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Anaerobic digestion of agro-industrial and livestock waste generates considerable digestate volumes that are important sources of nitrogen (N). However, on some occasions, the high concentrations of N present in the digestates may represent an obstacle to its use locally as fertilizer, since it can cause an environmental impact (European Community, 2000). This study analyzes the efficiency of gas-permeable membranes (GPM) in the recovery of the ammoniacal nitrogen (NH4+) present in the swine manure (SM, Control) and three digestates generated from the anaerobic co-digestion of mixtures of SM, fruit and vegetable sludge (FVS) from the vegetable industry (peppers and artichokes), and by-products of the tomato processing industry (TW) (skins and seeds), which were mixed at three different proportions [TW + FVS]: [SM]. Their NHx+ content was 2,240 mg L−1 for the SM and 4,670–5,370 for the digestate mixtures. Throughout the duration of the Necovery experiment (96 h), the percentages of NH4+ removal and recovery achieved were consistent among treatments, approximatelly 78 and 96%, respectively. The recovery of NH4+ for the digestate mixtures seems to be dependent on the treatment time, since the potential of N recovery was higher when the treatment time increased. However, for the control experiment (SM), with lower N concentration, the maximum N recovery was obtained at the experimental time established, without increasing the treatment time.

Keywords: ammonium, anaerobic digestion, nitrogen recovery, semipermeable membrane, sludge, vegetable sludge

INTRODUCTION

Livestock production is a sector that contributes significantly to global greenhouse gas (GHG) emissions, with annual values estimated at 7.1 Gton of the CO2 equivalent, accounting for 14.5% of all anthropogenic emissions (Food and Agriculture Organization of the United Nations (FAO), 2013). In the specific case of pig production, this activity has the potential to emit about 4.87 kg of CO2 equivalent per kg of carcass produced (Philippe and Nicks, 2015). The accumulation of swine manures (SM) is responsible for the emission of various gases into the atmosphere. Among them, ammonia (NH3) stands out for its high release (86.8 μg NH3 s−1 m−2) and high environmental impact potential (Dai et al., 2015).

Anaerobic co-digestion (ACoD) has been used as a technology to minimize the negative effects of the accumulation of SM and other organic residues on rural areas, generating biogas (renewable energy) and digestate, which can be used as agricultural fertilizer (Mata-Alvarez et al., 2014; Akhiar et al., 2017). The AcoD has been used as a way to improve the efficiency of biogas production systems that use a single manure substrate. Molinuevo-Salces et al. (2013) indicated that AcoD of SM with vegetable processing residues increases methane production by 219%, while De Vries et al. (2012) the AcoD of SM with fruits and vegetable wastes (FVW) (skin, seeds and slurry from fruit washing) can increase bioenergy production by 568%. Furthermore, Muscolo et al. (2017) confirmed that the agronomic properties improved (organic matter, nutrient balance) in the soils where digestates were applied coming from the AcoD of the mixture of SM, olive waste and citrus pulp compared with chemical fertilizers.

However, high concentrations of nitrogen (N) in the AcoD effluents (digestate) can complicate its management and cause negative impacts to the environment due to its application in local agricultural areas (European Community, 2000). Some technologies have been used to reduce the excess N content in livestock wastewater, promoting its recovery in the mineral form ([image: image]) and allowing its reuse as agricultural fertilizer in areas far from the livestock concentration with greater needs for the N nutrient. Dube et al. (2016) and Garcia-Gonzalez et al. (2016) used a new process utilizing gas-permeable membranes (GPM) in low pressure systems to capture the N present in the digestate from the anaerobic mono-digestion of SM and store it in a concentrated form in an acid solution of 0.5 M H2SO4.

The new process using GPM consists of submerging the gas membranes in the organic liquid residue causing the NH3(g) to penetrate into its pores and is captured by an acidic solution circulating in the membrane interior. The combination of the NH3(g) with H+ ions from H2SO4 inside the membrane generates a [image: image] concentrated solution with potential to be used as a nitrogen fertilizer (Figure 1; Garcia-Gonzalez and Vanotti, 2015; García-González et al., 2015; Vanotti and Szogi, 2015).


[image: image]

FIGURE 1. Illustration of the cross section of the hydrophobic membrane with the principal chemical reactions that occurred during the operation of the system.



