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ABSTRACT 
Wastewater from confined animal feeding operations (CAFOs) can interfere significantly 

with the natural nitrogen and phosphorus balance in the environment if not treated adequately 

prior to disposal. In this work, a modified Lutzak-Ettinger (MLE) consisting of sequential pre-

denitrification/ nitrification was used to determine the effects of nutrient loading rates and 

hydraulic retention times (HRT) on total nitrogen (TN) and organic carbon (TOC) removal 

from swine wastewater. MLE reactor was continuously fed swine wastewater for over 205 days 

using different recycle ratios (Rr) and HRT. Higher TN and TOC removal efficiencies (90.7% 

and 96.1%, respectively) were obtained when recycling effluent from the nitrification tank 

(4.5:1) combined with effluent from the final clarifier (1:1). Removal efficiencies of 96% for 

TOC and 90% for TN were obtained for the maximum loading rates of 0.56 gTN L-1 d-1 and 

2.15 g TOC L-1 d-1, respectively.  TN and TOC removal rates were achieved with HRT in as 

little as 3.5 days. Overall, MLE was a robust bioprocess withstanding variations in wastewater 

physical-chemical composition and/or changes in operational conditions without significant 

impairment of N and TOC removal efficiencies.  

Keywords: ammonia, high organic rate, nitrate. 
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Remoção simultânea de nitrogênio e carbono orgânico em efluentes da 

suinocultura utilizando processo pré-desnitrificação/ nitrificação  

RESUMO 
Os efluentes dos sistemas de produção de animais confinados (SPACs), se não tratados 

adequadamente antes do descarte, podem interferir significativamente no balanço natural do 

nitrogênio no meio ambiente. Nesse trabalho, um sistema Lutzak-Ettinger modificado (MLE), 

consistindo de dois reatores sequenciais, um pré-desnitrificante (RD) e um nitrificante (RN), 

foi utilizado para determinar os efeitos da carga de alimentação e o tempo de retenção hidráulico 

(TRH), na remoção simultânea de nitrogênio total (NT) e carbono orgânico total (COT) de 

efluentes da suinocultura. O sistema MLE foi alimentado com efluente da suinocultura por 205 

dias, usando diferentes razões de recirculação (Rr) e TRH. Foram obtidas eficiências de 

remoção de NT e COT (90,7% e 96,1%, respectivamente) com a recirculação do meio do RN 

(4.5:1) combinado com o lodo do decantador final (1:1). Essas eficiências foram obtidas com 

TRH de 3,5 dias e cargas de alimentação de 0,56 gNT L-1 d-1 e 2,15 g TOC L-1 d-1. Concluiu-se 

que o processo MLE se demonstrou robusto, resistindo a grandes variações na composição 

físico-química do efluente de alimentação e nas condições de operação, sem sofrer impacto 

importante nas eficiências de remoção de NT e COT. 

Palavras-chave: alta carga orgânica, amônia, nitrato. 

1. INTRODUCTION 

Concentrated animal feeding operations (CAFOs) are increasingly being used for the 

enhancement of swine production. Consequently, much higher wastewater volumes are 

expected which, if not treated properly, could contaminate soils and water resources (Kunz et 

al., 2012). For instance, the presence of high organic content and nutrients (e.g., nitrogen and 

phosphorus) in these effluents can exacerbate biological oxygen demand (BOD) and favor 

eutrophication (Techio et al., 2011). 

Different system configurations are considered including intermittent aeration, the use of 

selective membranes, sequencing batch reactors (Lee and Han, 2012), and/or the modified 

Ludzack-Ettinger (MLE). The MLE, also known as anoxic pre-denitrification process 

(Rajagopal et al., 2011; Hafez et al., 2010), was initially proposed by Ludzack and Ettinger for 

treatment of municipal sewage (Ludzack and Ettinger, 1962).  

In the MLE, the oxidized nitrogen species (NOx = NO2
- + NO3

-) are recycled into an anoxic 

reactor to serve as electron acceptors for heterotrophic denitrification. MLE has been used to 

remove TOC and nitrogen from a wide variety of effluents, including landfill leachate (Hafez 

et al., 2010) and wastewaters from animal farming (Castrillón et al., 2009; Vanotti et al., 2009). 

