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study, two NPs: nano zinc oxide (nZnO) and nano silver (nAg) were tested in swine
manure stored under anaerobic conditions to determine their effectiveness in
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Chain Reaction (qPCR) analysis. Additionally, pH, redox, and VFAs were determined
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using standard methods. Each treatment of the experiment was replicated three times
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and NPs were applied at a dose of 3 g/L of manure. Also, headspace gas from all
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treatment replicates were analyzed for CH4 and CO2 gas concentrations using an SRI8610 Gas Chromatograph and H2S concentrations were measured using a Jerome 631X
meter. Nanoparticles tested in this study reduced the cumulative gas volume by 16%–
79% compared to the control. Among the NPs tested, only nZnO consistently reduced
GHG concentrations by 37%–97%. Reductions in H2S concentrations ranged from 87% to
97%. Gaseous reductions were likely due to decreases in the activity and numbers of
specific gas producing methanogenic archaea and sulfate reducing bacterial (SRB)
species.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Animal housing including manure management systems are
considered to be a primary source of odorous and hazardous
gaseous emission (Zhu et al., 2000). Within the agricultural
sector, the livestock subsector is reported as one of the
substantial contributors of greenhouse gases (GHG) and

hazardous hydrogen sulfide (H2S) gas emissions. Research
has demonstrated that approximately 80% of the agricultural
sector's contribution to GHG emissions is from the livestock
sector (Friel et al., 2009). Swine production facilities, in
particular, are a major agricultural source of all of these
emitted gases (Gautam et al., 2016b).
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Livestock manure is an impending source of carbon (C),
sulfur (S) and water (H2O) that can be used by microbial
populations as substrate to produce methane (CH4), carbon
dioxide (CO2), and H2S (Arogo et al., 2000; Chadwick et al.,
2011; Defra, 2010; Møller et al., 2004; Paul et al., 1993). Rotmans
et al. (1992) have reported about 5%–10% of global CH4
emissions is from livestock manure. Additionally, 70% of the
total CH4 emitted from a swine farm is reported to be from
swine manure (Monteny et al., 2006). The majority of gaseous
emissions released from swine manure occurs during storage
while both liquid and solid manure await disposal. These
emissions are a byproduct of manure decomposition and the
redox state (aerobic and anaerobic), storage environment of
the manure determines the types of gases emitted
(Kirchmann and Lundvall, 1998).
Among the emitted gases, both CH4 and H2S are reported to
have greater potential hazard compared to CO2. Although CH4
has a short lifespan of 12 years, this gas has 25 times the
global warming potential of CO2. As a result, this GHG is of
major global concern (IPCC, 2007; Kemfert and Schill, 2009).
Contrariwise, the presence of H2S either in animal housings or
manure pits is an odor nuisance and health hazard (Arogo
et al., 2000). Exposure to high concentration of H2S (e.g., 200–
700 mg/L) may lead to severe health effects on animals and
workers within livestock facilities (Hughes et al., 2009;
Reiffenstein et al., 1992). Consequently, measures to reduce
potential gaseous emissions need to be taken for the
betterment of the livestock industry that is experiencing
rapid global growth.
This experiment targets methanogenic archaea that utilize
CO2 and H2 to produce metabolic energy, the byproduct of
which is methane (CH4). Specifically, we measured Methyl
coenzyme Mreductase (mcrA), an enzyme unique to methanogenic archaea (Van Elsas et al., 2006) via the Quantitative
Polymerase Chain Reaction (qPCR). Anaerobic decomposition
of organic C present in manure produces CO2 (Aarnink et al.,
1995) that is utilized by methanogens. Dissimilatory sulfate
reduction is an anaerobic process that utilizes H2 and
produces H2S. The process is governed by three groups of
sulfate reducing bacterial (SRB) species, Desulfovibrio spp.,
Desulfomonas spp. and Desulfotomaculum spp. (Germida et al.,
1992).
Methanogens and SRB concurrently utilize H2 as an
electron donor to produce CH4 or H2S. Consequently, competition between these two groups of microorganisms can occur
(Kushkevych et al., 2017). Both methanogens and SRB bacteria
coexist within overlapping redox ranges (− 200 to − 300 mV)
(Sigg, 2000). Additionally, simultaneous production of H2S
with that of CH4 might have an inhibitory or toxic effect on the
methanogen community and the process of methanogenesis
(Kushkevych et al., 2017). Nanoparticles (NPs; < 100 nm in size)
have potential in reducing GHGs and H2S from anaerobic
storage of manure (Gautam et al., 2016a, 2016b; Sarker et al.,
2019), however the effects of NPs on these microbial communities that metabolize anaerobic processes should be monitored in addition to the inorganic processes associated with
reductions in gaseous emissions.
Numerous manure management strategies are currently
practiced to minimize gaseous emissions that include reducing the temperature (<10°C) of the stored manure, increasing

frequency of manure removal, management of the bedding
and manure heaps, use of masking agents to cover up or
eliminate odors, enzymes and bacterial preparations,
chemicals, oxidation processes, air scrubbers, bio-filters and
new ventilation systems (Monteny et al., 2006; Sommer et al.,
2004; Sutton et al., 1999). However, most of these practices are
either labor intensive, costly or not entirely efficacious (Sutton
et al., 1999). In most instances, the efficacy of the gaseous
emission reduction is low or targeted at only one of the
emitted gases (Kreuzer and Hindrichsen, 2006; Liao et al.,
1995). Therefore, development of a better gaseous emission
abatement strategy focusing all of the GHGs and other
pollutant gases for a longer period of time is needed. Recently,
Yang et al. (2012) and Dankovich and Gray (2011) have
reported potential mitigation of CH4 and H2S gas emission
from solid waste and water treatment subsectors using
application of silver (Ag) NPs. Similarly, application of other
NPs (e.g., nano copper oxide–nCuO and nano zinc oxide–
nZnO) for mitigating gaseous emissions from livestock
manure has also been reported by several researchers
(Gautam et al., 2016b; Luna-delRisco et al., 2011; Predicala
et al., 2012). Versatile use of nanotechnology and the recent
application of ZnO nanoparticles (NPs) in mitigating potential
gaseous emissions from manure (Gautam et al., 2016a)
motivated us to continue exploring the potential of NPs
applications to reduce pollutant gases and the biological and
chemical processes involved, which has not been explored
previously.
Most of the previous research conducted with nanoparticles applications in manure have utilized direct application of
these materials (in bare-form or as-is without any coating),
resulting in unintended environmental consequences such as
endemic bacterial death and residual toxicity (Gautam et al.,
2016b; Luna-delRisco et al., 2011). Moreover some of the
previous published research has utilized the NP solutions as
spray on the manure surface to mitigate the odor and the gas
emission (Predicala et al., 2012). Therefore, utilization of
coated and bare NPs for remediation purposes is considered
to be an emerging research area requiring further investigation (Lopez-Serrano et al., 2014; Bour et al., 2015). Entrapment
of NPs in polymers is widely used in water and solid waste
management. Gautam et al. (2016a) entrapped NPs in polymers and conducted comparative studies between bare and
entrapped nZnO in livestock manure to control gaseous
emissions. Gautam et al. (2016a, 2016b) found that both
application methods are effective in mitigating GHG and H2S.
However, bare applications were more effective in reducing
gaseous emissions but in terms of recovery, entrapment of
NPs in alginate beads is more effective. These studies did not
explore the processes that resulted in reductions in H2S
concentration.
There are two possible means (e.g., biological and chemical) of reducing gaseous emissions via application of NPs.
Currently, neither reduction processes have been properly
explored. For the chemical means, gas reduction is likely
either due to the chemical conversion or the physical sorption
of the produced gas on the applied NP surface (Gautam et al.,
2016b). Contrariwise, based on the antibacterial properties of
both nZnO and nAg, it is believed that application of these NPs
will reduce biological activity and growth of microbial
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populations but to what degree requires further investigation.
Both aerobic and anaerobic coliform counts and redox
conditions in treated versus non-treated treatments is expected to aid in determining the biocidal effects of NPs under
aerobic and anaerobic conditions. In addition, advanced
methods like qPCR analysis provide a means of identifying
the impact of the applied NPs on specific gas producing
microorganisms such as methanogens and SRB. Additionally,
Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) may determine the effect of NPs on the manure
mineral contents before and after application of NP treatments. All of the above analyses provide quantitative means
of measuring how methanogens and SRB are affected by NP
treatments. Therefore, the primary objectives of this research
were to determine the efficacy of both the direct and indirect
application of NPs to reduce GHG emissions from swine
manure under anaerobic storage conditions (standard storage
conditions for manure). An additional objective of this
experiment was to examine the reduction process of each
gaseous pollutant (CO2, CH4, and H2S) treated with NPs.
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completely disperse the NPs, and control to get a homogeneous dispersion.