To carry out this process, it is necessary to increase the pH of the wastewater to be treated to favor the transformation of [image: image] into NH3(g) (Equation 1) and enable its passage through the gas-permeable hydrophobic membrane where an acidic solution circulates (Figure 1). This solution dissolves the ammonia in the form of ammonium, which is the predominant species at pH values below 7.
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Previous studies have shown that the efficiency of the removal and recovery of [image: image] depends on the design and type of system used. Thus, different authors have reported better results using hydrophobic GPM submerged in the effluent, since this sytem can conduct the gaseous species toward the acidic stripping solution placed on the other side of the membrane (Lauterböck et al., 2013; Boehler et al., 2015; Vanotti and Szogi, 2015).

In addition, the dynamics of the chemical and biochemical reactions that may occur in the wastewater environment have an impact on the efficiency of the process. The recovery of [image: image] is reduced when there is microbial activity capable of (1) oxidizing the ammonium to nitrites (Equation 2) and nitrates (Equation 3), and (2) reducing the carbonate alkalinity (Equation 2). Moreover, the ammonium recovery through the gas-permeable membrane (GPM) is affected by the pH of the environment, and the environments could be affected by the presence and concentration of the different forms of inorganic carbon (CO2/HCO3−/[image: image]); among which, the bicarbonate ion is the dominant species in livesock wastewater and the transformations of both the CO2 (Equation 4) and the [image: image] (Equation 5) are shifted to the right.
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Additionally, a reaction (Equation 6) between the [image: image] present and the H+ of the balance of Equation (4) may occur, and also a reaction (Equation 7) between the CO2 present and the OH− of the balance (Equation 5).
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Taking into account all of the above, the presence of carbonates favors the basic environment (according to Equation 5); whilst nitrification processes reduce the concentration of ammonium and the pH (according to Equations 2–4, Magrí et al., 2012).

García-González et al. (2015) and Vanotti and Szogi (2015) have proposed the use of nitrification inhibitors and the application of low-rate aeration to increase the pH without the need of adding alkaline chemical agents, in this way reducing the economic and environmental costs involved in the treatments of effluents rich in ammonium. During low-rate aeration, the CO2 that is in equilibrium in the solution is stripped (Equation 7) and the reaction (Equation 8) is shifted to the formation of OH−, increasing the pH and reducing the bicarbonate in the environment. All these factors cause an increase in the formation of gaseous NH3(g) (Equation 1), which accelerates its uptake by the membrane (Figure 1).

[image: image]

According to Equation (9), the recovery of NH3(g) through the membrane causes an increase of acidity in the environment being treated and a decrease of the bicarbonate (Equations 1, 8) and, therefore, it is necessary that the operating conditions allow to continually raise the pH levels in order to maintain recovery efficiency (Garcia-Gonzalez and Vanotti, 2015).
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The aeration effect is double, on the one hand, it promotes the increase in pH values and, on the other hand, promotes the increase in the concentration of the free ammonium which favors the passage of NH3(g) through the membrane (Vanotti et al., 2017). In the studies conducted by Dube et al. (2016), the GPM system with low-rate aeration promoted removals of 97–99% of the initial [image: image] contents in the digestate in 5 days of operation, obtaining an accumulation of 11,900 mg of [image: image]-N L−1 in the acid solution. In the studies conducted by Daguerre-Martini et al. (2018), the GPM system with low-rate aeration removed 65–85% of the initial [image: image] contents in swine manure in 4 days of operation, obtaining concentration of [image: image]-N in the acid tank of 37,400 mg L−1.

Successful N recovery using GPM has already been performed on different organic wastes such as poultry litter (Rothrock et al., 2010, 2013), swine manure (Garcia-Gonzalez and Vanotti, 2015; García-González et al., 2015) and digestate from mono-digestion of swine manure (Dube et al., 2016; Garcia-Gonzalez et al., 2016; Vanotti et al., 2017) with [image: image] recovery above 90% of the total content of this form of the nutrient in the residues. However, recovery of N in the digestate from systems operating in ACoD has not yet been performed.

In this study, a low pressure GPM system operated under low-rate aeration was evaluated to recover the ammonia in the digestates generated by an AcoD pilot system, aiming for the production of N fertilizer concentrates. SM, FVS, and tomato waste (TW) mixtures were used as co-substrates in three different mixing ratios for AcoD, which gave rise to three different digestates to evaluate N recovery. The recovery of N in raw SM was also performed and served as a control treatment.