In the MLE system, the NOx recycle ratio (Rr) to the anoxic reactor can limit nitrogen 

removal efficiency (Tchobanoglous et al. 2014). A high Rr can increase the oxidation-reduction 

potential (ORP) in the anaerobic reactor, inhibiting denitrification. Conversely, a low Rr can 

lead to insufficient concentrations of NOx as electron acceptors, thus hindering complete 

denitrification. Thus, whereas the use of the MLE to remove N and TOC from swine wastewater 

effluents has already been demonstrated (Hafez et al., 2010; Vanotti et al., 2009), uncertainties 

still remain on how different Rr affects MLE system performance, especially treating CAFOs 

effluents.  

Therefore, this study investigated the effects of different recycling ratios and nitrogen and 

the increase of organic loading rates (by decreasing HRT) on N and TOC removal efficiencies, 

using an MLE system to treat swine wastewater effluent. 
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2. MATERIALS AND METHODS 

2.1. Experimental setup 

A schematic representation of the lab scale MLE experimental setup is shown in Figure 1. 

Two 5 L completely stirred bioreactors connected in series were continuously fed swine 

wastewater. The first bioreactor was designed to promote anaerobic denitrification. The second 

was aerated to stimulate nitrification. Aerobic conditions were maintained with the use of a 

pneumatic air pump (PowerAIR 2000) and two cylindrical air diffusers (bubble stones) placed 

at the bottom of the bioreactor. The nitrified mixed liquor (NML) from the nitrification 

bioreactor as well as the settled solid (SS) from the clarifier were both recycled into 

denitrification bioreactor. Peristaltic pumps (Masterflex® L/S® Standard Digital Pump) were 

utilized to control different Rr flow rates (Q) in the MLE system (Table 1). 

 
Figure 1. Schematic representation of the modified Ludzak-

Etinger (MLE) experimental setup utilized in this work. 

Table 1. MLE experimental configurations. 

Period 
Time 

(d) 

Q (flow) 

(mL min-1) 
Rr 

Nitrogen Loading Rate (NLR) 

(gN L-1 d-1) 

Hydraulic retention time 

(HRT) (d) 

I 1 - 126 1.0 4-5.5-6.5 0.15 6.9 

II 127-140 1.5 5.5 0.20 4.6 

III 141-152 1.8 5.5 0.24 3.9 

IV 153-164 2.0 5.5 0.30 3.5 

V 165-185 2.0 5.5 0.41 3.5 

VI 186-196 2.7 5.5 0.60 2.6 

VII 197-205 2.0 5.5 0.41 3.5 

The initial HRT was calculated using Equation 1 in order to obtain the initial nitrogen-

loading rate (NLR) of 0.15 gN L-1 d-1 achieved by Vanotti et al. (2009) and based on the initial 

concentration of N-NH3 from the first bath. 

𝐻𝑅𝑇 =
[𝑁𝐻3−𝑁]

𝑁𝐿𝑅
              (1)  

Where:  

[NH3 – N] = NH3 – N concentratio (g L-1) 

NLR = Nitrogen loading rate (g L-1 d-1) 

The initial calculated HRT is close to the HRTs used by other studies, mainly as a function 

of NLR, such as Vanotti et al. (2009) and Loughrin et al. (2009), who studied MLE systems 
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for the swine wastewater treatment and used HRT between 10 and 17 d and 4.1 and 6 d, 

respectively. 

2.2. MLE Inoculation  

Sludge from a pilot scale activated sludge bioreactor treating swine wastewater effluents 

at Embrapa Swine and Poultry [total suspended solids (TSS) of 7.1 g L-1] was used as inoculum 

(Viancelli et al., 2013). For the startup, the nitrification and denitrification reactors were 

inoculated with 0.25 L of inoculum and the reactor was filled with 4.75 L of diluted swine 

manure effluent (1:10 swine manure/tap water; v/v) to minimize likely inhibition by substrate 

restriction. 