1.2.2. Preparation of sodium alginate beads for indirect application of nanoparticles

Swine manure was collected from the North Dakota State
University (NDSU) swine research unit and stored for 6 hr at
room temperature (22 ± 2°C) and pressure (1.01 × 103 kPa)
before use. Before setting up an experiment, manure was
subsampled for measuring pH and redox potential analysis.
Along with the pH and redox potential volatile fatty acids
(VFAs) were also measured before and 33 days after application of the treatments. All experiments in this study were
performed at room temperature and atmospheric pressure as
mentioned above. Properties of manure including pH, redox,
and VFAs were determined using the standard methods
outlined by the Association of Analytical Communities
(AOAC) and other measurement processes are described in
Gautam et al. (2016a).

In this study, nZnO (US3580, US Research Nano-materials,
Inc., Houston, TX, USA) were entrapped in sodium alginate
beads to avoid any diffusion of nZnO to the environment, as
well as reuse of them to reduce application cost. Alginate
beads were prepared by mixing nZnO solution with sodium
alginate powder ((C6H7O6Na)n, S1118, >98.5% purity, Spectrum, Gardena, Calif. and New Brunswick, NJ, USA) followed
by hardening with calcium chloride (CaCl2, Cat. No: 793639,
free-flowing, Redi-Dri (TM), ACS reagent, ≥ 96%, Sigma–Aldrich, St. Louis, MO, USA) solution. Pre-calculated nZnO (6 g/L)
was added to an Erlenmeyer flask containing deionized (DI)
water and then stirred at 350 r/min for 10 min at 50°C using a
hot plate stirrer (Cat No.: N97042-642, 120 V, 1000 W, 10 amp,
50/60 Hz, VWR, Henry Troemner LLC, USA) to homogenize the
mixture. Sodium alginate powder was then added to the nZnO
solution at a rate of 15 g/L and stirred for 48 hr at 50°C by
using the magnetic hotplate stirrer. To completely suspend
the nZnO and sodium alginate in solution, 48 hr of stirring
was followed by 1 hr of sonication using a Qsonica Sonicator
(ultrasonic processor, Q700, Newtown, CT 06470, USA). Following sonication, the mixture was added into the 3.5% of
calcium chloride (CaCl2·2H2O, BDHO224, VWR International
LLC, West Chester, PA, USA) solution dropwise using a
variable flow chemical transfer pump (Cat No.: 23609-170,
120 mL to 2.2 L/min, VWR, PA, USA). Calcium chloride
solution acted as a binder and alginate beads formed as
drops of the mixture encountered the calcium chloride
solution. Beads were left in the solution for 6–8 hr to allow
for complete hardening and to ensure porosity for solute
transport. After which, the hardened sodium alginate beads
were washed with deionized (DI) water to remove excess
amounts of calcium chloride and were stored in fresh DI water
until they were used. At the same time, bare sodium alginate
beads without nZnO were also prepared by the same
procedure.

1.2. Nanoparticles used and their application methods

1.3. Experimental set-up

In this study, the nZnO (particle size, 35–45 nm and > 99%
purity) and nAg (particle size, 50–80 nm and 99.99% purity)
used were purchased from US Research nano-materials, Inc.,
TX, USA. NPs were applied to manure both directly (bareuncoated) and in-directly (coated) at an application rate of 3 g/
L. Rates are based on previously published literature (Gautam
et al., 2016b). For indirect applications, nZnO were entrapped
in sodium alginate beads. The process of which is provided in
the following Section 1.2.2.

Before experimental set-up, manure samples were thoroughly
mixed and homogenized. Following mixing, 500 mL was
transferred into a 1-L Erlenmeyer flask. In this study, nZnO
and nAg were tested and the treatments were: control
(without NPs), bare nZnO, nZnO entrapped in sodium alginate
bead, bare sodium alginate bead, and nAg. All treatments
were replicated three times. Following application of individual treatments, each Erlenmeyer flask was purged with inert
nitrogen gas (N2) to simulate anaerobic conditions before
sealing with rubber stoppers. Each rubber stopper was fitted
with a steel tube (5 mm diameter and 500 mm length) and
inserted into the center of the stopper to collect gas samples
from the reactor into a 500 mL Tedlar bag (SKC Gulf Coast Inc.,
TX, USA) using a Teflon tube. All reactor connections were
checked and sealed to avoid any leakage. In this way, a total of
15 Erlenmeyer flasks (5 treatments × 3 replications) were

1. Materials and methods
1.1. Manure collection and characterization

1.2.1. Direct application method of nanoparticles
Nanoparticles were weighed using an AB204-S/FACT analytical balance (Mettler-Toledo, LLC Columbus, OH, USA) with a
precision of 0.1 mg. Following addition of the nanoparticles
(NPs) in manure, vigorous mixing of the NPs with manure was
accomplished by handshaking of the treatment flasks to