MATERIALS AND METHODS

Substrates for Anaerobic Co-digestion (AcoD)

TW mainly constituted by skins and seeds, was collected from a tomato processing industry to obtain tomato cans. FVS was obtained from three fruit and vegetable processing plants in Murcia (Spain): a canning company and two companies producing frozen artichoke and pepper. SM was collected from a receiving pit in a pig farm located in Alicante (Spain). Immediately after sampling, SM and FVS were preserved at 4°C, while TW was preserved at −20°C. The main characteristics of the feedstocks are presented in Table 1.


Table 1. Chemical characterization of feedstocks (TW, SM, and FVS)a.
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AcoD Process

A cylindrical anaerobic reactor with a working volume of 300 L was used. The reactor was kept under agitation (8–10 rpm) and constant temperature (35 ± 1°C) and was operated in a semi-continuous mode three times a week with the manual addition of 10 kg of substrate mixture (fresh weight), with 6% TS, through the reactor feed intake (30 kg wk−1 or 4.3 kg d−1), followed by the removal of 10 kg of digestate, through the sample opening of the reactor, to maintain a constant working weight of 245 kg (fresh weight). Our contribution is enclosed in a complex experiment (Journal of Cleaner Production, 156: 757–765, 2017) that included in a 4 month period of optimization of biogas production using these wastes. We sampled the digestate at the end of stage III to obtain a pseudo-steady-state inside the reactor (Figure 2).


[image: image]

FIGURE 2. Components of the ammonia recovery system (4 batch units). (A) N removal vessels with the wastewater. (B) Acid solution tanks. (C) Pumps for acid recirculation. (D) Air pumps. (E) Airflow meters and valves. (F) Tubular membranes submerged in the wastewater. (G) pH meter. *Duplicate reactors.



TW and FVS were initially homogenized and then mixed in different proportions to SM. Three mixing percentage ratios [TW + FVS]:[SM] were established: 7/3; 5/5; and 4/6. Each mixture gave rise to a specific digestate as described below: Digestate 1: 7/3; Digestate 2: 5/5; and Digestate 3: 4/6. The reactor was fed with each mixture for 15 days. After this period, the digestate for each mixture was collected, chemically analyzed and immediately taken to the NH3 recovery system.

Ammonia Recovery System

The elements that constituted the NH3 recovery system follow the diagram of Dube et al. (2016) and are identified in Figure 2 (showing four identical units). Specifically, it consisted of the following parts: (A) 2 L wastewater reaction vessels with an effective volume of 1.5 L SM or digestate; (B) glass vessel (Erlenmeyer) containing 200 mL of 1N H2SO4 solution; (C) peristaltic pump (Watson-Marlow 120S) used to continuously recirculate the H2SO4 through the membrane lumen; (D) aeration pump (Sera Precision Air 110 Plus: 1.8 L min−1); (E) airflow meter; (F) tubular GPM made of expanded polytetrafluoroethylene (ePTFE) that were microporous and hydrophobic (Phillips Scientific Inc., Rock Hill, SC), and (G) pH meter for pH monitoring during the experiment. Characteristics of the membrane are provided by Dube et al. (2016).

The experiment was conducted under laboratory conditions and under controlled temperature (25 ± 1°C) with a total duration of 4 days (93 h). During this period, SM and digestate samples were taken daily for [image: image] and pH determinations both at the beginning (9 a.m.) and end (8 p.m.) of the day.

The process of ammonia recovery consisted of submerging the tubular membrane in the wastewater and circulating the acidic solution through the inside using the peristaltic pumps. The hydrophobic material of the membrane prevents both the acid solution from flowing out of it and the wastewater to penetrate into the membrane lumen. The manure was aerated continuously in order to raise its pH and promote [image: image] transformation into gaseous NH3. The NH3(g) formed penetrates in the membrane gas pores and is immediately captured by the H2SO4 solution circulating inside. Finally, a concentrated [image: image] acid solution was formed which returned to the acid reservoirs (Figure 1).

