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Anaerobic digestion of poultry litter is a potentially sustainable means of stabilizing this waste while gen-
erating biogas. However, technical challenges remain including seasonality of litter production, low C/N
ratios, limited digestibility of bedding, and questions about transformation of nutrients during digestion.
This study investigated biogas production and nutrient transformations during anaerobic digestion of
poultry litter leachate and whole litter. Use of fresh litter collected from within the house was also com-
pared to waste litter cake that was stored outdoors on the farm. The results showed that litter leachates
had higher biomethane potential (0.24–0.30 L/gVS) than whole litter (0.15–0.16 L/gVS) and the insoluble
bedding material left after leaching (0.08–0.13 L/gVS). Leachates prepared from waste litter cake had
lower uric acid and higher acetic acid concentrations than fresh litter indicating that decomposition
had occurred during storage. Consequently, waste litter cake had faster initial biogas production but
lower final biogas yields compared to fresh litter. In all reactors, uric and acetic acids were completely
consumed during digestion, phosphate levels decreased but ammonium levels increased. The results
demonstrate that poultry litter leachate is amenable to digestion despite a low C/N ratio and that the
remaining insoluble bedding material has been partially stripped of its nutrients. Moreover, litter can
be stored prior to digestion but some losses in biomethane potential should be expected due to decom-
position of organics during storage.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Disposal of poultry litter through land application provides
plants with essential nutrients but over-application to land in the
vicinity of the livestock operation has led to nutrient build-up in
soils (Lory et al., 2006). There is consequently great interest in
developing alternative beneficial uses for poultry litter waste.
Anaerobic digestion (AD) of poultry litter has attracted attention
as a means of converting organic constituents into energy-rich bio-
gas (Coker, 2017; Singh et al., 2010). One study even suggested that
poultry manure had greater bio-methane potential than dairy
manure, particularly when the solids loading rate did not exceed
5% (Itodo and Awulu, 1999). The concept has also been demon-
strated at larger scale: a commercial scale poultry litter digester
has operated in West Virginia for over ten years (Bombardiere
et al., 2007). Nearby farms provided the litter, which was slurried
and pumped into the thermophilic digester. The resulting biogas
from litter digestion could be used to provide heat to the poultry
house, one of the major operating costs for growers. The digester
effluent is still rich in mineralized nutrients including nitrogen
and phosphorus (Möller and Müller, 2012). The biosolids could
be applied to crops and the liquid used for fertigation. However,
an alternative approach is to use nutrients in the liquid fraction
for cultivation of protein- and lipid-rich algae (Singh et al., 2011).
The algae can be used for biofuel production, and, if safety concerns
are addressed, it can also be used as a feed amendment for fish and
livestock. While this concept is attractive from a sustainability
standpoint, there are still significant gaps in technical knowledge
regarding anaerobic digestion of poultry litter.
nutri-
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One key challenge stems from the fact that poultry operations
are seasonal and thus large amounts of litter are disposed of in
short periods of time. This presents a logistical problem for anaer-
obic digestion: one option is to use a large, but poorly-utilized,
digester. Another option is to store the litter and feed it into a
smaller digester on a continuous basis. The latter is more attractive
from a cost-standpoint but there is limited understanding of how
storage of litter impacts its digestibility.

Digestion of poultry litter also presents unique challenges com-
pared to digestion of manure produced by cattle and swine. The
majority of the litter is lignocellulosic bedding material, typically
wood shavings, peanut hulls, or rice hulls in the Southeastern US
(Grimes, 2004). Litter also contains poultry manure, spilled feed,
and feathers, all with varying degrees of digestibility (Kelleher
et al., 2002). There is a general assumption that bedding material
is not readily digestible by anaerobic microbes (Singh et al.,
2010) due to the fact that lignin is not easily biodegraded under
anaerobic conditions (Benner et al., 1984). Lignin binds to and pro-
tects cellulose and hemicellulose from degradation, increasing the
recalcitrance of polysaccharides that would otherwise be amenable
to hydrolysis (Abdel-Hamid et al., 2013). As a result, it can be chal-
lenging to use AD to treat waste sources rich in lignocellulosic bio-
mass where hydrolysis is considered the rate-limiting step in
biogas production (Shrestha et al., 2017). Success has been
achieved co-digesting lignocellulosic yard waste biomass with
food waste in high-solids digesters (Brown and Li, 2013), however,
achieving high methane yields from lignocellulosic materials likely
requires biomass pretreatment prior to AD (Paudel et al., 2017;
Paul and Dutta, 2018).

Another challenge with AD of poultry litter is the potentially
low C/N ratios which can vary from 6:1 to 20:1 (Walker, 2015).
Co-digestion studies have shown that substrate C:N ratios exceed-
ing 15:1 for mesophilic reactors and 20:1 for thermophilic reactors
can lead to ammonia inhibition of the microbial community (Wang
et al., 2014). However, C/N ratios can be misleading when dealing
with materials with high lignocellulose content (like poultry litter)
because most of the carbon is locked in the recalcitrant lignocellu-
lose and therefore of limited use for digestion. Thus the ‘‘effective”
C/N ratio can be lower than the nominal ratio (Shen and Zhu,
2016). Co-digestion of nitrogen-rich substrates with carbon-rich
substrates has been proposed as a solution to unfavorable C/N
ratios (Brown and Li, 2013; Ward et al., 2008).

To overcome the limited digestibility of bedding material,
leaching of poultry litter can be used to separate soluble and insol-
uble materials prior to digestion. In such a scheme, the bedding
material is retained in the insoluble fraction whereas the soluble
leachate primarily contains the digestible manure components.
The latter also contains a wide range of soluble metals and nutri-
ents including nitrogen and phosphorus compounds which can
impact anaerobic digestion. Currently there is a lack of comprehen-
sive knowledge regarding the relative digestibility of the soluble
and insoluble fractions of poultry litter as well as the effects of lit-
ter storage on digestibility of these two fractions.