182

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 82 (2 0 1 9 ) 1 79–1 9 1

prepared. This study continued for 33 days or until the gas
production stopped.
Throughout the experiment, depending upon the amount
of gas produced, headspace gas was collected in Tedlar bags at
2 to 8-day interval periods. Headspace gas volume was
measured with a gas-tight syringe (SGE Syringe, 500 MAR-LLGT, Trajan Scientific Americas Inc., Austin, TX, USA) and
diluted 100-fold (based on previous experiments) with N2 gas in
a separate Tedlar bag prior to analyses of gas concentrations.
The H2S gas concentrations were measured with a Jerome
meter (Jerome 631X, Arizona Instrument LLC, AZ, USA) and
GHG (e.g., CH4 and CO2) were measured using a gas chromatograph (GC, 8610C, SRI instrument, CA, USA) equipped with a
flame ionization detector (FID) and electron capture detector
(ECD). An air sample from the Tedlar bag was drawn into a
1 mL sample loop of the GC using an inbuilt vacuum pump
interfaced with the GC system according to a prescheduled
event program. Before drawing any sample into the sample
loop, the FID detector temperature was raised to 300°C and the
ECD detector temperature was raised to 350°C. The system was
operated on a nitrogen carrier at 20 PSI for the ECD, hydrogen
and air was supplied to the FID/methanizer at 20 PSI. In this
system, the ECD detects N2O, while the FID/methanizer detects
both CH4 and CO2. A detailed description of the GHG measurement procedure using this GC can be found in Borhan et al.
(2011). Before each measurement, the GC was calibrated using
calibration quality standard gases with the concentration of 5,
10, 100 mg/L for CH4; 500, 1000, 3000 mg/L for CO2. For each
concentration, five to seven replicated measurements were
made. Additional calibration and measurement processes are
described in Rahman et al. (2013).

1.4. Total coliform bacterial population determination
To enumerate coliforms, i.e., potential pathogens (particularly
Escherichia coli) originating in mammalian feces the American
Public Health Association (APHA) and the Environmental
Protection Agency (EPA) recommend the use of total coliform
counts. Specifically, m-Endo agar was used to conduct total
coliform counts (bacteria) in terms of Colony Forming Units
(CFUs) using the plate count method to investigate the
biocidal effects of NPs on coliform populations. CFUs were
determined before and after treatment with NPs. All experimental treatments were prepared in a sterile hood (SS-324PCR, Sentry Air Systems, Cypress, TX, USA). Environmental
samples were collected, and each treatment was run in
triplicate at five different dilutions (1:10, 1:102, 1:103, 1:104,
and 1:105). The 1:103 dilution was determined to be optimal for
plate counting and was thereafter used for coliforms enumerations throughout this study. Growth media was prepared by
placing a sterile membrane filter with absorbent pad (47 mm
diameter, 0.45 μm pore size, WCN type, Whatman Limited,
Maidstone, England, UK) in a sterile petri-dish (Anaerobic,
Sterile Petri dishes, 60 mm diameter and 15 mm height, VWR,
Radnor, PA, USA) after which a 2 mL M-Endo broth ampule
(Cat. No. 23735-50, HACH LANCH GmbH, Willstatterstrasse 11,
Dusseldorf, Germany) was poured evenly over the entire
surface of the absorbent pad. Subsequently, 100 μL of each
diluted environmental sample was added to an absorbent pad
and spread evenly across using a small sterile glass rod. The

Petri dishes containing the growth media and bacterial
inoculant were then incubated under aerobic conditions for
24 hr at (35 ± 0.5)°C and CFU's were counted using a manual
Darkfield Colony Counter with 1.5 × magnification (Reichert,
Inc. Depew, NY, USA).

1.5. Anaerobic bacterial population determination
Anaerobic bacterial plate counts were conducted using the
method described by McGarvey et al. (2004). Brain Heart
Infusion (BHI) media (BactoTM, Becton, Dickinson, and
Company; Sparks, MD, USA) was prepared for plate counts
following the manufacturer's instructions. Specifically, 37 g of
the BactoTM BHI powder and 20 g of agarose (IBI Scientific,
9861 Kappa Court, Peosta, IA, USA) were added to 1 L of
deionized water and dissolved by bringing the media to a boil
using a hot plate (Cat No.: N97042–642, 120 V, 1000 W, 10 amp,
50/60 Hz, VWR, Henry Troemner LLC, PA, USA) and homogenizing using a magnetic stirrer. The mixed solution was then
autoclaved at 121°C and 40 PSI for 70 min and cooled to ∼ 50–
60°C. Afterward, approximately 10 mL of the solution media
was poured into a Petri dish and covered for ∼ 40 min to cool it
down to room temperature. A set of serial dilutions (1:102,
1:103, 1:104, 1:105, and 1:106) were used to determine the
optimum dilution at which to conduct the plate counts. Plates
were inoculated with 10 μL of each diluted manure treatment
that were run in triplicate. Petri dishes containing diluted
manure samples were then placed into an anaerobic chamber, and the ambient air in the headspace of the chamber was
replaced by nitrogen gas to maintain an anaerobic environment for bacterial growth. Subsequently, Petri dishes were
incubated in the chamber for 24 hr at 30°C after which
bacterial growth was estimated by counting the number of
colonies forming units (CFU's) using a manual Darkfield
Colony Counter with 1.5 × magnification (Reichert, Inc.
Depew, NY, USA).

