019). In addition, the tractors needed to survey the field to distribute
the product contribute to soil compaction, which can affect crop yields
(Verdi et al., 2019). There are also environmental risks associated with
field spreading. One of them is the potential for nutrient pollution due to
the excess nitrogen and phosphorus present in digestate, that can lead to
nutrient run-off and consequentially to the contamination of water re-
sources (Shrestha, 2020).

Biochar is one of the products from thermochemical processing of
biomass under low oxygen conditions. Traditionally this material has
been used for soil improvement, due to its capacity to retain nutrients
and water. In addition, its uniquely porous and high surface area
properties make it suitable as an adsorption medium, comparable to
activated carbon (Lehmann, 2007), and it can be applied to remove
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pollutants from water and soil (Oliveira et al., 2017). In this work, we
have assessed the option of producing biochar from the solid fraction of
digestate, and then using this material to recover the nutrients present in
the liquid digestate fraction. After the adsorption process, the now
nutrient-rich biochar can be recovered and applied to fields as a solid
fertilizer, thereby linking anaerobic co-digestion with thermochemical
processing.

The integration of anaerobic digestion with thermochemical pro-
cessing has been studied by several groups with the goal of making both
systems more efficient from environmental and economic standpoints
(e.g., Codignole Luz et al., 2018). Many of these studies have
approached this integration with the goal of enhancing energy genera-
tion, which may be possible by taking advantage of the bio-oil and
syngas energy products generated from thermochemical processing
(Feng and Lin, 2017). However, in this study we focus solely on the
production of biochar with the purpose of nutrient recovery and sub-
sequent soil amendment.

Biochar has been made from a variety of anaerobically digested
feedstock materials, including swine manure (Hung et al., 2017), dairy
manure (Streubel et al., 2012) and food waste (Liu et al., 2020). How-
ever, to the best of our knowledge, the production of biochar from solid
digestate resulting from the co-digestion of food waste and dairy manure
has not been reported previously. The study of this combination is
relevant when considering co-digestion as an alternative to food waste
disposal, and because the characteristics of the feedstock are deter-
mining factors of the physical-chemical characteristics of the resulting
biochar (Zhao et al., 2013). Another important factor that influences the
characteristics of biochar is its processing temperature, and for this
reason we assessed the production of biochar from digestate at three
different temperatures. The characterization of the materials produced
at different temperatures will inform selection of optimal conditions to
obtain biochar with the characteristics required to serve as both adsor-
bent and soil amendment.

Nutrient recovery using biochar has been explored previously, often
using woody biomass as the feedstock (Barber et al., 2018). Streubel
et al. (2012) used biochar produced from anaerobically digested dairy
manure to recover phosphorus from anaerobic digester effluent, through
an experimental lagoon filtration system that used the synthesized
biochar as the adsorption medium for 15 days. They found that around
30% of the phosphorus present in the effluent was recovered through
this process, demonstrating the potential of biochar made from digested
material as a medium for nutrient adsorption.

The objective of this study is to evaluate the effectiveness of using
biochar, prepared at various temperatures from the solid digestate of a
commercial co-digestion facility, to recover phosphate from the liquid
fraction of the same digestate stream. We have selected phosphorus as
our target nutrient because currently most of the phosphorus used in
agriculture globally comes from non-renewable sources, therefore
phosphorus recovery will be key to meeting the ever-growing agricul-
tural fertilizer demand (Wang et al., 2017). In addition, phosphorus is
the main nutrient responsible for the eutrophication of fresh water
systems, therefore it is important to find ways to improve retention on
agricultural fields (Correll, 1998).

To assess the suitability of biochar as a soil amendment, we per-
formed a full characterization of the material based on the standard
proposed by the International Biochar Initiative (IBI). For the evaluation
of biochar as an adsorption medium, we produced biochar from solid
digestate at three different temperatures (500, 800 and 1000 °C).
Adsorption of phosphate was tested using a synthetic phosphate solution
and as well as the effluent from the actual anaerobic co-digestion pro-
cess. Finally, we assessed the capacity to scale this process for use at a
commercial digester facility.
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2. Materials and methods
2.1. Biochar preparation

Solid digestate used as the feedstock for biochar preparation was
collected from an anaerobic digester located in Upstate New York. This
facility processes cow manure along with industrial food waste in a 48%
to 52% v/v ratio. After passing the digestate through a screw press to
separate solid and liquid phases, the solid fraction was dried in an oven
for at least 8 h at 105 °C.

