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DEGRADATION OF THE VETERINARY 

ANTIBIOTICS IN SWINE MANURE VIA 

ANAEROBIC DIGESTION 

Ali Hosseini Taleghani 

Dr. Teng-Teeh Lim, Dissertation Supervisor 

 Abstract 

Antimicrobial resistance is becoming an imminent danger for human health, in part 

because of excessive consumption of antibiotics in the animal industry. Laboratory-scale 

anaerobic digesters (ADs) were utilized to investigate the potential removal of veterinary 

antibiotics (VA) in swine manure. Nine laboratory ADs were kept at 39±2ºC in incubators and 

were loaded every two days. The digesters had a working volume of 1.38 L (in a 1.89-L glass 

jar), with a hydraulic retention time (HRT) of 21 days and a loading rate of 1.0 g-VS/L-day. 

Carbon dioxide concentration of the biogas and pH values of the digestate verifying digester 

performance were measured every four days and every week, respectively. The AD process 

allowed 2 HRT to stabilize before the addition of the VAs, of Chlortetracycline (CTC), Tylosin, 

and Sulfamethazine (SMZ). Tests were conducted to compare the effects of VAs on manure 

nutrients, volatile solid destruction, and biogas production. Concentrations of VA added to the 

manure samples were 263 to 298 mg/L of CTC, 88 to 263 mg/L of Tylosin, and 1042 to 1339 

mg/L of SMZ, respectively. Analysis of VA concentrations before and after the AD process was 

conducted to determine the VA degradation. The process of measuring the relatively low VA 

concentrations involves using solid-phase extraction and LC-MS-MS methodology. Further 

tests were performed in water under room temperature and digester temperature to approve 

the degradation of VAs. Amplicon sequencing analysis performed on each group using the 50 
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most frequent amplicon sequence variants (ASVs) showed significant discriminations between 

groups. A hierarchical method (UPGMA) was applied to obtain the major alteration in bacterial 

dynamics between treatments. The biomarkers' abundance can be employed to distinguish 

different antibiotics contamination.
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1. Background 

The world population is predicted to reach 11 billion in 2100 [1], so the agriculture and 

animal industries need to keep pace to provide food. In this regard, farmers are likely utilizing 

more veterinary antibiotics (VAs) to prevent, cure, and increase the growth rate of the animals. 

It is predicted that by 2030, VAs consumption will exceed 100,000 tons [2]. Considering that 

more than 60% of the VAs administered are being excreted to the environment since the animal 

body cannot absorb it all [3], it is a rising concern. The existence of VAs in the manure which is 

then used as crop fertilizer can impose adverse environmental impacts [4]–[7]. Antibiotic 

resistance genes (ARGs) are the consequence of overusing antibiotics [8], will cost $3.4 trillion 

due to hospitalization, mortality, and exploring alternative methods by 2030 [9]. Since VAs are 

eliminating the non-resistant microorganisms, it will provide more promising opportunities 

for resistant ones to thrive.     

Most excreted VAs are eventually stored within manure for a long-term (several months) 

and applied to the land as crop fertilizer. Thus manure can be addressed as one of the major 

reasons for antimicrobial resistance [10]. Most of the antibiotics being used are less 

biodegradable, with degradation extents varying between 4 and 27% [11]. In the US, most 

animal farms are not equipped with wastewater treatment facilities, only some of them have 

rudimentary treatment units such as wetlands, lagoons, and some advanced anaerobic 

digesters [12]–[14]. 

There are various investigations on animal wastes fostering the emergence of the ARGs 

[15], [16]. There are new approaches to remove or reduce antibiotics, including activated carbon 
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adsorption, membrane filtration, advanced oxidation processes [17]–[21], however, they 

require advanced technical supervision as well as high expenses. Anaerobic digesters can 

produce energy and waste stabilization as well as removing VAs and ARGs [22]–[26]. In 

contrast, composting [27] requires less monitoring, has a more stable working system and a 

generally higher removal rate for certain VAs, but consumes energy and occasionally has less 

capability to remove ARGs than AD.  

In 2030, antibiotic resistance would cost $3.4 trillion due to subsequent mortality and 

substitute treatment [9]. Therefore, according to this extensive use of antibiotics and their 

stability in the environment, seeking an efficient and financially feasible method is vital. 

Besides, limited findings are available about the threshold concentrations of different classes 

of antibiotics in manure that can be removed during the AD process and the interaction 

between anaerobic digesters and antibiotics. 

2. Importance and Popularity of Antibiotics:  

The first step to identify the most critical antibiotics in terms of their danger to the 

environment was examining the consumption rate and the market share of different 

antibiotic classes. Every animal antimicrobial manufacturer should report the volume of the 

drugs being sold or distributed in the U.S. to the FDA, annually. As a result of implementing 

the Guideline for Industry #213 act, over-the-counter sales declined dramatically, from 8 

million kilograms in 2016 to 271,280 kg in 2017 [28]. Despite all these restrictions, the US's total 

annual VAs consumption was 10,900 and 11,500 tons in 2017 and 2018, respectively [29]. 
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Based on the 2019 FDA report, although the volume has decreased by 36% from 2015 to 

2019, it started to grow again from 2018 by 3%, compared to 2019. Tetracycline which is the 

most used antimicrobial (more than 67% of the total VAs used) increased by 4% from 2018 

through 2019. The swine industry has the highest share of antimicrobial consumption in 2019, 

with more than 42%.    

Second, we had to distinguish the purposes, which are medically important and 

are being used as antibiotic treatments and preventions, and which are growth-

promoting compounds. It would help us to separate part of drugs that are normally 

used for infection treatment.  

Chemical half-lives of antibiotics and by-products of these antibiotics have raised 

the attention of evaluating their hazard to the environment. For instance, usually, as 

much as half-life extends, the antibiotics can be transported to numerous lieu like 

entering in run-off water, groundwater, soil, and finally plants before degradation.  

Cost and administration periods always have a pivotal role in the popularity of a 

drug. Consumers are looking for their most cost-beneficial option, which can be 

effective and inexpensive at the same time. Therefore, if two different VAs have the 

same effect, farmers prefer to choose the one with a lower price. For this purpose, we 

gathered information about the drug family, the price per unit uses for the animal. Next, 

we dismissed antibiotics mostly used for small animals (dogs and cats), because they 

own a narrow share of antibiotics consumption in 2019 [30]. In conclusion, 
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chlortetracycline from the tetracycline family, tylosin from macrolides, and 

sulfamethazine from sulfonamides were selected. Table1 shows the most popular 

antibiotics available in the US.  

Table1. Antimicrobial drugs approved for use in food-producing animals in the U.S., 2019. 

Category Antibiotic Name 
Drug 

Class 

Consumption 

share 
Half-life 

Aminocoumarins Novobiocin 

Not 

Medically 
Important 

 ---- 

Aminoglycosides 

Dihydrostreptomycin 

Medically 

Important 
3% N.A. 

Gentamicin 

Hygromycin B 

Neomycin 

Spectinomycin 

Amphenicols Florfenicol 
Medically 

Important 
<1% 7.3 days 

Cephalosporins 
Ceftiofur Medically 

Important 
<1% 10-50 days 

Cephapirin 

Diaminopyrimidines Ormetoprim 
Medically 

Important 
For Dogs only  

Fluoroquinolones 
Danofloxacin Medically 

Important 
<1% >50 

Enrofloxacin 

Glycolipids Bambermycins 

Not 

Medically 

Important 

  

Ionophores 

Laidlomycin 

Not 

Medically 

Important 

37% 

Monensin <13 day,     

  Salinomycin 0.6 day    

  Narasin 7 day 

Lasalocid 

Monensin 

Narasin 

Salinomycin 

Lincosamides 
Lincomycin Medically 

Important 
1%  

Pirlimycin 

Macrolides 

Erythromycin 

Medically 
Important 

4% 

Erythromycin 8 days      

  Tylosin <10,                

 others 10-50 days 

Gamithromycin 

Tildipirosin 

Tilmicosin 

Tulathromycin 

Tylosin 

Tylvalosin 

Orthosomycins Avilamycin 

Not 

Medically 
Important 

  

Penicillins 

Amoxicillin 

Medically 

Important 

6% 

10-50 days 
Ampicillin 

For cats, dogs 

and fishes 

Cloxacillin  

Penicillin  

Pleuromutilins Tiamulin    

Polymyxins Polymyxin 
Medically 

Important 

Horse, Dog & 

cat 
 

Polypeptides Bacitracin 
Not 

Medically 

Important 

 12 days 

Quinoxalines Carbadox 

Not 

Medically 

Important 

  

Streptogramins Virginiamycin 
Medically 

Important 
 In silty sand >87 days 

Sulfadimethoxine 3% >50 
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Sulfonamides 

(Sulfas) 
Sulfamethazine 

Medically 
Important 

Tetracyclines 

Chlortetracycline 
Medically 
Important 

36% 
CTC in Manure 37degree = 7 days 

Oxytetracycline 

Tetracycline OTC <5 days 

3. Objectives 

This research was designed to investigate the i) biodegradation of chlortetracycline 

(CTC), tylosin, and sulfamethazine through anaerobic digestion, ii) possible disturbance in 

reactor performance, and iii) change in microbial population and their activity due to VAs in 

anaerobic digesters treating swine manure. In the literature, mostly batch reactors were used, 

while in actual farm conditions it is mostly a semi-continuously loaded reactor. Besides, the 

concentration of VAs explored was far from the real condition. Very few of them considered 

reactor performance as well as the removal of the antibiotic simultaneously. The innovation of 

this research is to mimic the actual farm condition with similar antibiotic concentrations 

applied by farmers, using relatively larger semi-continuous anaerobic digestion bioreactors 

over several months.  

Chapter two reports degradations of CTC and tylosin in swine manure anaerobic 

digestions, with detailed methods and modifications employed, and potential interaction of 

the two antibiotics being treated at the same time. Chapter 3 investigates the degradation of 

sulfamethazine with more replications.  In addition, amplicon sequencing of the digestate was 

carried out to characterize the bacterial dynamic alteration due to VAs addition.  In chapter 4 

we tried to compare and conclude the effects of treatment groups on biogas production, pH 

change and bacterial activity. Furthermore, biodegradation of VAs was reviewed to determine 
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if the anaerobic digestion is efficient. Both Chapters two and three were submitted to a scientific 

journal for publication. 

In appendix I, we included a field test report of acidifying separated liquid manure, 

documenting the set-up, troubleshooting, and recommendations. Our research group had an 

opportunity to collaborate with researchers from the North Carolina State University and a 

private industry. The main objective was to conduct a field test of acidifying separated liquid 

manure in a commercial farm, for better preserving the nitrogen contents in the liquid manure.  

Urea, with relatively high N content (46%), simplicity of application, and fair price is the 

most popular N fertilizer consumed globally. For liquid manure, to maximize the absorption 

of nutrients by crops, and to reduce negative environmental impacts, urine has to be stabilized. 

Acid addition to urine in order to decrease the pH showed a substantial effect on urease 

inhibition and reduced the ammonia loss during collection, storage, and application. An on-

farm liquid manure acidification system was established at a commercial farm with a solid-

liquid separation system in Versailles, Missouri. The desired pH was achieved by utilizing a 

Programmable logic controller and a probe installed in the manure acidification tank. An 

autosampler was programmed to grab samples while acidification was targeted for pH 4.5 and 

5.5.  

Frequent clogging due to solids, foaming, pump malfunction, flowmeter clogging, 

general system failure due to settlements, and concrete acid corrosion were among the issues. 
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Finally, a model was elaborated to estimate manure production and acid consumption for pH 

5.5 and 4.5, which was verified with manual data recording at the farm. 
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Chapter 2 

Degradation of Veterinary Antibiotics in Swine Manure via 

Anaerobic Digestion 
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Abstract: Antibiotic-resistant microorganisms are drawing a lot of attention due to their severe 

and irreversible consequences on human health. The animal industry is considered responsible 

in part because of the enormous volume of antibiotics used annually. In the current research, 

veterinary antibiotic (VA) degradation, finding the threshold of removal, and recognizing the 

joint effects of chlortetracycline (CTC) and Tylosin combination on the digestion process were 

studied. Laboratory scale anaerobic digesters were utilized to investigate the potential mitigation 

of VA in swine manure. The digesters had a working volume of 1.38 L (in a 1.89-L glass jar), with 

a hydraulic retention time (HRT) of 21 days and a loading rate of 1.0 g-VS L−1 d−1. Digesters were 

kept at 39 ± 2 °C in incubators and loaded every two days, produced biogas every 4 days and 

digester pH was measured weekly. The anaerobic digestion (AD) process was allowed 1.5 to 2 

HRT to stabilize before adding the VAs. Tests were conducted to compare the effects of VAs on 

manure nutrients, volatile solid removal, VA degradation, and biogas production. Concentrations 

of VA added to the manure samples were 263 to 298 mg/L of CTC, and 88 to 263 mg/L of Tylosin, 

respectively. Analysis of VA concentrations before and after the AD process was conducted to 

determine the VA degradation. Additional tests were also conducted to confirm the degradation 

of both VAs dissolved in water under room temperature and digester temperature. Some 

fluctuations of biogas production and operating variables were observed because of the VA 

addition. All CTC was found degraded even only after 6 days of storage in water solution; thus, 

there was no baseline to estimate the effects of AD. As for Tylosin, 100% degradation was 

observed due to the AD (removal was 100%, compared with 24–40% degradation observed in 

the 12-day water solution storage). Besides, complete Tylosin degradation was also observed in 

the digestate samples treated with a mixture of the two VAs. Lastly, amplicon sequencing was 

performed on each group by using the 50 most variable operational taxonomic units (OTUs)s, 

and perfect discriminations were detected between groups. The effect of administration period 

and dosage of VAs on Phyla Firmicutes Proteobacteria, Synergistetes, and Phylum Bacteroides 

was investigated. These biomarkers' abundance can be employed to predict the sample’s 

treatment group. 
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1. Introduction 

Nowadays, a wide variety of antibiotics are being used in animal farms to cure, prevent, 

and also improve the growth of animals, accounting for more than 52% of total antibiotics 

consumption in the world [1–3]. Due to the rapid effect of antibiotics and low cost of them, 

daily use of it rocketed during the last two decades) [4]. Although in 2017, attempts to restrict 

using antibiotics took place, from 2009 to 2016 use of several veterinary antibiotics (VAs) was 

raised by 36.8% on average [4]. Many of these compounds have weak absorption within the 

animal gut and intestine during digestion, resulting in the excretion of potent parent and 

daughter products [5]. A high percentage of the antibiotics (60–90%) is excreted without 

metabolism in urine and feces, leading to potential human and ecological health risks for soil 

and water [6–9]. Moreover, based on a study by Alexy et al. [10], most of the antibiotics being 

used are not biodegradable, with degradation extents varying between 4 and 27%.  

Since a vast volume of manure is being produced each year due to concentrated animal 

feeding operations (CAFOs) and is mostly being applied to solid materials as a fertilizer, the 

long-term presence of such antibiotics in manure with even trace concentrations (i.e., ng/L) 

could lead to the formation of antibiotic resistance genes (ARGs) [11]. The microbacterial 

resistance will result in higher medical costs, longer treatment periods, and increased mortality 

[12,13]. Animal farms typically utilize simple treatment systems, which are mainly AD, 

stockpiling, composting, wetlands, or lagoons ([3,14]). These simple treatments might not be 

sufficient to prevent the appearance of ARGs [15]. There are new approaches to remove or 

reduce antibiotics, including activated carbon adsorption, membrane filtration, advanced 



 

13 

oxidation processes ([14,16–19]), however, they require advanced technical supervision as well 

as extreme expenses.  Furthermore, the VAs could pollute the soil and water, then the human 

food chain through crops and animal-derived foods [20–24]. Moreover, the residue of VAs in 

the AD process could sustain microbes under the minimum inhibitory concentration (MIC), 

fostering the selection for ARGs by microbes [25,26]. 

Anaerobic digesters can produce biogas as well as removing VAs and ARGs [27–29]. In 

contrast, composting [30] requires less monitoring, has a more stable working system and a 

generally higher removal rate for certain VAs, but consumes energy and occasionally has less 

capability to remove ARGs than AD. Xie et al. [31] concluded that thermophilic composting of 

cow manure would result in ARG mitigation, lowering 16S rRNA with tetracycline, 

sulfonamide, and fluoroquinolone resistance genes, however, not effective with aadA, aadA2, 

qacED1, tetL, cintI1, intI1, and tnpA04. A similar study of dairy manure composts showed 

satisfactory treatment of antibiotic-resistant E. coli and Salmonella, yet some antibiotic-

resistant Enterobacter spp. and multidrug-resistant Pseudomonas spp. population raised after 

application of these composts to rangeland soils in Texas [29]. Prado et al. [32] aimed to use an 

aerobic reactor with activated sludge to track the fate of tetracycline (TC) and Tylosin as 

antibiotics. Both TC and Tylosin were not biodegradable in this type of reactor. Research also 

determined that the biosorption of both antibiotics appeared to be most favorable for TC.  

Joy et al. [33] investigated the behavior of three antibiotics (bacitracin, chlortetracycline, 

and tylosin) and two classes of ARGs (Tet and Erm), which were monitored in swine manure 

slurry under anaerobic conditions. First-order decay rates were determined for each antibiotic 
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with half-lives ranging from 1 day (chlortetracycline) to 10 days (tylosin). Angenent and Wrenn 

[34] examined the effects of an anaerobic sequencing batch reactor (ASBR) on the removal of 

antibiotic tylosin. They observed no inhibitory effect on biogas production, but some 

macrolide–lincosamide– streptogramin B (MLSB)-resistant bacteria appeared. Shi et al. [35], 

discovered that a certain dosage of tetracycline (TC) and sulfamethoxydiazine (SMD) could 

reduce biogas production. They also noticed the rapid disappearance of antibiotics (more than 

50%) in the first 12 hours. However, they were not sure about whether it was being degraded 

or just absorbed into solid materials. A similar study was conducted by Beneragama et al. [36], 

who confirmed the efficiency of AD of antibiotics in dairy manure. They also utilized 

thermophilic microorganisms (working in 55 °C). Results showed no inhibition in gas 

production and the efficiency of the reactor.  

Approximately 80% of the 16,000 metric tons of antibiotics sold annually in the U.S. are 

used in animal husbandry [37]. These antibiotics can be transported to run-off water, 

groundwater, soil, and finally, plants [38–43]. In 2030, antibiotic resistance would cost $3.4 

trillion due to subsequent mortality and substitute treatment [44]. Therefore, according to this 

extensive use of antibiotics and their stability in the environment, seeking an efficient and 

financially feasible method is vital. Besides, limited findings are available about the threshold 

concentrations of different classes of antibiotics in manure that can be removed during the AD 

process and the interaction between anaerobic digesters and antibiotics. 

The objectives of this study were to evaluate i) anaerobic digestion efficiency on the 

removal of chlortetracycline (CTC) and Tylosin, ii) inhibitory behavior of VAs on the reactors, 
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and iii) the effect of these antibiotics on microbial dynamics in anaerobic digesters with swine 

manure. The novelty of this research is the imitation of on-farm mesophilic anaerobic digesters 

that were loaded frequently with manure from a commercial pig farm while operating over 

several months. The research focused on widely used antibiotics and emphasized proper 

concentration and duration at which the antibiotics were administered (following 

manufacturer’s recommendation and average pig weights), and amount of antibiotics excreted 

by the animals based on a literature review. Critical operating variables of the digesters, 

including pH and biogas productions, were monitored closely, similar to what most on-farm 

AD technicians are employing to monitor AD performance, which requires no sophisticated 

analytical expertise. The bench-scale anaerobic digesters were relatively larger and semi-

continuously loaded for over several months, while many of the previous studies only focused 

on inhibition effect and usually using batch reactors, which are different from actual on-farm 

AD conditions.   

2. Methods 

The current study focuses on utilizing an AD process to assist in removing VAs and 

finding the efficiency and practicality of the reactors. Antibiotics are chosen to be spiked 

meticulously, based on their importance, usage in feedstock, and their danger to the 

environment. Besides, the dosage of antibiotics was close to concentrations administrated for 

animals, absorbed, and then excreted, to imitate the real condition. Our reactors are fed with 

swine manure, which has been tested for background concentration of VAs, to diminish the 

chance of interference. CTC was injected into anaerobic sequencing batch reactors (ASBR) with 
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doses of 263, 280, and 298 mg/L for each spike and a total of three injections every two days 

while Tylosin doses were 88, 175, and 263 mg/L for each injection and a total of 5 injections 

every two days. 

Several factors are contributing to reactor performance and biogas production. 

Temperature is one of them. Different types of bacteria work on various temperature ranges 

and some of them are highly susceptible to temperature fluctuation. Besides, the pH and 

alkalinity of the environment in which bacteria are growing should be near neutral and 

consistent. Therefore, the temperature was kept at around 39 °C (102 °F). Also, we were 

recording incubator temperature and humidity for tracking the performance of our incubator. 

The methane-forming bacteria are very sensitive to slight changes in organic loading, pH, and 

temperature (a temperature change greater than 2 degrees of Fahrenheit per day will affect the 

methane formers).  

2.1.  Feedstock for Anaerobic Digestion 

Manure samples were collected from a mid-central Missouri commercial swine farm. The 

farm was VA-free for the finishing pigs, located in Versailles, Missouri, USA. Furthermore, to 

make sure that no antibiotics existed in the solid manure used, it was analyzed to eradicate any 

interference or error. Because the farm has shallow pits, the manure would be less than one 

month old. After collecting manure, buckets full of manure  were kept frozen at −20 °C (−4 °F) 

until they were used as feedstock for the reactors. Once manure was needed, one of these big 

buckets was thawed down and separated into a small bucket (usually 4 liters (L) in volume). 

Just one of these small buckets was in the refrigerator for feeding; the rest were kept in a freezer 
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to keep it unchanged as much as possible. Total and volatile solids (TS and VS) of each big 

bucket were tested to evaluate the proper feeding ratio. The total solid (TS) of the solid manure 

was 25.89%, and the volatile solid (VS) was 82.02% of the TS. There was no test conducted to 

verify the potential effect of the freezing, although there were few observed changes in biogas 

production between refrigerated and frozen manure in the last year of AD tests.  

The inoculum was collected from semi-continuous AD jars of previous tests (Wang et al., 

[45]), which were steadily producing biogas for over three months, and the feedstock was swine 

manure with an organic loading rate (OLR) of 1 g-VS L−1 d−1 only. The total solid (TS) of 

inoculum was 2.20%, and the volatile solid (VS) was 64.92% of TS. 

2.2. Experimental Design 

Tests were carried out with laboratory size jars as reactors (adjusted for AD). Antibiotics 

were added to reactors with different concentrations of CTC and Tylosin to monitor antibiotic 

removal and gas production variations in those mesophilic reactors. Nine laboratory-scale jars 

as anaerobic bioreactors with the working volume of 1.375 L were kept at 39 ± 2 °C (102 °F to 

105 °F) in the incubator. The jars are being fed with VA-free swine manure at 1g-VS per L-day, 

with 21 days hydraulic retention time (HRT). The volume of the feed given every two days is 

measured based on HRT and our reactor volume. Because our HRT is 21 days and the reactor 

volume is 1.375 L, so 0.131 L of our reactor liquid was removed and replace by feedstock (the 

digesters were fed every two days) [46]. 
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Each jar was connected to 10-L Tedlar bags to collect produced biogas, and the volume 

was measured every four days [47]. A custom-built device was used to help distribute the 

biogas evenly in the bag, so the height of the bag could be measured more accurately. By 

utilizing a predetermined model, the volume of each bag was then estimated by bag height. 