1.6. DNA isolation and preparation for q-PCR
Genomic DNA (gDNA) was extracted from 0.25 g of liquid swine
manure using the Powersoil™ DNA isolation kit (MoBio
Laboratories, Inc., Carlsbad, CA, USA). Quantitative polymerase chain reaction assays were conducted to quantify the
dissimilatory sulfide reductase (DSR) gene of sulfate reducing
bacteria (SRB) commonly found in wastewater systems as
described by (Karunakaran et al., 2016). Copy numbers of the
DSR gene represent shifts in SRB population size among
treatments and are diagnostic for the approximately one
gene copy of the DSR gene per SRB genome (Müller et al.,
2015). Primers specific for SRB were used to amplify genomic
DNA (gDNA): DSR1F ACSCACTGGAAGCACG and RH3-dsr-R
GGTGGAGCCGTGCATGTT (Product size 222 bp fragments).
Primers were synthesized by Integrated DNA Technologies,
Inc. (IDT) Coralville, IA, USA. Each reaction contained a total
volume of 20 μL that included: 10 μL of Power SYBR Green
Master Mix (Applied Biosystems Inc., Foster City, CA, USA),
150 nmol of each forward and reverse primer, 2 μL of gDNA
(environmental samples) and 7.4 μL of HyPure ™Molecular
Biology Grade Water (purity > 99%, HyClone Laboratories, Inc.,
Logan, UT, USA). Standard curves were generated, and
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amplification efficiencies determined using five different
gDNA concentrations extracted from a pure culture of
Desulfovibrio vulgaris DSM 644 containing 124 ng/μL of gDNA.
Three replicate PCR reactions were run for each environmental
sample and genomic DNA concentration that ranged from
1.24 pg (102 gene copies) to 12.4 ng (107 gene copies) per
reaction. Reaction mixtures were amplified and quantified
using an ABI Prism™ 7500 (Applied Biosystems Inc., Foster City,
CA, USA). The thermocycler conditions used for the primer set
were: 10 min at 95°C; followed by 40 cycles of 15 sec at 95°C,
and combined annealing and extension of 60 sec at 60°C.
Shifts in copy numbers of the α-subunit of the methyl
coenzyme M reductase (mcrA) gene in methanogens were
monitored via qPCR and used as a proxy for changes in
methanogen population size. Primers, MLF Forward
GGTGGTGTMGGATTCACACARTAYGCWACAGC (Luton et al.,
2002) and mcrA-rev Reverse CGTTCATBGCGTAGTTVGGRTAGT
(Narihiro and Sekiguchi, 2011), were synthesized by Integrated
DNA Technologies, Inc. (IDT, Coralville, IA, USA) and are
diagnostic for the approximately one to two gene copies of
the mcrA gene (Lee et al., 2009). Each reaction contained a total
volume of 20:10 μL of Power SYBR® Green PCR Master Mix
(Applied Biosystems, Foster, CA, USA), 200 nmol of each
forward and the reverse primer, 2 μL of gDNA (environmental
samples), and 7.2 μL of HyPure ™Molecular Biology Grade
Water (HyClone Laboratories, Inc., Logan, UT, USA). Standard
curves were generated, and amplification efficiencies
were determined using five different gDNA concentrations
extracted from a pure culture of Methanobacterium formicicum
Schnellen
1947
(DSM
1535)
(Leibniz-Institut
DSMZ,
Inhoffenstraße 7B, 38124 Braunschweig, Germany) containing
207 ng/μL. Three replicate PCR reactions were run for each
environmental sample and concentration of gDNA that ranged
from 102 gene copies to 107 gene copies per reaction. Reaction
mixtures were amplified and quantified using an ABI Prism™
7500 (Applied Biosystems Inc., Foster City, CA, USA) using the
following thermocycler conditions: 10 min at 95°C, followed by
45 cycles of 30 sec at 95°C, 45 sec at 60°C, and 45 sec at 72°C.

1.7. Manure mineral analysis
For testing mineral contents in the liquid swine manure, both
pre- and post-treated manure samples were collected before
and after an experiment. Collected samples were stored at
− 20°C to avoid microbial/chemical transformation during
storage (Peters et al., 2010). Immediately after the conclusion
of the experiment, all of the pre- and post-treated manure
samples were sent to Agvise Laboratories (Northwood, North
Dakota, USA) for Inductively Coupled Plasma (ICP) analysis
using microwave digestion in concentrated HNO3 and H2O2
(method A3769) inductively coupled plasma-optical-emission
spectrometry (Perkin Elmer Optima 5300 ICP, Perkin Elmer,
Austin, TX, USA).

1.8. Statistical analysis
All treatments were replicated three times and the averages
are reported. The analysis of variance (ANOVA) test was
performed to find out the effect of treatments on cumulative
gas volume, CH4, CO2, and H2S gas concentrations, pH, redox,

183

VFAs, coliform bacterial population, total bacterial population, mcrA gene copies, and DSR gene copies. The averages of
each variable among treatments were compared using the
PROC ANOVA procedure in SAS 9.3 software (SAS Institute
Inc., Cary, NC, USA). The null hypothesis was treatments had
equal impact on gas volume, gas concentrations, and other
parameters at 95% (p ≤ 0.05) significance level. Then, variables
were separated using Duncan's Multiple Range Test if the
main effect (NPs dose) using F-test was significant at p ≤ 0.05.

2. Results and discussion
2.1. Effects of nanoparticles on manure pH and redox potential
Manure pH and redox potential varied among the treatments
(Table 1). The pH values of the treated manure samples varied
between 6.95 and 7.15 and none of the treatments except for
the nAg treatment were significantly different from the
control treatment. In general, nZnO-treated manure showed
significantly lower (p ≤ 0.05) pH compared to nAg amended
swine manure when exposed for 33 days anaerobic digestion.
The pH values between initial swine manure samples and
nAg treated manure samples were statistically similar.
It is well known that the imbalance between total oxidants
and reductants may produce reactive oxygen which ultimately either kills or damages the cells of microorganism.
Thus, measurement of redox potentials in the slurries was
critical to the present study. In this experiment, average initial
redox potential for the treatments was − 317.67 mV (varied
between − 315.67 and − 320 mV) (Table 1), which represented a
favorable range for sulfate reduction, CO2, and CH4 generation
(Sigg, 2000). Since the initial redox was measured immediately
after the addition of treatments, no significant differences
(p > 0.05) were observed among the treatments and the
average is reported as initial redox potential (Table 1).
However, redox potentials varied significantly among the
treatments by the end of the 33-day experimental period.
Redox potentials were − 251.7, − 28.67, − 44.67, − 229.77, and
−173.57 mV for the control, nZnO, nZnO in bead, bare bead,
and nAg treatments, respectively. Irrespective of the treatments, redox potentials of the post-treated manure samples
were higher (p ≤ 0.05) than that of their pre-treated
counterpart's. Among the treatments, nZnO had the highest
redox potential although it was not statistically different than
the nZnO in bead. While the control treatment exhibited the
lowest redox potential. The nAg treatment exhibited significantly lower redox potentials compared with the nZnO-based
treatments (i.e., both nZnO and nZnO in bead) (p ≤ 0.05). The
release of Zn2+ and Ag2+ from the metal nanoparticles and
their further oxidation might have caused higher redox
potentials in nanoparticle treatments, although the ionic
releases were not measured. In contrast, the absence of
metal ions in both control and bare bead treatments resulted
in redox potentials that remained low and were statistically
similar (p > 0.05). Moreover, among the treatments, only the
control and bare bead maintained favorable redox conditions
for sulfate reduction, CO2 and CH4 generation throughout the
experiment. Manure treated with nAg exhibited somewhat
favorable redox conditions. After 33 days of experimental
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Table 1 – Properties of pre- and post-treated liquid swine manure.
Parameter

Initial ⁎

Control ⁎⁎

nZnO

Bare Bead

nZnO in bead

nAg

pH
Redox (mV)

7.19 ± 0.02ab
−317.67 ± 4.11d

6.95 ± 0.02c
−251.70 ± 14.38c

6.94 ± 0.07c
−28.67 ± 6.65a

6.96 ± 0.05c
−229.77 ± 10.16e

6.99 ± 0.04c
−44.67 ± 11.44a

7.15 ± 0.03b
−173.57 ± 16.85b

Values followed by the same letters in a row indicates a non-significant difference at p ≤ 0.05.
⁎ Initial means the fresh manure collected from a source before starting the experiment.
⁎⁎ Control means the manure kept in a flask for 33 days without treating with NPs.

period, manure with both nZnO and nZnO in bead additions
exhibited sufficiently high redox potentials to disfavor sulfate
reduction, CO2 and CH4 generation. Hence, lower concentrations of CH4, CO2, and H2S from the nZnO-based treatments
was expected.