Thermal processing was performed using a high-temperature furnace
(CM Furnaces Inc., Bloomfield, New Jersey, USA). This instrument has a
coupled microwave generator (SAIREM SAS) that was not employed in
this study. Crucibles containing 10 to 20 g of previously dried samples
were placed inside the furnace. Industrial grade nitrogen gas (AIRGAS
CY-NI 300) was used to create an inert environment. Samples were
processed at three different temperatures: 500 °C, 800 °C, and 1000 °C.
The heating rate of 10 °C/min and residence time of 1 h at the desired
temperature were kept constant for each of the tests. In each case, the
furnace was cooled at a rate of between 5 and 6 °C/min, after the 1 h
residence time. Due to limitations in the amount of material that could
be processed at a time, the quantity of biochar needed for the analyses
described below was generated by multiple runs of the furnace at each
temperature.

Biochar yield was calculated based on Eq. (1) (Weber and Quicker,
2018):

W

Mass yield (%) = {W} x 100 @
!

where W, represents the mass in grams of the biochar and Wy is the dry
mass in grams of the feedstock. The effect of pyrolysis temperature on
biochar yield was analyzed statistically using a one-way ANOVA with
temperature as a fixed factor. Significant differences among means were
determined with a Tukey HSD post hoc test in JMP Pro 15 statistical
software.

2.2. Biochar characterization

2.2.1. SEM Imaging

Images of the surface of biochar were captured using a Scanning
Electron Microscope (SEM) (AMRAY 1830) coupled with an X-Ray
Fluorescence System (IXRF Systems 550i). Biochar samples were
attached to the sample holder using conductive carbon double-faced
adhesive tape (Nisshin EM Co., Ltd.).

2.2.2. IBI standard characterization

The International Biochar Initiative (IBI) provides a standard group
of characterization methods for biochar for use in soils. Since soil
application is one of the proposed uses of our material, we subscribed to
these guidelines. The IBI standard identifies three categories of testing
for biochar materials: (1) basic utility properties, (2) assessment of po-
tential toxicants and (3) solid enhancement properties (International
Biochar Initiative, 2015).

Moisture, total ash, and volatile matter were determined using the
ASTM D1762-84 Standard test method for chemical analysis of wood
charcoal (ASTM, 2013). Elemental analysis (C, H, N) was performed
using dry combustion following ASTM D4373-14 Standard test method
for rapid determination of carbonate content of soils (ASTM, 2014). The
sample pH, electrical conductivity and metal concentration were based
on the Test Methods for Examination of Composting and Compost
(USDA, 2001). Because of the rather high cost of the full IBI character-
ization, one biochar sample was analyzed for each of the three pro-
cessing temperatures.
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2.2.3. Surface area analysis

The surface area of biochar samples was measured by two different
methods. Measurements using the butane activity correlation method
were performed by a third-party laboratory based on ASTM D5742 - 95
Standard Test Method for Determination of Butane Activity of Activated
Carbon (ASTM, 2006). For in-house analysis, we used the multi-point
Brunauer-Emmett-Teller (BET) method for measurements of Ny
adsorption at —196 °C (boiling point of liquid nitrogen) acquired using a
Quantachrome Nova 4200e. Before each analysis, samples were dried
under vacuum for 6 h at 120 °C (Sigmund et al., 2017) and tested in
quadruplicate.

2.3. Phosphate adsorption

We assessed the phosphate adsorption capacity of digestate biochar
produced at 500, 800 and 1000 °C, and how it compares to commer-
cially available wood biochar. The wood biochar was produced by the
gasification of waste wood from shipping pallets at temperature around
500-600 °C. For the phosphate adsorption experiments, a stock solution
of 200 mg L™ (computed in mg PO4>") was prepared using potassium
phosphate monobasic (KH2PO4). Phosphate solutions for the experi-
ments described below were then prepared by diluting the stock solu-
tion. For the adsorption of phosphate from liquid digestate, the digestate
was first centrifuged at 4500 rpm for 30 min and filtered using 0.45 pm
PES membrane filters (Merck Millipore) to remove suspended solids.
The starting concentration of the digestate was then determined using a
spectrophotometer (Hach DR3900) and the Molybdo-Vanadate Method
(Hach Method 10,214). Diluted liquid digestate samples were then
prepared to match the concentrations used in the synthetic solution.
Liquid digestate samples were collected during an 18-month period and
characterized to determine its average composition (Table S1, Supple-
mentary material).