2.3. Operational conditions 

Liquid swine wastewater effluent collected from a solid-liquid separation tank at 

wastewater treatment plant was utilized as feeding solution. 250 L of the same wastewater batch 

was kept under refrigeration (-5°) and utilized throughout the experimental time frame as 

feeding solution. Therefore, confounding effects due to variations in influent wastewater 

physical-chemical characteristics were avoided. The first batch (NH3-N = 1.05 g L-1) was used 

for 157 days. The second batch (NH3-N = 1.36 g L-1) was used from day 158 to day 205. 

Different flow rates (Q), Rr, NLR, and HRT were evaluated (Table 1). It was not necessary to 

discard sludge from the MLE system, and consequently, the Solid Retention Time (SRT) does 

not need to be controlled, which reduces disposition and treatment costs. 

2.4. Analytical methods and calculation of recycle ratio and removal efficiencies 

TOC was measured in a TOC analyzer (Multi Elemental Analitic® Multi C/N 2100 

Analytik Jena). The NH3-N concentration was determined electrochemically by the ion-

selective electrode following the methodology described by APHA et al. (2012). Free ammonia 

(FA) and free nitrous acid (FNA) concentrations were estimated using the standard Equations 

proposed by Anthonisen et al. (1976). 

Dissolved oxygen and pH were determined using an oximeter (YSI Model 55) and a pH 

meter (HANNA - HI8424), respectively. NO3
--N and NO2

--N were quantified by the 

colorimetric method using a Multi-Channel Flow Injection (FIAlab – 2500).  

The recycle ratio was defined by the ratio of the recirculation flow sum (mixer liquor + 

sludge) by the system feed rate (Equation 2). The sludge recycle pump flow was fixed at                              

1 mL L-1 during the experiment. 

Nitrogen removal efficiencies (NRE) were obtained after the establishment of steady-

conditions in the MLE reactor according to Equation 3. 

𝑅𝑟 =
𝑄𝑅𝑀𝐿+𝑄𝑅𝑆

𝑄𝑖𝑛
               (2) 

Where: 

𝑄𝑅𝑀𝐿 is nitrified mixed liquor recycle flow; 

𝑄𝑅𝑆   is clarified sludge recycle flow; 

𝑄𝑖𝑛    is feeding flow. 

𝑁𝑅𝐸(%) = 𝑅𝑟 ∙ (1 + 𝑅𝑟)−1                          (3) 
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3. RESULTS AND DISCUSSION 

3.1. MLE reactors start up 

NH3-N concentrations in the batches were continuously monitored over time to account 

for significant losses. NH3-N concentrations in the first and second batches were 10.6% (after 

165 days of storage) and 0.8% (after 40 days of storage), respectively (data not shown). The 

observed decrease in NH3-N influent concentrations observed in period I (Figure 2) was 

primarily due to dilution effects as results of the increasing recirculation ratios. Measured                      

NH3-N concentrations at the MLE effluent were higher at the beginning of the experiments, 

probably due to the lack of significant nitrifying-specific biomass (Figure 2). After 32 days of 

continuous operation, nitrification acclimation time was reached as observed by the reduction 

in ammonia and the concomitant increase in effluent NO3
--N concentrations.   

 
Figure 2. Nitrogen concentration profile over time in the nitrifying reactor 

under different reactor operational conditions (Table 1). 

The average temperature (23 ± 1.6°C), pH (7.8 ± 0.3) and dissolved oxygen concentration 

(> 3 mg L-1) obtained during this experimental time frame were within the physiological 

requirements for nitrifying microorganisms (Ordaz et al., 2008). Interestingly, the observed 

acclimation period was much shorter than the 100 to 175 days (Jubany et al., 2008) reported 

for other nitrification systems treating swine wastewater. The rapid acclimation time obtained 

in this study was most likely due to the use of a diluted raw effluent (1:10 v/v), which minimizes 

the inhibitory effects of high influent NH3 concentrations on microorganisms (De Prá et al., 

2012). Therefore, the use of a diluted wastewater influent during the initial MLE start up 

process could minimize time required to establish steady-state conditions at field-scale 

operations.  