2.2. Effects of nanoparticles on manure volatile fatty acids
After 33 days of experimental period total VFA (TVFA)
concentrations among the treatments ranged between
495.75 and 508.30 mmol/L (Table 2), although the initial
manure sample TVFA was only 58.88 mmol/L. Digestion of
the organic matter present in the manure and subsequent
conversion in to VFAs was likely to have significantly higher
amount of TVFA in the treated manure samples. Compared
with the initial sample VFA, all treatments including the
control contained higher TVFA by the end of the 33-day
experimental period, and the final VFAs were significantly
different (p ≤ 0.05) than that of initial treatment. Among the
treatments, the nZnO treatment exhibited the lowest TVFA
(413.57 mmol/L), and the nAg treatment contained the
highest amount of TVFA (508.30 mmol/L). The TVFA content,
however, among control, nAg, bare bead, and nZnO in beads
were not significantly different (p > 0.05), but were significantly different than that of initial sample. Irrespective of
treatments, the resulting TVFA concentration in the treated
swine manure samples were 6–7 times higher than that of
initial samples and was likely due to digestion of complex
organic matters in the manure (Dussadee et al., 2016). The
bare nZnO treatment contained 17% lower TVFA compared to
the control treatment. Gaseous emissions from anaerobic
digestion is highly dependent on the amount of TVFA and
subsequently, the nZnO-treated manure samples containing

lower VFA were likely to generate low gaseous emissions
(Dussadee et al., 2016).
All individual VFAs except for acetic and propionic acids
were significantly lower in both nZnO, and nZnO in bead
treated samples compared with the control treatment. A
reduction trend in acetic acid concentrations from nZnObased treatments was found, although it was not significantly
different than the control treatment. Acetic acid and
propionic acid are reported to contribute to CH4 production
(Hill and Bolte, 1989; Lahav and Loewenthal, 2000). Hill and
Bolte (1989) reported that 70% of the acetic acid is converted to
CH4 by methanogenic bacteria under anaerobic storage
conditions. Therefore, compared with the control treatment,
reduction trends of acetic acid from nZnO and nZnO in bead
treatments could be the result of either lower acetic acid
production or higher conversion of the produced acetic acid to
CH4. In contrast, compared with nZnO-based treatments, a
higher amount of acetic acid in nAg treated samples might be
an indication of a higher amount of acetic acid production or
lower conversion of acetic acid to CH4 from this treatment.
Therefore, a detailed gas analysis study was obligatory to
understand if any one or both of the processes have effects on
SRB metabolism and or methanogenesis both of which
require anaerobic metabolic pathways.

2.3. Effects of nanoparticles on cumulative gas production
Trends in cumulative gas production at each sampling period
from all seven treatments are presented in Fig. 1. Higher
amount of total gas production towards the beginning of the
experiment were likely due to higher amount of available
organic matter at the start of the experiment prior to
utilization of this substrate by microorganisms. As the

Table 2 – Effects of different NP treatments on liquid swine manure VFAs.
VFAs (mmol/L)
Acetic acid
Propionic acid
Isobutyric acid
Butyric acid
Isovaleric acid
Valeric acid
Total VFA

Initial ⁎

Control ⁎⁎

nZnO

Bare bead

35.37 ± 1.43c
8.96 ± 0.2c
3.17 ± 0.27d
5.43 ± 0.32b
4.39 ± 0.16c
2.75 ± 0.21d
58.88 ± 0.36c

245 ± 15.97ab
65.95 ± 4.99ab
31.04 ± 3.40a
100.33 ± 8.16a
39.27 ± 3.11a
13.45 ± 0.86b
495 ± 36.45a

216 ± 24.93b
55.17 ± 8.27b
18.02 ± 4.14c
89.71 ± 13.26a
24.59 ± 4.99b
10.01 ± 1.98c
413 ± 57.53b

227 ± 10.42ab
61.34 ± 1.63b
25.52 ± 0.69b
90.18 ± 2.12a
35.68 ± 0.94a
16.46 ± 0.50a
456 ± 15.54ab

Values followed by the same letters in a row indicates a non-significant difference at p ≤ 0.05.
⁎ Initial means the fresh manure collected from a source before starting the experiment.
⁎⁎ Control means the manure kept in a flask for 33 days without treating with NPs.

nZnO in bead
237 ± 15.52ab
62.59 ± 4.91ab
20.88 ± 0.97bc
84.77 ± 5.76a
27.7 ± 1.10b
13.16 ± 0.83b
446 ± 28ab

nAg
261 ± 8.52 a
72.91 ± 5.04a
31.27 ± 2.41a
92.70 ± 6.28a
34.19 ± 2.61a
16.22 ± 1.18a
508 ± 25.74a
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Fig. 1 – Biogas production comparison at each sampling event from liquid swine manure treated with and without NPs. The
same letter above bar within a sampling day indicates a non-significant difference at p ≤ 0.05.

experiment progresses, organic matter availability was reduced, resulting in lowered gas production. Cumulative gas
production from the control treatment and manure treated
with nZnO, bare beads, nZnO in beads, and nAg were 930.00,
195.00, 868.33, 378.33, and 776.67 mL, respectively. The gas
production per day from the respective treatments were 28.18,
5.91, 26.31, 11.46, and 23.54 mL, respectively. Relative to the
control, the manure treated with bare nZnO had reduced the
highest amount of cumulative gas volume (79.03%). The total
reduction in gas production manure treated with nZnO in
bead was 59.32%, bare bead was 6.63%, and the nAg was
16.49% compared to that of the control treatment.
Lower gas production in nZnO-treated samples was likely
due to a combination of processes that included the production of initial reactive oxygen species (ROS), absorption and
biocidal effects and or chemical transformation. However,
application of bare nZnO was more effective than the nZnO in
beads. This was likely due to the exposed surface areas and
their absorption capacity. When nZnO was in a bead, surface
area and absorption capacity of the nanoparticle was reduced
due to the polymer coating, but the coating on the nZnO

CO2 concentration (%)
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nZnO inbead
a
nAg

50
40

renders the beads recoverable allowing for their reuse, which
is not possible in the bare nZnO application. The lowered
reactive surface area would also reduce ROS production from
entrapped nZnO beads. As compared to nZnO, nAg was not
effective in reducing total gas production, which may be due
to the higher particle size of the applied nAg and thus reduced
bactericidal activity that includes less ROS production compared to that of nZnO.