Besides, to prevent any leakage of the Tedlar bags, each time two of the bags were randomly 

tested for possible leakage before emptying. Additionally, tubes, caps, and any connective 

parts were tested for leakage. After biogas measurements, bags were emptied safely and 

burned. 

The experiment consisted of nine jars; three of them were spiked with CTC, three with 

Tylosin, and the last three with both CTC and Tylosin, to observe the combined effect or any 

interaction between two types of antibiotics (Figure 1). Furthermore, to investigate the 

efficiency of the AD process, we added six more jars, filled with distilled water and the 

headspace with N2. Three of these jars were being kept in the incubator at the same temperature 

of the digester jars (39 °C), the rest were being kept in the room temperature to monitor the 

effect of the temperature. The same pattern of antibiotics concentration was conducted for 

control jars, two groups of three jars. Retention time and sampling procedures were identical. 
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Figure 1. The scheme of the reactors, tubes transferring biogas and the incubator. 

2.3. Antibiotics  

The two most widely used antibiotics were selected based on consumption rate and 

market share of different antibiotic classes in the United States [4]. Antibiotics used in this 

experiment were CTC as chlortetracycline HCI and tylosin as tylosin tartrate. Commercial 

grade CTC was bought from “PharmGate Animal Health; Omaha, Nebraska” with the brand 

of “Pennchlor 64”. Commercial grade tylosin used was from “Elanco Animal Health; 

Indianapolis, Indiana” with the brand of “Elanco”. Moreover, to prepare standard samples for 

LCMS/MS, both antibiotics were ordered as the analytical grade from “Sigma-Aldrich”, St. 

Louis, Missouri. Chlortetracycline hydrochloride, VETRANAL™, analytical standard, with 

CAS number of 64-72-2 and tylosin, United States Pharmacopeia (USP) Reference Standard, 

with CAS number of 1401-69-0, were used for standard solutions. 

We followed the prescription on the labels to imitate the real condition in a barn. 

Consequently, the recommended dosage for tylosin was 66 ppm in drinking water. For Swine 

Dysentery, adding tylosin to drinking water should be continued for 3 to 10 days, depending 

https://www.sigmaaldrich.com/catalog/search?term=64-72-2&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=1401-69-0&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
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upon the severity of the infection. For CTC, the recommended dosage was 22 mg/kg body 

weights per day. The duration of treatment is 3 to 5 days depending on the infection. Pigs are 

generating 4.28 liters of manure per day on average. Additionally, it is assumed that the 

average body weight of a pig is around 68 kg (finishing pigs weigh around 45–113 kg). These 

assumptions would help us estimate the concentration we should inject into our reactors, by 

considering the excretion rate and metabolism percentage. 

The stabilization time for the reactors and the microbial community was expected to be 

one to three months, until the biogas production, digestate pH, and alkalinity trend became 

flat. For the current research, the digester was fed for eight weeks or 2.5 times the retention 

time. Important operating variables, including organic loading rate based on total volatile 

solids (TVS), solid content, temperature, mixing (swirling the jar daily), and foaming (if any) 

were recorded. Digester alkalinity and pH were monitored weekly by measuring the digestate.  

For Lower range concentration, the lowest factor in each section was used. For instance, 

to calculate the lower band of tylosin, 11.35 L per day as pig's drinking volume, 50% excretion 

level applied, and 4.28-liter excretion per day was selected. For upper range concentration, the 

highest factor in each section was used. For instance, to calculate the upper band of tylosin, 

18.93 liters per day as pig's drinking volume, 90% excretion level, and 4.28-L excretion per day 

were selected. The average concentration is the average of the lower and upper concentrations. 

Recalling that jars were loaded every two days with a mixture of solid manure and water, VAs 

added with feed had a concentration of day 1 plus day 2. 
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Since antibiotics are being added to the water part of the feeding (not to the solid part), 

therefore solubility of the VAs should be checked. Table 1 is a summary of the solubility of CTC 

and tylosin in the water at 20°C:  

Table 1. Chlortetracycline (CTC) and tylosin water solubility. 

Reference CTC Tylosin 

Manufacture Info. 264 mg/L 528 mg/L 

Merck Index 500 mg/L 6000 mg/L  

Sigma 8.6 mg/mL 50 mg/mL 

Considering the solubility of CTC and tylosin in the water at 20 °C, there was no problem 

with CTC and tylosin solving limit individually. However, one set of three jars was used, which 

we decided to use to test the combined effect of antibiotics, so we had to mix two antibiotics in 

the same volume of water (0.103 L). There is always a chance of interference between two types 

of chemicals, especially when they are being added near their solubility limit. Thus, the 

decision was made to add CTC directly to the water, transfer it to the reactor and then add 

tylosin powder separately to the reactor. Other solvents such as methanol or ACN were 

dismissed because of their adverse effect and interference with the reactor's performance (an 

independent test was conducted to evaluate the impact of adding methanol onto AD 

performance; details are not included in this paper). Table 2 summarizes the recommended VA 

concentrations based on the manufacturer’s recommendation and corresponding dosages 

considering the ranges of dosage, water consumption, and excretion rate.  
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Table 2. Summary of antibiotics' prescription and concentrations added every two days. 

Antibiotic 

Dosag

e 

(day) 

Manure 

(L/d) 

Consumption 

Treatment 

Duration 

Excretion 

Level 

Conc. 

(Low) 

(mg/L) 

Conc.  

(High) 

(mg/L) 

Conc. 

(Med) 

(mg/L) 

Tylosin 

66 

mg/L 
4.28 

Drinking 

11.35-18.93 

liters/day 

3–10 days 

50 to 

90 % 
87.67 263 175.34 

CTC 

22 

mg/kg. 

- body 

weight 

4.28 

Average Pig 

weight = 68 kg 
3–5 days 75% 263 298 280.54 

 

As previously mentioned, we recorded biogas production for at least two HRTs, before 

and after introducing the antibiotics. Table 3 illustrates the added VAs concentration in each 

reactor. As shown below, the first group is being administrated only with CTC, the second 

group with both CTC and tylosin, and the last, with only tylosin.  

Table 3. Veterinary antibiotics (VAs) concentration spiked in each reactor. 

Jar # CTC concentration (ppm) Tylosin Concentration (ppm) 

1 263 0 

2 280.54 0 

3 298 0 

4 263 87.67 

5 280.54 175.34 

6 298 263 

7 0 87.67 

8 0 175.34 

9 0 263 
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The pH of the digestate was measured every two days while adding antibiotic, with a 

pH meter (PINPOINT, American Marine Inc, Ridgefield, CT). Using pH data, the microbial 

activity of the digester and the reactor performance is projected. However, pH can also be 

affected by alkalinity. For quality assurance, alkalinity tests were also carried out.  

The CO2 concentration of the biogas was measured with a standard combustion analyzer 

(Bacharach Fyrite Classic Combustion Analyzer, USA) every eight days. The concentration of 

CO2 was measured every four days during the antibiotic addition period. Comparative tests 

with a gas spectrometry device were done to check how accurate our measurements were. 

Below is a comparative table that illustrates accuracy control values (Table 4). The gas 

chromatograph device was (GC-2014, Shimadzu, US) with a thermal conductivity detector 

(TCD) using a ShinCarbon ST 80/100 Column (Restek, US) [48]. 

Table 4. Comparative table of methane content between data collected by Bacharach Fyrite 

Classic Combustion Analyzers and gas chromatography. 

 

Retention Time (ms) 

Detected Volume 

Bacharach Fyrite 

Classic Results 

GC Results 

Sample# 

CH4 

(µL) 

CO2 

(µL) 

CO2 (%) CH4/100% CO2/100% 

1 120043 384994 283623 117.17 57.50 28 56.51 27.73 

2 67869.1 441945 300395 134.25 60.85 28 62.86 28.49 

3 68710.1 455328 311024 138.27 62.98 28 62.86 28.63 

4 131615 411986 302588 125.26 61.29 26 56.33 27.56 

5 131197 421019 309690 127.97 62.71 26 56.52 27.70 

Because the administration times for CTC and tylosin were different (6 days for CTC and 

10 days for tylosin), jars with CTC spikes were sampled at the end of day 6, while tylosin-

spiked jars were sampled at day 10. For jars with the combined CTC and tylosin, samples were 
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taken on both day 6 and day 10. Since VAs were added every two days with feed, the sampling 

would occur two days after the last spike. Samples were frozen at −20 °C immediately. Gas 

production, pH, and CO2 level were considered the vital data, which were recorded before, 

during, and past spikes.  

2.4. Extraction and Chemical Analysis 

2.4.1 Sample Preparation 

Two grams of the sample were transferred to 50-ml “Corning™ PP Centrifuge Tubes 

(polypropylene) and 5 mL of phosphate buffer (0.14M) was added. Following the pH 

adjustment, 200 µL of internal standard (Sulfamethazine phenyl-13C6) was fortified and the 

antibiotics were extracted with 25 mL of acetonitrile (ACN) with sonication for an hour. 

Following the sonication, the samples were centrifuged for 15 minutes in 4000rpm, at 4 °C (39.2 

°F) with a Sorvall LYNX 6000 Superspeed Centrifuge (Thermo Scientific™), and the 

supernatant was collected. The same extraction process was repeated with 15 mL ACN; both 

supernatants were combined. Twenty milliliters of the extract were transferred to the test tube, 

and the solvent was further evaporated to 2 mL under a stream of nitrogen gas. The extract 

was diluted with 18 ml of DI water before solid-phase extraction (SPE). 

2.4.2.  Solid-Phase Extraction 

The antibiotics were extracted by a Waters Oasis-HLB SPE cartridge (Oasis HLB 12 cc 

Vac Cartridge, 500 mg Sorbent per Cartridge, 60 µm Particle Size). The solid-phase extraction 

cartridges were preconditioned in an order with 10 mL ACN, 10 mL DI water all with the rate 
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of (2 mL/min). The sample was subsequently introduced to the cartridge at a flow rate of 2 

mL/min. The impurity in the cartridge was washed by using 10 mL DI water for 5 min of 

vacuum drying. The antibiotics retained on the cartridges were eluted with 8 mL of methanol 

followed by 8 mL of ACN with a flow rate of 2 mL/min. The eluate was evaporated by a gentle 

stream of nitrogen at 15 L/min in a water bath at 35 °C and concentrated to 10–20 µL. The 

extract was further filtered via a 0.22-µm Anotop inorganic filter (Sigma Aldrich) and was 

ready for antibiotic analysis [49]. 

2.4.3.  LC-MS/MS Analysis 

The concentrations of antibiotics were determined by a Waters Alliance 2695 High-

Performance Liquid Chromatography (LC-MS/MS) system coupled with Waters Acquity TQ 

triple quadrupole mass spectrometer (MS/MS). The analytes were separated by a Phenomenex 

(Torrance, CA) Kinetex C18 (100 mm × 4.6 mm; 2.6 µm particle size) reverse-phase column. The 

mobile phase consisted of 10 mM ammonium acetate and 0.1% formic acid in water (A) and 

100% acetonitrile (B). The gradient conditions were 0–0.5 min, 2% B; 0.5–7 min, 2–80% B; 7.0–

9.0 min, 80–98% B; 9.0–10.0 min, 2% B; 10.0–15.0 min, 2% B at a flow rate of 0.5 mL/min. The 

ion source in the MS/MS system was electrospray ionization (EI) operated in either positive 

(ES+) mode with a capillary voltage of 1.5 kV. The ionization sources were programmed at 150 

°C and the desolvation temperature was programmed at 450 °C. The MS/MS system was in the 

multi-reaction monitoring (MRM) mode with the optimized collision energy. The ionization 

energy, MRM transition ions (precursor and product ions; Table 5), capillary and cone voltage, 

desolvation gas flow, and collision energy were optimized by the Waters IntelliStart™ 
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optimization software package [50]. The retention time, calibration equations, and limits of the 

detection for the analyses of metabolites are summarized in Table 5. 

 Table 5. The ionization mode, retention times, and optimized precursor/product ions for 

analysis of the VAs by the developed LC-MS/MS method. 

 Chemical Ionization Mode Retention Time Precursor / Product Ions 

1 Ceftiofur (Excenel) ESI+ 7.04 523.8 / 210 

2 Penicillin G Potassium salt ESI+ 7.32 335 / 160  

3 Carbodox ESI+ 6.27 263 / 90  

4 Chlortetracycline hydrochloride ESI+ 7.57 479 / 444  

5 Tiamulin (Denaguard) ESI+ 8.64 494.3 / 192.1  

6 Tylosin 

ESI+ 8.63 917 / 174 

ESI+ 8.63 917 / 772 

7 Enrofloxacin-d5 ESI+ 6.98 365 321 

2.5. Statistical Analysis  

The statistical analyses were carried out using a two-sample t-test with unequal variances 

from the statistical analysis (R Core Team, 2013) to compare biogas inhibition between groups 

and between different VAs concentrations. Significance was accepted at probabilities p ≤ 0.05 

for all analyses. Besides, for amplicon sequencing, Bray–Curtis similarities and Jaccard 

similarities methods are used for this comparison. The Bray–Curtis dissimilarity is a method 

used to measure the structural variation between two different groups, based on counts at each 

group. Mathematically, the index of dissimilarity is: 

𝐵𝐶𝑖𝑗 = 1 −
2𝐶𝑖𝑗

(𝑆𝑖 + 𝑆𝑗) 
 

(1) 
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where Cij is the sum of the lesser values for only those species on the intersection of two 

sets. Si and Sj are the total numbers of specimens at both sites. The range is between 0 and 1 

[51]. 

The Jaccard similarity index compares members for two sets of data to quantify the 

resemblance between them, with a range from 0 to 1. The closer the number is to 1, the more 

similar the two populations are. 

𝐽(𝐴, 𝐵) =  
|𝐴 ∩ 𝐵|

|𝐴 ∪ 𝐵|
 

(2) 

2.6. Sampling and DNA isolation 

Raw and digested manure samples have been analyzed by the MU Metagenomics Center 

for the microbial/taxonomy analysis using the 16S rRNA library sequencing methodology. The 

results show that over 60k sequences were identified, confirming that the taxonomy analysis 

of manure samples can be analyzed using the specific method.  

In total, twelve samples were collected into 50-mL sterile centrifuge plastic tubes. The 

first three samples were taken from CTC-added jars, with low, medium, and high 

concentrations, sampled 6 days after the first addition of VAs. The next three were sampled 

from jars with the addition of a mixture of CTC and tylosin on day 6 and day 10. The last group, 

including samples 9 to 12 were taken from jars administrated only with tylosin and were 

sampled on day 10 of VAs addition. Prior to sampling, each jar was mixed thoroughly with a 

hand mixer for 1 minute. During the time after sampling and before starting the amplicon 

sequencing, samples were frozen to prevent any interference with oxygen. According to the 
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TissueLyser II (Qiagen, Venlo, Netherlands), samples were incubated at 70 °C for 20 minutes 

with intervallic vortexing. Then, samples were centrifuged at 5000× g for five minutes at room 

temperature, and the supernatant was conveyed to a 1.5-mL Eppendorf tube. Next, ammonium 

acetate was added, mixed, incubated on ice, and centrifuged. The supernatant was then 

blended completely with a unit volume of chilled isopropanol and for 30 minutes incubated on 

ice. Products were then centrifuged at 16000× g for 15 minutes at 4 °C. The supernatant was 

evaporated and removed; the DNA pellet was cleaned several times with 70% ethanol and 

resolved in 150 μL of Tris-EDTA. The rest of the method was performed, according to Ericsson 

et al. [52,53]. 

2.7. 16S rRNA Library Preparation and Sequencing 

The DNA of extracted samples was tested at the University of Missouri DNA Core 

Facility. Bacterial 16S rDNA amplicons were created with a magnification of the V4 

hypervariable region of the 16S rDNA gene with universal primers (U515F/806R) formerly 

established against the V4 region, edged by Illumina standard adapter sequences [54]. A single 

forward primer and reverse primers with a unique 12-base index were used in all reactions. 

PCR amplification was completed as follows: 98 °C(3:00) + (98 °C(0:15) + 50 °C(0:30) + 72 

°C(0:30)) × 25 cycles + 72 °C(7:00) [52,53]. The amplified product from each reaction was mixed 

entirely; then purified and incubated at room temperature for 15 minutes. Products were 

washed with 80% ethanol several times and the dried pellet was resuspended in Qiagen EB 

Buffer (32.5 μL), incubated at room temperature for 2 minutes, and then placed on the magnetic 

stand for 5 minutes. The final amplicon pool was assessed using the Advanced Analytical 
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Fragment Analyzer automated electrophoresis system, quantified with the Qubit fluorometer 

using the Quant-iT HS dsDNA reagent kit (Invitrogen), and diluted according to Illumina's 

standard protocol for sequencing on the MiSeq. [52]. 

2.8. Informatics Analysis 

Constructing, data binning, and descriptive analysis of DNA sequences was performed 

at the MU Informatics Research Core Facility. FLASH software [55] was employed to group the 

contiguous sequences of DNA, and contigs were discarded if they turned out to be less than 31 

after trimming for a base quality. Qiime v1.7 [56] software was used to carry out de novo and 

reference-based chimera detection and exclusion, and other contigs were allocated to 

operational taxonomic units (OTUs) with a significance of 97% nucleotide identity. Taxonomy 

was appointed to selected OTUs using BLAST [57] in comparison to the Greengenes database 

[58] of 16S rRNA sequences and taxonomy. 

3. Results and Discussion 

           3.1. Biogas production changes 

The presence of VAs in anaerobic digesters could have an inhibitory effect on biogas 

production [36,59,60] because VAs could disrupt microorganisms' dynamics, especially when 

the concentration is high. Because AD is not efficient in degrading VAs completely, in the long 

term, AD reactors can also become a fostering environment for VAs that would help the 

development of new ARGs [61]. By scrutinizing the figures derived, some abnormalities were 

visible one week after the last spike, recalling that October 18 was the start date of the spiking 



 

30 

antibiotics and the final day was October 28 (Figure 2a). This biogas fluctuation started with a 

decline in samples spiked with tylosin and also a mixture of tylosin and CTC, immediately 

after the first spike. For CTC samples, this drop was delayed until early November. On 

November 11, it grew again and then reached its lowest point on November 23. 

 

 

 

Figure 2. Biogas production in 2017-2018, a. #1 low, #2 medium, and #3 high concentration, 

before and after adding CTC, b. #4 low, #5 medium and #6 high concentration, before and 

after adding both CTC and tylosin, and c. #7 w, #8 medium, and #9 high concentration, before 

and after adding tylosin and the dotted box shows the administration period of the VAs. 
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For the CTC plus tylosin, after a drop on October 22, and again on October 30, we witness 

a surge after that. Reactor #4 peaks on November 7 and reactor #6 peaks on November 19. 

Reactor #5 climbs steadily during this period. They start to drop in mid-November and reach 

their low at the end of November. Similarly, Figure 2b shows the same behavior, declining after 

the first spike until the end of October (last spike), followed by an upward trajectory. Likewise, 

this trend hits its bottom in early December. 

Running a T-Test on biogas data implies that AD bacterial activity was immediately 

inhibited for samples that have tylosin in them (Figure 2b and 2c) (p-value = 0.005). Still, the 

bacteria either adapted or the inhibiting compound was removed from the system after a few 

weeks. Biogas production was untouched for CTC samples, yet for the mixture of CTC and 

tylosin, and tylosin alone, it was significantly lower, immediately after VA addition. The tylosin 

concentration in this experiment was 92 mg/L and less, complying with the findings of Mitchel 

et al. [62]. They concluded that the bioreactor containing 92 mg/L tylosin had less biogas for 

nearly 30 d until the system recovered. The biogas reduction for samples with tylosin and CTC 

was close to 14%, and for tylosin, samples were between 8 and 19%, with no dose-dependent 

relationship. On the other hand, Chelliapan et al. [63] found no biogas inhibition in an up-flow 

anaerobic stage reactor (UASR) containing 100–800 mg/L tylosin. 

Erythromycin, another macrolide antibiotic caused 6–24% biogas reduction with 6–100 

mg/L, and no dose-dependent relationship [64]. 
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But CTC did not disturb the bacterial activity, substantiate the evidence that CTC 

antibiotic may present minimal AD biogas inhibition at concentrations less than approximately 

70 mg/L occurring in the current study. Yin et al. [65] observed similar results; for a mesophilic 

anaerobic digester with the manure and CTC concentrations of 0, 20, 40, and 60 mg/kg. TS, no 

significant inhibition in biogas production occurred. Dreher et al. [66] showed that no 

inhibition of biogas production happened in an anaerobic sequencing batch reactor with 28 

mg/L CTC but that the volumetric composition of methane decreased by about 13–15%. Mixed 

results of the inhibition in the literature could be due to various reactor types, 

inoculum/manure ratio, inoculum and manure age and source, reactor size, and batch or 

continuous operation [67]. In this experiment, CTC concentration was probably lower than its 

required inhibitory level. 

3.1. pH and CO2 

pH value can demonstrate how well Acetogenesis and Methanogenesis bacteria are 

working. At the beginning of AD performance, Acetogenesis bacteria start to produce volatile 

acids that cause the pH to decrease. Subsequently, Methanogenesis bacteria convert the volatile 

acids to methane and CO2, and cause pH to increase. At HRTs with more than five days, the 

methane-forming bacteria begin to consume the volatile acids. 

By comparing before and after the addition of VAs, it is evident that reactors are 

experiencing a fluctuating pH status (Figure 3a–c). The graph shows that variations 

immediately after the antibiotic spike have increased intensively, with  a rising trend. Following 

up, in the first week of November, almost all reactors reach their plateau. From then on, the 
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gradual decline continued until November 17. Subsequently, reactors seemed to recover 

themselves with an increase in pH. By the end of November, pH returns to its average level of 

around 7.8.  

The T-test on the pH data shows that pH values were significantly lower for the samples 

with tylosin in them (p-value = 0.05). However, CTC did not affect the pH significantly. Since 

fluctuations in pH level are not sharp, this indicates that VAs did not disturb the bacterial 

community substantially. 

 

 

 

Figure 3. Digestate pH levels for a. before and after CTC spike, b. before and after CTC plus 

tylosin spike, and c. before and after tylosin spike and the dotted box shows the 

administration period of the VAs. 
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Nevertheless, none of the reactors became upset or affected intensively by the VA 

addition. pH fluctuation was ±0.16 maximum and it never dropped under 7.60. Similarly, the 

CO2 level has detectable alteration around the antibiotic spike date (Figure 4a–c). 

Biogas produced is consisting of almost 50–75% of methane, 25–40% of carbon dioxide, 

and other gases, depending on organic material [68]. By comparing CO2 data and performing 

a T-test, results imply that CTC had a significant effect on the biogas methane content (p-value 

= 0.05). At the same time, samples with tylosin only were not affected considerably. The reason 

could simply be that the CTC is active primarily against Gram-negative organisms by blending 

with the A location of the 30S subunit of bacterial ribosomes. So, they prevent peptide growth 

and the protein synthesis effect, which finally leads to bacteria death [65,69]. Methanogen 

bacteria are Gram-negative bacteria [70]. Thus, at a certain level of CTC, significant biogas 

inhibition should be imposed on the bioreactor.  
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Figure 4. The concentrations of CO2 a. before and after CTC spike, b. before and after CTC 

plus tylosin spike, and c. before and after tylosin spike and the dotted box shows the 

administration period of the VAs. 