To stimulate denitrification processes, the reactor was continuously fed at an influent 

organic loading rate (LTOC) of 1.26 ± 0.32 g TOC L-1 d-1 and a nitrogen loading rate (LTN) of 

0.15 g TN L-1 d-1. Temperature and pH were kept at 28 ±1.2ºC and 8.4 ± 0.2, respectively. After 

11 days of continuous operation, effluent NOx-N concentrations decreased from                            

52.1 mg L-1 to 0.21 mg L-1, indicating the establishment of denitrifying processes.  

3.2. MLE - Nitrification reactor performance 

After 45 days, NH₃-N and TN removal efficiencies of 97.7% and 84.4%, respectively, 

were obtained for an influent LNH₃-N of 0.21 ± 0.1 g L-1 d-1 (Period I, Figure 2). During this 
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experimental time frame, dissolved oxygen (DO) (3.2 ± 0.4 mg L-1) was unlikely limiting to 

nitrification because DO concentration > 2 mg L-1 is sufficient to maintain the growth and 

activity of ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) populations 

(Ordaz et al., 2008). 

Changes in Rr from 5.5 to 6.5 decreased NH3-N removal efficiency from 96.1 to 87.5% 

(Figure 2). Following 86 days of experiment (Period I), however, NH3 removal efficiency 

reestablished from the initial 87.5 to 96.1% as result of microorganism adaptation to the newer 

imposed operational conditions. A further decrease in HRT (periods II, III, and IV) did not 

affect nitrification efficiencies, which remained within 96.4 to 98.4%. 

Increasing NH3-N influent loading rate by 50% (Period V, LNH3-N of 0.39 ± 0.1 g L-1 d-1) 

did not show significant changes in ammonia removal efficiencies (93.5 ± 4.3%), demonstrating 

the robustness of the MLE process to withstand variations in operational feeding rates. A 

decrease in HRT from 3.5 d to 2.7 d (period VI), however, led to a decrease in NH3 removal 

efficiency from 93.5 ± 4.3% to 57.8 ± 51.1%. In order to re-establishment NH3 removal 

efficiencies, HRT was adjusted to the previous 3.5 d. 

Free ammonia (FA) concentrations in the reactor were below the inhibitory threshold 

reported for NOB (0.1 and 10.0 mg L-1) and AOB (>150 mg L-1) (Rongsayamanont et al., 2010) 

(Figure 3). Additionally, the absence of detectable free nitrous acid (FNA) suggested that 

nitrification was unlikely inhibited by the formation of FNA. Efficient NH3 oxidation (>99%) 

was observed throughout the remaining experimental time frame (Figure 3).  

 
Figure 3. FA and FNA concentrations profile over time in the nitrifying 

reactor. Solid and dashed lines represent inhibitory thresholds for AOB and 

NOB, respectively (Rongsayamanont et al., 2010). 

Nitrification efficiency (>95%) was in agreement with previously reported data obtained 

for reactors treating cattle manure (Castrillón et al., 2009) or digested sow manure (Rajagopal 

et al., 2011). Total nitrogen removal as low as 19.1 ± 13.2% was achieved in the nitrification 

reactor. This low removal value was somewhat unexpected, considering the favorable 

nitrification conditions in the reactor (i.e., >2 mgO2 L
-1 and low FA concentrations). Therefore, 

circumstantial evidence supports the notion that other biological nitrogen removal processes 

were occurring concomitantly with nitrification. Whereas the investigation of such biological 

mechanisms was beyond the scope of this study, it is worth mentioning that biomass 

agglutination in MLE systems could aid the formation of anoxic micro niches, thus favoring 

autotrophic denitrification and/or anammox (Park et al., 2009). 
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3.3. MLE – Denitrification reactor performance 

Changes in Rr can play an important role in denitrification efficiency. Denitrification and 

TOC removal efficiencies of 88.9 and 83.5%, respectively, were achieved when Rr was set at 

4.0:1 (Period I) (Figure 4). During this experimental time frame, the reactor was fed with a LTOC 

of 0.41 ± 0.1 g L-1 d-1 and LNOx of 0.26 ± 0.1 gN L-1 d-1. Denitrification and TOC removal 

efficiencies were increased with higher influent organic and nitrogen loading rates (Figure 4).  