2.4. Effects of nanoparticles on carbon dioxide concentration
Carbon dioxide concentration varied from 17.98% to 38.05%,
7.72% to 19.93%, 13.95% to 38.10%, 9.26% to 20.35%, and 19.70%
to 46.24% for the control, bare nZnO, bare bead, nZnO in bead,
and nAg treatments, respectively (Fig. 2). Irrespective of the
treatments, CO2 concentrations exhibited a sinusoidal trend
throughout the experimental period. Among the treatments,
control, bare bead, and nAg consistently exhibited higher CO2
concentrations compared with nZnO-based (Bare nZnO, and
nZnO in bead) treatments. Compared to the control, both
nZnO treatments reduced CO2 concentrations significantly
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Fig. 2 – Carbon dioxide (CO2) concentration trends from liquid swine manure treated with and without NPs. The same letter
above a bar graph within a sampling day indicates a non-significant difference at p ≤ 0.05.
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(p ≤ 0.05) during the study period. Additionally, the reduction
in CO2 concentration with the application of bare nZnO
relative to the control ranged from 36.92% to 67.93%, while
its concentration reduction was 40.36%–48.52% when manure
was treated with nZnO in beads. Initially, the bare bead
treatment reduced CO2 concentrations (0.34%–22.41%), but by
the end of the 33-day this treatment increased CO2 concentrations by 20.58%. In contrast, nAg exhibited an increase in
CO2 concentration (1.91%–25.21%) except on day 10, when CO2
concentrations were reduced although the reduction was not
statistically significant relative to the control treatment
(p ≥ 0.05).
Generally, biological processes such as microbial respiration and non-biological processes such as chemical oxidation
are responsible for the generation of CO2 within an anaerobic
digestion system. Therefore, a trend of reduced CO2 generation in the presence of nZnO-based treatments was likely due
to the adverse effect(s) on one or the other of these two
microbial respiration and chemical oxidation processes or
both. The biocidal properties of nZnO were likely to have
contributed to reduced CO2 concentrations (Rashid et al.,
2017). Therefore, a detailed microbial study was obligatory to
obtain a complete understanding of the reaction chemistry.

Among the applied treatments, only nZnO and nZnO in bead
exhibited significant reductions in CH4 concentrations
(p ≤ 0.05) compared to the control during the 33-day experimental period. Relative to the control treatment, reductions in
CH4 concentrations resulting from the application of bare
nZnO and nZnO in bead varied between 93.04% to 97.02% and
45.61% to 48.37%, respectively. Overall, CH4 concentrations
were reduced by 50% in manure treated with nZnO relative to
manure treated with nZnO in the bead. Reductions in the
reactive surface area of polymer impregnated nZnO beads
applied to manure may have reduced the biocidal effects of
the treatment resulting in increased concentrations of CH4
compared to the manure treated with bare nZnO. In contrast,
nAg treatments were not able to reduce CH4 concentrations
significantly and nAg was also not able to reduce the total gas
production as mentioned previously. Methane emissions are
controlled by methanogenic archaea (Van Elsas et al., 2006).
The biocidal properties of ZnO and Ag-based NPs were
reported to either destroy or inhibit the activity of
methanogens (Gautam et al., 2016b). Therefore, lower CH4
concentrations from the NP-based treatments was likely due
to the effects of ROS production that include initial effects that
disrupt or destroy microbial cells and residual effects that
result in elevated redox conditions unfavorable to anaerobic
metabolisms. The large particle size and consequently lower
surface area of nAg may have reduced its efficacy relative to
the nZnO-based treatments and in particular the uncoated
nZnO treatment. Moreover, the higher density of the nAg may
have resulted in precipitation of much of the nAg and hence
reduced the amount of NPs in solution further lowering the
efficacy of the material relative to nZnO.

2.5. Effects of nanoparticles on methane concentration
Methane concentrations ranged from 1.93% to 8.37%, 0.13% to
0.34%, 1.72% to 8.91%, 1.05% to 4.32%, and 3.03% to 12.55% for
the control, nZnO, bare bead, nZnO in bead, and nAg
treatments, respectively (Fig. 3). Irrespective of the treatments, CH4 concentrations increased after day 2 and
remained stable until termination of the experiment. The
growth of methanogenic microorganisms is slow requiring
nearly 12 days of growth to reach stationary phase. Thus,
increased concentrations of CH4 on day 2 were most likely due
to shifts in methanogenic activity rather than growth of
methanogens that occurred during the latter part of the study
(Kushkevych et al., 2017). Manure treated with nAg showed
sudden increases in CH4 concentration at the end of day 17.

2.6. Effects of nanoparticles on hydrogen sulfide concentration
The trend in H2S produced was slightly different than that of
CO2 and CH4. Across all treatments, H2S concentrations were
higher at the beginning of the 33-day experiment and
decreased with time. For all treatments, the H2S concentration
was highest at the end of day 10, which was likely due to
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Fig. 3 – Methane (CH4) concentration trends from liquid swine manure treated with and without NPs. The same letter above a
bar graph within a sampling day indicates a non-significant difference at p ≤ 0.05.
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Fig. 4 – Hydrogen sulfide (H2S) concentration trends from liquid swine manure treated with and without NPs. The same letter
above a bar graph within a sampling day indicates a non-significant difference at p ≤ 0.05.

increased activity and numbers of sulfate-reducing bacteria
(Kushkevych et al., 2017). Additionally, the presence of small
numbers of methanogenic bacteria during the first 12 days
may have enhanced the activity of sulfate reducing bacteria
that utilize most of the hydrogen produced as an electron
acceptor during the process of dissimilatory sulfate reduction
the byproduct of which is H2S (Kushkevych et al., 2017).
Hydrogen sulfide concentrations ranged from 888.33 to
4383.33, 38.17 to 571.67, 866.67 to 4500.00, 113.00 to 1156.67,
and 706.67 to 4216.67 mg/L for the control, nZnO, bare beads,
nZnO in beads, and nAg treatments, respectively (Fig. 4). Like
CH4 and CO2, H2S concentrations were lowest in the nZnO
treatment, followed by the nZnO in bead treatment.
Reductions in H2S concentrations varied between 88.18% to
96.51% and 73.61% to 87.28%, respectively, for the manure
treated with bare nZnO and nZnO in beads throughout the
experimental period. A smaller but statistically significant
reduction in H2S concentration was measured in samples
treated with nZnO in the bead. This effect was expected due to
the reduced surface area of nZnO coated with alginate. In
contrast, both the bare bead and nAg treatments exhibited
little or no reduction in H2S concentrations compared to the
control treatment and in most instances, concentrations were
not significantly different relative to the control treatment at
p ≥ 0.05. Measured reductions in H2S during the experimental
period may have been due to each type of NPs inhibitory
effects on the anaerobic SRB population that are responsible
for sulfate reduction and H2S production (see Section 2.10).
The initial ROS produced by addition of both nZnO treatments
would reduce both the activity and numbers of SRB as well as

increase redox conditions. Additionally, both assimilatory and
dissimilatory processes were likely to be affected by reductions in H2S. The coexistence of both active methanotrophic
archaea and sulfate-reducing bacteria in the same environment has previously been reported to influence production of
CH4 and H2S by Boetius et al. (2000) and Orphan et al. (2001)
and likely to contribute to the reduction of H2S and CH4 gases
(Germida et al., 1992). Among the NP treatments nZnO-based
treatments outperformed the nAg treatment. To conclude,
due to comparable H2S reduction drift among treatments,
nZnO in beads is most likely to be the best potential
application method in terms of capturing, recovery and
regeneration, and repeated use of the applied nanoparticles.