Values of VS in the digestate before and after VA addition are shown in Figure 5. In 

general, every treatment sample except for the medium tylosin concentration showed an 

increase in the VS percentage after VA addition. The VS values agree with the slight 

fluctuations observed in Figures 2–4, that the microbial communities were slightly affected by 

the VA addition and the biogas production was not halted. To recall, the initial manure VS 

loading was 2 g-VS/L/day and the sampling for VS was conducted between 6 and 10 days after 

the first injection and two days after the last injection of VA. Thus, it complies with a reduction 

in methane production which was around 13–15% studied by Dreher et al. [66]. Angenent et 

al. [34] also reported a temporary decrease in VS removal which recovered quickly. The average 

VS level before and after VA addition is 0.56% and 0.64%; and VS removal is 1.44 % and 1.36%, 

respectively. 
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Figure 5. Digestate volatile solid (VS) concentrations before and after VA additions. 

3.2. LC-MS/MS Results and Adjustments  

The plan was to try using the measured Enrofloxacin concentrations to calculate 

adjustment factors for the other VAs. With these factors, sample concentrations after the 

dilution and short-term loading in the lab digesters were recalculated, assuming there was no 

degradation or absorption. Should there be significant differences, these would then be caused 

by sampling error, degradation due to AD, or the error of the LC-MS/MS measurement, 

including the SPE. Table 6 shows all of the samples, their added VAs, and a comparison 

between spiked concentration, detected concentration by LC-MS/MS, and recalculated 

concentration using adjustment factors.  
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Table 6. Samples, their content and comparison between their calculated, detected by LC-MS/MS and adjusted concentrations. 

Sample # Sample Type 

Calculated 

CTC Conc. 

(ppm) 

CTC 

Detected 

Conc. 

With LC-

MS/MS 

(ppm) 

Calculated 

Tylosin 

Conc. (ppm) 

Tylosin 

Detected 

Conc. 

With LC-

MS/MS 

(ppm) 

CTC 

Recovery 

and Purity 

Adj. (ppm) 

Tylosin 

Recovery 

and Purity 

Adj. (ppm) 

Enrofloxacin 

Conc. (ppb) 

1 Digestate with CTC low conc. 61 0 0 0 −1 0 226 

2 Digestate with CTC Medium conc. 65 0 0 0 −2 0 523 

3 Digestate with CTC High conc. 69 0 0 0 −1 0 1377 

4 Digestate with Mixture VA low conc. 61 0 20 1 0 −6 1069 

5 Digestate with Mixture VA Med conc. 65 0 40 1 −2 −5 940 

6 Digestate with Mixture VA High conc. 69 0 61 1 −2 −4 568 

7 Digestate with Mixture VA low conc. 50 0 31 1 −1 −5 1434 

8 Digestate with Mixture VA Med conc. 53 0 61 1 −1 −4 600 

9 Digestate with Mixture VA High conc. 56 0 92 2 −2 −2 834 

10 Digestate with tylosin low conc. 0 0 31 1 −2 −5 881 

11 Digestate with tylosin Medium conc. 0 0 61 1 −2 −4 1186 

12 Digestate with tylosin High conc. 0 0 92 2 −2 −3 891 

13 VA in water, Heat treated 69 0 0 1 −1 −1 236 

14 VA in water, Heat treated 56 0 92 106 −1 64 3197 

15 VA in water, Heat treated 0 0 92 116 −1 70 1668 
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16 VA in water, Room Temp. 69 0 0 2 −1 −1 1775 

17 VA in water, Room Temp. 56 0 92 95 −1 57 2809 

18 VA in water, Room Temp. 0 0 92 93 −1 55 2957 

19 Diluted Manure without VA 0 0 0 1 −2 −4 839 

20 Diluted Manure without VA 0 0 0 1 −2 −4 777 

21 Diluted Manure without VA 0 0 0 1 −2 −5 613 

22 Diluted Manure with CTC + tylosin 234 15 78 40 131 74 675 

23 Diluted Manure with CTC + tylosin 234 36 78 40 319 75 874 

24 Diluted Manure with CTC + tylosin 234 29 78 44 251 83 552 
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3.3.1. Relatively High Recovery of Enrofloxacin in the Water-only Samples.  

Although the spiked Enrofloxacin in digestate and manure samples had a very low recovery 

rate (226 ppb to 1433 ppb vs. 4444 ppb spiked values) (Table 7), all but one water sample detected 

relatively higher Enrofloxacin concentrations (1667 ppb to 3197 ppb, Table 1). The Enrofloxacin 

concentration in the first water sample (236 ppb, samples #1) was only a fraction of water samples. 

The water samples were made with distilled water and VAs, with no solid manure. Relatively 

higher recovery rates suggest that there is a systematic bias in measuring the Enrofloxacin in the 

samples that have solids (manure and digestate). 

Table 7. Concentrations of VAs were detected in the water samples. 

Sample # Sample Type Compound 

Detected CTC 

Conc.(ppb) 

Detected 

Tylosin Conc. 

(ppb) 

Enrofloxacin 

Conc. (ppb) 

13 VA in water, Heat treated CTC 24 859 236 

14 VA in water, Heat treated CTC + tylosin 15 106,243 3197 

15 VA in water, Heat treated Tylosin 4 116,324 1668 

16 VA in water, Room Temp. CTC 17 1787 1775 

17 VA in water, Room Temp. CTC + tylosin 9 94,837 2809 

18 VA in water, Room Temp. Tylosin 17 93,002 2957 

 

Therefore, when sample 13 was excluded, the average of the water sample group was 2481 

ppb, while the digestate samples averaged 825 ppb. On the other hand, if we disregard the 

Enrofloxacin concentrations as an adjustment factor and just compare the LC-MS/MS values with 

our calculated concentrations (assuming no degradation), provides a better outcome. In this way, 

external standards are utilized to evaluate samples with only water and VAs, to monitor whether 

the removal of VAs is due to AD or not. 
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3.3.2. Very High Recovery of Tylosin in the Water-only Samples. 

As shown in Table 8, concentrations for tylosin are very close to and sometimes higher than 

what we were expecting (LC-MS/MS measured 106 ppm, we expected 92 ppm for sample 2). 

Furthermore, the water samples that were not spiked with tylosin did yield very low tylosin 

concentrations (0.86 ppm and 1.79 ppm, samples 13 and 16).  

Table 8. Comparison of calculated VAs concentrations and LC-MS/MS detected levels. 

Sample # Sample Type Compound 

Calculated 

CTC Conc. 

(ppm) 

CTC Detected 

Conc. With 

LC-MS/MS 

(ppm) 

Calculated 

tylosin Conc. 

(ppm) 

Tylosin 

Detected Conc. 

With LC-

MS/MS (ppm) 

13 VA in water, Heat treated CTC 68.74 0.02 0.00 0.86 

14 VA in water, Heat treated CTC + tylosin 56.27 0.01 92.07 106.24 

15 VA in water, Heat treated Tylosin 0.00 0.00 92.07 116.32 

16 VA in water, Room Temp. CTC 68.74 0.02 0.00 1.79 

17 VA in water, Room Temp. CTC + tylosin 56.27 0.01 92.07 94.84 

18 VA in water, Room Temp. Tylosin 0.00 0.02 92.07 93.00 

 

It is a different case for CTC, yet the reasons for low CTC detection are still unknown. The 

trend for CTC concentration shows they are disappearing so fast, which may be due to its half-life 

degradation or anaerobic reactor removal; alternatively, this may simply be because the CTC we 

used was already degraded, see the discussion below. 

3.3.3. Consistent and Proportional LC-MS/MS Tylosin Results in the Digestate Samples 

Based on the tylosin results being more consistent than CTC and Enrofloxacin results, the 

LC-MS/MS results of the digestate samples were meticulously scrutinized. Even though the LC-

MS/MS detected concentration values of tylosin that were lower than expected, they were 
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consistently proportional to the concentrations. For example, the expected concentration of tylosin 

was 20, 40, and 60 ppm for samples 4, 5, and 6, with zero degradation assumption, the LC-MS/MS 

values were 0.5, 0.9, and 1.2 ppm. No significant correlation for CTC was found. Figure 6 shows 

the LC-MS/MS results (Y-axis, ppm) vs. spiked values (X-axis, ppm). The consistently lower 

measured concentrations in the digestate samples and the high recovery rates in the water samples 

suggest that there was significant tylosin degradation due to the AD process. 

 

Figure 6. Correlations of LC-MS/MS measured and spiked tylosin concentrations. 

3.3.4. Consistent LC-MS/MS Tylosin Measurements in the Manure External Standards.  

The detected tylosin concentrations of the three external standard samples were similar and 

had a low deviation, Table 9. For tylosin, the detected levels ranged from 39.8 to 44.3 ppm and 

averaged 41.5 ppm, while the expected concentration was 77.9 ppm. For CTC, the measured 

concentrations were again a small fraction of the expected level. 
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Table 9. Concentrations of VAs were detected in the manure external standard samples. 

Sample # Sample Type Compound 

Calculated 

CTC Conc. 

(ppm) 

CTC 

Detected 

Conc. 

(ppm) 

Calculated 

tylosin 

Conc. 

(ppm) 

Tylosin 

Detected 

Conc. 

(ppm) 

1 Diluted Manure with VAs CTC + tylosin low Conc. 233.78 14.96 77.93 39.84 

2 Diluted Manure with VAs CTC + tylosin low Conc. 233.78 36.18 77.93 40.41 

3 Diluted Manure with VAs CTC + tylosin low Conc. 233.78 28.52 77.93 44.32 

3.3.5. Relatively Higher Recovery of CTC in the External Standard Samples, and Two Additional CTC 

Standards 

Studying the results of the three external standard samples showed that there was a 

relatively higher recovery rate for CTC. As an instance, compared with the concentration of 233.78 

ppm, LC-MS/MS detected 14.96, 36.16, and 28.52 ppm. Compared with previous CTC samples, this 

group had a much higher recovery rate, which was fresh samples made with diluted manure and 

VAs. Besides, the external standards were prepared with commercial-grade antibiotics instead of 

analytical grade.  

Table 10 shows results for freshly prepared samples with diluted manure and CTC antibiotic, 

at concentrations of 4ppm and 40 ppm, and the LC-MS/MS measured concentrations were 1.63 

ppm and 11.7 ppm, respectively. The recovery rates of CTC were 29% and 41%. Since the samples 

were freshly prepared, the probability of degradation due to AD or half-life degradation was 

eliminated. Other possibilities are absorption to organic matter, and that inconsistent purity or 

degradation had already happened before application. For tylosin, LC-MS/MS detected higher 

concentrations (12 ppm and 67.6 ppm detected for 4 ppm and 40 ppm samples, respectively), which 

gives a detection rate of 300% and 169%. 
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Table 10. Concentrations of measured calibration standards. 

Spiked conc. (ppm) 

LC-MS/MS Detected conc. (ppm) 

CTC Tylosin 

0 0.03 1.26 

4 1.63 12.17 

40 11.69 67.62 

3.3.6. Applying External Standard Correction Factors  

Because the internal standards (Enrofloxacin) did not yield consistent measurement, the 

correction was made based on external standards instead. By applying the external standard 

adjustment factor, the VA concentrations were corrected accordingly. The adjustment factor was 

obtained from samples with manure and spiked antibiotics, without retention time for AD. In other 

words, we just spiked different concentrations of antibiotics in samples made with manure, then 

prepared those for LC-MS/MS, immediately. In this way, we may be able to track other important 

factors contributing to our results, such as absorption, ion suppression or enhancement, and 

recovery rate. Figure 7 presents the measured and corrected VA concentrations. 
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Figure 7. Left: concentrations of CTC, comparing calculated, measured, and corrected 

concentrations. Right: concentrations of tylosin, comparing calculated, measured, and corrected 

concentrations. 

By using the external standard correction factor instead of the Enrofloxacin correction factor, 

data are more consistent, especially for tylosin (less than 6% error). It suggests that Enrofloxacin 

failed to act as an ideal internal standard. The inconsistency could be due to Enrofloxacin binding 

to the abundant organic materials or the presence of Ca2+, Mg2+ Ions.  

3.3. Degradation of CTC 

For CTC, results showed a high degradation rate for both the samples in water and AD 

(Figure 8). For instance, almost all CTC injections with various concentrations have close to zero 

concentration. The low concentrations were measured for AD-treated samples, and also for CTC 

dissolved in water stored at room temperature and 40 °C, the temperature of the AD. The 

concentrations of the external standards were 234 ppm. The results suggest that the CTC degrade 

much faster than the tylosin, which might be due to the shorter half-life (8 days) as reported by the 

manufacturer. It is also possible that the CTC powder we used had already degraded. CTC 

concentration in external standard samples was reduced to 131, 320, and 251 ppm from its original 

234 ppm. Because the purity correction was already applied and recovery rate adjustment was 

made, also only low CTC concentration was detected for the water and digestate samples, the CTC 

probably just degraded itself over a short time. A study by Winckler and Grafe [71] showed that 

tetracycline in liquid manure was degraded by 50% in 82 days. Arikan [72] reported a 75% 

reduction in CTC concentration with AD after 33 days, with a half-life of 18 days. Cheng et al. [73] 

reported a high affinity between tetracycline and solid manure during AD. For future research, 
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additional testing to examine the possibility of the adsorption by the glass jar used in this study as 

the AD reactors should be conducted, since there are very few investigations on this subject. 

 

Figure 8. Left: CTC concentration change with anaerobic digestion. Right: CTC concentration 

change with reactors filled with diluted water. 

3.4. Degradation of Tylosin 

Tylosin degraded very well with the ASBR reactor working at 39 °C and loading with swine 

manure every two days. Comparing the degradation rate of tylosin in ASBRs with jars filled only 

with water shows that AD is effective in reducing tylosin  (Figure 9). The degradation rate of tylosin 

in water averaged 33.5; however, the degradation was 100 percent with AD. A study by Kolz et al. 

[74] concluded no effective degradation for tylosin B and D in anaerobic conditions for up to eight 

months. tylosin A was degraded under aerobic conditions with a half-life of 2 to 40 days [5,75]. 

Stone et al. [59] also reported no significant degradation for tylosin.  
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Figure 9. Left: Tylosin concentration changes with anaerobic digestion. Right: Tylosin 

concentration changes with reactors filled with diluted water. 

3.5. Effects of Having Two Types of VA in the Digestion and Water  

In these experiments, we planned to compare the effect of having two different antibiotics 

on the reduction efficiency of antibiotics. Identical injections and concentrations were applied in 

the mixture treatment, except for a series of samples, both antibiotics were spiked.  

For tylosin, the results showed that there was little difference between samples. The tylosin 

removal was similar with or without CTC mixture, suggesting that the CTC addition had no 

adverse effect on tylosin degradation.  

However, because CTC degradation was much faster than tylosin, and because the samples 

collected for CTC concentration measurements were not resolute enough (shorter time than the 

five-day sampling), the speed of the CTC degradation and effects of the tylosin addition could not 

be determined based on this dataset (Table 9).  
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3.6. Contrast Tylosin Reduction in Water and AD Reactors 

Tylosin tartrate showed a relatively higher removal in AD treatment when compared to 

samples that were dissolved in water. Figure 10 depicts that the tylosin samples treated by AD for 

twelve days were removed entirely (100% removal). However, the removal of tylosin tartrate in 

water (dotted line) was 40% or less during the same period. The lower degradation in the water 

samples suggests that AD is effective in enhancing tylosin degradation in the animal manure and 

that this could be the essential effect of the AD.  

 

Figure 10. The removal of tylosin in water and the anaerobic digestion (AD) reactor. 

3.7. Bacterial Community Dynamics 

Phyla Firmicutes, Bacteroidetes, Proteobacteria, and Synergistetes were dominant or co-

dominant in bacteria. Different types of Clostridia consisted mostly of the Firmicutes. 

Methanomicrobia was the dominant Archaea among our samples.  

The first group was treated with CTC and showed a slight fluctuation in Archaea abundance, 

4.37%, 5.19%, and 5.06% related to low, medium, and high concentrations of CTC, respectively. As 

shown in Table 11, Firmicutes almost remained constant, and Bacteriodetes increased from 14.03 to 

15.30% and then decreased to 12.50% for low, medium, and high concentrations of CTC, 

respectively. The same pattern occurred for Synergistetes, going up from 1.67 to 1.75% and then 
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Table 11. Percentages of different microorganisms with various treatment plans. 

 Total 

CTC 

Low 

CTC 

Med 

CTC 

High 

CTC + 

Tyl Low 

CTC + 

Tyl Med 

CTC + 

Tyl Med 

CTC +Tyl 

High 

Tyl Low 

Tyl 

Med 

Tyl High 

D_0__Archaea; 

D_1__Euryarchaeota 

5.90% 4.40% 5.20% 5.10% 7.80% 7.40% 5.20% 6.30% 4.80% 3.70% 8.70% 

D_0__Bacteria; 

D_1__Actinobacteria 

0.10% 0.10% 0.00% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

D_0__Bacteria; 

D_1__Atribacteria 

1.00% 1.00% 1.10% 1.50% 0.90% 1.10% 0.90% 1.30% 0.90% 0.50% 0.70% 

D_0__Bacteria; 

D_1__Bacteroidetes 

7.70% 14.00% 15.30% 12.50% 4.00% 5.90% 10.20% 5.50% 2.20% 5.30% 2.50% 

D_0__Bacteria; 

D_1__Chloroflexi 

0.40% 0.50% .40% 0.30% 0.40% 0.30% 0.30% 0.70% 0.80% 0.30% 0.50% 

D_0__Bacteria; 

D_1__Cloacimonetes 

0.10% 0.10% 0.30% 0.10% 0.00% 0.10% 0.20% 0.00% 0.00% 0.10% 0.00% 

D_0__Bacteria; 

D_1__Firmicutes 

74.70% 72.80% 71.90% 75.30% 74.90% 79.70% 77.90% 68.10% 76.50% 82.70% 66.70% 

D_0__Bacteria; 

D_1__Kiritimatiellaeota 

1.00% 0.80% 0.80% 0.50% 1.60% 0.90% 0.70% 0.90% 1.50% 1.00% 1.60% 

D_0__Bacteria; 

D_1__Planctomycetes 

0.30% 0.40% 0.30% 0.30% 

0.30% 

 

0.10% 0.20% 0.10% 0.30% 0.20% 0.40% 

D_0__Bacteria; 

D_1__Proteobacteria 
6.00% 2.50% 1.40% 1.90% 7.00% 1.80% 1.90% 13.40% 10.20% 4.00% 16.00% 
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D_0__Bacteria; 

D_1__Synergistetes 
2.00% 1.70% 1.70% 1.40% 2.60% 1.80% 1.30% 3.40% 2.10% 1.50% 2.60% 

No blast hit; Other 0.60% 1.50% 1.50% 0.80% 0.20% 0.50% 0.90% 0.10% 0.40% 0.40% 0.10% 
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dropping to 1.44%, with the mentioned level of CTC concentrations. However, the reverse 

happened for Proteobacteria: the abundance level reduced from 2.46 to 1.35% and then rose to 

1.87%.  

The second group, consisting of four samples, all are added with the mixture of CTC and 

tylosin with low, medium, and high concentrations. Two samples were taken from medium range 

concentration because the administration duration of CTC was 6 days and tylosin was 10 days. 

Therefore, samples were taken at the end of the administration of each VA, on day 6 and day 10. 

There is a reverse relation between Archaea abundance and VAs concentration as well as 

administration duration. Archaea level is dropping with a higher concentration of VAs and a 

longer retention time. The effect of the administration period is stronger than the dosage on the 

Archaea population.  Firmicutes, on the other hand, has increased from 74.9 to 79.70% by increasing 

the dosage of VAs from low to medium. The trend is not consistent with shifting from medium to 

high concentration of VA; it would decrease the abundance of Firmicutes. The administration 

period has the same effect, but not as much as dosage. Phylum Bacteroides population increased 

with the rise of VAs concentration and doubled with an increase in retention time, from 6 to 10 

days with a medium level of VAs. Proteobacteria and Synergistetes abundance both have dropped 

by increasing dosage for low to medium, but the fall is drastic for Proteobacteria, changing from 7 

to 1.8%. By the end of CTC administration, when adding tylosin, their abundance recovered 

slightly. Surprisingly, in high concentrations of CTC and tylosin, both of these bacteria showed 

growth in their population. The proteobacteria population is almost doubled by having a high 

dosage of VAs instead of a low.  

The last group, which is being medicated with tylosin only, Archaea, decreased slightly and 

then almost doubled when moving from low concentration to high. For Bacteroides and Firmicutes, 
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it is exactly the reverse, with maximum abundance around medium range concentration and the 

nearly same number for low and high concentrations. For proteobacteria, results showed a sharp 

drop with shifting from low to medium concentration, 10.2% changed to 4.03%. However, by 

raising the dosage, the abundance of proteobacteria returned to 15.97%.  

Bacteroidia is the major class found within the phylum of Bacteroidetes; and is abundant in 

digesters that use cow manure as feedstock [76]. Firmicutes phylum is mostly syntrophic bacteria 

that can decompose a variety of fatty acids, and exists in both activated sludge systems and 

anaerobic digesters [77]. Within the species of Firmicutes, Clostridia is the dominant class. The 

predominance of Clostridia in the AD sludge was related to the comparably fast hydrolysis and 

VFA (volatile fatty acids) fermentation happening in the digesters [78]. 

Fatty acid-oxidizing bacteria, including the Synergistales group which have syntrophs are 

connecting bonds of the chain between the primary fermenters and methanogens [79], are 

abundant in thermophilic digesters [80,81]. The presence of Synergistetes (syntrophic acetate 

oxidizers) might be an indicator of a decent acetotrophic activity in the bioreactor [82].  

There are two major categories of methanogens; acetoclastic which consumes acetate to 

produce methane or hydrogenotrophic that are converting CO2 and H2 to methane. 

The acetoclastic methanogenesis is linked with the Methanosarcinales and the hydrogenotrophic 

methanogenesis is linked with the Methanomicrobiaceae family. In the current study, the 

hydrogenotrophic pathway with Methanosarcinaceae was dominant. Kim et al. [42], Nogueira et al., 

[78] and Padmasiri et al. [83] also detected a dominant Methanomicrobiales order on AD. 
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3.8. Statistical Analysis of the Effect of Different Treatments on Samples  

There is a notable difference between the treated and control group, which shows antibiotics 

had a significant influence on altering the bacterial community in our digesters. Figure 11 shows 

the samples arranged using the same two similarity measures used to generate the PCoA plots but 

in the form of a dendrogram. Bray–Curtis similarities and Jaccard similarities methods are used for 

this comparison.  

In both of the methods, the differences between all three treatment groups are modest and 

likely obscured by the variability introduced by the control samples. 

 

Figure 11. Dendrogram of bacterial community based on Bray–Curtis similarities and Jaccard 

similarities. 

Figure 12 shows a stacked bar chart at the best taxonomic resolution afforded by our primers. 

Again, the differences between the two datasets are stark, while the differences between treatment 

groups are more subtle (but present). 
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Figure 12. The stacked bar chart at the best taxonomic resolution. 

Figure 13 shows a heat map in which samples (columns) are ordered according to similarity 

using a hierarchical method (UPGMA) based on the 50 OTUs (operational taxonomic unit) (rows) 

with the lowest p values following serial ANOVA testing of all 629 OTUs. In short, it shows perfect 

discrimination between groups when the samples are clustered using only the 50 most variable 

OTUs. Taxonomic identity of the microbes is listed on the right-hand side of the heat map. 
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Figure 13. Heat map of treated samples using a hierarchical method (UPGMA) based on the 50 

operational taxonomic units (OTUs) (rows) with the lowest p values. 