Samples were prepared by adding 0.25 g of biochar to a 50 mL flask
along with 25 mL of phosphate solution. Controls contained the same
amounts of biochar and deionized water as the solution. The flasks were
sealed and shaken at 100 rpm at room temperature for 24 h. The samples
were transferred to a centrifuge tube and centrifuged at 4500 rpm for 30
min, and the resulting supernatant solution was filtered using 0.45 pm
PES membrane filters (Merck Millipore). Initial (solution only, no bio-
char) and final concentrations were determined using a spectropho-
tometer as described above. All adsorption experiments were conducted
in triplicate.

The adsorption capacity at equilibrium (g., mg/g) and removal ef-
ficiency (R, %) were determined using Egs. (2) and (3) (Kizito et al.,
2017):

(Co— Cc)v

Ge = ——"— (2)
m
R= (C”C*UC“) x 100 3

where C, (mg L) denotes the initial phosphate concentration; C, (mg
L’l) denotes phosphate concentration at equilibrium; V (L) is solution
volume; m (g) is adsorbent mass. The effect of pyrolysis temperature on
removal efficiency was analyzed statistically using a mixed generalized
regression with pyrolysis temperature as a fixed factor and initial solu-
tion concentration as a continuous factor in JMP Pro 15 statistical
analysis software. The phosphate adsorption capacity of the digestate
biochar was compared to activated carbon (AC) data found in the
literature (Shi et al., 2011).

2.4. Isotherm modeling

The experimental data were analyzed using the Freundlich and
Langmuir adsorption isotherms. The isotherm modeling was performed
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using Microsoft Excel with the SOLVER function (Hossain et al., 2013).
The Freundlich equation can be represented as:

4. = KC, (> @

where C, is the equilibrium concentration of phosphate and K and n are
constants for a given adsorbate and adsorbent at a given temperature
(Chen, 2015). Alternatively, the Langmuir isotherm is expressed in the
following form:

C.

e = mKi 5
de =Ly 7g C, ®)

where C, is the concentration of phosphate solution at equilibrium and
qm and K, are constants related to adsorption capacity and energy or net
enthalpy of adsorption, respectively (Chen, 2015).

3. Results and discussion
3.1. Digestate biochar characterization

SEM images of the surface of digestate biochar show distinct differ-
ences among samples processed at different temperatures (Fig. 1). The
surface of the sample processed at 500 °C shows a well-defined fibrous
structure that can be attributed to lignocellulose remaining in the bio-
char. This fibrous structure is less noticeable with increasing tempera-
ture, and at 1000 °C very little evidence of the original morphology is
visible.

Fig. 2 presents the effects of temperature on the mass yield of the
biochar obtained. It was expected that the yield would decrease with
temperature, and there was a drop in yield from 500 °C to 800 °C, but
yield at 800 °C and 1000 °C were similar (df = 2, F = 85.3, and p <
0.0001). This may be due to the lignin content of the feedstock which
contributes to its stability. For both woody and non-woody biomass,
yields vary most at low processing temperatures, but are only weakly
temperature-dependent above 400 °C (Weber and Quicker, 2018).

The basic utility properties of biochar made from digestate at
different temperatures and commercial wood biochar are presented in
Table 1. The carbon stability of the biochar is represented by the molar
ratio of hydrogen to organic carbon. Materials with H:Cy¢ higher than
0.7 are considered not thermochemically altered or partially altered
(International Biochar Initiative, 2015). The sample processed at 500 °C
is near that upper limit with H:Cyrg = 0.66, while samples 800 °C and
1000 °C have significantly lower ratios of 0.28 and 0.16, respectively.
Based on the organic carbon content the IBI separates biochar into
different classes that relate to the material's stability in soil for 100
years, with higher values representing greater potential for long term
storage in soil. The obtained biochar can be identified as Class 2 for the
sample processed at 500 °C, and Class 4 for the samples processed 800 °C
and 1000 °C, suggesting that the higher processing temperature will lead
to persistence in the soil and greater potential for soil enhancement
(International Biochar Initiative, 2015). The basic utility values for
biochar were similar to biochar derived from wood pallets (Table 1) for
most properties, except for higher ash and nitrogen content in digestate-
derived biochar.