2.7. Effects of nanoparticles on total coliform bacteria (aerobic)
The number of total coliform bacteria (aerobic) as the average
number of CFUs in the initial sample (untreated manure),
control treatment, swine manure treated with nZnO, bare
bead, nZnO in the bead, and nAg are shown in Table 3. An
average number of CFUs/mL of manure were 1.13 × 105,
5.28 × 105, 0.30 × 105, 2.40 × 105, 5.18 × 105, and 3.25 × 105 in
the initial, control, nZnO, nZnO in the bead, bare bead, and
nAg treatments, respectively. Among the treatments, nZnOtreated manure contained the fewest number of coliform
bacteria, whereas the control treatment contained the highest
number. Compared to the initial treatment, the control
treatment contained 40.63% more coliform bacteria within
the experimental period. In contrast, the biocidal activity of
the nZnO was the likely cause of reductions in CFUs.

Table 3 – Effects of different NP treatments on aerobic and anaerobic bacterial population in terms of CFUs present in the
liquid swine manure.
CFU/mL of swine manure
Aerobic×105
Anaerobic ×107

Initial

Control

nZnO

Bare Bead

nZnO in Bead

1.13 ± 0.23c
3.57 ± 0.39b

5.28 ± 0.5a
5.38 ± 0.18a

0.30 ± 0.08c
0.97 ± 0.21c

5.18 ± 0.55a
5.03 ± 0.36a

2.40 ± 0.31b
3.18 ± 0.16b

Values followed by the same letters in a row indicates a non-significant difference at p ≤ 0.05.
CFU: Colony Forming Units.

nAg
3.25 ± 0.16b
4.98 ± 0.22a
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Moreover, the trends in gene copies of methanogens and SRB
along with a reduction in CH4, CO2, and H2S concentrations is
further evidence of nZnOs biocidal activity. Moreover, trends
in CH4, CO2, and H2S gas concentrations exhibited a similar
reduction in treatments with bare and entrapped nZnO.
Compared with the control treatment, the reduction in CFUs
was 94.32% and 54.57% from the swine manure treated with
nZnO and nZnO in bead treatments, respectively. Additionally, both of this nZnO and nZnO in bead treatments were able
to reduce the number of bacteria significantly relative to other
treatments at p ≤ 0.05. Manure treated with the bare beads,
however, contained almost identical numbers of CFUs as the
untreated control treatment indicating little or no effect. In
contrast, the nAg treatment was not able to reduce gas
concentrations to the levels in the nZnO treatments. Gaseous
emissions and CFUs were lower in the nZnO treatments
relative to control treatment.

treatments the number of CFUs present under anaerobic
conditions at the end of the 33-day experimental period was
̴99% higher than those of aerobic conditions. However, trends
in the number of CFUs among treatments under anaerobic
and aerobic conditions were similar with the exception of the
nAg treatment. No information could be obtained with respect
to the effects of applied treatments on specific microbial
populations responsible for gas production via the CFU data.
Therefore, we conducted qPCR assays to determine the effects
of treatments on methane and SRB populations.

2.9. Effects of nanoparticles on methanogenic archaea
Fig. 5 represents the effect of different treatments on
methanogens in swine manure incubated under anaerobic
conditions. Average mcrA gene copy numbers (an approximate estimate of methanogen numbers) on day 33 were
6.90 × 106, 3.06 × 106, 7.45 × 106, 6.30 × 106, and 7.36 × 106,
respectively, for the control, nZnO, bare bead, nZnO in the
bead, and nAg treatments. However, the initial population of
methanogens in manure was 3.13 × 106. Hence, there was an
increase in the methanogenic community throughout all
treatments relative to the initial treatment except for the
bare nZnO treatment. Decreased copies of the mcrA gene in
the nZnO treatment were likely due to the initial reactive
oxygen species (ROS) produced (Yu et al., 2013) and as a result
the persistence of higher redox conditions relative to the
control that were likely maintained throughout the experiment. Relative to the control nZnO in bead and nZnO
treatments, mcrA gene copies in the control treatment were
55.64%, and 8.80% lower, respectively. Manure treated with
bare bead, and nAg exhibited a 7.83%, and 6.64% increase in
mcrA gene copies. Among the treatments, only manure
treated with nZnO exhibited a significant reduction in
methanogens estimated via the mcrA gene copies (p ≤ 0.05).
There was also a downward trend in mcrA gene copies in the
nZnO in bead treatment. Furthermore, the trends in gas
emissions and in mcrA gene copies appear to be similar. In
contrast, although nAg has proven to have biocidal properties
in other applications, our data do not reveal such a

2.8. Effects of nanoparticles on anaerobic bacteria
Average number of CFUs from the liquid swine manure stored
under anaerobic storage conditions were 3.57 × 107, 5.38 × 107,
0.96 × 107, 3.18 × 107, 5.03 × 107, and 4.98 × 107 for the initial,
control, nZnO, nZnO in the bead, bare bead, and nAg
treatments, respectively (Table 3). The biocidal efficacy of
the nAg was reduced under anaerobic conditions and the
colony counts tended to be higher. Relative to the initial
manure sample, the control treatment contained a nearly 5fold increase in CFUs. In contrast, the nZnO, nZnO in the bead,
and nAg treatments reduced the number of CFUs relative to
the control by 94.32%, 54.57%, and 38.49%, respectively.
Additionally, there were significant reductions in the CFUs
with nanoparticle (nZnO, nZnO in the bead, and nAg)
additions relative to the control treatment. This can be
explained by the fact that these results were likely due to
both NP treatments having a biocidal impact on microbial
populations. On the other hand, swine manure treated with
bare beads did not significantly reduce the amount of CFUs.
Therefore, we inferred that the beads had no measurable
effect on the microbial populations. Irrespective of the
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Fig. 5 – Trends in mcrA gene copies in liquid swine manure treated with and without NPs. The same letters above a bar graph
for different treatments indicates a non-significant difference at p ≤ 0.05.
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Fig. 6 – Trends in sulfate reducing bacteria (SRB), dsr gene copies in liquid swine manure treated with and without NPs. The
same letters above a bar graph for different treatments indicates a non-significant difference at p ≤ 0.05.

relationship for methanogen. In the absence of stable
colloidal system and subsequent agglomeration of the applied
nAg were likely the causes of the unrevealed activity of nAg
(Kubyshkin et al., 2016), although they were not measured in
this study.