Figure 14 shows box plots representing the relative abundance of eight of the OTUs with the 

lowest p values. One can easily note the very clear pattern of microbes with sensitivity to one or 

the other drugs, with Proteiniphilum (lower left) being the anomaly. Some other microbes with 

low p values mostly had these types of patterns, either down in CTC and CTC + tylosin, or down 

in tylosin and CTC + tylosin.  
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Figure 14. Box plots representing the relative abundance of 8 of the OTUs with the lowest p 

values. 

Finally, Figure 15 is a random forest analysis looking for “biomarkers” of each treatment 

group. The greater the “MeanDecreaseAccuracy”, the better that OTU is as a biomarker of the 

rankings shown to the right of the Figure. For example, Methanoculleus is apparently an excellent 

predictor of these groups by having a high relative abundance in the CTC samples and low 

abundance in the CTC + tylosin samples. Likewise, the Anaerorhabdus furcosa group and 

Flexilinea sp. can be found more on samples with high tylosin concentration and low CTC. 

Ruminiclostridium sp. can be abundant in conditions with high CTC levels and low tylosin.  
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Figure 15. Random forest analysis of biomarkers based on MeanDecreaseAccuracy. 

4. Conclusions 

The results show that for both CTC and tylosin with maximum concentration added of 298 

and 263 ppm, respectively, a negligible inhibitory effect on ASBR performance was observed. No 

harmful effect on the microbial community, pH or alkalinity was observed; however, microbial 

diversity was decreased. Efficient tylosin removal with AD occurred (removal was 100%, while 

removal in distilled water-filled reactors was around 40% or less), though, it cannot be proven for 

CTC. In addition, no difference was detected for using a mixture of tylosin and CTC, compared to 

the solo use of each. More research must be carried out on testing different VAs to discover the 

efficiency of AD reactors for VA removal. Besides, amplicon sequencing was performed on each 

group by using the 50 most variable operational taxonomic units (OTUs)s, and perfect 

discriminations were detected between groups. The effect of administration period and dosage of 

VAs on Phyla Firmicutes Proteobacteria, Synergistetes, and Phylum Bacteroides was investigated. 
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OTU’s alteration is used to detect biomarkers. These biomarkers' abundance can be employed to 

predict the sample’s contamination with these antibiotics. 
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ABSTRACT. Antimicrobial resistance is becoming an imminent danger for human health, in part 

because of excessive consumption of antibiotics in the animal industry. Laboratory-scale anaerobic 

digesters (ADs) were utilized to investigate the potential removal of veterinary antibiotics (VA) in 

swine manure. Nine laboratory ADs were kept at 39±2ºC in incubators and were loaded every two 

days. The digesters had a working volume of 1.38 L (in a 1.89-L glass jar), with a hydraulic retention 

time (HRT) of 21 days and a loading rate of 1.0 g-VS/L-day. Carbon dioxide concentration of the 

biogas and pH values of the digestate verifying digester performance were measured every four 

days and every week, respectively. The AD process allowed 2 HRT to stabilize before the addition 

of the VA, Sulfamethazine. Tests were conducted to compare the effects of Sulfamethazine on 

manure nutrients, volatile solid destruction, and biogas production. Concentrations of 

Sulfamethazine added to the manure samples were 1042, 1192 and 1339 mg/L, with three replicates 

for each of the concentration treatments. Analysis of VA concentrations before and after the AD 

process was conducted to determine the VA degradation. The process of measuring the relatively 

low VA concentrations involves using solid-phase extraction and LC-MS-MS methodology. 

Further tests were performed in water under room temperature and digester temperature to 

approve the degradation of both VAs. Some fluctuations of biogas production and operating 

variables were observed because of the Sulfamethazine addition. The literature suggested that a 

Sulfamethazine concentration below 280 mg/L has no inhibitory effect, while our tests showed that 

for concentration levels of 1042, 1192 mg/L, biogas production declined on average by 17% and 

20%, respectively, though no significant change was observed for the 1339 mg/L level. Amplicon 

sequencing analysis performed on each group using the 50 most frequent amplicon sequence 

variants (ASVs) showed significant discriminations between groups. A hierarchical method 

(UPGMA) was applied to obtain the major alteration in bacterial dynamics between treatments. 

The effect of SMZ dosage on bacterial dynamics and biogas reduction, with reduction of 
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Methanosarcina and Synergistetes, was concluded. Ruminiclostridium, Syntrophomonas, 

Caldicoprobacter, and Fastidiosipila were dominant phylum. These biomarkers' abundance can be 

employed to detect SMZ antibiotics contamination.  

1. Introduction and Objectives 

It was projected that increased livestock population at the global scale [31] would increase 

the consumption rate of therapeutic veterinary antibiotics (VAs) to pass over 100,000 tons by 2030 

[2]. Antibiotics are organic compounds synthesized naturally by microorganisms or artificially in 

labs, preventing or killing certain types of microorganisms [32]. Veterinary antibiotics are often 

supplemented via animal feed to promote the growth or lower the risk of infection in animal 

production. However, there have been more regulations in many countries to restrict consumption. 

Manure production in 27 European Union countries and the US is 1.4 billion tons and 1 billion tons 

per year, respectively [33]. VAs consumption in China was over 162,000 tons, which was 50% of 

the total worldwide VAs consumption in 2013. One potential issue with the use of VAs is that 

between (60–90%) of the consumed VAs are excreted, leading to potential health risks [34]. Due to 

the low cost and the effectiveness of antibiotics, consumption of VAs was on a sharp rise, for both 

therapeutic and subtherapeutic purposes. However, in the US, growth promotion sales dropped 

from 5.7 million kilograms (kg) in 2016 to 0 kg in 2017 due to new regulations. As a result of 

implementing the Guideline for Industry #213 act, over-the-counter sales declined dramatically, 

from 8 million kilograms in 2016 to 271,280 kg in 2017 [28]. Despite all these restrictions, the US's 

total annual VAs consumption was 10,900 and 11,500 tons in 2017 and 2018, respectively [29]. 

Most animal farms in the US are not equipped with wastewater treatment facilities. Most 

excreted VAs are eventually stored with manure for the long-term, and applied to the land as crop 

fertilizer. The emergence of VAs in manure and their impact on human health when directly used 



 

70 

as a fertilizer have been widely discussed in previous studies [5]–[7], [35]–[38]. As a result, 

antibiotic resistance genes (ARGs) could spread in soil, water, and the whole ecosystem [39]–[41]. 

On the other hand, the presence of VA residues in the fertilizer could eradicate other kinds of 

bacteria than ARGs and enhance the conditions for resistant ones [42]. Besides, most of these 

antibiotics are not highly biodegradable, with a degradation range between 4% and 27% [11]. With 

extensive use of VAs, antimicrobial-resistant microbes have become prevalent and their fast 

development has become a serious public health concern. Resistance against common antibiotics 

has been rising swiftly for the last two decades [43]. Dantas group [44] tested 18 antibiotics against 

hundreds of bacteria isolated from soils; about 70-90% of them displayed resistance. In 2030, 

antibiotic resistance will cost $3.4 trillion due to subsequent mortality and alternative treatment 

[9]. VAs could pollute the soil and water, then the human food chain through crops and animal-

derived foods [45]–[49]. Moreover, the residue of VAs in the AD process could sustain microbes 

under the minimum inhibitory concentration (MIC), fostering ARGs' selection by microbes [50], 

[51]. There are several approaches to removing VAs in manure, including composting and 

anaerobic digestion (AD). Anaerobic digesters can produce biogas as well as remove VAs and 

ARGs [22]–[24]. In contrast, composting requires less monitoring and has a more stable working 

system and generally higher removal rates for certain VAs, but also consumes energy and 

occasionally has less capability to remove ARGs than anaerobic digesters [52].  

Sulfamethazine (SMZ), a highly used antibiotic from the sulfas family, is often addressed as 

the most widely used veterinary sulfonamide [53]–[55]. In 2017, SMZ was ranked the 4th most-

consumed VA, at over 274,000 kg (5% of the medically important antibiotics), after tetracycline, 

penicillin, and macrolides [28]. Sulfamethazine with the chemical formula of C12H14N4O2S and a 

molecular weight of 278.33 g/mol has a water solubility of less than 1.5 mg/ml at room temperature. 

SMZ has a half-life of over 50 days, as Feng et al. found [56]. They used an anaerobic digester with 
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swine manure and a 40-day retention period, and concluded that sulfadiazine and sulfamethizole 

showed little or no degradation under both psychrophilic and thermophilic phases. 

In several studies, SMZ concentration in dairy manure in the US was among the highest, 

with a maximum of 430 µg/kg of dry manure [57], [58]. Furthermore, several studies focus on 

optimizing the AD reactors, considering temperature, pH, and manure solid content. Two 

mesophilic temperature conditions (27 and 37°C) of AD and swine manure were compared with a 

thermophilic AD condition (55°C) on ARG removal [59]. The results showed that mesophilic 

conditions were more effective in the reduction of ARGs from pig manure. Mitchell et al. 

investigated the effect of pH (below pH 4 and above pH 8) on the hydrolysis of chloramphenicol, 

florfenicol, spiramycin, and tylosin in acidic and basic buffers and under the temperature of 50-

60°C [60]. Loftin et al. (2008) and Li N. et al. (2017) also studied the hydrolysis of tylosin and 

fluoroquinolones at extreme pH (below 3 and above 11) [4], [61]. Much research has presented no 

degradation regardless of the concentration of SMZ [55], [62]. However, Oliveira et al. used a 

horizontal-flow anaerobic immobilized biomass reactor with swine manure and observed an SMZ 

removal efficiency of 75 ± 6%, which was achieved with an organic loading rate of 2.7 ± 0.4 kg O2 

m-3 d-1 when the hydraulic retention time was 24 hours [63].  

Although SMZ belongs to the sulfonamides family, its biodegradation behavior is dissimilar. 

For instance, biodegradation of sulfamethoxazole, sulfadiazine, and sulfamerazine was very 

promising (near-complete removal) [55], [64]–[67]. On the other hand, some studies observed no 

degradation for SMZ [55], [62]. Spielmeyer et al. reported the removal rate of 48% of SMZ and 

sulfadiazine with anaerobic fermentation of cattle manure [66]. Besides, no inhibitory effect of SMZ 

was detected during biodegradation in anaerobic digestion [62], [66]. 
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The purposes of this research were to assess (i) anaerobic digestion’s ability to remove SMZ, 

(ii) the effect of SMZ on the reactor's performance, and (iii) the degree to which SMZ can alter the 

microbial dynamics in swine manure ADs. This research's uniqueness mimics an on-farm 

mesophilic AD that was fed regularly with pig manure while operating over several months. This 

study selected a popular VA, SMZ, and emphasized on-farm conditions in which the antibiotic was 

administered (according to the manufacturer's recommendation). While many previous studies 

focused only on the inhibition effect and usually used batch reactors, which are different from 

actual on-farm AD conditions, this study used relatively larger AD reactors that were fed semi-

continuously over several months. 

2. Methods 

Nine laboratory-size glass jars were used as AD reactors and heated using incubators. The 

anaerobic bioreactors had operating volumes of 1.375 L and were kept at 39 ± 2°C. The jars were 

fed with VA-free swine manure at 1g-VS per L-day, with a 21-day hydraulic retention time (HRT). 

Many of the procedures used in this research are similar to those of previous work, conducted to 

characterize degradations of chlortetracycline and tylosin [68]. The volume of the feed given every 

two days is calculated based on HRT and the reactor working volume. Because HRT is 21 days and 

the reactor volume is 1.375 L, 0.131 L of the reactor liquid was replaced by 0.131 L of feedstock 

every two days (the digesters were fed every two days) [22], [69]. 

Each reactor was connected to a 10-L Tedlar bag to collect produced biogas, and the bags 

were measured every four days [70]. A custom-built device was used to help distribute the biogas 

evenly in the bag, so the height of the bag could be measured more precisely. The volume of each 

bag was then estimated by bag height using a model, as described in previous publications [70], 

[71]. Also, to detect potential leakage of the Tedlar bags, two bags during the volume measurement 
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were tested for possible leakage. All other parts—including tubes, caps, and any connective parts—

were routinely tested for leakage. After biogas measurements, the bags were emptied, and the 

biogas was burned. 

In the current project, the efficacy and usefulness of anaerobic digestion bioreactors in 

degrading VAs were explored. Several criteria were employed to select the antibiotics, including 

their importance to human health, their market share and popularity, their half-life, and their 

danger to the environment. Also, the dosage of antibiotics added to bioreactors was calculated 

based on the concentrations administrated for animals at the farm, absorbed in the animal guts and 

intestine, and then excreted out, to imitate the real condition. Bioreactors were fed with swine 

manure collected from a VA-free farm, which has been tested for any background VA, to eliminate 

the chance of interference. Sulfamethazine (SMZ) was injected into anaerobic sequencing batch 

reactors (ASBR) with concentrations of 5063, 5786, and 6509 mg/L for the first spike and 3375, 3857, 

and 4339 mg/L for the second spike—a total of two injections. The difference in dosages is due to 

the manufacturer's recommendations for use. The SMZ concentrations after the last injection, 

assuming there was no biodegradation, were 1042, 1191, and 1340 mg/L, for low, medium, and 

high concentrations, respectively. 

Several elements impact the reactor performance and biogas production. Various types of 

bacteria work on different temperature ranges and some of them are extremely sensitive to 

temperature variation. Therefore, the temperature was kept at 39°C; temperature and humidity 

were recorded to track our incubator's performance.  

2.1. Feedstock for Anaerobic Digestion 

Swine manure for the AD reactors was collected from a farm located in Versailles, Missouri. 

The finishing barn is VA-free and has a liquid-solid separation system. Fresh solid manure is 
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collected from the solid manure storage. Collected solid manure was kept on ice after sampling 

and immediately frozen at -20°C to minimize changes, with a small portion kept in a refrigerator 

for feeding to the AD reactors. Solid manure TS and VS were 25.89% and 82.02%, respectively. The 

effect of freezing on the solid manure was not investigated, while no sensible difference was 

witnessed between refrigerated and fresh solid manure for gas production [22], [68]. 

The inoculum used was from another semi-continuous AD jar, with the organic loading rate 

(OLR) of 1 g-VS L−1 d−1 feed by the swine solid manure for over three months [71]. Inoculum TS 

and VS were 2.2% and 64.92%, respectively. 

Experimental Design 

The experiment consisted of nine jars, for the addition of SMZ with low, medium, and high 

concentrations, with three replicates for each concentration (Figure 1). Also, five extra bioreactors 

were included for back-up or control purposes, to achieve the biogas reference line for comparison. 

Six jars were filled with DI water with the same working volume of 1,375 mL and the remaining 

space with nitrogen gas. Three of these digesters were kept inside the incubator to imitate the 

thermal condition of reactors, while three others were kept at room temperature. These reactors 

were spiked with the same concentrations of SMZ (low, medium, and high) and sampled with the 

same schedule as SMZ-added digesters. The purpose was to compare the AD efficiency and 

functionality in degrading SMZ. 

Alkalinity measurement was performed by using an Alkalinity Test Kit (HACH, AL-AP MG-

L, Loveland, CO). Digestate samples were first diluted with distilled water at a 1:40 ratio. 

Furthermore, ammonia was measured using an Ammonia Test Kit (HACH, NI-SA, Loveland, CO), 

and the digestate was diluted at the 1:1000 level.  
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Figure 1. Left) The scheme of the reactors, tubes transferring biogas, and the incubator, Right) 

Solid-phase extraction step. 

2.3. Antibiotics Administration 

The concentration of SMZ administered followed the recommendation of "SULMET- 

Sulfamethazine sodium powder, for solution, Huvepharma, Inc.". The manufacturer's 

recommended dosages (per kg body weight) to be added to drinking water is, 237.6 mg/kg body 

weight for the first day and 118.8 mg/kg body weight for days 2-4. By assuming the average weight 

of the finishing pig as 68 kgs and producing 3.36 liters of manure daily, considering the SMZ 

excretion rate and metabolism percentage of 70% to 90%, the injection dosage of SMZ to the 

digesters would be achieved. Because the SMZ injection was conducted along with the feedstock 

addition every two days, the SMZ concentration was the sum of day one and day two of the 

dosages for the first injection, and the sum of the day three and day four dosages for the second 

injection, Table 1. 
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Table 1. Recommended dosage of SMZ administration by the manufacturer. 

 

 

Sulfamethazine antibiotic was purchased as Sulfamethazine sodium salt from Sigma-Aldrich 

with CAS Number 1981-58-4 and Linear Formula C12H13N4O2SNa. Because the intention was to add 

the antibiotic to drinking water (and not administer it via solid feed), the solubility of the VAs was 

noted and controlled, which, based on manufacturer information, was 50 mg/ml. Table 2 is a 

summary of the solubility check of the SMZ solution added to the digesters. 

Table 2. Low, medium, and high concentrations of SMZ and water solubility check. 

 

 

As presented, all concentrations were below the solubility limit. The use of methanol or 

Acetonitrile (ACN) as a solvent for SMZ instead of water was dismissed because of their harmful 

effect on the reactor's performance. (An independent test was conducted to evaluate the effects of 

adding methanol on AD performance; details were not included in this paper.) 

 

 

Antibiotic Dosage Manure 

(liter/day) 

Excretion 

level  

Concentration 

(lower band) (mg/l) 

Concentration 

(upper band) (mg/l) 

Avg. 

Sulfamethazine  

 first day 

237.6 

mg/kg 

3.36 70 to 90% 3375 4339 3857 

Sulfamethazine 

for days 2-4 

118.8 

mg/kg 

3.36 70 to 90% 1688 2170 1929 

Day Antibiotic Conc. 

low 

(mg/l) 

Conc. 

Med 

(mg/l) 

Conc. 

high 

(mg/l) 

mg in 107.5 

ml feeding 

volume 

Conc.  

(mg/l) in 

107.5 ml 

Water 

solubility 

(mg/l) 

Day 1 Sulfamethazine 3,375 3,857 4,339 568 5,288 50,000 

Days 2-5 Sulfamethazine 1,688 1,929 2,170 284 2,644 

https://www.sigmaaldrich.com/catalog/search?term=1981-58-4&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
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2.4. Anaerobic Digester Monitoring 

The essential stabilization time for the reactors and microbial reproduction before the 

addition of antibiotics was two to three months, until the biogas production, digestate pH, and 

alkalinity stabilized. The digesters were maintained for eight weeks or 2.5 times the retention time. 

Organic loading rate based on total volatile solids (TVS), solid content, temperature, mixing 

(swirling the jar daily), and foaming (if any) were recorded. Digester pH was measured weekly 

before feedstock addition.  

The pH of the bioreactors was measured every two days during the antibiotic adding period, 

with a handheld pH meter (PINPOINT, American Marine Inc., Ridgefield, CT). Collecting pH data 

helps determine the microbial activity and how efficiently the reactor is working. However, pH 

can also be affected by alkalinity. Ammonia and alkalinity levels were also measured before and 

after the experiment.  

The methane (CH4) content of the biogas was measured indirectly by measuring the 

concentration of carbon dioxide (CO2). The CO2 concentration of the biogas was measured with a 

classic combustion analyzer (Bacharach Fyrite Classic Combustion Analyzer, USA) every eight 

days. The concentration of CO2 was measured every four days during the antibiotic addition 

period. For quality assurance, comparative tests using gas spectrometry were performed on 

November 15, 2016, to verify the accuracy of the measurements [22]. The gas chromatograph device 

was (GC-2014, Shimadzu, US) with a thermal conductivity detector (TCD) using a ShinCarbon ST 

80/100 Column (Restek, US) [72], [73]. 

Because the administration period of SMZ is four days, sampling was carried out on day six, 

which was two days after the last feeding and SMZ addition. The samples were immediately frozen 
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at -20°C. Gas production, pH, and CO2 level were recorded before, during, and post VA addition, 

and until six weeks after the VA addition and sampling.  

2.5. Extraction and Chemical Analysis 

2.5.1 Sample Preparation 

Similar procedures documented in the previous study were employed to prepare and 

stabilize the samples [22], including the addition of phosphate buffer (0.14M), internal standard 

addition, sonication, centrifuge, evaporation with nitrogen gas, and dilution with DI water. 

Sulfamethazine phenyl-13C6 was used as the internal standard. The centrifuge device used was the 

Sorvall LYNX 6000 Superspeed Centrifuge (Thermo Scientific™). 

2.5.2  Solid-Phase Extraction 

The solid-phase extraction cartridges were Waters Oasis-HLB SPE cartridges (Oasis HLB 12 

cc Vac Cartridge, 500 mg Sorbent per Cartridge, 60 µm Particle Size). The cartridge was 

preconditioned with ACN and DI water; then the sample was added to the cartridge at the rate of 

2 mL/min. The cartridge was washed DI water and vacuum dried. Finally, the retained antibiotic 

in the cartridge was collected with methanol and ACN [22]. Then nitrogen gas was used to 

evaporate and concentrate the collected sample. The extract was filtered via a 0.22-µm Anotop 

inorganic filter (Sigma Aldrich) [73]. 

2.5.3 LC-MS/MS Analysis 

The Waters Alliance 2695 High-Performance Liquid Chromatography (LC-MS/MS) system, 

coupled with a Waters Acquity TQ triple quadrupole mass spectrometer (MS/MS), was utilized to 

measure the SMZ concentration. The column used was a Phenomenex (Torrance, CA) Kinetex C18 
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(100 mm × 4.6 mm; 2.6 µm particle size) reverse-phase column [22], [73], [74]. Ionization mode, 

retention times, and optimized precursor/product ions were similar to those of our previous study 

[22]. The Waters IntelliStart™ optimization software package [74] was used to optimize the 

procedure.  

2.6. Statistical Analysis  

To detect changes before and after SMZ addition on biogas production, pH fluctuation, and 

methane content, a two-sample T-test with unequal variances was used at the significance level of 

probabilities (p ≤ 0.05) for all analyses [75]. 

The Bray–Curtis similarities and Jaccard similarities techniques were used to match the 

amplicon sequencing data. Bray–Curtis dissimilarity is a method used to measure the structural 

variation between two different groups, based on counts at each group. Mathematically, the index 

of dissimilarity is: 

𝐵𝐶𝑖𝑗 = 1 −
2𝐶𝑖𝑗

(𝑆𝑖 + 𝑆𝑗) 
 

(1) 

where Cij is the sum of the lesser values for only those species on the intersection of two sets. 

Si and Sj are the total numbers of specimens at both sites. The range is between 0 and 1 [76]. 

The Jaccard similarity index also ranges from 0 to 1. The more similar the two populations 

are, the closer the index gets to 1 [77]. 

𝐽(𝐴, 𝐵) =  
|𝐴 ∩ 𝐵|

|𝐴 ∪ 𝐵|
 

(2) 

2.7. Sampling and DNA Isolation 

Raw and digested manure samples were analyzed by the University of Missouri 

Metagenomics Center for the microbial/taxonomy analysis, using the 16S rRNA library sequencing 
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methodology. The results show that over 100,000 sequences were identified, confirming that the 

taxonomy analysis of manure samples can be analyzed using the specific method.  