Since the feedstock used in the production of this biochar is derived
from a wide variety of sources, there is a risk of the presence of toxicants
found in feedstock material such as heavy metals and polychlorinated
biphenyls (International Biochar Initiative, 2015). All metals evaluated
were within the maximum allowed thresholds proposed by the IBI
(Table 2). Iron content of digestate biochar is relatively high
(10,760-11,805 mg/kg) when compared to commercial wood biochar
and other similar materials like dairy manure biochar (2290 mg/kg, for
biochar produced at 700 °C) (Cantrell et al., 2012). This unexpected
characteristic of the material is linked to its magnetic properties. Nor-
mally, magnetic biochar is obtained by treating the feedstock with ferric
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Fig. 1. Scanning electron microscopy (SEM) images of digestate biochar pro-
duced at different temperatures. Magnification: 90x. Scale: 200 pm.

salt or some other iron-containing compound before going through
thermochemical processing (Thines et al., 2017), but in this case, it was
obtained without the addition of any precursor. This can be explained by
the relatively high iron content (~8000 mg L 1) naturally present in the
solid digestate (D. Rodriguez Alberto et al., 2019). Aside from the sig-
nificant differences in iron content between the digestate biochar sam-
ples and commercial wood biochar, there are also relatively large
variations in chlorine and sodium content. Whereas wood biochar had
chlorine content of 1027 mg/kg vs. 189 mg/kg for digestate biochar
produced at the same temperature, wood biochar had no detectable
sodium compared to greater than 4000 mg/kg for all three digestate
biochar samples.
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Fig. 2. Box plot summary of the effects of temperature on the mass yield of
digestate biochar. “X” represents the mean value.

Table 1

Basic utility properties of digestate biochar.
Parameter 500 °C 800 °C 1000 °C Wood Units

biochar
Moisture 4.2 3.0 2.0 2.7 % wet wt.
Organic carbon 71.2 78.9 81.8 88.7 % dry wt.
H:Corg 0.66 0.28 0.16 0.39 Molar
Ratio
Total ash 12.4 13.7 14.4 2.7 % dry wt.
Total nitrogen 1.99 1.66 1.41 1.09 % dry wt.
pH 9.45 11.17 11.29 9.86 pH
Electrical 0.264 1.427 1.913 0.426 dS/m
conductivity

Liming 9.7 11.4 12.4 5.5 %CaCO3

Table 2

Metal content of digestate biochar.

Parameter (mg/  500°C  800°C  1000°C  Wood Max. allowed
kg) biochar thresholds
Arsenic (As) ND ND ND 1.8 13-100
Cadmium (Cd) ND ND ND ND 1.4-39
Chromium (Cr) 9.9 6.7 9.6 4.0 93-1200
Cobalt (Co) 3.1 2.6 3.8 ND 34-100
Copper (Cu) 166 154 231 103 143-6000
Lead (Pb) 3.2 0.3 ND 2.8 121-300
Mercury (Hg) ND ND ND ND 1-17
Molybdenum 3.8 2.1 2.9 1.2 5-75

(Mo)
Nickel (Ni) 4.8 3.6 4.8 2.0 47-420
Selenium (Se) ND ND ND ND 2-200
Zinc (Zn) 230 18.9 ND 99.6 416-7400
Boron (B) 43.8 42.7 38.1 21.1 NS
Chlorine (Cl) 189 645 116 1027 NS
Sodium (Na) 4087 4666 4176 ND NS
Manganese 167 157 163 174 NS