The objectives of this study were to (1) compare the relative
digestibility of poultry litter leachates, insoluble materials, and
whole litter, (2) quantify the digestibility of fresh litter versus
stored waste litter, and (3) determine the level of partitioning of
metals and nutrients during the leaching and digestion processes.
The results will inform whether leaching is a viable approach to
improving digestibility of poultry litter and whether there is a sig-
nificant tradeoff with regard to storing litter prior to digestion. The
results will also provide essential data on process effluent compo-
sition, allowing engineers and growers to determine appropriate
uses for effluent including field application or cultivation of algae.
Two litter types were tested in this study: fresh litter collected
from inside a poultry house and waste litter cake (hereafter
Please cite this article as: K. Chaump, M. Preisser, S. R. Shanmugam et al., Leachi
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referred to as waste litter) that was stored outdoors in a pile on
the poultry farm.
2. Methods

2.1. Litter collection

Poultry litter was collected from a local broiler operation in
Eastern Alabama on October, 28th, 2016. Litter was collected from
inside an operating poultry house and from a pile of waste litter
located on site. Litter samples were placed in plastic Ziplock� bags
and transported back to the lab in a cooler. Litter was used within
several weeks for biomethane potential (BMP) testing and to pre-
pare leachates as described below.

2.2. Leaching of poultry litter

Leachates of poultry litter were prepared at four solids loading
rates: 14, 18, 24 and 36 g/L litter. Litter was mixed in sterile dis-
tilled water (dH2O) for four hours at room temperature on a shaker
at 150 rpm. The resulting suspension was then filtered through a
No. 41 Whatman filter and the liquid fraction (leachate) was
retained for chemical analyses and anaerobic digestion. The solids
above the filter were also retained for digestion studies and volatile
solids (VS) analysis. Leachates were stored at 4 �C until BMP testing
and a subset of leachates was stored at �80 �C for subsequent
chemical analyses.

2.3. Anaerobic digestion of poultry litter and leachates

Serum bottles (160 ml) were operated in batch mode for anaer-
obic digestion studies. All reactor conditions had three biological
replicates unless otherwise noted. Inoculum for all digestion stud-
ies was obtained from a mesophilic anaerobic digester at the South
Columbus Water Resources Facility in Columbus, GA.

For digestion of solid litter samples, each reactor was loaded
with 10 g/L of total VS which included both the VS contribution
of the substrate and the inoculum. Substrate to inoculum ratios
ranging from 0 to 80% were tested. The liquid volume in the reactor
was 60 ml with 100 ml of headspace for gas collection. Three con-
trol bottles were prepared and included 12 ml of inoculum and
48 ml dH2O. The bottles were capped with rubber stoppers and
aluminum seals, then wrapped with aluminum foil to prevent light
penetration. Nitrogen was purged into all the bottles before sealing
to remove the headspace oxygen and to maintain anaerobic condi-
tions. All were placed in a shaker at 35 �C at 150 rpm and digestion
was carried out for 28 days. Biogas was measured every 2–3 days
using a pressure meter connected to a needle that was inserted
into the serum bottle. Pressures were converted into moles of
gas using the ideal gas law.

A second digestion study was carried out to compare the
digestibility of whole litter, leachate, and the insoluble fraction
remaining after leaching. Leaching was performed with a solids
loading of 14 g/L. For anaerobic digestion, a 10 g/L VS loading rate
was targeted with 60% of VS from the inoculum and 40% from the
substrate. The same conditions were used in this study as the
whole-litter study except that digestion was carried out for
32 days.

A third digestion study was carried out to compare digestion of
leachates prepared at four different solids loading rates as detailed
in Section 2.2, ‘‘Leaching of poultry litter.” For anaerobic digestion
of leachates, reactors were prepared with 48 ml leachate and inoc-
ulated with 12 ml of inoculum. Gas production was measured
every three days, beginning at day one, and continuing through
day 27.
ng and anaerobic digestion of poultry litter for biogas production and nutri-
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2.4. Gas chromatography with thermal conductivity detection (GC-
TCD) analysis of biogas

Biogas composition was determined using a GC-TCD at the end
of the batch digestions. An SRI 8610C gas chromatograph instru-
ment was used for analysis with argon as the carrier gas (20 ml/
min). A column (2 m � 1/8 in. � 2 mm) packed with HayeSep D
80–100 mesh (Sigma) was used for separation. Gas was sampled
from the headspace of reactors using a gas-tight syringe and 1 ml
of gas was manually injected into the instrument. Calibration gas
containing 50% methane, 30% carbon dioxide, and a nitrogen bal-
ance (Airgas) was used to prepare standards by mixing this gas
with pure nitrogen in different ratios. The instrument’s injection
port was 90 �C and the oven was programmed as follows: hold
2 min at 40 �C, ramp to 130 �C at 40 �C/min, ramp to 210 �C at
50 �C/min, hold at 210 �C for 1 min. Peaks were integrated in
PeakSimple software (v. 3.72).

2.5. Volatile and total solids analysis

Volatile and total solids were analyzed through drying and com-
bustion per EPA Method 1684 (EPA, 2001). Solid materials were
weighed directly into aluminum dishes. For leachates, 30 ml ali-
quots were made into aluminum dishes in triplicate. Dishes were
allowed to air dry under a fume hood for 24 h, then placed in a
105 �C oven for 4 h to ensure complete drying. Mass was recorded
before and immediately after drying to determine moisture con-
tent. The dry samples were then combusted in a muffle furnace in
groups of nine, at 550 �C for ninety minutes. The samples were left
to cool in a desiccator for 15 min, and then weighed. The resulting
mass of the ash was used to determine volatile and total solids.

2.6. Ion chromatography analysis

Soluble cations and anions were measured on a Shimadzu
Prominence High Pressure Liquid Chromatography instrument
using a conductivity detector. Samples of leachates and digestates
were first filtered (0.2 lm) and 20 ll of sample was injected onto
the column. Cations were separated on a Dionex CS12 column
(4 � 250 mm) coupled to a CS500 self-regenerating suppressor
supplied with 59 mA. The column flow rate was 1 ml/min of
20 mMmethanesulfonic acid in Nanopure water. Anions were sep-
arated on a Dionex AS22 column (4 � 250 mm) coupled to an
AS500 self-regenerating suppressor supplied with 26 mA. The col-
umn flow rate was 1 ml/min of 4.5 mM sodium carbonate and
1.5 mM sodium bicarbonate in NanoPure water. In all cases, the
column oven was set to 28 �C. Peak integration was performed in
LC Solutions software (Shimadzu).