In total, 10 samples were collected in 50-mL sterile centrifuge plastic tubes. A group of the 

low, medium, and high SMZ concentrations, with two replicate groups and a control sample, was 

processed. Before sampling, each jar was mixed thoroughly with a hand mixer for 1 minute. 

Samples were then frozen to prevent any alteration before the amplicon sequencing.  

DNA was extracted using “PowerFecal kits (Qiagen) according to the manufacturer’s 

instructions, with the exception that samples were homogenized in the provided bead tubes using 

a TissueLyser II (Qiagen, Venlo, Netherlands) for three minutes” [78] at 30/sec, “rather than 

performing the initial homogenization of samples using the vortex adapter described in the 

protocol, before proceeding according to the protocol and eluting in 100 µL of elution buffer 

(Qiagen). DNA yields were quantified via fluorometry (Qubit 2.0, Invitrogen, Carlsbad, CA) using 

quant-iT BR dsDNA reagent kits (Invitrogen)” [79] and normalized to a uniform concentration and 

volume. The rest of the method was performed according to Ericsson et al. [22], [80], [81]. 

2.8. 16S rRNA Library Preparation and Sequencing 

“Extracted fecal DNA was processed at the University of Missouri DNA Core Facility. 

Bacterial 16S rRNA amplicons were constructed via amplification of the V4 region of the 16S rRNA 

gene with universal primers (U515F/806R) previously developed against the V4 region, flanked by 

Illumina standard adapter sequences” [82] [82]–[84]. “Oligonucleotide sequences are available at 

proBase [85]. Dual-indexed forward and reverse primers were used in all reactions. PCR was 

performed in 50 µL reactions containing 100 ng metagenomic DNA, primers (0.2 µM each), dNTPs 

(200 µM each), and Phusion high-fidelity DNA polymerase (1U, Thermo Fisher)” [82]. 

Amplification parameters were 98°C (3 min) + [98°C (15 sec) + 50°C (30 sec) + 72°C (30 sec)] × 25 
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cycles + 72°C (7 min). “Amplicon pools (5 μL/reaction) were combined, thoroughly mixed, and 

then purified by addition of Axygen Axyprep MagPCR clean-up beads to an equal volume of 50 

µL of amplicons and incubated for 15 minutes at room temperature. Products were then washed 

multiple times with 80% ethanol and the dried pellet was resuspended in 32.5 µL EB buffer 

(Qiagen), incubated for two minutes at room temperature, and then placed on the magnetic stand 

for five minutes. The final amplicon pool was evaluated using the Advanced Analytical Fragment 

Analyzer automated electrophoresis system, quantified using quant-iT HS dsDNA reagent kits, 

and diluted according to Illumina’s standard protocol for sequencing on the MiSeq instrument” 

[86]. 

2.9. Informatics Analysis 

“DNA sequences were assembled and annotated at the MU Informatics Research Core 

Facility. Primers were designed to match the 5' ends of the forward and reverse reads. Cutadapt 

[87] (version 2.6; https://github.com/marcelm/cutadapt) was used to remove the primer from the 5' 

end of the forward read. If found, the reverse complement of the primer to the reverse read was 

then removed from the forward read as were all bases downstream. Thus, a forward read could be 

trimmed at both ends if the insert was shorter than the amplicon length. The same approach was 

used on the reverse read, but with the primers in the opposite roles. Read pairs were rejected if one 

reads or the other did not match a 5' primer, and an error-rate of 0.1 was allowed. Two passes were 

made over each reading to ensure the removal of the second primer. A minimal overlap of three 

bp with the 3' end of the primer sequence was required for removal” [86]. 

The QIIME2 [88] DADA2 [89] plugin (version 1.10.0) was used to denoise, de-replicate, and 

count ASVs (amplicon sequence variants), incorporating the following parameters: 1) forward and 

reverse reads were truncated to 150 bases, 2) forward and reverse reads with a number of expected 

https://github.com/marcelm/cutadapt
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errors higher than 2.0 were discarded, and 3) chimeras were detected using the "consensus" method 

and removed. R version 3.5.1 and Biom version 2.1.7 were used in QIIME2. Taxonomies were 

assigned to final sequences using the Silva.v132 [90] database, employing the classify-sklearn 

procedure. 

3. Results and Discussion 

3.1. Biogas Production 

VAs in anaerobic digesters might have a repressive effect on biogas production [91]–[93] 

because VAs could upset microorganisms’ activity, especially when the concentration is over a 

certain level. Because an anaerobic digester is not always able to degrade the VAs completely, in 

the long term, AD reactors can also become a promoting environment for the development of new 

ARGs [66].  

Due to limited space in the first incubator, it was decided to have samples one to six (groups 

one and two) in the first incubator and samples seven to nine (group three) in a second incubator, 

with the same temperature setting. Before the VAs were injected, the biogas production of all three 

groups was compared to a two-tail T-test and no significant difference was found between groups. 

Figure 2 represents the average biogas productions (measured every four days) for each 

concentration level (low, medium, and high SMZ concentrations added, and control group with 

no SMZ added). Some irregularities were noticeable immediately after the first spike, recalling that 

November 30 was the start date of the spiking antibiotics and the final day was December 2.  

Surprisingly, a comparison of the variation of samples of biogas production with the control 

indicated a decline in the low- and medium-concentration groups, at 1042 and 1191 mg/L or a 

decline of 17% and 20%, respectively. For high SMZ concentration (1340 mg/L), biogas reduction 



 

83 

was not significant. Running a T-test on biogas production indicated that AD bacterial activity was 

immediately inhibited for samples treated with low and medium SMZ concentrations (p-value = 

0.05). 

 This trend continued and had its lowest biogas production (maximum difference with the 

control group) eight days after the first SMZ addition. Still, either the bacteria adapted or the 

inhibiting compound was removed from the system in less than a month after VA addition. Then 

the trend started to resemble the control group from late December to early January. In a 10-day 

period after recovery, biogas production of SMZ groups was higher than in the control group. 

Finally, after 40 days, biogas production for all groups became similar in general. In the current 

research, biogas reduction was as low as 25%, yet there was no sensible change in methane content 

percentage.  

Figure 2. Average biogas production, before and after the addition of SMZ. 

The decrease in biogas production due to the SMZ addition was different from the part of 

the literature. Similar studies reported that SMZ had no effect on either biogas production or 

methane content [36], [55], [62], [94]. The reason can be ascribed to the SMZ concentration studied, 

which was less than 280 mg/L (Table 3). However, Withey et al. concluded a 14% reduction in 

methane content, but no effect at the end of the trial [95]. They concluded that SMZ not only 
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inhibited methanogens but also reduced the catalytic and metabolic activities of the whole group 

of microorganisms that exist in an active thermophilic anaerobic digestion process (55°C). 

Table 3. SMZ removal and its effect on biogas production in the literature. 

 
Concentration 

(mg/L) 

Removal of 

VA 

Effect on 

biogas 

Reactor type 

Withey et al. (2016) 20 80% - Batch AD 

Mitchel et al. (2013) 0.28 to 280 <10% No  Batch AD 

Spielmeyer et al. (2015) 0 to 38 48% No  Semi-continuous 

Jin et al. (2017) 0.01 >90% No  Semi-continuous 

Mohring et al. (2009) 70 <10% No  Batch AD 

Spielmeyer et al. (2017) 5 <10% - Batch AD 

 

3.2. pH and CO2 

pH value can reveal the activity of Acetogenesis and Methanogenesis bacteria. At the 

beginning of the AD process, Acetogenesis bacteria start to create volatile acids that trigger the pH 

to decline. Later, Methanogenesis bacteria convert the volatile acids to methane and CO2 and cause 

pH to rise. The methane-forming bacteria begin to consume the volatile acids at HRTs of more than 

five days. Running a T-test on pH data revealed a significant change for low, medium, and high 

SMZ concentration treatments (p-value = 0.05). Within a week after the first addition, the pH of all 

groups with added SMZ showed an increase compared to the control group and returned to 

normal after almost 20 days. This finding suggests that the Acetogenesis activity is not affected or 

enhanced by the addition of SMZ, which Hu et al. (2018) observed. Because biogas production 

decreased without any variation of methane content or pH, it can be explained as SMZ impacting 
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Methanogenesis and Acetogenesis activity almost the same. Nevertheless, none of the reactors 

became upset or affected intensively by the VA addition (Figure 3). 

 

Figure 3. Average pH of AD reactors, before and after the addition of SMZ. 

Figure 4. Average CO2 concentrations, before and after the addition of SMZ. 

Performing a T-test on the CO2 content of biogas, and comparing the average value for each 

group with the control group, indicates that there is no significant difference before and after SMZ 

addition (p-value = 0.05). On January 9, over 40 days after the SMZ addition, there was a drop in 

CO2 content; however, this should be due to feedstock variation because the control group also 
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followed the same pattern. Jin et al. (2017) and Spielmeyer et al. (2015) also observed no variation 

in methane content due to SMZ (Figure 4) [66], [94]. 

3.3. Antibiotic Removal  

The Sulfamethazine stable isotope concentration was measured to calculate the recovery 

rate, presuming that there is no degradation or absorption. If there is a significant change, it might 

be caused by sampling error, degradation due to anaerobic digestion, or an error of the LCMS 

measurement including the SPE. The protocol average recovery rate for SMZ stable isotope 

without SMZ VA was 64.7%; thus, we decided to improve it with 10X more dilution. The improved 

recovery rate increased to an average of 109.4%. Despite the compelling recovery rate, when 

samples with SMZ antibiotic underwent the LCMS measurement, the recovery rate dropped 

drastically, to 21% and 17% for the manure and water samples, respectively. Moreover, the removal 

rates of SMZ, calculated using spiked concentrations, detected concentrations by LCMS, and 

modified concentrations using adjustment factors (internal standard). The removal of SMZ turned 

out to be negative, which means that not only did no degradation happen, but also there is even 

more SMZ in our bioreactors than injected. At this point, several potential factors were considered 

to be the reason. First, there might be a background concentration of SMZ in the manure used. 

Second, because the recovery rate dropped after the introduction of VA to the system, either the 

matrix effect or issues related to the SPE cartridge might cause that. Third, the original SMZ 

concentration added to the bioreactors was not correct. 

The first statement cannot be true because control samples have already been tested and 

showed zero concentration of SMZ. Also, another set of SMZ stable isotope was included to verify 

the accuracy of the concentration. Table 4 demonstrates that the stable isotope concentration was 

also impeccable.  
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Table 4. Internal standard concentration and recovery rate verification. 

Sample Type Expected Isotope 

Concentration (mg/L) 

Detected Isotope 

(mg/L) 

Recovery Rate % 

Internal Standard, No VA 10.000 10.313 103 

Internal Standard, No VA 10.000 10.334 103 

Internal Standard, No VA 10.000 10.452 105 

 

 To further eliminate the possibility of the matrix effect, 100 times dilution was conducted. 

In Table 5, both 10X and 100X dilution results are presented.  

Table 5. LCMS results of the recovery and removal of 10X and 100X sample dilution. 

 
10X dilution 100X dilution 

Sample Type Recovery 

Rate% 

Removal 

% 

Recovery 

Rate % 

Removal 

% 

Manure with SMZ VA solution, Low conc. 24±0.54 -17±2.47 54±1.63 -88±4.01 

Manure with SMZ VA solution, Med conc. 19±0.29 -24±3.67 50±0.33 -93±7.54 

Manure with SMZ VA solution, High conc. 20±0.86 -19±4.92 51±2.92 -87±9.15 

SMZ VA solution in water, Heat treated 17±0.66 -46±1.76 45±1.44 -115±1.33 

SMZ VA solution in water, Room Temp. 17±1.00 -48±1.00 45±1.74 -117±3.78 

SMZ VA solution added to Manure filled digestors, Day 1&2 5 -17 20 -87 

SMZ VA solution added to Manure filled digestors, Day 3&4 6 -37 24 -107 

 

The data indicated that the higher dilution resulted in an improved recovery rate of the stable 

isotope. For instance, the average recovery rate increased from 20% for 10X dilution to 49% for 

100X dilution. Interestingly, the more the concentration of the internal standard increases, the more 

the recovery rate drops. The possible cause for this issue could be the limited SPE cartridge 

capacity. Therefore, a modified version of the protocol was prepared to remove the possible errors. 

The updated protocol has a higher internal standard concentration (10X) and no SPE step.  
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The internal standard recovery rate (Figure 5) was 49% on average, which is comparable with 

values reported in previous studies. Iglesias et al. [96] reported recovery rates between 73% and 

142%, while Donato et al. [97] had between 55.8 and 129.3%, using the Strata-X SPE cartridge. Gao 

et al. [98] reported 59% to 131%, Ben et al. [99] 75% to 121%, and McClure and Wong [100] 52 to 

88%, with the Oasis HLB SPE cartridge.  

Negative removal is not logical because no other SMZ sources could be adding to the 

digesters. One explanation of this condition could be the comparably high concentration of the 

antibiotic loaded into the SPE cartridge; the cartridge could be saturated and not function properly. 

For instance, the average SMZ concentration applied to the cartridge was 0.77 mg in the no-dilution 

sample. The 10X and 100X diluted sample results approve this assumption, as the recovery rate 

increases with more dilution (less SMZ concentration in the SPE cartridge).  

Because the SMZ stable isotope has the same chemical structure and acts similar to SMZ 

antibiotics, they were competing for adsorption sites inside the SPE polymer cartridge. This could 

lead to an error. Samples 16 and 17 can be used to confirm that; they were made by applying pure 

SMZ in water (without any manure) with the concentration of 4.7 and 7.05 mg passing through the 

SPE cartridge. For these samples, the recovery rate of the internal standard dropped drastically, 

down to 23.7% and 19.6% with 100X dilution, for samples 16 and 17, respectively. For the 10X 

dilution case, it was even worse, with a recovery of 4% and 5% for the 4.7 and 7.05 mg SMZ 

concentrations, respectively.   
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Figure 5. Isotope recovery rate in SMZ added samples and control samples with 100X dilution. 

Several approaches were used to improve the data, including more sample dilution, 

changing the SPE cartridge type or bypassing this step, and modifying the detection method and 

concentrations. The selected revisions were increasing internal standard concentration 10 times, 50 

times more sample dilution, and bypassing the SPE step, and proceeding to direct injection for 

LCMS. Based on these modifications, samples were processed and the results (second analysis 

round) are presented in Table 6. The recovery rate, on average, is 68% and 53% for manure samples 

and water samples, respectively. The removal rate is still negative because the detected SMZ 

concentration is higher than injected. The adjustment factor is calculated based on the 

concentration of the internal standard injected and detected value. Interestingly, the last five 

samples, which were SMZ VA solution added to bioreactors and control samples, have values close 

to what was injected, without the adjustment factor. Also, the recovery rate in water samples was 

lower than in manure samples. 
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Table 6. Second round of data verification with the modified protocol version. 

Sample Description Expected 

SMZ Conc. 

(ppm) 

Detected SMZ 

Concentration 

(mg/L) 

Recovery 

Rate  

(%) 

Adjusted 

Detected SMZ 

Concentration 

(mg/L) 

Removal  

(%) 

Removal 

using 

VAM&VAB 

Adj. (%) 

Manure with SMZ VA solution, Low 

conc. 

0.65 0.89±0.02 72±3.68 1.25±0.04 -94±5.86 11±2.72 

Manure with SMZ VA solution, Med 

conc. 

0.74 1.08±0.04 70±3.03 1.55±0.01 -110±0.98 3±0.47 

Manure with SMZ VA solution, High 

conc. 

0.83 1.07±0.06 63±2.94 1.70±0.05 -106±5.89 5±2.6 

SMZ VA solution in water, Heat treated 0.74 0.60±0.09 46±7.78 1.33±0.04 -82±9.84 16±4.65 

SMZ VA solution in water, Room Temp. 0.74 0.88±0.07 61±2.18 1.46±0.16 -97±10.03 9±4.75 

SMZ VA solution added to Manure filled 

digestors, Day 1&2 

6.75 6.07 41 14.77 -119 -1 

SMZ VA solution added to Manure filled 

digestors, Day 3&4 

4.5 4.29 44 9.86 -119 -1 

SMZ VA solution added to Water filled 

digestors, Day 1&2 

6.75 6.87 46 14.83 -120 -1 

SMZ VA solution added to Water filled 

digestors, Day 3&4 

4.5 4.31 45 9.54 -112 3 

Control Sample, Manure as feed 0 0 76 0 
  

 

As a result, using the internal standard to adjust the detected values might not be an 

appealing idea. Further tests should be designed to verify this approach. To evaluate the influence 

of anaerobic digestion on SMZ removal, another set of samples added to the experiment was 

carried out as the third round of data verification. These samples were prepared with the same 

solid manure source and ratio, and the SMZ was injected with the similar concentration range. The 

only distinction was that there was no anaerobic digestion treatment, and all samples were frozen 

immediately after VA addition. To determine the effect of SMZ VA and stable isotope competition, 
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a set of samples was processed only with a stable isotope in water; no SMZ VAs were added to 

achieve the recovery rate (Table 7). 

As summarized in Table 7, the measured SMZ concentrations without any adjustment are 

close to the expected values. To illustrate, for injected concentrations of 0.65, 0.74, and 0.83 ppm, 

the measurements were 0.821, 0.904, and 0.989 ppm, respectively. The average recovery rate is 69%. 

Based on all these method verifications and protocol modifications, it was concluded that the use 

of the Sulfamethazine stable isotope would not be effective. Hence, to measure the effect of 

anaerobic digestion on SMZ removal, VA added manure samples with AD were compared with 

the no AD condition (Table 7).  

In summary, as shown in Figure 6, the anaerobic digestion process removed less than 10% 

of the SMZ added. Also, the removal of SMZ for the current study is not dosage-related. This 

finding complies with the previous studies including Spielmeyer et al. (2017) [101], Mohring et al. 

(2009) [55], and Mitchell et al. (2013) [62]. They all reported less than 10% SMZ removal for the 

batch reactor. However, Spielmeyer et al. (2015) and Jin et al. (2017) for semi-continuous AD, and 

Whitey et al. (2016) for batch reactor, achieved 48%, >90%, and 80% removal, respectively [66], [94], 

[95].   

Figure 6 demonstrates that there is no significant difference between the control group and 

the digestor group. Therefore, anaerobic digestion (biodegradation) is not effective on SMZ with 

the mesophilic condition and swine manure.  
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Table 7. Third round of data verification with the modified protocol version. 

Sample Type Expected 

SMZ 

Conc. 

(ppm) 

Detected 

SMZ 

Conc. 

(mg/L) 

Expected 

Isotope 

Conc. 

(mg/L) 

Detected 

Isotope 

(mg/L) 

Recover

y Rate 

(%) 

Adj. 

detected 

SMZ 

conc. 

(ppm) 

Remov

al  

(%) 

Adj. 

Removal 

(%) 

Manure with 

Mixture VA low 

conc. No AD 

0.65 0.821 0.009 0.006 73 1.12 -126 -172 

Manure with 

Mixture VA Med 

conc. No AD 

0.74 0.904 0.009 0.006 69 1.31 -122 -177 

Manure with 

Mixture VA High 

conc. No AD 

0.83 0.989 0.009 0.006 65 1.52 -118 -182 

Water sample, no 

VA and with internal 

standard 

0.00 0.000 0.009 0.011 125 0.00 0 
 

Water sample, no 

VA and with internal 

standard 

0.00 0.000 0.009 0.010 117 0.00 0 
 

Water sample, no 

VA and with internal 

standard 

0.00 0.000 0.009 0.009 111 0.00 0 
 

 



 

93 

 

Figure 6. Effect of AD on SMZ removal. 

Table 8 presents the data for ammonia. Alkalinity, TS and VS, and methane produced was 

calculated in comparison to the VS destructed. The alkalinity of the control sample is lower than 

the VA added samples, almost 10%. The control sample has the lowest TS value and the highest 

VS destruction. It can be inferred that VAs have impacted the bacterial activity in the degradation 

of solids, which complies with a reduction in biogas production. The total methane production 

regardless of VS destruction is the highest for the control sample. Surprisingly, biogas and methane 

production per VS destroyed are higher for VA samples. SMZ could have had a toxic effect on the 

bacterial group not involved in methane production, which resulted in less energy consumption 

for the reproduction of non-biogas producer bacteria.  
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Table 8. TS/VS, ammonia and alkalinity, biogas, and methane content produced based on VS destroyed results of the SMZ samples and control 

group. 

 TS VS Ammonia Alkalinity 
VS 

destroyed 
Biogas Biogas CH4 CH4 CH4 

Treatment / unit g/L g/L g/L g/L g/L mL/d 
mL/g VS 

des 
% mL/d 

mL/g VS 

des 

Manure with SMZ 

VA solution, Low 
1.43±0.12 65.50±0.74 1.80±0 11.20±0.38 16.51±0.74 1980±65.41 120.77±7.22 77±0.27 1518±52.66 93±5.81 

Manure with SMZ 

VA solution, Med 
1.43±0.15 66.23±0.73 1.93±0.05 10.67±0.22 15.81±0.74 2056±27.82 131.17±7.97 78±0.82 1600±29.31 102±6.28 

Manure with SMZ 

VA solution, High 
1.40±0.05 66.40±0.56 1.83±0.10 10.4±0.38 15.62±0.56 1942±40.82 125.07±6.9 77±0.94 1493±36.72 96±5.96 

Manure with SMZ 

control 
0.8 62.4 1.8 9.6 19.61 2175 110.9 78 1706 87 
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3.4. Bacterial Community Dynamics 

Six AD reactors (two sets of a low, medium, and high SMZ treatment) were kept in one 

incubator and another set of three reactors (low, medium, and high SMZ), and control samples 

were kept in a second incubator. The temperature for both incubators was set at 39°C. Interestingly, 

the two incubator groups showed a sensible discrepancy in bacterial dynamics sequencing. 

Comparison of the evenness of the samples with two-factor ANOVA (treatment and reactor as 

factors) found no effect of treatment (p = 0.935, F = 0.0693), a significant main effect of reactor (p = 

0.020, F = 20.411), and no interaction between factors (p = 0.793, F = 0.251) (Figure 7a). Also, two-

factor ANOVA of the amplicon sequence variant (ASV) with treatment and reactor as a factor 

found no effect of treatment (p = 0.123, F = 4.579), a significant main effect of reactor (p = 0.014, F = 

27.261), and no interaction between factors (p = 0.414, F = 1.202) (Figure 7b).  

 

Figure 7. a) Evenness and b) amplicon sequence variant comparison with ANOVA test. 

For groups 1 and 2, Phyla firmicutes were the dominant bacteria, following by Bacteroidetes, 

Proteobacteria, and Synergistetes. For Archaea, Methanosarcina (Euryarchaeota) was dominant. 



 

96 

With the addition of SMZ, the population of Archaea decreased, and the Firmicutes bacteria 

population increased. The Proteobacteria, Atribacteria, and Synergistetes population also dropped 

by over 50%. Within the species of Firmicutes, Clostridia is the dominant class, which indicates 

relatively fast hydrolysis and VFA (volatile fatty acids) fermentation [102]. 

Looking deeper into taxonomic levels for groups one and two, Ruminiclostridium, 

Syntrophomonas, Caldicoprobacter, and Fastidiosipila were dominant groups. Group three 

showed a completely different behavior. For instance, while other groups have less than 3% of 

Ruminiclostridium, two samples in this group have 13% and 17% (Figure 8). 

 

Figure 8. The stacked bar chart at the best taxonomic resolution comparing incubators 1 and 2.  