(Mn)
Iron (Fe) 11,413 10,760 11,805 1302 NS

NS=non-specified. ND=non-detected.
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Other types of toxicants that might be present in biochar are those
that are produced during the thermochemical conversion process used
to produce biochar, including polycyclic aromatic hydrocarbons (PAHs),
dioxins and furans. Since these biochars were produced from slow py-
rolysis (10 °C/min), which has been determined to produce a lower
concentration of PAHs (Wang et al., 2017), we believe that the potential
of PAH contamination is low. In addition, Weidemann et al. (2018)
analyzed the concentration of PAHs, oxygenated polycyclic aromatic
hydrocarbons (oxy-PAHs), nitrogen-containing polycyclic aromatic
compounds (N-PACs), polychlorinated dibenzo-p-dioxins (PCDDs), and
dibenzofurans (PCDFs) in biochars produced from three different feed-
stocks, including anaerobic digestate, and determined that all samples
were within the IBI's proposed limits and therefore suitable for soil
application.

The soil enhancement properties of the biochar (Table 3) refer to the
nutrients present in the material. The NPK of digestate biochar was
compared to dairy manure, a common organic fertilizer. Pituello et al.
(2015) reported the nutrient content of dairy manure, with N concen-
tration of 1.7% calculated on a dry basis, P concentration of 4500 mg/
kg, and a K value of 8800 mg/kg. When comparing dairy manure to
digestate biochar at all processing temperatures, biochar shows a higher
concentration of P, while the N and K values are in similar ranges to the
ones found in manure. Further research is needed to determine the
bioavailability of these nutrients (Chan and Xu, 2009).

Surface area measured using BET with N, adsorption was lower than
results from the butane activity method. Since the produced material is
highly porous and the diffusion rate of nitrogen molecules into micro-
pores at —196 °C extremely low, these pores may be practically inac-
cessible to Ny molecules (McLaughlin et al., 2012). In addition, another
determining interference factor, especially for the biochar produced at
500 °C, is the possible presence of residual bio-oil and mobile matter
residing in micropores. A better option for measuring surface area of this
type of material is the use of CO5 at 0 °C. At this higher temperature, it is
possible to avoid diffusion limitations, and the physical properties of
CO4 make it possible to reach very low relative pressures (Garrido et al.,
1987). Butane activity can be a viable indicator of the surface area trend
when CO, adsorption is not an option (we do not have in-house capa-
bility and 3rd-party analysis is very expensive), but due to the fact that a
significant portion of butane's adsorption capacity is at a low adsorption
energy, surface area values may be lower than actual (McLaughlin et al.,
2012).

3.2. Phosphate adsorption

The phosphate adsorption capacity and removal efficiency of diges-
tate biochar varied substantially across production temperatures
(Fig. 3). Regression analysis for removal efficiency yielded significant
effects of concentration (F = 32.9, p < 0.0001, df = 1), production
temperature (F = 990.4, p < 0.0001, df = 2), and their interaction (F =
21.4, p < 0.0001, df = 2). Samples produced at 500 °C demonstrated no
phosphate removal, and negative values indicating that phosphorous
was leaching from the biochar material into the solution. At production
temperatures of 800 °C and 1000 °C, the removal efficiency decreased
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Fig. 3. Phosphate adsorption using digestate biochar prepared at different
temperatures compared to commercially available wood biochar. (a) Adsorp-
tion capacity, also compared to activated carbon *(Shi et al., 2011) (b) removal
efficiency. Error bars represent standard error from the mean of triplicate ex-
periments, in most cases not visible.

with increasing concentration, but at the higher concentrations, 1000 °C
biochar significantly outperformed samples produced at both 500 °C
and 800 °C. Biochar produced at 1000 °C provided 100% recovery of
phosphate solution at 50 mg L™! or lower, dropping to about 75% at
phosphate concentration of 180 mg L™!. Adsorption capacity with bio-
char produced at 800 °C was significantly lower, with removal efficiency
of about 75% at 50 mg L' and dropping to 25% when phosphate
concentration increased to 180 mg L7l The increasing adsorption ca-
pacity related to a higher processing temperature can be explained by
the removal of carbon mass at higher temperatures which creates pores
in the material, increasing its surface area and leading to higher removal
(Trazzi et al., 2016).