2.7. Chemical oxygen demand (COD) analysis

A HACH COD assay kit was used to analyze chemical oxygen
demand in leachates and digestates. Samples were filtered
(0.2 lm) prior to the assay in order to measure soluble COD. Fil-
trates were then diluted as necessary to ensure they fell within
the assay range of 100–1500 mg/L. The assay was carried out
according to the manufacturer’s instructions and a DR900 spec-
trometer (HACH) was used to read the COD concentrations in the
vials.

2.8. High pressure liquid chromatography (HPLC) and mass
spectrometry (MS) analysis

HPLC was used to quantify volatile fatty acids using a Shimadzu
Prominence HPLC. An Aminex 87H column (BioRad) was used to
Please cite this article as: K. Chaump, M. Preisser, S. R. Shanmugam et al., Leachin
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separate the acids which were then detected by a photodiode
array detector at 210 nm. The column flow rate was 0.6 ml/min
of 5 mM sulfuric acid in Nanopure water. The column oven was
60 �C. Uric acid was analyzed by HPLC coupled to a photodiode
array detector and single quadrupole mass spectrometer (Shi-
madzu LCMS 2020). Normal phase chromatography was carried
out on an Hypersil GOLD Amino column (3 � 150 mm and
3 lm, Thermo). Phase A was 95% aqueous ammonium formate
(1 g/L), adjusted to pH 4.5 and 5% acetonitrile. Phase B was
100% acetonitrile. The flow rate was 0.5 ml/min and the gradient
was 80% B from 0 to 1 min, ramp to 20% B from 1 to 8 min, hold
at 20% B from 8 to 14 min, and ramp to 80% B from 14 to 15 min
and hold at 80% B from 15 to 20 min. The column oven was 30 �C.
The mass spectrometer was operated in scan mode (50–500m/z
per second) under negative electrospray ionization. Ions corre-
sponding to m/z 167 and 335 were confirmed to correspond to
uric acid using a pure standard. Quantification of uric acid was
carried out based on UV absorbance at 254 nm. Peak integration
and concentration determination was carried out in LabSolutions
software v. 5.86 (Shimadzu).
2.9. Inductively couple plasma with optical emission spectrometry
(ICP-OES) analysis

Due to high suspended solids, the leachate samples were fil-
tered through Whatman no. 42 filters. The leachate samples
(5 ml) were then acid digested using 16 M HNO3 at a 1:1 ratio in
a microwave (CEM, MARSXpress) using the EPA method 3051
(EPA, 2007). Microwave power was set to 1600 W and the mixture
was first heated to 175 �C for 5.5 min, followed by holding the tem-
perature for 5.5 min and then cooled down slowly. The digestate
was analyzed by inductively coupled plasma–optical emission
spectrometry (ICP–OES) (Spectro Ciros ICP, SPECTRO Analytical
Instruments, Kleve, Germany) for metals and nutrients (total As,
B, Cd, Cr, Cu, Mn, Mo, Ni, Pb, Zn, Al, Ca, Fe, K, P, and S). Results were
calculated per mass of total leachate. A similar analysis was also
carried out on the original solid litters in which 0.5 g of litter
was digested with 10 ml of 16 M HNO3.
2.10. Total carbon, hydrogen, nitrogen, and sulfur analysis

Ultimate analysis of the solid poultry litter samples used in this
experiment was carried out using a vario MICRO cube Elemental
Analyzer (Elementar) to quantify the amount of carbon (C),
hydrogen (H), nitrogen (N) and sulfur (S) present in samples.
Oxygen (O) content of the samples was calculated by difference
(i.e. O[%] = 100 � C[%] � H[%] � N[%] � S[%] � Ash[%]). Triplicate
samples were randomly collected and the results were presented
as average of these three runs along with standard deviation. In
order to quantify the amount of C and N present in the leachates
and digestates, the aqueous samples were analyzed using
Shimadzu Total Organic Carbon (TOC) analyzer with additional
Total Nitrogen (TNM-L) unit. Potassium hydrogen phthalate and
potassium nitrate were used as TOC and TN standards. Aqueous
samples were filtered using 0.45 mm filter membrane and diluted
(approx. 20 times) before performing the TOC and TN analysis.
All the sample analyses were conducted in triplicates.
2.11. Data analysis

Student’s paired t-test and p-value calculations were carried out
in MS Excel. Tukey’s HSD test was carried out in R (Team, 2013)
using the ‘car’ and ‘agricolae’ packages.
g and anaerobic digestion of poultry litter for biogas production and nutri-
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3. Results and discussion

3.1. Litter composition and digestibility

Litter stored outdoors in a waste pile had more than double the
moisture content (p < 0.01) than litter collected from within the
poultry house (Table 1). While VS and elemental compositions
were generally similar between the two litter types, the fraction
of nitrogen in waste litter was 39% higher, leading to a lower C/N
ratio.

Digestion studies of these two litter types were carried out
under different substrate to inoculum (SI) ratios ranging from 0%
to 80%. This was done to understand which ratio led to greatest
conversion efficiency of litter volatile solids into methane as mea-
sured by biomethane potential (BMP). Generally, lower SI ratios led
to greater conversion efficiency (Table 2). Kawai et al. also found
that low SI ratios led to greater conversion efficiency in food waste,
largely due to lower levels of acidification (Kawai et al., 2014).
Fresh litter had higher methane production than waste litter for
SI ratios below 60%. However, waste litter was less sensitive to
changes in SI ratio than fresh litter. This could be due in part to
ongoing anaerobic breakdown of this material while it was stored
on site; thus it already had a robust microbial community in place
for biomass decomposition. Methane to CO2 ratios were roughly
60:40 for all SI ratios, which is typical for anaerobic digestion. From
this data, an SI ratio less than 50% is appropriate for maximizing
conversion efficiency of litter to methane.