Figure 9 illustrates principal coordinate analysis (PCoA) plots using Bray-Curtis and Jaccard 

similarities for incubators one and two. There is a significant difference between incubators one 

and two. Despite some variations, samples with CTC and tylosin (former study) were showing 
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entirely distinct Bray-Curtis values. Because one of the pivotal goals of identifying the bacterial 

community was to evaluate the source of the pollutant, it is clear that SMZ has a distinctive effect 

on the dynamics as compared to the CTC and tylosin treatments.  

 

Figure 9. Principal coordinate analysis plots using Bray-Curtis and Jaccard similarities for 

incubators 1 and 2. 

Scrutinizing the ASV abundance in the SMZ experiment, regardless of the last group, 

revealed that Syntrophomonas and Ruminiclostridium abundance was almost the same. The 

Fastidiosipila population increased with SMZ addition from 2.7% to 12% on average, but no effect 

was observed with CTC and tylosin treatments. On the other hand, Desulfovibrio, Clostridium 

sensu stricto, Proteiniphilum, and Methanosarcina populations dropped. Desulfovibrio is a genus 

of Gram-negative sulfate-reducing bacteria.  

Comparing the control sample with the SMZ added samples shows that Methanosarcina 

dropped from 3.5% to 1% on average. The control group was a mixture of 4 back-up bioreactors 

that were kept and fed with a similar condition to VA added jars. Hence, it can be predicted that 
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methane production should also decrease. In this paper, the hydrogenotrophic pathway with 

Methanosarcinaceae was dominant, as reported by others [103], [69], [104].  

The Rikenellaceae RC9 gut group increased almost 6 times, from 0.65% to over 4%, when 

compared to the control group. Acetomicrobium decreased from 3.2% to less than 0.2% while 

Syntrophomonas was untouched. Cloacimonadaceae and Synergistaceae have also grown more 

with SMZ addition and it is dosage related. Synergistetes are significant contributors to the 

degradation of sludge for the production of biogas in anaerobic digesters producing hydrogen gas. 

The Syntrophomonadaceae are a family of anaerobic bacteria which consume carboxylic acids as 

their source of energy [105]. The Synergistetes’ (syntrophic acetate oxidizers) emergence might be 

a sign of modest acetotrophic activity [106]. Caldicoprobacter is a thermophilic anaerobic 

acetigignens bacteria. Anaerobic digester metagenome declines from 0.5% to 0.15%.  
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Figure 10. The stacked bar chart at the best taxonomic resolution comparing the effect of different 

VAs on bacterial dynamics. 

Figure 11 shows a heat map in which samples (columns) are ordered according to similarity 

using a hierarchical method (UPGMA) based on the 50 ASVs (rows) with the lowest p-values 

following serial ANOVA testing of all ASVs. In short, it shows perfect inequity between groups 

when the samples are clustered using only the most variable ASVs. The taxonomic identity of the 

microbes is listed on the right-hand side of the heat map. R1 and R2 are referred to as incubators 1 

and 2, respectively.  

 

Figure 11. Heat map of treated samples using a hierarchical method (UPGMA) based on the 50 

ASVs (rows) with the lowest p values. R1 and R2 refer to incubators 1 and 2, respectively. 
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Again, regardless of incubator 2 data (R2), patterns are visible for different concentrations of 

SMZ. To illustrate, if the abundance of ASV 277, 209, or 104 is high, it is attributed to the medium 

concentration of SMZ. Furthermore, if ASV 422, 205, 114, 9, 14, and 33 are abundant, it is related to 

the high concentration of SMZ in the system.  

4. Conclusion  

Due to the widespread consumption of veterinary antibiotics and their high excretion rate in 

animal guts and feces, antimicrobial resistance is an imminent risk for the ecosystem. Anaerobic 

digesters will provide two main factors of temperature and anaerobic condition to foster special 

bacteria that have shown effective removal of contaminants, including pharmaceuticals. In this 

study, Sulfamethazine, one of the most consumed veterinary antibiotics which is listed as critically 

important by the FDA, underwent biodegradation with a mesophilic anaerobic digester. Biogas 

inhibition due to antibiotic introduction was as high as 25%. The microorganism community could 

handle the antibiotic, as no drastic fluctuation happened in the pH or CO2 level. The removal rate 

of Sulfamethazine was close to zero, which means that current AD bioreactors do not help remove 

any significant amount of SMZ after a six-day AD treatment. Besides, amplicon sequencing 

analysis demonstrated a significant correlation between CTC, tylosin, SMZ, and their 

concentrations. With the addition of SMZ, the population of Archaea decreased, and the Firmicutes 

bacteria population increased. The abundance of ASVs can be used to predict the antibiotic type 

and its concentration.  
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In the last two chapters, enhanced degradation of some of the most consumed veterinary 

antibiotics in the U.S. through anaerobic digestion was investigated. Chlortetracycline, tylosin, and 

sulfamethazine were selected due to their market shares in the animal industry, different half-lives, 

and their imminent danger to the environment and humans.  

Interestingly, the T-test showed a significant inhibition immediately after the addition of 

tylosin, but not for CTC. The biogas reduction for samples with a mixture of tylosin and CTC was 

close to 14%, and for tylosin only was between 8 and 19%, with no dose-dependent relationship. 

For the sulfamethazine treatments, biogas productions were decreased for low and medium 

concentrations by 17% and 20%, respectively, but the variation was not significant for the high 

concentration. Also, T-test shows that pH values were significantly lower for the samples treated 

with tylosin (p-value = 0.05), but no difference in the CTC samples. In contrast, the addition of SMZ 

resulted in a pH increase, inferring that contrary to tylosin, SMZ did not disturb the Acetogenesis 

activity. However, CTC did not have any biogas inhibition, but it caused the methane content to 

drop. Since CTC is against gram-negative, that may have affected the Methanogens. There is no 

significant difference in methane content before and after the addition of SMZ.  

Anaerobic digestion with swine manure was able to achieve 100% removal of tylosin 

antibiotic. For CTC, removal was also 100%, but no evidence can prove the degradation was 

because of the AD process. SMZ removal was less than 10% for all concentrations. The results 

clearly indicate that not all antibiotics would be degraded through the anaerobic digestion process, 

especially for the complete-mix digester that not all of the feedstock and antibiotics would be 

digested for the full HRT. It is possible that a plug-flow digester might degrade antibiotics more 

effectively than a complete-mix design, because of the flow pattern of the digestate. More research 

should be conducted to compare the effectiveness of the two different digester designs.  
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Although microbial diversity was declined by the addition of VAs, yet no harmful effect on 

the microbial community, pH, or alkalinity was observed. For all samples, Phyla Firmicutes, 

Bacteroidetes, Proteobacteria, and Synergistetes were dominant or co-dominant in bacteria. With the 

addition of SMZ, the population of Archaea decreased, and the Firmicutes bacteria population 

increased. Amplicon sequencing analysis demonstrated a significant correlation between CTC, 

tylosin, SMZ, and their concentrations.  

Analyzing the microbial dynamics reveals that the Fastidiosipila population increased with 

SMZ addition from 2.7% to 12% on average, but no effect was observed with CTC and tylosin 

treatments. On the contrary, populations of Desulfovibrio, Clostridium sensu stricto, 

Proteiniphilum, and Methanosarcina declined. 

Recommendation for the future studies:  

We were successful to assess the feasibility of the biodegradation of several antibiotics in 

anaerobic digesters, also their effects on the reactor performance. More antibiotics and their effect 

on bacterial dynamics are still untested. Furthermore, we need to set-up a pilot system at a 

commercial farm to detect the shortcomings and propose the pertinent solutions, in order to 

elaborate standard methods that can be adopted by most farmers. Besides, in a real-condition 

bioreactor temperature, loading rate and other factors may not be consistent similar to the 

laboratory. Furthermore, anaerobic digestion will provide biogas that can be easily used as a source 

of energy, capturing it and storage of biogas in a real-scale project, and biodegradation of VAs 

simultaneously without disturbing the reactor performance should be investigated. The energy 

produced can be a great incentive for farmers to adapt and use this system, it is important to 

investigate methods to reduce the impact of antibiotics in the manure to the on-farm biogas 

production. Besides, antibiotic’s byproducts and their danger to the environment should be noted. 
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More studies should be carried out in the analytical part as well, for example, 

finding/improving an internal standard that is not interfering with the results, evaluating 

antibiotics absorption by the organic matter or glass container, and improving the method to 

prevent matrix effect.  
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1. Introduction 

1.1. The role of the fertilizers 

The world population is growing rapidly, and continuous development in the agriculture 

sector is essential to provide enough quality food. Therefore, strategies to produce cost-effective 

and environmentally friendly food are vital. The total population is expected to be 9.2 billion by 

2050 [1], which is nearly an increase of 1.4 billion comparing to the world’s population in 2020. 

Food production requires an increase of 70%, and nearly 100% in developing countries, to handle 

the population surge in 2050 [2] .  

Nitrogen (N2) is an essential nutrient for the survival of all living organisms. Nitrogen 

fixation occurs by a group of microbes in the soil, through abiotic processes, or by lightning. The 

Haber-Bosch process, a revolutionary method to produce synthetic N fertilizer on an industrial 

scale, is costly and energy-consuming [3]. The technique acquires N from the atmosphere and 

blends N2 with hydrogen gas (H2) to create ammonia (NH3). The application of synthesized N 

fertilizer resulted in more crop yield in the last 60 years[4]. These fertilizers are estimated to be 100 

Tg year-1 (100 Tera-grams per year) used in agricultural fields [5]. After application of N fertilizer 

to the soil, microbes release enzymes that reduce the activation energy required to cycle N. The N 

cycles consist of urea hydrolysis, nitrification, and denitrification, which are relying on 

temperature, the water content of the soil, soil organic matter (SOM), and microbial activity [6]. 

The urease enzyme can be found in the active microbial cell and can remain active even after the 

death of the cell [7]. 

However, nitrogen loss through ammonia volatilization is the primary concern for applying 

urine on the soil in the crop fields, mostly by urease enzyme hydrolysis [8], [9]. Only 17% of the 

100 Tg N produced in 2005 by the Habor-Bosch method was consumed by the crop, farm industries, 
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and meat products. [3], [10], [11]. About 75% of the total US nitrous oxide (N2O) emissions in 2015 

were using synthetic N-based fertilizers [12]. On the other hand, the agriculture-related greenhouse 

gas (GHG) emission has increased by 8% since 1990 [13], while FAO predicted that N2O emissions 

would increase 35 to 60% by 2030 [14]. Nitrous oxide is a stratospheric ozone-depleting gas, stable 

for up to 120 years before being removed by a sink or breakdown [13]. Among GHG emissions, 

which are mostly consisting of N2O, carbon dioxide (CO2), and methane (CH4), N2O is of interest 

because it has a global warming potential 298 times greater than CO2 and 12 times greater than 

CH4 [15]. Nitrous oxide in the presence of ultraviolet light can be turned into nitric oxide (NO), 

acting as a catalyst in the breakdown of ozone [5].  

1.2. Urea 

Urea is the primary N fertilizer source consumed globally, representing 57% of total N 

fertilizer consumption[16], and high N content (460 g kg-1 N) [17].  Relatively high N content (46%), 

simplicity of application, and fair price made urea own the highest market share of fertilizer sale 

[18]. Urea is produced from ammonia and carbon dioxide, making it the only main N product 

chemically categorized as an organic compound. Weather condition plays a pivotal role in N loss; 

heavy rainfalls cause the soil to be saturated and help urea leach laterally and vertically through 

the soil profile and finally leads to gaseous N loss due to its solubility [19], [20]. 

Urease enzyme activity in the soil can be depressed under flooded soil conditions [21], high 

soil pH [22], and low soil temperature [23]. The hydrolysis rate depends on the soil's pH, type, 

buffering capacity, temperature, and moisture content [24], [25]. It has been reported that the NH3 

losses varied from 20% to as high as 80% [18], [26]–[29]. 

 



 

114 

1.3. Ammonia volatilization and its adverse effect  

 In addition to economic loss, NH3 loss would negatively impact air quality [30]–[34]. 

Nitrogen from livestock wastes becomes available by the breakdown  of nitrogen-containing amino 

acids. Nitrogen in the environment is reduced to ammonia and then to nitrates, elemental N2, and 

the oxides of nitrogen (NO, NO2, N2O). Nitrogen evaporates into the atmosphere as ammonia or 

NOx until it returns to soil or water and completes the chain. Microorganisms would metabolize 

high concentrations of N in water. Next, along with excess phosphorous, would cause 

eutrophication of lakes, increase algae bloom, and disturb the balance of the environment. Besides, 

the metabolism of N in water requires oxygen, so this reaction consumes soluble oxygen and 

endangers aquatic animals and plants. Finding out the N contamination source between animal 

waste, fertilizer, and human waste is complicated [35]. 

In the United States, Houlton et al.  [36] estimated that about 25% of the N used as fertilizer 

is lost to the atmosphere as NH3, costing farmers around 6 billion USD a−1. In addition to 

economical loss, this makes the agriculture industry the primary source of NH3 emission to the 

atmosphere considering the consequences for human health, ecosystems, and climate [37], [38]. 

Storage and anaerobic digestion of liquid manure could lead to the emission of different 

gases such as NH3, carbon dioxide (CO2), methane (CH4), and hydrogen sulfide (H2S). If the depth 

of stored manure is greater than 3 ft, due to the anaerobic state, there might be up to 160 different 

gasses emitted [39]. Higher concentrations of NH3 are leading to excess arthritis, porcine stress  

syndrome, muscle lesions, abscesses, and liver ascaris scars [40]. Excess nitrates  in drinking water 

can lead to methemoglobinemia and cancer risk. To be considered  toxic, Nitrates must be reduced 

to nitrites either in the environment or  in the GI tract. 
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Between 70 to 80% of N escapes to the air from the lagoon in the form of ammonia or nitrous 

oxide. On the other hand, irrigation of liquid manure will cause 30 to 40% loss of N to the air, in 

contrast with application to soil and direct injection with 10-25% and 0-2% loss, respectively [41], 

[42]. Ammonia returns to the soil with precipitation and will eventuate in contamination or 

overgrowth of unwanted species.  

To maximize the absorption of nutrients and to reduce malodor, urine has to be stabilized. 

Stabilization means preventing enzymatic urea hydrolysis. Enzymatic urea hydrolysis can be 

prevented by acid addition [43], the addition of urease inhibitors [44], or electrochemical treatment 

[45]. 

Adverse effects of having excessive N in the environment are mainly groundwater 

contamination by nitrate (NO3) [46], eutrophication of terrestrial ecosystems, eutrophication of 

marine ecosystems, endangering the biodiversity, and disturbing the food chain [47]–[50], 

acidification of land and water resources [51], [52], the emergence of nitrous oxide as a potent GHG 

[53], air pollution due to N compounds with severe health effects [54], [55] and crop yield [56], [57], 

stratospheric ozone depletion due to N2O [58], [59], and in general negative consequences on 

human health. From 2000 to 2050, nitrogen and phosphorus discharges will surge by 180% and 

150%, respectively [11], [60]. 

Claypan soil, which is prevalent in Missouri, would lead to waterlogged conditions and 

cause more N loss through denitrification [61]. Missouri has a  high potential of N loss with High 

temperatures and extended periods of saturated soils (Nash P.R. et al., 2015). 

Saturated soil would decrease the amount of NO3- leaching, resulting in more significant N2O 

emissions. An estimate of 2 to 4% loss of applied fertilizer N as N2O gas from a claypan soil was 

observed by (Nash P.R. et al., 2012). 
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1.4. Previous studies to preserve N ammonia 

Hellström et al. investigated the efficiency of using different acids on urease inhibition and 

ammonia loss during storage [43]. For this purpose, sulfuric and acetic acid were used with 

different concentrations and administration periods. They concluded that sulphuric acid is more 

efficient than acetic acid, which could be related to the lower pH. They also suggested using 

phosphoric acid or sulphuric acid could be more appropriate since they have additional value as a 

fertilizer. 

Considering the fact that urine is the source of around 70% of the phosphorus and 

approximately 90% of the nitrogen in the domestic wastewater [63], elaborating a system to 

separate liquid and solid manure at the farm and use urine directly as fertilizer seems attractive. 

Besides, heavy metals are relatively low in the urine [64].  

Studies showed that N losses are relatively low during collection and storage [64], [65], yet 

high at the time of application [66]. Moreover, significant loss of N could happen during the 

dewatering process of urine due to ammonia evaporation. The hydrolysis of urea is catalyzed by 

the enzyme urease, an enzyme that many microorganisms possess [67].  

CO(NH2)2+3H2O                          2NH4
+ + HCO3

-+OH- 

NH4
++OH-               NH3(aq)+H2O 

NH3(aq)               NH3(g) 

Hanæus et al. [65] concluded that the addition of 26 mmol of sulfuric acid per liter of 

undiluted urine would prevent urea transform to ammonium. Also, another study [65] has shown 

a positive relationship between temperature and decomposition rate of urea.  

Urease 
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The optimum pH for urease activity is 6 to 8 for a silt loam soil, while other surveys on 

different soil types mentioned no relationship between pH and urease activity [68], [69]. During 

the urea hydrolysis, the release of OH- in the soil would lead to the pH rise. This process fosters 

the change of N to NH3 (g), and as a result, ammonia volatilization happens.  

Therefore, soil pH plays a pivotal role in ammonia volatilization since it determines the ratio 

and direction of NH3 / NH4+ reaction [23]: 

NH4
+      NH3 + H+  (pKa = 9.49) 

Several studies discovered that an increase in soil pH would result in higher NH3 

volatilization [70], [71]. Fertilizers containing ammonium nitrate develop an acidic environment 

eventually (pH 4.5 – 5.5) after being dissolved in the soil and cause lower NH3 loss through 

volatilization [72]. 

Nitrification inhibitors (NIs) can be effective in hindering N2O emissions. They would restrict 

the NH4+ oxidation into NO2-, and subsequently reduce the (NO3-) concentration for denitrification 

[73]–[76]. Naturally, inhibition happens by ammonia monooxygenase, an enzyme produced by 

Nitrosomonas bacteria. 

Considering the rich content of nitrogen and phosphorus in the urea, adverse effects of 

excessive N in the environment and economically appealing concept led to urea stabilization and 

use as fertilizer.  

An on-farm liquid manure acidification system was established at a commercial farm. The 

swine finishing barn had a solid-liquid separation system, so access to fresh liquid manure was 

much easier compared to more popular flushing or deep-pit barns in the region. The barn was 

located near Versailles, Missouri, with a capacity of 1200 heads. The acidification equipment was 
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installed at the barn, close to the liquid manure collection trough to acidify the urine as fast as 

possible.  

The objectives were to conduct on-farm acid addition for lowering the pH of manure to 4.5, 

and to evaluate urea stabilization efficacy during storage, processing, and transport., This report 

documents the operational issues and improvements made to ensure the pH manipulation and 

sampling process. The experiment was carried out using a pilot-scale system for utilizing the 

existing solid-liquid separating scraper system. After the sampling, the control and acidified liquid 

manure were shipped to North Carolina State University (NCSU) to reduce the volume of the urine 

by dewatering and nutrient analysis. This is a project in collaboration with a private company, 

Waste 2 Green LLC and NCSU, who worked on the low-pressure evaporation concentrating of 

liquid manure and economics. 

2. Materials and Methods  

2.1. Solid-Liquid Separation Barn  

The barn in this research project was a swine finishing barn equipped with a solid-liquid 

separation system. Dimensions of the barn were 80 feet by 132 feet, with an east-west orientation. 

It has four separate finishing rooms that were connected through a hallway. The capacity of each 

finishing room was 300 heads, with a total of 1200 heads. In the center of the hallway, there was a 

room with monitoring and mechanical devices installed, with stairs leading to the manure 

collection area.  Under each finishing room, there are several automated scrapers, and a conveyor 

to collect the scraped solid manure, with the automated scraper arms running on schedule. Liquid 

manure was collected by gravity through slated floors, a V-shaped subfloor under each room, 

merging the manure as was deposited. The scraper arms were designed to operate when 400 lbs of 
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feed were delivered to an individual room. Therefore, they were working 6 times a day on average, 

powered by a 2-hp motor. The conveyor system was planned to operate circularly between two V-

shaped floors; while one scraper was pushing the manure onto the conveyor belt, the other scraper 

was traveling away from the conveyor belt to be ready for the next cycle. The liquid manure was 

pouring into a trough, which then drained to the south end of the hallway, to a small reservoir 

designed for this experiment. After filling up, the excess liquid manure is drained out of the 

separation barn and to a collection pit placed outside the barn as a temporary storage unit. After 

the liquid height reaches a certain level, the float switch kicks in and starts pumping the liquid to 

a lagoon nearby.    

Based on previous research conducted at the same finishing barn [77], the approximate 

periods for different growth stages were as follows: 20 days weaning, 35 days in the nursery, and 

140 days in the finishing barn. The estimated mortality rate for pigs during their growth on the 

farm was 4% on average.  

The small liquid manure reservoir was located on the ground floor of the southeast corner of the 

hallway, Figure 1. The maximum time for the liquid manure to reach the reservoir was estimated to be 5 

minutes. The reservoir capacity was 15 gallons, and the pump was activated by a floating switch when the 

volume reached 10 gallons. The retention time of the liquid manure in the reservoir depended on the season, 

day/night, swine age, and population.  
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Figure 1. Simplified barn plan, finishing rooms, liquid urine collection system, acidification 

equipment, February 19 (not to scale) 

2.2.  Equipment installation and initial modifications: 

A majority of the pilot set-up was installed by the Waste 2 Green LLC before shipping to the 

farm. The installation of the reservoir pump and acid pump took place on February 18, 2019 and 

lasted for about four days. The acid pump was working well, while the controller was maintaining 

the desired pH. The acid used for this experiment was Citric acid 50% solution in 555 lbs. drum. 
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The accuracy of the pH level was verified by a Bluetooth pH meter installed in both acid and 

product tanks and also a portable pH meter (PINPOINT, American Marine Inc, Ridgefield, CT). 

The next day after the installation was completed (February 21, Figures 2 and 3), the inline 

flowmeter was not functioning. Due to heavy debris, the inline flowmeter was found to be clogged 

and causing the acid pump to stop. A switch was then added to better control the pump operation. 

Two water AutoSamplers (see Liquid Manure Sampling and Handling section) were installed next 

to the storage tanks to collect the treated liquid manure samples.  

 

Figure 2. Cross-section plan of acidification pumps, tanks, and autosampler at the barn, February 

19 (Not to scale) 
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Figure 3. Initial setup of the acid and product tank, acid and base pump, and supplies 

 

The pump used in the reservoir is a 1 HP submersible trash pump (ST2040T Diamond Tool 

Store, West Palm Beach, Florida). To prevent further issues, the team decided to change the pipe 

diameter from 1-inch to 2-inch, eliminating the 90° elbows at the tank and using 45° transitions to 

alleviate some of the blockage. To prevent any further clogging, an inline flowmeter was 

removed.  A Doppler-type flowmeter, which mounts externally to the pipe, was ordered to replace 

the current in-line flowmeter. To remotely monitor the flow sensor, a data logger connected to the 

laptop at the farm was added, and the TeamViewer software was used so multiple members could 

closely monitor the operation remotely. Several re-plumbing on the pump was done, the check 

valve was replaced with a flap-type, and a pipe was plumbed into the tank with a 2-inch line. The 

pump emptied the reservoir in 20 seconds. The pump was found to need to expel trapped air in 

the housing occasionally.  