Similar behavior was observed for both traditional and magnetic
biochar made from orange peel, with the magnetic sample produced at a
higher temperature demonstrating the highest adsorption capacity
(Chen et al., 2011). This interaction between pyrolysis temperature and
magnetic activity may be related to the form of iron oxide and its
location in the composite (i.e., on the surface or embedded within the
biochar) which is highly influenced by the processing temperature. In
addition, there is a correlation between adsorption capacity and iron

Table 3

Soil enhancement properties of digestate biochar.
Parameter 500 °C 800 °C 1000 °C Wood biochar Units
Ammonium (NH4-N) 12.2 7.8 7.8 3.7 mg/kg dry wt.
Nitrate (NO3-N) 0.8 0.7 3.1 1.4 mg/kg dry wt.
Phosphorus (P) 13,730 11,790 11,376 1918 mg/kg dry wt.
Potassium (K) 8677 10,318 12,256 3464 mg/kg dry wt.
Volatile matter 30.6 19.5 18.4 7.7 % dry wt.
Surface area (butane activity) 205 203 172 288 m?/g
Surface area (BET)" 8.3(3.4) 173.1 (5.5) 25.8 (4.25) - mz/g

? n = 10, values in parentheses represent standard deviation.
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content in the biochar surface, so at this higher temperature (1000 °C)
there might be a greater proportion of magnetite left than biochar (Chen
et al., 2011). The presence of metal oxides is associated with a higher
phosphate adsorption that can be explained by the aqueous phosphate
forming a surface deposit with the metallic oxide through hydrogen
bonds or by forming precipitation through a chemical reaction and
resulting in better adsorption capacity (Ajmal et al., 2020; Yao et al.,
2011).

Commercial wood biochar produced by gasification at 500-600 °C
had a lower adsorption capacity than biochar produced at 800 °C and
1000 °C, and a similar behavior to the digestate biochar produced at
500 °C. This may be associated with the lower processing temperature or
the lack of electrostatic interaction between the woody biochar and the
phosphate ion (Vikrant et al., 2018). The data for phosphate adsorption
using activated carbon (AC) was extracted from a study by Shi et al.
(2011). Although experimental conditions were slightly different (1 h
exposure period versus our 24 h exposure period), this comparison al-
lows evaluation of the performance of digestate-derived biochar to more
conventional products. The adsorption capacity of activated carbon was
more than double that of the digestate biochar for each given concen-
tration. However, synthesizing AC is a more energy intensive procedure
requiring the extra step of carbon dioxide or steam activation (Ahmed
et al., 2019). In contrast, solid digestate is a valorized waste material
that can likely be obtained at low cost. Our experiments demonstrate the
utility of digestate biochar for phosphate removal without any further
treatment. The adsorption of phosphate present in liquid digestate so-
lution using solid digestate biochar produced at 1000 °C was similar to
that achieved using synthetic solutions of equivalent concentrations
(Fig. 4). Our results were also compared to previous research using
anaerobically digestated biomass to produce biochar and used for
phosphate recovery (Table S2, Supplementary material), having in mind
that the pyrolysis and adsorption parameters vary within these studies
and thus direct comparison of results is difficult.

3.3. Isotherm modeling

Both nonlinear adsorption isotherm relationships (Egs. (4) and (5))
for digestate biochar produced at 1000 °C and a synthetic solution or
liquid digestate (Fig. 5) provide reasonably good representations of the
empirical data. However, the plots and R? values (Table 4) indicate that
the Freundlich model provides a slightly better fit. This is congruent
with biochar produced from a variety of other materials and used to
recover phosphate, including magnetic wood biochar (Ajmal et al.,
2020), dairy- manure biochar (Chen et al., 2011; Choi et al., 2019), and

35 1
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S 20 4
3
o 15 +
5 - "
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Om t t t } } t {
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Fig. 4. Adsorption capacity of phosphate in liquid digestate solution vs syn-
thetic solution using solid digestate biochar produced at 1000 °C. Error bars
represent one standard deviation from the mean of triplicate experiments, in
most cases not visible.
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Fig. 5. Nonlinear fitting of Freundlich and Langmuir isotherm model using
digestate biochar produced at 1000 °C as the adsorbent to recover phosphate
from (a) synthetic solution and (b) liquid digestate.