The BMP levels observed here (0.16–0.29 L CH4/g substrate VS)
are in alignment with the results of other researchers studying
anaerobic digestion of manures. For example, Miah et al. observed
BMP levels of 0.22 L CH4/g substrate VS during digestion of poultry
litter and poultry droppings (Miah et al., 2016). Adebayo et al.
achieved BMP of 0.32–0.33 L/g of dry organic matter when digest-
ing a mixture of cow slurry with corn cobs (Adebayo et al., 2012).
Batch studies by Shen and Zhu (2016) yielded BMP levels of
0.064 L/g VS at a 5% total solids loading rate and 0.005 L/g VS at
a 2% solids loading rate. The authors attributed the low methane
yields to ammonia inhibition and low C/N ratios. Given robust bio-
gas production in our initial tests, we could conclude that our
inoculum contained robust methanogen activity. At a solids load-
ing of only 1%, ammonia inhibition was also unlikely.
3.2. Digestibility of soluble and insoluble litter fractions

The majority of poultry litter is bedding material, which is typ-
ically composed of lignocellulosic biomass (in this case pine shav-
ings). Lignin is not easily degraded by anaerobic processes and
protects the cellulose and hemicellulose from degradation
(Abdel-Hamid et al., 2013). Consequently, it has been postulated
by others that bedding material is not easily degraded by anaerobic
digestion (Singh et al., 2010). Our results generally support this
conclusion. Fig. 1 shows a comparison of BMP of whole litter, lea-
chate (soluble), and the solid residue left after leaching (insoluble).
Table 1
Poultry litter composition.

Fresh litter Waste litter

TS % 85.9 (1.1) 67.1 (4.3)
VS/TS % 84.0 (0.4) 79.2 (4.5)
N % 4.33 6.03
C % 38.23 40.65
H % 5.25 5.62
S % 0.76 0.61
C/N ratio 8.83 6.74

Values in parentheses are SD based on n = 3.
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Although the VS content of the insoluble fractions were approxi-
mately 40% higher than the soluble fractions, its digestibility was
low, with BMP levels that were roughly 50–75% lower than the sol-
uble fraction. The insoluble fraction was composed mostly of pine
shavings but also included other constituents such as uric acid
which has low solubility in water. Not surprisingly, the BMP level
of whole litter falls somewhere between that of the insoluble and
soluble fractions. For all materials, methane contents were high,
suggesting good methanogen activity. However, the fresh litter
fractions generally had a higher methane content and BMP than
the waste litter fractions but the differences were not always sta-
tistically significant at the 0.05 level. As the VS in the soluble frac-
tion of the litter is likely derived primarily from poultry manure,
we can compare the BMP levels of this fraction to other researchers
who have investigated digestion of pure poultry manure. The
observed BMP levels of 0.24–0.30 L CH4/g substrate VS compare
favorably to 0.27 L CH4/g substrate VS observed by Bayrakdar
et al. (2018) in a leaching bed poultry manure digester equipped
with a side-stream ammonia scrubber. Our result generally con-
firms the hypothesis that poultry manure has much greater
digestibility than bedding material. Efficient digestion of the latter
likely requires pre-treatment (Paudel et al., 2017), adding cost and
complexity to the system.

3.3. Litter leachate composition

Given that leachates exhibited greater digestibility than insol-
uble bedding material, we further explored digestion of leachates
prepared at different solids loadings. Preparing leachates at higher
solids loadings generally is more economical due to the need for
less water and, consequently, digester size and heat demands are
reduced. However, there is often a tradeoff between loading rates
and biomethane production efficiency: high loading leads to high
nutrient levels, particularly ammonium, which can inhibit diges-
tion (Shen and Zhu, 2016). Consequently, we were interested in
measuring concentrations of organic and nutrient constituents in
leachates and their fate during digestion. Nutrients liberated by
leaching and digestion also can be viewed as either a valuable pro-
duct (through fertigation or algae cultivation) or as a nuisance
(nutrient pollution).

Leachates were prepared at four loadings ranging from 14 to
36 g/L solids from both fresh and waste litter. Insoluble material
was removed by course filtration through a No. 41 filter and a vari-
ety of chemical analyses were performed on the resulting lea-
chates. Total and volatile solids concentrations generally
increased linearly with solids loading (Table 3). This was also gen-
erally true for highly soluble ions including chloride, potassium,
sodium, and ammonium. Even some ions that can create insoluble
complexes, such as magnesium and calcium, generally increased
linearly with solids loading. Phosphate, however, did not increase
linearly with leachate loading. It exhibited saturation behavior in
fresh litter leachates and an unusual u-shaped response in waste
litter suggesting the presence of insoluble phosphate. Sulfate also
exhibited this behavior in the waste litter but not in the fresh litter.

Many of the nutrient ions had comparable levels between lea-
chates prepared from fresh versus waste litter. These included
chloride, nitrate, sodium, ammonium, and potassium. However,
total solids, volatile solids, COD, TOC, and TN were consistently
higher in the fresh litter than they were in the waste litter. More-
over, phosphate and sulfate concentrations were consistently
higher in the waste litter than they were in the fresh litter.
Together, these observations suggest significant microbial activity
in the waste litter, resulting in organic degradation and organic
phosphorus mineralization during litter storage.

To further investigate the hypothesis of microbial decomposi-
tion, we performed HPLC analysis of volatile fatty acids that are
ng and anaerobic digestion of poultry litter for biogas production and nutri-
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Table 2
Impact of substrate to inoculum ratio on biomethane production.

SI ratio Inoculum only Fresh litter Waste litter

0% 80% 60% 40% 20% 80% 60% 40% 20%

BMP (L/g substrate VS) – 0.15 0.23 0.29 0.28 0.15 0.17 0.14 0.16
% CH4 53% 61% 59% 62% 60% 60% 59% 60% 58%
% CO2 47% 39% 41% 38% 40% 40% 41% 40% 42%

Fig. 1. Comparison of digestibility of whole litter and its soluble and insoluble fractions. (A) Total solids (TS) content of litter fractions, (B) volatile solids (VS) as a percent of
total solids, (C) biomethane potential (BMP), and (D) methane content of biogas. Error bars are SD based on n = 3 biological replicates. Values followed by the same letter are
not statistically different at the 0.05 level.

Table 3
Leachate chemical composition.