2.3. Flow data collection  

As the previous online flow meter failed to work correctly due to the debris, it was decided 

to use a doppler flowmeter, outside of the pipe. The replacement flowmeter is a Doppler flow meter 

(DFM5.1, Greyline Instruments, Largo, FL). Flow data acquisition was conducted by either the 
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flowmeter internal memory or USB DAQ and Data Logger System (DI-1100 12-bit, 20,000-40,000 

S/s/Ch, DATAQ Instruments, Akron, OH). 

The Doppler flowmeter transducer was installed close to the old flowmeter location. The 

main issue with the flowmeter was the error in detecting flow, which was so high (as high as 250 

gals/m) while the pump was off, and the total volume detected in 15 minutes was more than 100 

gals. We went through the troubleshooting steps, changed the probe location, added more 

petroleum gel beneath the probe, added earth ground wire to the clamp, yet no improvement. It 

was not because of the shaking or vibration of the pipes or ground, either. Besides, the data logger 

was disconnected to check if it would help. Finally, the cut-off signal percentage of the flowmeter 

was increased to 5%, 10%, 15 %, and 20%, it was still the same, but with 90 % cut-off, the error was 

less than half a gallon in a 45 minutes duration, when the pump was off. Several tests were 

performed while the pump was on and compared the fluid level in the acid tank to verify the 

calibration. The data collected of the volume pumped had approximately 10% error. The data 

logger connected to the flowmeter showed the same flow as the flow meter with a few seconds 

delay. 

Dust was a major issue as well, especially after being accumulated for weeks. A transparent 

tarp was added to cover the electronic devices and the camera. 

2.4. Acid and base addition set-up and laboratory tests 

Acid was supplied from a 55-gallon citric acid drum, and base supply was made with “Arm 

& Hammer” Baking Soda and water at the farm. The mixing ratio and acquired pH level are shown 

in the result section. To neutralize the acidified/treated liquid manure in the product tank, a base 

solution was added before discharging the liquid manure. To prepare the base solution at the farm, 

three bags of “ARM & HAMMER™ Baking Soda Resealable Bag” each 5 lbs. (totally 15 lbs.), was 

https://www.armandhammer.com/baking-soda
https://www.armandhammer.com/baking-soda
https://www.armandhammer.com/baking-soda
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added to 460 lbs. of well water, and mixed in the base supply barrel. The initial desired pH for the 

product tank was 7. However, reaching this pH level requires a high intake of the base supply, 

later it was lowered to pH 6.5, which sounds fine since the purpose of neutralization was to 

preserve the concrete of the barn. 

During the neutralization, the base supply depleted very fast. To investigate the reason, some 

lab tests were performed using tap (city) water in the lab, and farm water and liquid manure 

collected from the farm. The laboratory study aimed to determine the efficiency of baking soda, its 

optimum concentration solution, and the volume required to neutralize treated liquid manure of 

4.5 and pH 5.5. The details are presented in the result section.  

At the beginning of the experiment in February 2019, base supply pH was measured to be 

above 13. However, the highest pH value we achieved later with baking soda was 8.3 at the farm 

and from replicated tests conducted in the lab. Therefore, the initial pH was probably an error.   

The laboratory tests conducted include: 

1. Acidification and neutralization test. 

2. Base solution and consumption test. 

2.5. Liquid manure sampling and handling tests 

Autosampler (ISCO model 6700FR refrigerated sampler, Johnston Inc., Lincoln, NE) was 

used to draw treated samples from the acid tank. It has 24 sampling bottles, 1 liter each, and can 

be programmed to sample time-based or flow-based automatically. The control and treated liquid 

manure samples were then shipped to NCSU for further tests. There were some issues with the 

autosampler, it did not fill all the 24 bottles as programmed. We noticed a problem with the 

autosampler tube clogging. It could be due to the negative pressure of pump suction and the 
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amount of manure solids; the tube was found twisted and clogged. We improved the sampler with 

a reinforced tube. The manure solids were likely those that were not removed by the scraper system 

works and bypassed the relatively small settling basin for the liquid fraction. 

The delivery method of the samples to North Carolina (NC) was considered, including the 

temperature, volume of the samples, and mixing condition.  There is a trade-off between the cost 

of shipping and shipping time, plus the sample volume. Therefore, a preliminary test was carried 

out as follows:  

First, collecting a few liters of untreated material from the reservoir directly and distribute it 

into 4 bottles, then handle them as follows: 

I. One bottle was sent to the University of Missouri lab for a full waste analysis and N-

analysis Total Kjeldahl Nitrogen (TKN) and Total Ammoniacal Nitrogen (TAN) 

without any temperature consideration. 

II. One bottle was shipped to NC lab as frozen. 

III. One bottle was shipped overnight or 2nd day with dry ice to NC lab. 

IV. One bottle was shipped at ambient temperature to the NC lab.  

The next step was comparing the analysis results of the three bottles that were shipped to 

the NCSU lab and the sample analyzed at the University of Missouri. Based on the condition of the 

material as it arrives and those analyses, we would be able to determine the most economical 

handling and shipping method without worrying about altering the composition of the sample. 

We had originally hoped to collect a control sample to be compared with treated samples, but at 

that point, the second autosampler was not functioning, so there was only one autosampler 
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collecting samples from the acid/dosing tank(Figure 4). Liquid manure treatment levels were 

untreated, pH 5.5 and pH 4.5. 

 

Figure 4. Simplified sketch of the final urine acid treatment system, October 19 (Not to scale). 

2.6. Operating the system and routine sampling 

After all the modifications, the reservoir pump was still struggling to run steadily. 

Occasionally, it was humming, and it would lead to more foaming and, finally, system failure. In 

the end, the pump was replaced with a smaller size provided by the farm owner. With the new 

pump, the system started working steadily, no humming or excessive foaming was observed at the 

reservoir. Nevertheless, few minor issues happened; for instance, a piece of bone or debris was 

stuck in the pump and prevented the propeller to work. A metal screen filter around the pump 

inlet would help prevent such issues.  

Routine rounds of sampling were conducted after the system was functioning more steadily. 

Three distinctive groups of samples were taken with pH 4.5, pH 5.5, and untreated liquid manure 

as the control group. Each round of sampling started on Monday as follows:  
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Day 1: Clean the reservoir and the system by removing settlements, start the pH treatment, 

and set dosing to pH 5.5. Configure the autosampler to collect samples from 9 am to 1 pm on the 

next day with 700 mL each sample every hour, for a total of five samples.   

Day 2: Collect the samples, composite them, and grab 3L of treated liquid manure of pH 5.5 

and keep them inside the refrigerator. Clean the autosampler bottles, and change the pH setting 

from 5.5 to 4.5; set the autosampler to collect samples from 9 am to 1 pm on the next day, with 700 

mL each sample every hour, for a total of five samples.   

Day 3: Collect all pH 4.5 samples, composite them, and grab 3L and keep them inside the 

autosampler refrigerator. Turn off the acid pump. Wash the autosampler bottles, flush the system, 

wash the pipes, trough, and reservoir with clean water for 5 minutes. Wait 30 minutes until liquid 

manure flow in the trough becomes normal and consistent. Then, take the untreated liquid manure 

samples, directly at the end of the trough before entering the reservoir, every 30 minutes. Collect 

3L of untreated samples. Distribute the pH 5.5, pH 4.5, and untreated samples into three 1-L bottles, 

put them in the insulated foam package, and add dry ice for cold shipping and deliver to FedEx, 

for shipping to NCSU.  

Sampling time is an essential factor and collecting samples at the same schedule each time 

would help minimize the variation of the nutrients, especially the nitrogen contents. However, 

should there be a problem with the autosampler, acid pump, or other general failures of the system, 

we would lose one day of sampling and need to repeat the treatment and sampling. Since the last 

day of sending samples to NC was Thursday afternoon in order to ensure delivery on Friday 

afternoon, sampling untreated urine usually took place the same day of collecting the pH 4.5 

samples. A test was conducted to compare N concentrations over few hours and between the two 

troughs on the left side and right side of the barn. Figure 5 depicts how the N concentrations varied 
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over time, for both sides of the liquid manure collection troughs. The TKN and TAN levels were 

relatively consistent from noon to 3 pm. Just to recall, the farm had a separate trough on each side 

of the barn, and our project was performed on the right (east) side.  

 

Figure 5. Comparison of the nitrogen concentrations of liquid manure samples collected from left 

and right-side trough over time (Adopted from A. Deviney et al., NCSU, 2019). 

 

2.7. Liquid manure production estiamtion 

Inventory data was provided by the farm management, including the date, heads, and the 

weight of the pigs at the beginning of the finishing growth cycle. Feed delivered to the barn was 

also provided, but there was not individual feed record for each of the four finishing rooms. So we 

could not compare the feed consumption and total pig mass for the eastern half barn, where our 

test and measurement were conducted. 

Based on industry standards and previous research [77]  Brown et al. conducted at the same 

farm, a 4% mortality rate was assumed. Moreover, with the initial inventory and pig weight 

provided, and average market weight from the previous study, the average pig mass in the two 

finishing rooms was estimated for each growth cycle. The initial weight of the new group of pigs 
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entering the rooms was average 35 lbs. each and the final weight as finisher swine was 267 lbs. The 

duration for the pigs to grow from 35 lbs. to 267 lbs., averaged 135 days. 

Total feed consumed was the sum of the different feed ingredients (corn, SBM, soy oil …), 

which was provided by the farm management. Due to variable feed consumption (larger pigs eat 

more) and inconsistent delivery, feed consumption rates were more variable, therefore we 

averaged the feed consumption rate using weekly or biweekly feed consumption, which seems to 

be a rational idea as presented in the previous study (Brown et al., 2018). To illustrate, Figure 19 

shows the weekly and biweekly feed consumption. 

The manure production rate was estimated using values provided based on the manure 

characteristics in MWPS-18 Section 1 [78], where swine manure production can be predicted 

related to the animal type and weight. 

The method Brown et al. used to estimate this ratio is as follows:  

“For evaluation of the liquid manure production, the fluid level of the collection pit was 

continuously monitored by using a liquid pressure data logger (U20L-04, HOBO Water Level, 

Onset Computer Corporation, Bourne, MA). The fluid level sensor was secured to the bottom of 

the collection pit. The depth of the liquid manure was monitored by measuring the change in 

pressure experienced in the pit in two-minute intervals.  

With knowledge of the collection pit dimensions and liquid (manure) level variations, 

estimation of the liquid manure pumped to the lagoon on a daily basis could then be made. Tests 

to estimate liquid level with the initial logger and the weather station’s hourly atmospheric 

pressure were carried out until the acquisition of a new, dual-sensor data logger (MX2001, Onset 

Computer Corporation), which utilized a second logger to measure atmospheric pressure 

simultaneously.  
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The amount of solid manure produced was more difficult to monitor. The production rate of 

the solid manure could not be monitored with a device such as a water level sensor as was the case 

with the liquid manure. A camera was used to closely monitor the pile height. The camera (BCC100 

Construction Time Lapse Camera, Brinno, Taipei City, Taiwan) was set on an hourly timer and 

was installed on a support beam connected to the East wall. The hourly images were recorded as 

a video file, which was collected upon each trip to the farm.  

Information from the video file was analyzed to determine the solid manure production rate. 

The removable wall, which served as the background for the images, was constructed out of three 

levels of concrete blocks, with a uniform height of 24 inches (0.61 m) each. By a combination of the 

pile height against the concrete wall, and the shed dimensions, solid manure volume was 

approximated via pixel measurement. The pile volume was estimated by assuming a flat surface 

and uniform distribution of the solid manure.” 

Based on the animal weight, total manure and liquid manure produced can be calculated. 

And, multiplying it to the number of the swine, total daily liquid manure production in the Eastern 

half-barn, is estimated. Thus, the estimated population of the pigs belongs to room #2 and # 4 (east 

side of the barn), and to simplify the calculation, we assumed there is a similar population of the 

pigs on the other side (Room #1 and #3). Comparison of the total liquid manure produced, biweekly 

feed consumption, and total animal mass were then conducted to verify the acid consumption, and 

to confirm their correlations. Therefore, by having the daily total liquid manure produced and 

extracted for the sampling days, we compared these values with the amount of acid consumed, 

and also with the lab test results.  
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2.8. Cost-benefit analysis 

By having liquid manure production volume in a year at the farm, calculating the amount of 

acid required to decrease the pH to 4.5 and 5.5 is the next step. Nitrogen content data including 

total kjeldahl nitrogen of acid treated sample and untreated samples data was provided by NCSU 

team. In actual condition, liquid manure was kept several months before application at the farm, 

however the untreated samples’ N-content level is volatilization within a week. Therefore, two 

different approaches were employed to calculate the value of the fertilizer produced. First, using 

the exact data and find the N-content preserved, and second, following the literature to estimate 

average volatilization ratio and then calculate the N-content preserved (non- conservative method) 

[79]. Moreover, sulfuric acid price when purchase in bulk was also considered, since it is stronger 

than citric acid and less expensive. The average TKN were 3940, 5474 and 5556 mg/L for untreated, 

pH 5.5 treatment and pH 4.5 treatment, respectively.  

Finally, plant-available nitrogen (PAN) and residual nitrogen fertilizer value in manure was 

calculated according to the MU Guide G9186 [80]. Weather condition, temperature, soil moisture 

and lots of other factors would influence the amount of nitrogen mineralization and available 

nitrogen for the plants. Also, type of the animal manure, spreader and nitrogen is important. 

Energy price, maintenance and machinery expenses were not included in the calculation.  

 

 

 

 

 

http://extension.missouri.edu/explorepdf/agguides/soils/g09186.pdf
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3.  Results and Discussion:  

3.1. Laboratory test results 

3.1.1. Acidification test 

The aim of this test was to measure the amount of acid needed to lower the pH of the 2 L of 

liquid manure samples. The pH values of three samples after 70 mL of the acid was added 

gradually, are presented in Table 1.  

Table 1. Amounts of citric acid were added to 2 L of liquid manure, to reduce the pH from 7.0 to 

4.5, mimicking the farm condition. 
 Sample 1 Sample 2 Sample 3 

Citric Acid 

Added (mL) 
pH 

0 6.94 6.95 6.96 

20 5.91 6.00 6.07 

30 5.38 5.51 5.59 

40 5.05 5.16 5.20 

50 4.80 4.86 4.95 

55 4.73 4.79 4.80 

60 4.63 4.69 4.71 

65 4.57 4.61 4.60 

70 4.50 4.55 4.50 

  

The initial pH of the fresh liquid manure was 6.95. Citric acid was added to each sample until 

the pH reached 5.5 and 4.5, because pH 5.5 and 4.5 were our treatment targets at the farm.  The 

volumes of the acid added to acidify the liquid manure are presented in Figure 6, and the ratios of 

the acid added (citric acid, mL, added to liquid manure, mL) are summarized in Table 2. The 

amount needed to lower the liquid manure to pH 5.5 ranged from 1.3% to 1.6% (acid/liquid-

manure, mL/mL), in contrary of 3.5% (acid/liquid-manure, mL/mL) for pH 4.5 acidification. The 

results indicate that the amount of citric acid needed to lower the liquid manure to pH 4.5 was 

about 2.4 times more than it needed to lower to pH 5.5, meaning that the required acid to reduce 

the pH values to a lower level does not follow a linear trend. 
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Table 2. Volume of citric acid required to reduce 2 L of the liquid manure pH to 5.5 and 4.5. 

 Test 1           Test 2  Test 3 

Total volume required to lower to pH 5.5 (mL) 26.77 29.52 32.2 

Ratio % (acid/liquid-manure, mL/mL) 
1.34 1.48 1.61 

Total volume required to lower to pH 4.5 (mL) 70 70 70 

Ratio % (acid/liquid-manure, mL/mL) 3.50 3.65 3.50 

 

 

Figure 6. Acid citric addition (ml) to the liquid manure and pH reduction rate. 

3.1.2. Base solution and consumption test 

Another study was carried out to determine the concentration of baking soda solution and 

the volume required to neutralize the treated liquid manure at a pH of 4.5 and pH of 5.5, Table 3. 

The water used was tap water from the lab, and well water and liquid manure brought from the 

farm. Table 4 summarizes the solubility of the baking soda at different temperatures. 
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Table 3. Baking soda molarity and achieved pH with tap and well water. 

Chemical Calculations pH (Tap water) pH (Well water) 

Water added 

(lb) 

Baking Soda 

(lb) 

Molarity [M OH-] Rati

o 

Day 1 

measurement 

Day 2 

measurement 

Day 1 

measurement 

460 5 0.13 0.01 8.15 9.4 8.24 

460 10 0.26 0.02 8.10 9.27 8.22 

460 15 0.39 0.03 8.05 9.2 8.15 

460 20 0.52 0.04 8.07 9.18 8.06 

460 25 0.65 0.05 8.07 9.14 8.03 

460 30 0.78 0.07 8.04 9.07 8.00 

460 35 0.91 0.08 7.96 9.00 7.97 

460 40 1.04 0.09 8.04 9.07 8.02 

460 45 1.17 0.10 

   

460 50 1.30 0.11 

   

460 55 1.42 0.12 

   

460 60 1.55 0.13 

   

  

Table 4. Baking soda Solubility. 

Solubility in water          69 g/L (0 °C) 

         96 g/L (20 °C) 

         165 g/L (60 °C) 

 

Assuming the room temperature to be 20°C, the maximum (soluble) amount of baking soda 

that can be added to the water is 43 lbs. per 460 lbs. of water (in the 55gal base supply tank), with 

the ratio of 0.096.  

Note that we repeated the test for two consecutive days, day 1 and day 2. Surprisingly, 

different results were achieved between the two days, Figure 7.  
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Figure 7. Baking soda addition to the tap water and well water and pH achieved. 

Nevertheless, well water at the farm was our main source of making the base solution; 

therefore, we use the related data. As shown above, 15 lbs. of baking soda in 460 lbs. of well water 

looks optimum mixture to reach pH around 8.15. Based on the molarity of the baking soda, a range 

of pH variation concerning the amount added is illustrated in Figure 8. 

 

Figure 8. Chemical calculation of baking soda molarity and pH. 

 Another test was conducted for measuring the volume of base solution (0.39 molarity) 

required to neutralize the treated liquid manure samples. In summary, for every 1 liter of treated 

liquid manure at pH 4.5, the base solution volume needed is 1.4 L to shift the pH above 6.3. 
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Figure 9. Neutralization of 1 liter of the treated liquid manure with baking soda solution. 

In the last sampling process, the required amount of baking soda solution added to acidified 

samples (lbs.) was approximately 1:1, which was not a significant amount. In conclusion, either 

because of the solids, baking soda cannot get entirely mixed with the acidified liquid manure, or 

the insufficient mixing, the addition of baking soda resulted in floating cake form of slurry solid, 

which prevented effective mixture, and eventually caused clogging or overflow issues. 

3.2. On-Farm Results 

A summary of the important timelines, including installation and modifications made to the 

on-farm system, was provided in Table 5. The following sections provide more detailed 

information on the improvements made and observations of the on-farm tests. 
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Table 5. Important timeline of the project, installation and modification. 

2/18/2019 Project started with equipment and recirculation pipes installed 

2/22/2019 Reservoir pump was not working well, it was found  

2/26/2019 Re-plumbing the pump, replacement of the check valve with a flat type and plumbing a 2inch pipe into 

tank was done, planned to install the baffle inside tank. Pump was still humming 

2/27/2019 Flowmeter was the source of the debris collection; new Doppler type flowmeter was ordered. Mel 

confirmed the pump was functioning well 

3/16/2019 Doppler flowmeter installed; calibration completed 

3/21/2019 Pump was running fine, however immediately after running acid pump, it started humming again. 

Error in reading flowmeter data, moved the transducer to a horizontal line 

3/25/2019 Group suggested adding acid while the liquid urine is under pressure (in the pipe) 

4/11/2019 Group decided to add a flex recirculation line from the acid tank to the trough instead of to the 

reservoir 

4/17/2019 Added a hose vent near the pump line to trough, to prevent air trap happening 

5/20/2019 Recirculation parts delivered 

6/3/2019 Recirculation line from acid tank to trough was installed 

6/10/2019 Pump was not stable; debris accumulation was high in acid tank and caused clogging in the connection 

line between tanks and also discharge line 

6/17/2019 Base tank discharge line was completely clogged, had to cut the pipe, and use a pressure washer to 

unclog, added rubber joint 

6/30/2019 Another discharge was added at the bottom of the acid tank to discharge debris from acid tank 

7/7/2019 A second line between acid and base tank was added, below the level of the recirculation line 

7/18/2019 Reservoir pump was replaced with a smaller one and was working better 

7/25/2019 Reservoir seems stable, acid pump started and no humming 

8/1/2019 Sampling started, pH set at 5.5 and base set to 6.5 

9/5/2019 New round of sampling, with pH 4.5 and 5.5 and control sample (untreated, directly from the reservoir) 

10/8/2019 Stainless steel screen added around the pump, was clogged in less than a day, and removed 

10/16/2019 Added a L-line inside the acid tank to foster mixing in the tank 

 

3.2.1. Acidification improvement, foaming, and pump malfunction 

The liquid manure reservoir's core issues included solids build-up, foaming, inconsistent pH 

value, and pump stalling. Due to the limited space and relatively low elevation of the liquid 

manure trough, the reservoir was limited in size and did not allow for a mixer, and the float switch 

was not functioning consistently. Increasing the reservoir size might help to improve the float 

switch operation and reducing the solids and foaming issues. Another challenge was the in-line 
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flowmeter, which was catching a lot of solids and giving the inaccurate reading, adding to the challenges of 

troubleshooting the pump operation. A Doppler type of flowmeter was then installed and calibrated to help 

with the flow monitoring, Figure 10.  

 

Figure 10. Flow meter probe location and solid manure collection system, March 19. 

The reservoir pump was still humming after the acidification started. When acid was added 

to the reservoir, it would create foam; likewise, pump propeller movement also caused more 

foaming. The humming noise of the pump is because it cannot pump the foamy liquid manure. 

Using an anti-foaming agent or adding acid to the liquid manure during pumping (pressurized 

within the pipe) was among the suggested options. Defoaming agents could be silicone emulsions 

and compounds, synthetic, non-Silicones, oil-based, and water-based. There is a chance that any 

air bubbles, including foam, could cause inaccurate readings to the doppler flow sensor. Any high 

spot in the pipe from the reservoir up to the tank would allow gas to come out of the solution and 

eventually work its way to the sensor as a bubble. Adding suspension points may help ensure a 

steady upward gradient in the pipe. Mixing or a small recirculating stream in the reservoir and 

tank shall be beneficial, provided that the focus is on physically breaking up any bubbles. However, 

sometimes it can cause more foaming; more controlled tests would be needed to explain the 

difference.  
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In order to improve the acidification and minimize N loss, a recirculation line (flex line) was 

added to the preliminary system, Figure 11. The idea of adding a recirculation line was simply to 

reduce the chance of N-ammonia volatilization. Due to the animal growth cycle, urine production 

would be lower with smaller pigs, that it would take longer until the reservoir volume reaches the 

desired level to kick on the pump. On the other hand, because acidification happens at the 

acid/dosing tank, liquid manure must reach the acid tank to be acidified. Therefore, to prevent or 

minimize N volatilization during retention time in the reservoir, the added recirculation line helps 

partially acidify the liquid manure sooner, in the trough and the reservoir. Furthermore, it is 

effective to reduce foaming in the reservoir. The recirculation line design was intended to have a 

flow rate of 5 gallons per minute.  