Negligible denitrification and TOC removal efficiencies were observed when raising Rr from 

5.5 to 6.5:1. Therefore, we opted to maintain the Rr at 5.5:1 throughout the experiment. 

 
Figure 4. Correlation between Organic loading rate (OLR) and 

Nitrogen loading rate (NLR) on nitrogen removal efficiency by 

denitrification bioprocesses. 

A reduction in HRT from 6.9 to 3.5 (from day 127 to 164) did not affect denitrification 

and TOC removal, which remained at 95.4% and 99.4%, respectively. These results served to 

demonstrate the effectiveness of MLE to operate at relatively low HRT.  

In experimental period V, a new batch of wastewater effluent sample was used as substrate 

to feed the MLE system. Denitrification efficiency was kept at 99.1% with a TOC removal 

efficiency of 96%. Interesting to note, changes in wastewater physical-chemical characteristics, 

such as the higher TOC, did not affect reactor efficiency. From the operational point of view, 

this is relevant considering the inherent variability in swine wastewater effluent composition 

commonly observed at field scale. After reaching steady-state conditions, the HRT was 

intentionally adjusted from 3.5 to 2.6 d, resulting in an influent LTOC of 3.68 ± 0.79 g L-1 d-1 

and LN-NOx of 0.43 ± 0.02 g L-1 d-1 (0.01 NO2
-/NO3

- ratio). Even at this low HRT, the average 

denitrification and TOC removal efficiencies were notably high (93.7% and 94.4%, 

respectively).  

3.4. MLE efficiency 

Overall, the MLE system was not sensitive to major changes in nitrogen loading conditions 

maintaining satisfactory TOC and TN removal efficiencies of 96.1% and 90.7%, respectively 

(for a LTOC of 2.15 ± 0.41 g L-1 d-1 and LTN of 0.56 ± 0.03 g L-1 d-1; Figure 5). These results 

were comparatively higher than the removal efficiencies reported for similar 

nitrificationdenitrification systems treating swine wastewater effluent. For instance, Park et al. 

(2009), utilizing an anoxic-aerobic-anoxic sequence reactors, obtained TN removal of 90% for 

a LTN of 0.18 g L-1 d-1. Removal efficiency below 80% was reported by Vanotti et al. (2009) 

for a nitrification-denitrification system using a LTN of 0.31 g L-1 d-1. Castrillón et al. (2009) 

reported 68% removal efficiency for influent LTOC of 4.5 gCOD L-1 d-1 and LTN of                               

0.40 gTN L-1 d-1. 
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Figure 5. TOC and TN removal efficiencies in a MLE system under different 

carbon and nitrogen influent concentrations. 

The final effluent obtained at the exit of the MLE system was relatively transparent, 

oxidized, and odorless, with 1.9 mg L-1 of NH3-N, 161.2 mg L-1 of NO3-N + NO2-N, and                       

144.7 mg L-1 of TOC. These are physical-chemical parameters that meet water quality standards 

that permit the reuse of water to wash swine facilities (Kunz et al., 2012). 

4. CONCLUSIONS 

The lab scale MLE reactor was continuously fed swine wastewater effluent for over 210 

days under different N and TOC loading rates and HRT operational conditions. Dilution of 

swine wastewater effluent at the reactor´s startup minimized acclimation time required to reach 

steady state conditions. Denitrification and nitrification conditions were established after 12 

and 32 days, respectively. NH3 oxidation above 95% was achieved. Denitrification efficiencies 

> 90% were observed under different N and TOC influent loading rates and HRT. The highest 

total nitrogen removal of 89% was accomplished by recycling effluent from the nitrification 

reactor (4.5:1) together with the effluent from the clarifier (1:1). HRT as low as 3.5 days (LTN 

of 0.56 g L-1 d-1 and LTOC of 2.15 g L-1 d-1) led to nitrogen and TOC removal efficiencies > 

90%.  

This study demonstrated that nitrogen-rich swine wastewater effluent can be efficiently 

treated by the MLE process. Changes in raw wastewater physical-chemical composition and/or 

operational conditions should not significantly affect N and TOC removal efficiencies. This 

denotes the robustness of the approach and its potential application to field-scale operations. 
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