Solids loading (m/v) Fresh Litter Leachates Waste Litter Leachates

1.4% loading 1.8% loading 2.4% loading 3.6% loading 1.4% loading 1.8% loading 2.4% loading 3.6% loading

Solids loading (g/L) 14 18 24 36 14 18 24 36
TS (g/L) 4.15 5.04 7.07 9.27 3.52 4.18 5.68 8.61
VS (g/L) 3.06 3.67 5.01 6.62 2.27 2.68 3.64 5.62
Soluble COD (g/L) 4.35 5.26 5.35 8.34 2.09 3.69 5.27 6.77
Soluble TOC (g/L) 1.31 1.60 2.74 3.02 1.50 1.28 1.15 2.66
Soluble TN (g/L) 0.71 0.83 1.15 1.21 0.50 0.46 0.57 0.71
Soluble C/N ratio (mass basis) 1.86 1.92 2.38 2.50 2.98 2.77 2.01 3.73
Acetic acid (mg/L) 139 194 227 337 327 529 748 1295
Uric acid (mg/L) 480 612 591 608 100 215 131 290
Chloride (mg/L) 136 166 234 345 199 149 209 323
Nitrite (mg/L) 0 0 0 0 12 13 12 13
Nitrate (mg/L) 7 7 8 9 8 7 8 10
Phosphate (mg/L) 262 320 436 471 618 488 606 988
Sulfate (mg/L) 91 105 137 186 214 169 216 332
Sodium (mg/L) 89 106 126 186 71 108 140 200
Ammonium (mg/L) 124 144 169 237 87 135 174 252
Potassium (mg/L) 356 440 537 802 299 486 626 941
Magnesium (mg/L) 40 49 64 94 36 59 82 122
Calcium (mg/L) 31 34 42 59 18 20 32 40
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typically generated by soil microbes including acetic, propionic,
and butyric acids (Simmons et al., 2016). Acetic acid concentra-
tions were consistently higher in waste litter than they were in
Please cite this article as: K. Chaump, M. Preisser, S. R. Shanmugam et al., Leachin
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fresh litter. It is likely that propionic and butyric acid were also
present but analysis of the UV spectrum suggested co-elution with
phenolic compounds. Thus, these were not quantified. HPLC analy-
g and anaerobic digestion of poultry litter for biogas production and nutri-
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sis also revealed a very large peak in all leachates which underwent
further investigation by LCMS and its identity was confirmed as
uric acid. Uric acid is excreted by chickens and is expected to be
found in leachates. Uric acid has low solubility in water (60 mg/L
at 20 �C) but concentrations far higher than this were observed
in leachates. LCMS m/z values of 335 indicated significant agglom-
eration of uric acid in leachates, allowing concentrations to exceed
the solubility limit. To overcome this problem, leachates were
diluted 50-fold with dH2O prior to filtration and quantitative anal-
ysis by HPLC. The lack of solubility also explains the non-linear
behavior of uric acid concentration in response to increased litter
loading rates when preparing leachates. This means that leaching
is not effectively removing all uric acid from the insoluble material.
Uric acid concentrations were roughly 3–4 times higher in fresh lit-
ter than they were in waste litter suggesting that microbes con-
sumed some of the uric acid in the waste litter during storage.

Soluble C/N ratios were low in all litter leachates, ranging from
1.86 to 3.73. The ratios were generally but not consistently higher
in the waste litter. As a note, pure uric acid has a C/N ratio of 1.1.
These values are low for anaerobic digestion (Wang et al., 2014)
but strong biogas production was observed in leachates as noted
previously. Ammonia inhibition is one of the frequently cited chal-
lenges in sustaining anaerobic digestion of poultry manure
(Bayrakdar et al., 2018). Studies suggest that ammonium levels in
the range of 1.7–14 g/L are inhibitory to methanogens (Chen
et al., 2008), depending on culture conditions such as pH, temper-
ature, substrate, and microbial adaptation. Such levels were not
reached in the present study, with maximum ammonium concen-
trations of roughly 1 g/L, which likely explains the strong biogas
production in spite of the low C/N ratio. Likewise, Shen and Zhu
(2017) found that poultry litter leachates can produce high biogas
yields in a continuous anaerobic biofilm digester. The Total Kjel-
dahl Nitrogen (TKN) in their leachates did not exceed 1.1 g/L which
is unlikely to cause ammonia inhibition, even if full mineralization
of TKN to ammonium occurred. Future efforts to intensify the pro-
cess by increasing the solids loading rate, however, could be lim-
ited by ammonia inhibition.

3.4. Heavy metal content in leachates

Use of leachates or digestates of leachates for beneficial pur-
poses such as crop fertigation or algae cultivation necessitates con-
firmation that heavy metal contents are acceptably low. High
heavy metal content could lead to bioaccumulation in algae and
plants, impacting their usefulness as food and feed. ICP analysis
revealed arsenic, cadmium, chromium, aluminum, and lead con-
centrations that were either very low or below the detection limit
(�0.01 mg/kg leachate) as shown in Table 4. Copper, a known algi-
cide, had concentrations in the range of 0.40–0.65 mg/kg leachate
and are on par with the concentrations usually found in algae
growth medium (0.47 mg/L) (Higgins and VanderGheynst, 2014).
These copper concentrations were generally lower than those
found in litter leachate prepared by Gupta et al. (1.50–2.60 mg/L)
(Gupta et al., 1997) indicating that site-specific considerations
are important before determining suitable applications for the lea-
chate or digestates of leachate. Boron is also an element that can be
problematic for irrigation water. Its concentration in the range of
0.26–0.56 mg/kg leachate is likely safe for the majority of crops
(Ayers and Westcot, 1985). It is also close to the boron levels found
in the algae medium BG-11 (0.50 mg/L as boron) (UTEX, 2018).
Markou et al. have demonstrated that certain algae strains, partic-
ularly Chlorella, can grow well on poultry litter leachate (Markou
et al., 2016). The ICP analysis also revealed the presence of Mo
and Ni, two of four trace elements identified as important for the
growth of ammonia-resistant hydrogenotrophic methanogens
(Molaey et al., 2018a). Unfortunately, the other two metals, Se
Please cite this article as: K. Chaump, M. Preisser, S. R. Shanmugam et al., Leachi
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and Co, that are important for the syntrophic acetate oxidation
pathway were not captured in our ICP analysis. However, a recent
study by Molaey et al. (2018b) suggests that poultry manure may
be deficient in these four trace metals and that supplementation
can aid long-term digester stability. This is an important consider-
ation for scaling up digestion to a continuous process.