 

Figure 11. Sketch of the system with added recirculation line and flex line, May 19. 
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Figure 12 presents the system after adding a recirculation line, that goes from the acid/dosing 

tank to the trough. The second line (green line) between the acid and product tank was designed 

to assist treated liquid transfer from the acid tank to the product tank, considering that the 

recirculation line-height is lower than the previous connecting line-height (white line).  

 

Figure 12. Recirculation line from acid tank to the trough, June 19. 

3.2.2. Reservoir and pipes dimension to prevent debris collection and clogging 

The reservoir dimension is a critical factor in the design of the treatment system. Smaller 

reservoir size can reduce the liquid manure's retention time in the reservoir. Nevertheless, there 

would be insufficient space for the debris and solids to settle before reaching the pump. Therefore, 

more solids would be pumped into the system that eventuates in clogging and system failure. 

Using a smaller pipe can help with mixing in the tank as well as mixing inside the pipe, since they 

would increase the flow rate. It would probably reduce the foam and air bubbles in the pipe due 

to higher pressure and result in more accurate flow readings by the Doppler flowmeter. On the 

other side, solids and debris can accumulate more quickly and clog the smaller size pipes and 

connections. 
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After pump replacement and addition of the recirculation line, pumping was greatly 

improved, and foaming was happening mostly inside the acid/dosing tank, Figure 13. Note that 

the major acidification was occurring in the acid/dosing tank directly, and an acid controller probe 

was installed inside the acid tank instead of the reservoir.   

 
Figure 13. Foaming issue, left foaming happens in the acid tank; right foaming happens in the 

reservoir. 

During the installation of a new line, we noticed that the liquid could not be discharged 

effectively from the base tank due to clogging. So, we tried to disconnect a union connection to 

clean the line; used a water hose to remove the clogging. But, it did not work well even with a high-

pressure washer, probably because we were far from the blockage location in the pipe. Finally, we 

decided to cut the part of the pipe at the beginning of the product tank to flush the pipe from that 

point and then reconnect the line to the product tank again. This helped, but the blockage was still 

not completely removed. Then, using a high-pressure washer, the clogging was removed. 
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Figure 14. Self-aligning union and rubber couplings added to simply add an access to the system for cleaning. 

Installation of a metal mesh screen around the reservoir pump was another approach to 

prevent debris from getting into the system. Nevertheless, due to the high volume of the debris, 

the screen's openings were clogged quickly, resulting in a liquid level difference between the float 

switch and the pump propeller. It caused the float switch to operate the pump, even when there 

was not enough liquid manure around the pump to be moved into the system. Consequently, it 

formed excessive foaming without efficient pumping. This happened on September 23 and the total 

flow recorded was 1,328 gallons, which was lower than previous days. Finally, the screen was 

removed.  
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Figure 15. Foaming deactivated the float switch, led to continuous pumping and excessive 

foaming (July 19), and installation of a filter screen (removed later). 

3.2.3. Autosampler and Doppler flowmeter issues  

Autosamplers used in this experiment were previously used for sampling water. So, 

sampling liquid manure with a significant amount of debris and solids could be challenging. For 

instance, once, the autosampler indicated that the pump was jammed. The sampling tube was 

checked and cleaned, but it was not the issue. Therefore, we tried to put the sampling tube into 

freshwater and restart the program. It worked after a while, yet for some of the samples, the volume 
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was too little, about 50 mL (it was supposed to be 700 mL). Yet, for some others, it was filled 1000 

mL and more.  

Next, the calibration of the Doppler flowmeter was performed to ensure proper 

measurement. Table 6 summarizes the various variables and measured and actual volumes.  

Table 6. Doppler flowmeter calibration. 

Volume Damping=0, 

 Cut-off=10% 

Damping=0,  

Cut-off=30% 

Damping=10, 

 Cut-off=20% 

Damping=10,  

Cut-off=10% 

Real Volume (USG) 31 34 10 37 

Flow meter measured 

(USG) 

64 77 0 40 

3.2.4. Additional flexible solid discharge line and final pilot system setup 

As mentioned, one of the major issues was the solid settlements. Because the system was 

running at least 5 days in each sampling cycle, no cleaning was possible during this period. 

Subsequently, settlements would eventually build up in both the acid and product tanks. Solids 

could interfere with acidification and sampling quality and also incapacitate the autosampler. 

Hence, a Y-adapter with a flexible hose was added below the exit line of the acid tank to discharge 

settlements manually each day, Figure 16. The estimated discharge volume was 5 gallons each day. 

With the average 2000 gallons of liquid manure circulation in the system, 5 gallons is negligible.    

 

Figure 16. Manual settlement discharge line installed below the acid tank, June 19. 
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At the end of July 2019, the system was much more stable, Figure 17. The pump was 

operating every 90-120 seconds. Yet, the base solution consumption was still high. With every trip 

to the farm, pH calibration check, downloading flow data, and pH data were conducted as routine. 

Three temperature loggers were installed, one near the acid tank, one near the reservoir, and the 

last one outside the building under a covered wall with no direct sunlight.  

 

Figure 17. Final outline of the urine treatment system, June 19 (Not to scale). 

3.2.5. Variation of pH after treatment 

To evaluate the pH variations of the treated liquid manure during and after treatment by 

acid, a similar test was performed. The autosampler collected a group of 24 treated samples with 

pH=4.5. pH variations of the treated samples, was measured for three weeks (Table 7).  The results 
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indicated that once the samples were treated with acid and have reached the specified pH level, 

they continue to maintain the pH level at least for three weeks.  

Table 7. Acidified samples and pH change over time.  

Monday, June 24, 2019                         

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 

pH 4.80 4.96 7.98 4.46 4.85 4.48 4.39 4.44 4.39 4.58 4.80 4.80 

Sample No. 13 14 15 16 17 18 19 20 21 22 23 24 

pH NA. 4.71 4.40 4.27 4.17 4.05 4.99 4.01 4.99 4.45 4.68 4.92 

Friday, July 12, 2019 

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 

pH 3.38 3.55 3.62 3.96 4.40 4.06 3.94 4.01 3.96 4.20* 4.42* 4.41* 

Sample No. 13 14 15 16 17 18 19 20 21 22 23 24 

pH NA. 4.32* 4.12* 4.02* 3.71* 3.76* 3.73* 3.72* 3.69* 3.17 3.30 3.53 

Monday, July 15, 2019  

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 

pH 4.25 4.44 4.48 4.86 5.15 4.86 4.74 4.80 7.75 4.93 5.08 5.12 

Sample No. 13 14 15 16 17 18 19 20 21 22 23 24 

pH NA. 5.05 4.92 4.82 4.77 4.65 4.51 4.53 4.59 4.26 4.36 4.52 

Thursday, July 18, 2019 

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 

pH 4.23 4.38 4.44 4.77 5.08 4.87 4.78 7.8 4.8 4.96 5.17 5.17 

Sample No. 13 14 15 16 17 18 19 20 21 22 23 24 

pH NA. 5.09 4.95 4.83 4.76 4.64 4..63 4.64 4.64 4.22 4.35 4.53 

    * Samples were semi-frozen while being measured for pH 

 

3.3. Comparisons of estimated liquid manure production and acid consumption 

Following previous study (Brown et al., 2018) and using the MWPS growth curve, the animal 

weight can be estimated using a polynomial equation and presented in the following figure:  

y = 9.1127x5 - 22.447x4 + 17.5x3 - 4.1134x2 + 0.9545x - 0.0051  
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Figure 18. Animal growth curve based on the percentage of nursing and finisher period. 

The X-axis is the age of the finishing pigs (days, presented as % of the time of the growth 

cycle). For instance, if the growth cycle of a batch of pigs for both weaning and finishing (to reach 

267 lbs. from the birth) lasted 155 days, the age at the 10th day of the growth cycle was then x 

=10/155 =0.065 or 6.5%, and the estimated pig weight can be calculated using the equation. Total 

pig mass is the number of animals (heads) multiplied by the average animal weight (lbs.). Note 

that the pig inventory is expected to decrease due to mortality over time. Also, the individual room 

had a different group of pigs that were of various ages and weights.  

For swine, size between 25 lbs. to 300 lbs., manure production, and pig weight were 

regressed, and the manure produced can be calculated with an equation: 

y = 0.0055x + 0.1012 

Where X is the animal weight (lbs.). 

 

 

y = 9.1127x5 - 22.447x4 + 17.5x3 - 4.1134x2 + 0.9545x - 0.0051
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Figure 19. Weekly and biweekly feed consumption.  

 

Figure 20. Estimated swine manure production. 
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Based on the manure produced, the liquid manure portion could be estimated using a ratio 

that was suggested by the literature (Brown et al., 2018) [77]. According to the study by Brown et 

al. (2018), the ratio of the liquid manure to the total manure was 75%. Below, is the average amount 

of daily solid and liquid manure recorded at this barn.  

Table 8. Brown study liquid manure and solid manure estimations. 

 
USG/day Ratio 

Liquid Manure 885 0.75 

Solid Manure 299 0.25 

Total Manure 1184 1 

 

Figure 21 depicts the acid added to the liquid manure stream at the farm, which is compared 

to the total pig mass of the half-barn. Due to system errors, not all of the acidifications were 

continued over a 24-hour period, we excluded the acid consumption data of days that had less than 

21 hours of acidification treatment. 

Linear regression was applied to correlate the amount of acid added with the total animal 

weight (which represents the amount of manure produced), Figure 21. In general, the hourly acid 

consumptions were proportional to the total animal mass of the rooms, confirming that more acid 

was needed for higher animal mass, which would produce more liquid manure, as expected.   
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Figure 21. Daily and hourly acid consumption vs. animal total mass. 

 

Figure 22 presents the acid consumptions versus the estimated amount of liquid manure 

produced at the farm on an hourly basis. Similarly, the hourly acid consumption shows a relatively 

good correlation with the liquid manure produced.  

When comparing the amount of acid needed for the two treatments, the regression for pH 

4.5 did show a steeper slope, indicating more acid was needed to acidify the liquid manure. 
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Figure 22. Daily and hourly acid consumption vs. estimated volume. 

At the farm, acid consumption was measured by the weight (lbs.) of the citric acid at the end 

of each sampling day. However, the laboratory test recorded the acid consumptions in volume 

(mL) per 2L of liquid manure treated. Therefore, the acid weight (lbs.) measured at the farm test 

was then converted to volume (mL) using the density. Knowing the acid solution was 50% 

concentration and the density was not indicated on the product details, a density measurement of 

volume and weight of the acid was conducted in the laboratory, measured as 1.27 Kg/L. This value 

agrees well with the literature value, which reported a density of aqueous solution of 1.220 Kg/L 

for 50% acid solution (O’Neil & Britain) 
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Below is the formula, using the measured acid density, to convert on-farm acid consumption 

(lbs.) and estimated liquid manure volume treated (gallons), to the ratio (mL/mL) or percentage 

values, as reported in the laboratory tests, for comparisons. 

(Acid consumed*453.592/1.27) / (Estimated volume treated*3.785*1000) *100 

Note that 453.592 is the conversion factor of lb. to gram, 1.27 is the acid density, and 3.785 is 

the gallon to liter conversion factor.  

The estimated acid consumptions of the on-farm tests, for both pH 4.5 and pH 5.5 treatments 

are summarized in table 9. 

Table 9. Ratio of acid consumption to the estimated liquid manure volume. 

pH= 5.5 

Date 
Estimated liquid manure 

production (USG/day) 

Recorded liquid 

manure production 

(USG/day) 

Acid 

(lbs.) 

Acid consumption/Hour 

(lbs./hr.) 

Ratio 

% 

9/24/2019 565 1328 108.8 4.73 1.82 

9/25/2019 569 5596 65.2 2.77 1.08 

10/1/2019 598 595  5.81   

10/2/2019 603 5854 122 5.81 1.91 

12/16/2019 271 2434 63 2.63 2.19 

1/7/2020 366 3165 81 3.38 2.09 

pH= 4.5 

Date Estimated liquid manure 

production (USG/day) 

Recorded liquid 

manure production 

(USG/day) 

Acid 

(lbs.) 

Acid consumption/Hour Ratio 

% 

9/25/2019 569 5231 126.6 6.44 2.10 

9/26/2019 607 3441 148.2 6.74 2.30 

10/3/2019 574 7393 194.2 7.57 3.19 

12/17/2019 277 3721 105.2 4.38 3.58 

1/8/2020 370 3988 92 3.83 2.35 
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3.4. Comparison of field data with laboratory test data 

The laboratory test results show that the amounts of acid needed to lower the liquid manure 

to pH 5.5, ranging from 1.34 % to 1.61%, and they were 3.50% to 3.65% to lower the liquid manure 

to pH 4.5. In contrast, the average acid added to the estimated liquid manure production at the 

farm tests, ranged from 1.08 to 2.09%, and 2.10 to 3.19%, while the averages were 1.82% and 2.70%, 

for pH 5.5 and 4.5, respectively. The calculated acid to liquid manure ratio at the farm, as expected, 

was more variable than those measured in the laboratory tests.  

3.5. Cost-benefit analysis 

Based on the N-preservation data provided by the NCSU group, we conducted a simple cost-

benefit analysis for the current nitrogen preserved and acid costs (Table 10). Note that the results 

shown are basic estimations for comparing the nitrogen preserved vs. acid used. Electric 

consumption, solid-liquid separation, liquid manure dewatering and the maintenance costs are not 

included. Comparison is performed only based on the current price of N preserved as common 

fertilizer cost (cost of urea was used for calculations and the price during February 2021 is $457/ton 

[82], 46% of N-content), and citric acid price. In this case, the citric acid price is overestimated 

because it was not purchased in bulk. In addition, the cost of acid would have been significantly 

lowered if sulfuric acid is to be used in future test or scale-up tests. Sulfuric acid should be a 

substitute for citric acid, since it is stronger and much less expensive. On the contrary, sulfuric acid 

when purchased in bulk is $63/MT as of March 2021 [83]. Thus, by a simple assumption of the 

similar strength of citric acid and sulfuric acid to lower the pH, it is estimated that the bulk sulfuric 

acid, would be 3.15% of the cost of the citric acid. This research used citric acid for safety reasons. 

A substantial point that should be noted is that the current cost-benefit analysis is based on 

ammonia volatilization of the fresh liquid manure measured in a few days of storing, yet on 
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commercial farms, liquid manure would typically be kept for several months before application. 

Therefore, the current calculation is considered conservative. Finally, if assumed that liquid 

manure loses 60% [79] of its N-content in several months due to volatilization, optimistic results 

would be $2588 and $2656 in fertilizer savings versus $282 and $432 sulfuric acid consumed, for 

acidification at pH 5.5 and pH 4.5 respectively, table 10. Interestingly, the results suggests that 

decreasing pH to 4.5 would have substantial difference on N-preservation comparing to pH 5.5.     

Table 10. Simple cost-benefit analysis of the acidification of the liquid manure, for 1200-hd 

finishing barn. 

  pH 5.5 pH 4.5 Difference 

pH 4.5/5.5 

N preserved (Kg) by acidification (yr.) 2004 2111 107 

Non-conservative N preserved (Kg) by acidification (yr.) 4062 4169 107 

Fertilizer saving ($) $1,991  $2,097  $106  

Non-conservative fertilizer saving ($) $4,036  $4,142  $106  

Non-conservative fertilizer saving, using PAN $787  $807  $106  

 
Citric Acid, Acid consumed ($) 1 $32,844  $49,267  $16,422  

 

Sulfuric Acid, Acid Consumed ($) 2 $1,035  $1,552  $517  
 

1 Based on 55-gal citric acid price; 2 assume quantity discount when purchased in bulk.   

Liquid manure available plant nitrogen and total nitrogen conversion were estimated 

according to MU guide G9186 [80]. Table 11 summarizes the conversion ratio. Note that the rates 

are based on TKN 3110 and TKN 3192, which are the difference of N-content in pH 5.5 and pH 4.5 

to the untreated samples, respectively.  

Table 11. Total nitrogen and plant available nitrogen conversion factors based on MU guide 

G9186 

 
TKN= 3110 ppm TKN= 3192 ppm 

Total Nitrogen: 25.9 lbs/1000 gallons 26.6 lbs/1000 gallons 

Organic Nitrogen: 25.9 lbs/1000 gallons 26.6 lbs/1000 gallons 

Ammonium Nitrogen: 0.0 lbs/1000 gallons 0.0 lbs/1000 gallons 

Nitrate Nitrogen: 0.0 lbs/1000 gallons 0.0 lbs/1000 gallons 

Phosphate: 0.0 lbs/1000 gallons 0.0 lbs/1000 gallons 

Potash: 0.0 lbs/1000 gallons 0.0 lbs/1000 gallons 

Plant Available Nitrogen (PAN) 10.12 lbs/1000 gallons 10.38 lbs/1000 gallons 

http://extension.missouri.edu/explorepdf/agguides/soils/g09186.pdf
http://extension.missouri.edu/explorepdf/agguides/soils/g09186.pdf
http://extension.missouri.edu/explorepdf/agguides/soils/g09186.pdf
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4. Issues in brief 

• Frequent clogging in the system, replaced the 1” pipe with 2” pipe, also eliminated 

the 90° elbows at the tank, and used 45° transitions.  

• To prevent further clogging, the check valve was replaced with a flap type. 

• The inline flowmeter was recognized as the source of debris collection. A Doppler-

type flowmeter, which mounts externally to the pipe, was replaced the old 

flowmeter.  

• Doppler flowmeter was mistakenly detecting flow, which was relatively high (as 

high as 250 gal/m) while the pump was off. The location of the ultrasonic probe was 

changed several times, in vertical and horizontal pipelines, yet no improvement.  

• Pump air lock often happened due to a long pumping line and sudden pump 

shutting down. This was the main reason that the reservoir pump was humming, 

which was solved by opening the union above the reservoir pump (before 90 

degrees- elbow) a little to allow the trapped air release.  

• The laptop was shutting down often without obvious reason.  

• The lower discharge line (green line) of the product tank was not functioning. After 

a while, debris and solids accumulated at the bottom of the tank, not enough mixing 

inside the product tank eventuated in clogging and excess consumption of the 

baking soda solution. 

• When there was a significant pH difference, acid addition was fast and would cause 

excess foaming. It occurred during the first hour of acid addition.  
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• Using a powerful pump had an adverse effect on the system, creating more air 

bubbles in the system and more foaming of the acidified liquid manure.  

• Debris and solids were pumped directly into the system due to the reservoir 

dimensions. A larger reservoir would allow the debris to settle before reaching the 

pump and can be collected and cleaned on a fixed schedule. 

• Without appropriate reservoir size, using any type of screens to filter out the debris 

was unsuccessful, since the openings would have been clogged fast and prevent 

proper pumping. 

• Baking soda solution application to neutralize the treated liquid manure was not 

effective. Because a large amount of baking soda solution was required to lower the 

pH level, it would cause more clogging in the system and product tank. The latter 

laboratory tests confirmed the inefficiency of the baking soda solution.  

• The sampling device was meant for regular water sampling purposes. Thus, 

wastewater with debris can cause malfunction during sampling and pump failure.  

• The acid pump stopped working due to part and connector failure, acid is corrosive 

to the parts and can cause leakage in the system. 

• The recirculation line helped with the foaming reduction and preserved the N 

content of liquid manure, by acidifying the liquid manure sooner. 

5. Recommendations 

Farm scraper system could be a part of the problem with significant solids and debris in the 

liquid manure. Timing, frequency of the operation, and the scraper's efficiency directly impact the 
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settlement in the liquid manure. We assume that the commercial farm would maintain the scraper 

systems and keep the animal health to the best possible. 

Recommendation for future on-farm pilot research set-up: 

1. A small data logging and programmable logic controller (PLC) system that can log 

and control some of the critical experimental setup, sends alerts immediately, and 

sends data files daily. A system that allows for easy remote monitoring of the data 

and performance of the different equipment. 

2. Critical variables to add and monitor closely include flowrate of acid and base 

applied, flow rate of liquid manure produced (in addition to the current setup, which 

included flowrate of recirculation, the weight of base storage, pH of the acidified 

and base tanks). After replacing the flowmeter with a Doppler flow meter, the flow 

rate measurements were still not consistent, and we could not distinguish liquid 

manure produced from the recirculation amount. Both the daily (Figure 23) and 

multi-day data (Figure 24) indicate some inconsistencies in the flowrates measured. 

Unfortunately, there was only one flow meter, and it often was difficult to tell if the 

readings were consistent with the current PLC setup.  

3. Add temperature monitoring to the acidified liquid manure and the reservoir.  

4. Enlarge the liquid manure reservoir to allow for more solid and liquid manure 

storage volumes, and to help reduce pump and foaming issues. 

5. A small solid retention tank either before or after the reservoir for solid separation, 

to reduce solids in the liquid manure stream and ended up in the acid/dosing tank. 
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6. A corrosion-resistant screen set up around the reservoir pump inlet to prevent debris 

from getting into the pump and treatment system.  

7. An automatic mixing and discharge system (maybe part of the PLC software) to 

agitate and discharge the settled solids in the acid/dosing and base/product tanks.  

 

Figure 23. Flow rate measurements of the Doppler flow meter, for one day. 

 

Figure 24. Daily flow rate readings of the Doppler flow meter, for three weeks in May and June 

2019. 
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Recommendation for future on-farm acidification setup: 

1. Redesign of the solid/liquid separation barn that allows for faster and automatic acid 

addition based on liquid manure volume produced. 

2. Space needed to store the acidification equipment and PLC systems in or near the 

barn, to protect them from animal and dusty and corrosive environments. 

3. On-farm solid separation mechanism (such as a screen or centrifugal separation) to 

prevent clogging issues. 

4. More robust pH sensors and acid/base addition mechanism.  

5. Experiments and economic analysis be designed to determine how critical and 

effective to acidify the liquid manure in the barn vs. in the collection trough vs. 

reservoir.  

6. Conclusion 

Preserving N-ammonia in liquid manure or urine and convert it to organic fertilizer is one 

of the promising practices to minimize the adverse effect of N emission to the environment and 

improving energy efficiency. Besides, it would benefit farmers economically to preserve the N-

content on the land and also provide them with organic conditions. Therefore, on the farms that 

already have established liquid and solid manure separation systems, considering that liquid 

manure is the source of around 70% of the phosphorus and around 90% of the nitrogen in the 

wastewater [63] using stabilized urine directly as fertilizer seems attractive. Moreover, heavy 

metals have been found to be low in the urine  [64]. This pilot project can be carried out in farms 

with solid and liquid separation system, is relatively simple to manage and maintain if the solids 
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are separated efficiently. Because the system includes a neutralization tank, concrete deterioration 

concerns are eradicated at the farm.  

Major drawbacks of this pilot study at the farm were 1) effectively monitoring liquid manure 

production and operational monitoring, and 2) solid/debris accumulation and foaming issues, 

leading to system failure. Citric acid was efficient in lowering the pH level, yet the baking soda 

solution could not neutralize the treated manure without a large amount. We did the best to 

overcome the issues. In addition, it is critical to acidify the fresh manure as soon as possible to 

maximize the N-nitrogen preservation.  After N stabilization, cost-effective analysis, and practical 

volume reduction (dewatering) is the key factor in making this approach financially viable. More 

investigation should take place to examine the practical land application, nutrient losses over the 

growing cycles, and effects of acidified liquid on the soil and microorganisms, if used as the 

fertilizer. If the treated liquid would be further filtered and concentrated, evaluation of adding to 

existing irrigation system to save application costs and improve nutrient use efficiency, and more 

timely matching the crop needs, should be considered in future research.   
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