Table 4

Isotherm constants for phosphate ion adsorption from two different sources.
PO4 source Langmuir Freundlich

am Ky, R n Kp R?
Synthetic 39.72  0.003 0.9940 1.269 0.156  0.9880
solution
Liquid digestate 11,719 7.50E- 0.9930 0.897 0.061 0.9998
07

digested sugar beet tailing biochar (Yao et al., 2011). The isotherm
fitting to the Freundlich model can be an indication of a heterogeneous
surface that can lead to a non-uniform sorption (Chen, 2015). However,
as suggested by Vikrant et al. (2018), because the R? values for the
Langmuir and Freundlich isotherm model fits were found to be very
close, it is reasonable to conclude that phosphate adsorption by the food
waste and manure co-digestate biochar used in this study could be
controlled by multiple processes. Isolating the specific physiochemical
adsorption mechanisms will be the focus of our future research.

4. Potential for commercial application

Based on the favorable experimental results presented in Section 3,
we conducted additional analysis to determine if the digestate biochar
adsorption method has the potential to be replicated at scale, based on a
case study of a local dairy farm-based Aco-D facility that produces
98,000 t of digestate annually. This is the same facility where solid
digestate was collected, which processes cow manure along with in-
dustrial food waste in a 48% v/v to 52% v/v ratio. We collected data on
the characteristics of the digestate of this site on a bimonthly basis and
determined that the average liquid digestate phosphate concentration is
438 mg L ~! (Fig. S3, Supplementary material). For this concentration
we used the Freundlich model fit to the experimental data (Fig. 5b) to
extrapolate a corresponding adsorption capacity of 39 mg g 1. Using this
information, total biochar needed (TBN) was calculated using Eq. (6):
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TBN = [PO4], *pp  *D*Fp*AC™ (6)
where:

TBN = Total biochar needed (t)

[PO4]1p = Concentration of phosphorus in liquid digestate (mg LY
pp = Density of liquid digestate (kg/L)

D = Total mass of digestate (t)

Frp = Fraction of liquid digestate (%)

AC = Adsorption capacity of solid digestate biochar at a given con-
centration (mg/g)

Assuming a density of 1 kg/ L for liquid digestate, we determined
that to recover 100% of the phosphate present in the liquid, 1067 t of
solid digestate biochar would be needed. Then we calculated the
amount of biochar that is possible to produce under the conditions of
this anaerobic co-digestion plant using Eq. (7):

PBP = D*Fgp*(1 — M;sp)*Y @)
where:

PBP = Potential biochar production (t)

D = Total mass of digestate (t)

Fgp = Fraction of solid digestate (%)

Mgp = Moisture content of solid digestate (%)
Y = Biochar production yield (%)

For the 98,000 t of digestate produced by the studied digester, 3% of
the material is in solid form and 97% is liquid form, with a solid fraction
moisture content of 73% and a biochar production yield of 30%. Under
these assumptions it is possible to produce 238 t of solid digestate bio-
char. This result, coupled with the computed TBN value of 1067 t,
suggests that by using solid digestate only as the biochar feedstock it is
possible to produce enough biochar to adsorb about 20% of the phos-
phate in the liquid fraction and thus the use of digestate alone does not
fulfill the plant's biochar needs with the current configuration. This
result is comparable to the findings from Streubel et al. (2012) who were
able to recover 30% of the phosphate present in digester effluent using
biochar made from anaerobic digester fiber at 500 °C, although the
methods and scale of this particular study differ to those used in our
study. Future research will include assessing the potential use of solid
manure biochar as an adsorbent. Solid manure is an abundant material
at an AD facility, it has a higher solids content than digestate (~6%), and
may be separated prior to digestion to improve plant efficiency. Thus,
depending on its adsorption capacity, it could potentially satisfy the
biochar requirements to completely recover the phosphate found in
liquid digestate. This configuration sustains the purpose of using ACo-D
as a waste management alternative for the food industry and makes use
of resources already available in the digester setting to recover nutrients
from digester effluent.

5. Conclusion

This study demonstrated the potential of using digestate biochar to
recover nutrients from digester effluent. The synthesized biochar can
adsorb 20% of the phosphate present in liquid digestate. Further
research should address some of the challenges that have not been
included in this study, such as additional equipment associated with
scale-up application, the inclusion of other nutrients like nitrogen and
potassium to fully capitalize on the fertilizer value of the digestate, and
the disposal strategy for the final liquid effluent resulting from the
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adsorption process.
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