3.5. Anaerobic digestion of leachates

Leachates were mixed with inoculum and digested for 26 days.
Despite the low C/N ratios, anaerobic digestion of leachates
resulted in robust biogas production (Fig. 2). Interestingly, biogas
production was generally higher in waste litters during the first
10–15 days than it was using fresh litter. However, after 15 days,
fresh litter biogas production surpassed that of waste litter. This
result is likely due to the fact that waste litter was already partially
hydrolyzed and acidified by microbes during storage, allowing
methanogens to quickly convert acetic acid into methane and
CO2. However, the loss of organic material (e.g. uric acid) during
storage led to a more rapid depletion of digestible organic material
from the waste litter, resulting in a lower level of total biogas pro-
duction. Biogas production was generally proportional to the solids
loading rates used to prepare the leachates. This suggests that little
inhibition occurred within the loading rates tested.

Digestion led to significant concentration reductions for TS, VS,
soluble COD, and soluble TOC (Table 5). Declines in TS appear to be
exclusively driven by declines in VS. These reductions were nearly
proportional to the starting solids concentrations. Soluble TOC
declined during digestion but was generally not proportional to
the solids loading. Proportional TOC removal was expected given
the proportional removal of VS but could be impacted by differen-
tial rates of solubilization of insoluble materials (e.g. hydrolysis)
and biogas production. For example, rapid hydrolysis and relatively
slow methanogenesis could explain soluble TOC reductions that
were not proportional to VS reductions in waste litter leachates.

Acetic and uric acids were completely eliminated in all leachate
types during digestion. In contrast, the soluble total nitrogen con-
centrations significantly increased during digestion, suggesting
mineralization of insoluble organic nitrogen (e.g. protein and uric
acid). Analysis of specific ions shows a significant increase in
ammonium after digestion (Table 6), a well-established phe-
nomenon in anaerobic digestion (Möller and Müller, 2012). Final
ammonium concentrations were roughly 50% higher in digestates
of fresh litter leachate compared to the corresponding digestates
of waste litter leachate. This was expected given the higher initial
soluble nitrogen and uric acid concentrations in fresh litter lea-
chate compared to waste litter leachate. In contrast, there were
significant reductions in phosphate after digestion. There was a
higher concentration of soluble phosphate in waste litter but both
types of litter experienced 15–40% reductions in soluble phosphate
concentration after digestion. Anaerobic processes are known to
precipitate phosphate as salts of magnesium, calcium, and iron
(Möller and Müller, 2012), leading to reductions in free, soluble
phosphate. Sulfate, nitrite, and nitrate concentrations all declined
after digestion in both litter types but declines were greater during
waste litter digestion than fresh litter digestion. Sulfate is often
reduced to sulfide and hydrogen sulfide by sulfate-reducing bacte-
ria (Mizuno et al., 1998; Tanaka and Lee, 1997). Sulfides also pre-
cipitate when they combine with other metals in the reactor,
particularly iron, whereas hydrogen sulfide enters the gas phase
(Möller and Müller, 2012). Nitrate removal occurs primarily
through reduction to ammonium by nitrate-reducing bacteria but
can also occur via denitrification depending on reactor conditions
(Percheron et al., 1999).

Changes in chloride, sodium, potassium, and calcium were gen-
erally small and inconsistent among the different leachates. Highly
ng and anaerobic digestion of poultry litter for biogas production and nutri-
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Table 4
ICP analysis of metal content in litters and leachates.

Materials to prepare leachate Fresh Litter Leachates Waste Litter Leachates

Fresh Litter
(solid)

Waste Litter
(solid)

Inoculum 1.4%
loading

1.8%
loading

2.4%
loading

3.6%
loading

1.4%
loading

1.8%
loading

2.4%
loading

3.6%
loading

As 0.16 1.17 nd 0.02 0.00 nd nd 0.01 0.02 0.02 0.01
B 32.8 31.1 1.1 0.26 0.35 0.44 0.56 0.30 0.26 0.40 0.50
Cd nd nd 0.06 nd nd nd nd nd nd nd nd
Cr 0.64 0.80 0.36 nd nd nd nd nd nd nd nd
Cu 45.05 93.22 6.56 0.40 0.46 0.51 0.65 0.42 0.31 0.66 0.58
Mn 286 297 11 0.39 0.51 0.69 0.87 1.50 1.54 2.25 2.53
Mo 2.74 3.84 0.15 0.02 0.03 0.04 0.05 0.01 0.01 0.01 0.02
Ni 5.95 5.50 0.29 0.03 0.06 0.07 0.10 0.01 0.01 0.02 0.02
Pb nd 0.00 1.38 nd nd nd nd nd nd nd nd
Zn 213 214 13 0.61 0.88 1.04 1.27 1.52 1.23 2.01 2.07
Al 146 199 457 nd nd nd nd nd nd nd nd
Ca 18,986 13,538 392 24 30 40 46 24 26 30 34
Fe 153 587 479 0.86 0.63 0.76 1.04 1.09 1.07 1.49 1.76
K 27,397 28,547 155 292 403 501 625 391 324 515 609
P 11,922 11,131 844 65 87 108 144 98 90 138 171
S 4457 4347 305 37 51 65 81 43 37 57 75

All units are in mg/kg.

Fig. 2. Biogas production in batch reactors over time. Error bars are SD, n = 3. At 10 days and 24 days, the letters next to data points represent statistical significance: two
points with the same letter are not statistically different at the 0.05 level.
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soluble ions such as sodium, potassium, and chloride are not
expected to change significantly during digestion. Calcium concen-
trations declined significantly in digestates of fresh litter leachates
but not waste litter leachates. Magnesium concentrations declined
during digestion but the changes were only statistically significant
for leachates with high solids loadings. Declines in these metals
can be attributed to precipitation and incorporation into cells.