2.10. Effects of nanoparticles on H2S producing bacteria
Average dsr gene copies in SRB populations were 4.50 × 105,
5.01 × 105, 3.75 × 105, 4.98 × 105, 4.93 × 105, and 5.93 × 105 for
the initial, control, nZnO, bare bead, nZnO in bead, and nAg
treatments respectively (Fig. 6). As was the case with the mcrA
gene copies in the methanogen community, dsr gene copies of
SRB decreased in the presence of nZnO relative to the initial
manure sample and all other treatments. In contrast, among
the treatments, only the nAg treatment exhibited a significant
increase in SRB estimated via DSR gene copies relative to the
control treatment (p ≤ 0.05). Compared with the control
treatment liquid manure treated with nZnO resulted in a
reduction in SRB, dsr gene copies of 25.16%, while reductions

in SRB dsr gene copies in the bare bead, and nZnO in bead
treatments were negligible (only 0.74% and 1.50% sulfate
reducing population). The CFUs in the nZnO in bead treatment followed a similar pattern. Additionally, adsorption of
the sulfide compound on the nZnO and nZnO in bead surface
was also evident in a similar study conducted by some of the
same authors (Gautam et al., 2016a).

2.11. Effect of nanoparticles on manure mineral contents
Effects of treatments on manure mineral contents are
presented in Table 4. Although, application of bare nZnO
exhibited its potential towards higher cumulative gas volume,
and reductions in the concentration of gas constituents, the
material had no significant effect on mineral contents (the
exception being phosphate and zinc). However, manure
treated with nZnO in bead contained significantly less P2O5,
and significant increases in Mg, Zn, and Cu minerals. Since
there was no addition or removal of the minerals during the
experimental period, variations in manure mineral content

Table 4 – Effects of different NP treatments on liquid swine manure mineral contents.
Mineral

Initial

Control

nZnO

Bare Bead

nZnO in Bead

nAg

P2O5 (% DM)
K2O (% DM)
Na (% DM)
Ca (% DM)
Mg (% DM)
Zn (mg/L)
Fe (mg/L)
Mn (mg/L)
Cu (mg/L)
S (% DM)
B (mg/L)
Ag (mg/L)

5.13 ± 0.15c
8.03 ± 0.35b
1.80 ± 0.10b
2.07 ± 0.06d
1.70 ± 0.00b
1193 ± 26.7c
1503 ± 34.1a
459 ± 8.96c
146 ± 6.24 cd
1.13 ± 0.06ab
75 ± 3.46b
0.797 ± 0.12b

5.70 ± 0.20a
9.45 ± 0.40a
2.17 ± 0.06a
2.43 ± 0.06c
1.97 ± 0.06a
1375 ± 36.2c
1726 ± 127a
529 ± 15.2a
163 ± 4.62ab
1.10 ± 0.10b
83.3 ± 1.53a
0.857 ± 0.12b

4.87 ± 0.21d
7.90 ± 0.17b
1.83 ± 0.06b
2.03 ± 0.06d
1.70 ± 0.00b
29,641 ± 354a
1409 ± 45.6a
455 ± 15.6c
138 ± 6.56d
1.10 ± 0.00b
72 ± 4.58b
0.787 ± 0.11b

5.30 ± 0.00bc
8.03 ± 1.08b
2.23 ± 0.29a
3.17 ± 0.23a
1.87 ± 0.06a
1388 ± 31.3c
1586 ± 43a
493 ± 17.5b
155 ± 3.51cb
0.967 ± 0.0 c
75 ± 4.36b
0.790 ± 0.16b

4.33 ± 0.21e
7.63 ± 0.32b
1.77 ± 0.06b
2.80 ± 0.20b
1.87 ± 0.06a
16,726 ± 1361b
1413 ± 70.8a
482 ± 26.3bc
170 ± 10.1a
1.23 ± 0.06a
73 ± 2.65b
0.827 ± 0.09b

5.67 ± 0.31ab
7.97 ± 0.51b
1.80 ± 0.10b
2.23 ± 0.06 cd
1.90 ± 0.10a
1486 ± 233c
3601 ± 3540a
512 ± 17.6ab
160 ± 8.74ab
1.13 ± 0.06ab
76.7 ± 4.93ab
5.60 ± 1.35a

DM: dry matter; P2O5: phosphate; K2O: potash; Na: sodium; Ca: calcium; Mg: magnesium; Zn: zinc; Fe: iron; Mn: manganese; Cu: copper; S: sulfur;
B: boron; Ag: silver.
Values followed by the same letters in a row indicates a non-significant difference at p ≤ 0.05.
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may be the result of chelated metals release from the organic
material present in the manure, shift of manure pH, and
chemical destruction due to the production of ROS. Significant
increases in manure Ca resulting from treatment of the
manure with both the bare bead and nZnO in bead were
likely due to release of Ca ions bound to the beads. Moreover,
significant increases in Zn in the manure treated with both
nZnO-based amendments were likely due to the addition of
nZnO, and the subsequent release of Zn ion. Zinc concentrations in the manure treated with nZnO in bead treatments are
indicative of partial release of nZnO from the beads, and
hence potential recovery of the nZnO even after 33 days.
Similarly, manure treated with nAg exhibited a significantly
higher Ag concentration compared to all other treatments and
was likely due to the addition of nAg.

3. Implication of the present study
Although long-term direct field application of nZnO-treated
manure applied to soil may have some potential to accumulate heavy metal in soil and thereafter residual toxicity, a
single or short-term application of nZnO may serve as a plant
micronutrient source. Based on the annual pollutant loading
rate (140 kg Zn/(ha·yr)), the application rate used in this study
(3 g Zn/L) will result in a manure with a Zn concentration
within the EPA region VIII allowable limit (10–300 mg/L).
Application of the manure at the above nZnO concentration
for numerous years will be required to exceed the metal
loading rate in soil required to reach levels detrimental to
most plants and soil health. Our approach entraps nZnO in
sodium alginate beads that are enclosed in nylon bags for
manure treatment and removed before land application,
reducing the potential for release of NPs to the environment.

4. Conclusions
Both nZnO-based treatments reduced gas volume significantly. Only nZnO and nZnO in bead treatments exhibited
significant reductions in concentrations of CO2, CH4, and H2S.
Gaseous concentration reduction was not significant in
manure treated with nAg. Among the treatments, nZnO
outperformed other treatments irrespective of the gas volume
and concentrations reduction. Reduction of GHGs and H2S
were likely due to microbial inhibition since treated samples
had lower coliform counts and total bacterial counts relative
to the control. Quantitative polymerase chain reaction analysis revealed decreases in both mcrA and DSR gene copies
with the application of the nZnO and nZnO in bead
treatments.
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