3.6. Applications of the product streams

Leaching of litter prior to digestion of leachate will result in two
major product streams: wet insoluble litter material and liquid
digestate. The litter solids have lost 33%-100% of their nitrogen
content and 33–63% of their phosphorus content during the leach-
ing process and may be applied to agricultural fields as a soil
amendment. Reducing phosphorus content of litter prior to field
application is of particular interest in the Southeastern US where
phosphorus accumulation in soil is problematic (He et al., 2009).
Please cite this article as: K. Chaump, M. Preisser, S. R. Shanmugam et al., Leachin
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Leaching and digestion alone won’t solve the problem of nutrient
accumulation in soil, rather they are first steps in treating litter.
The digested leachate can be used to cultivate algae or other
phosphate-accumulating organisms, resulting in phosphorus
sequestration in biomass. Digestates may also be treated chemi-
cally to precipitate phosphate or with advanced nanomaterials
for removal and concentration of phosphate (Lakshmanan et al.,
2014; Rashid et al., 2017). The concentrated phosphate can then
be transported cost-effectively to distant locations and the remain-
ing liquid can be used for fertigation with reduced concern regard-
ing phosphorus accumulation in local soils.

Cultivating crops or algae using the liquid digestate requires
that other salts besides phosphate are at appropriate levels. Salin-
ity is a very important factor in determining suitability for plant
irrigation. Final chloride concentrations (124–291 mg/L) and
sodium concentrations (75–162 mg/L) were high for irrigation of
fruit crops (Bauder et al., 2014). However, these concentration
should be acceptable for most non-fruit crops (Bauder et al.,
g and anaerobic digestion of poultry litter for biogas production and nutri-
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Table 5
Solids and organic constituents in anaerobic digestates.

Solids loading (m/v) Inoculum Fresh Litter Leachates Waste Litter Leachates

1.4% loading 1.8% loading 2.4% loading 3.6% loading 1.4% loading 1.8% loading 2.4% loading 3.6% loading

Before digestion
TS (g/L) 5.48 8.80 9.51 11.14 12.89 8.30 8.82 10.03 12.37
VS (g/L) 3.34 5.78 6.27 7.35 8.64 5.15 5.48 6.26 7.84
Soluble COD (g/L) 2.33 5.81 6.53 6.61 9.00 4.00 5.28 6.54 7.74
Soluble TOC (g/L) 0.43 1.48 1.71 2.63 2.85 1.63 1.46 1.35 2.56
Soluble TN (g/L) 0.15 0.72 0.82 1.08 1.12 0.55 0.52 0.61 0.72
Acetic acid (mg/L) 0.00 111 155 181 269 262 423 599 1036
Uric acid (mg/L) 0.00 384 490 472 486 80 172 105 232

After Digestion
TS (g/L) 5.69 (0.02) 7.08 (0.1) 7.24 (0.12) 7.62 (0.06) 8.9 (0.05) 7.04 (0.03) 7.33 (0.15) 7.95 (0.01) 9.17 (0.13)
VS (g/L) 3.28 (0.02) 4.01 (0.07) 4.01 (0.02) 4.06 (0.19) 4.82 (0.07) 4.0 (0.03) 3.98 (0.04) 4.33 (0.17) 4.78 (0.10)
Soluble COD (g/L) 0.38 (0.05) 1.08 (0.07) 1.66 (0.58) 2.82 (0.64) 3.26 (0.42) 1.03 (0.04) 1.13 (0.07) 1.35 (0.08) 2.45 (0.51)
Soluble TOC (g/L) 0.07 (<0.01) 0.30 (0.02) 0.36 (0.02) 0.45 (0.01) 0.74 (0.06) 0.23 (0.01) 0.26 (<0.01) 0.33 (0.02) 0.55 (0.07)
Soluble TN (g/L) 0.29 (0.02) 1.08 (0.04) 1.13 (0.08) 1.16 (0.05) 1.37 (0.03) 0.74 (0.03) 0.77 (0.01) 0.92 (0.17) 1.02 (0.09)
Acetic acid (mg/L) ND ND ND ND ND ND ND ND ND
Uric acid (mg/L) ND ND ND ND ND ND ND ND ND

Change
TS (g/L) 0.2** �1.7** �2.3** �3.5** �4.0** �1.3** �1.5** �2.1** �3.2**
VS (g/L) �0.1* �1.8** �2.3** �3.3** �3.8** �1.2** �1.5** �1.9** �3.1**
Soluble COD (g/L) �1.9** �4.7** �4.9** �3.8** �5.7** �3.0** �4.2** �5.2** �5.3**
Soluble TOC (g/L) �0.4** �1.2** �1.3** �2.2** �2.1** �1.4** �1.2** �1.0** �2.0**
Soluble TN (g/L) 0.14** 0.36** 0.31* 0.08 0.25** 0.19** 0.25** 0.31 0.30*
Acetic acid (mg/L) 0 �111** �155* �181** �269** �262** �423** �599** �1036**
Uric acid (mg/L) 0 �384** �490** �472** �486** �80** �172** �105** �232**

Values in parentheses are standard deviations based on n = 3. Values followed by * indicate the change is significant at the 0.05 level and ** indicates significance at the 0.01
level.

Table 6
Soluble ions in anaerobic digestates.

Solids loading (m/v) Inoculum Fresh Litter Leachates Waste Litter Leachates

1.4% loading 1.8% loading 2.4% loading 3.6% loading 1.4% loading 1.8% loading 2.4% loading 3.6% loading

Before Digestion
Chloride 15 124 148 202 291 174 135 183 274
Nitrite 0 0 0 0 0 9 10 10 10
Nitrate 5 11 11 11 12 12 11 12 13
Phosphate 74 283 330 422 450 568 464 558 864
Sulfate 13 85 97 122 161 184 148 185 278
Sodium 16 87 102 117 166 73 103 128 176
Ammonium 284 383 400 419 474 354 392 424 486
Potassium 29 313 380 458 670 268 418 530 782
Magnesium 0 33 40 51 76 29 48 66 98
Calcium 2 26 29 35 49 16 18 27 34

After Digestion
Chloride 33 (1) 124 (1) 149 (1.1) 193 (2) 290 (2) 135 (7) 165 (1) 202 (1) 302 (1)
Nitrite 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Nitrate 4 (0.5) 9 (0.4) 10 (1.4) 12 (0.5) 9 (10) 8 (0.8) 8 (0.2) 9 (0.3) 11 (0.3)
Phosphate 152 (19) 246 (5) 250 (20) 260 (12) 309 (16) 314 (10) 362 (3) 368 (6) 495 (2)
Sulfate 96 (44) 44 (0.2) 44 (0.4) 44 (0.1) 44 (0.1) 44 (0.2) 44 (0.2) 44 (0.2) 44 (1)
Sodium 25 (6) 75 (2.8) 82 (5.4) 106 (2) 155 (4) 78 (5) 99 (6) 114 (2) 162 (3)
Ammonium 399 (9.2) 798 (3.4) 837 (35) 901 (16) 1045 (17) 589 (8) 668 (42) 678 (22) 749 (5)
Potassium 24 (0.4) 295 (1.9) 360 (7) 459 (8) 665 (8) 316 (4) 456 (30) 524 (16) 769 (4)
Magnesium 6 (0.1) 30 (0.7) 29 (9) 24 (4) 27 (5) 32 (<0.1) 39 (5) 34 (6) 35 (2)
Calcium 10 (0.3) 23 (0.9) 21 (4) 25 (3) 35 (5) 20 (1) 24 (2) 27 (1) 37 (1)

Change
Chloride 18** �1 1 �9* �1 �39** 31** 19** 29**

Nitrite 0 0 0 0 0 �9** �10** �10** �10**

Nitrate �2* �1* 0 1 �4 �4* �3** �3** �2**

Phosphate 78* �37** �80* �162** �141** �254** �102** �190** �370**

Sulfate 83 �42** �52** �78** �117** �140** �103** �142** �234**

Sodium 9 �12* �19* �11** �11* 5 �4 �15** �14*

Ammonium 115** 415** 437** 481** 571** 235** 276** 254** 263**

Potassium �5** �18** �20* 1 �5 48** 38 �6 �13*

Magnesium 5** �3* �11 �27** �49** 3** �9 �32** �63**

Calcium 9** �3* �7 �10* �14* 4** 7 0 4**

All units are mg/L. Values in parentheses are standard deviations based on n = 3. Values followed by * indicate the change is significant at the 0.05 level and ** indicates
significance at the 0.01 level.
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2014). Likewise, boron levels in leachates were within safe limits
for even sensitive crops. In cases where salt or nutrient levels
exceed the optimal value for plants, the liquid effluent could serve
as a water extender by mixing it with traditional water resources.
Concentrations of all nutrients and salts are also appropriate for
cultivation of algae of the genus Chlorella. Many of the Chlorella
species are nutrient extremophiles and grow well on ammonium
concentrations up to 1000 mg/L (Tam and Wong, 1996).

In addition to land application, leached litter may be used in
non-traditional applications such as the cultivation of mushrooms
(Isikhuemhen et al., 2009). Leached litter may also be dried using
heat from digester biogas and potentially re-used within the poul-
try house. Biogas needs for heating within the house primarily
occur during the brooding period which typically lasts from 7 to
14 days (Linhoss et al., 2017). Thereafter, less heat is required dur-
ing the grow-out phase which lasts 35–63 days. Thus, there will be
times in which free biogas is available and could be used to remove
moisture from damp insoluble litter material. Based on the data in
Fig. 1, the theoretical energy required for drying one kilogram of
litter solids can be calculated (Eq. (1)).

energy demand ¼ 1 kg
1� qleached

qleached
� 1� qdried

qdried

� �
� DHvap;w ð1Þ

where qleached and qdried are the solids content of the wet leached
litter and the final dried litter (kg/L), respectively. DHvap,w is the
heat of vaporization of water, which at 20 �C, is 2454 kJ/kg water
(Atkins and Paula, 2002). The terms in the brackets represent the
water lost to vaporization during the drying process. This equation
does not account for inefficiencies in a particular drying process.
Biomethane energy produced from digestion of leachate can also
be calculated for each litter type (Eq. (2)).

biogas energy ¼ 1 kg
SLR

� qleachateVSleachateBMPleachate � DHc;methane ð2Þ

SLR is the solids loading rate (kg/L), qleachate is the solids content
of the leachate (kg/L), VSleachate is the percent of leachate solids that
are volatile on a mass basis, and BMPleachate is the biomethane
potential of the leachate (m3 CH4/kg VS). DHc,methane is the heat
of combustion of methane which equals 39,739 kJ/m3 of methane
(Atkins and Paula (2002)).

All calculations were carried out on the basis of 1 kg litter
dry weight. To achieve a final litter moisture content of 14%,
6761 kJ/kg dry litter and 5368 kJ/kg dry litter is required to dry
fresh and waste litter, respectively. Based on the biomethane
potential from leachates, energy available from biogas is 2134 kJ/kg
dry litter and 1751 kJ/kg dry litter for fresh and waste litter, respec-
tively. Thus 31–32% of energy required for drying is potentially
available from biogas produced from leachate digestion but actual
availability will be lower due to inefficiencies associated with the
dryer. Consequently either a portion of litter may be dried using
biogas or an additional energy source would be required. Further
study is required to determine the feasibility of re-using leached
and dried litter in poultry housing.
4. Conclusion

Leaching of poultry litter was a viable means of removing nutri-
ents and digestible organic material from the bedding material.
Digestion of soluble leachates yielded roughly double the bio-
methane potential (0.24–0.30 L CH4/g VS) compared to the insol-
uble litter fractions (0.08–0.13 L CH4/g VS), despite low C/N
ratios in the leachates. Increasing the solids loading during lea-
chate preparation from 1.4 to 3.6% led to proportional increases
in nutrients and biogas output, suggesting little digestion inhibi-
tion at these loadings. Leachates of waste litter exhibited signifi-
Please cite this article as: K. Chaump, M. Preisser, S. R. Shanmugam et al., Leachin
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cantly lower uric acid levels and more than double the acetic
acid content compared to fresh litter, indicating that litter
biodegradation occurred during storage. Waste litter consequently
had more rapid initial biogas production but 9–33% lower final bio-
gas production compared to fresh litter, suggesting that litter can
be stored at the cost of some losses in biogas production. For both
litter types, digestates and leachates contained appropriate nutri-
ent balances for crop fertigation and algae cultivation.
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