The peristaltic pumps circulated the acid solution constantly at a rate of 5.8 L day−1 throughout the experimental period. The air flow was constantly applied at a rate of 0.24 L−1 air L−1 residue min−1. The membranes had a length of 60 cm with an outer diameter of 10.25 mm and a wall thickness of 0.75 mm. The pores open to gas passage had a mean diameter of 2.5 μm and had a bubble point of 210 kPa. At the beginning of the experiment, 10 mg L−1 of the n-allylthiourea 98% (nitrification inhibitor) was added to each vessel to avoid transformation of [image: image] to NO3− according to Equations (2) and (3) (Vanotti and Szogi, 2015).

The buffer capacity of the liquid was measured according to the TAC method of McGhee (1968) by titration with 0.1N H2SO4 to pH 5.0 and expressed in terms of mg CaCO3 L−1. The pH of digestate was measured directly with a Consort C860 multiparameter analyzer. Total Solids (TS), Volatile Solids (VS) and ammonium were determined at the beginning and end of the experiment according to American Public Health Association/American (1998) 2540B-2540E-4500B and C methods, respectively.

RESULTS AND DISCUSSION

The chemical characterizations of SM and digestates before and after treatment are presented in Table 2. For both the SM and the digestates, an increase in pH and a reduction of values of TS, VS, [image: image] and buffer capacity were observed. The increase of pH values and the reduction of carbonate buffer capacity and [image: image] concentration were expected and indicated a correct functioning of the system.


Table 2. Chemical characterization of the swine manure (SM) and the digestates at the start and end of the N recovery experiment.
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In the specific case of the reduction of the buffer capacity TAC in the residues, this characteristic is the result of the application of the aeration that consumes HCO3− in order to achieve the generation of OH− and subsequent increase of the pH of the residues according to Equations (7) and (8). As a consequence of the increase in pH values, an active [image: image] transformation to NH3(g) occurs in the residue according to Equation (9). The NH3(g) formed can then be recovered by the membrane submerged in the residue. A lower loss of the NH3(g) to the environment contributes to a higher NH3(g) recovery efficiency of the system.

In our case, the recovery efficiencies were high (about 96%) in the four treatments and the unaccounted N fraction was generally low (around 4%). This means that almost all the [image: image] that was removed from the manure and digestates with the GPM has been recovered in the acidic solution (Table 3). The efficiency of this system is affected by the concentration of [image: image] and the carbonate alkalinity in the wastewater. Thus, raising such parameters means a higher removal and efficiency in the recovery of [image: image] (Garcia-Gonzalez et al., 2009; Garcia-Gonzalez and Vanotti, 2015; Daguerre-Martini et al., 2018), which is consistent with the results obtained in this study.


Table 3. Mass balance for the [image: image] recovery from swine manure (SM) and co-digested effluents using gas-permeable membranesa.
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Effect of Aeration on pH Value

The dynamics of the pH values of SM and of the different digestates during the experimental period are presented in Figure 3. All the residues presented an increase of the pH with time. The initial pH of the SM was 7.83 and after 51 h of aeration reached the maximum pH value (8.93), increasing by 1.10 pH units. After this period and with continued aeration up to the end of the experiment at 93 h, the SM pH at the end of the experiment was 8.8. García-González et al. (2015) and Dube et al. (2016) reported similar results in experiments of recovery of ammonia from swine manure and swine manure derived anaerobic digestate, respectively.


[image: image]

FIGURE 3. Increases in the pH of the swine manure (SM) and in the three co-digested effluents (Dig 1, 2, and 3) as a result of the low-rate aeration during the batch experiment.



In the three digestates, the pH increase during the treatment was similar. The digestates presented initial pH values of 7.8–7.9 (Table 2). In digestate 1 and 2, the maximum pH value (9.19 and 9.17) was observed after 51 h of treatment and in digestate 3, the maximum pH value (9.25) was observed at 30 h of treatment (Figure 3). Aeration provided an increase of 1.23, 1.26, and 1.45 pH units for digestates 1, 2, and 3 respectively. After 93 h of treatment with active N removal, the aeration of the manure still maintained a high pH (9.14, 9.04, and 9.24, respectively). Therefore, the modified wastewater environment promoted NH3 formation.

In our case, as the experiment evolves, the increase in pH is smoothed in all four tests, as a result of acidification by the NH3 crossing the membrane and being removed from the wastewater environment; the balance moves toward the formation of H+ (Dube et al., 2016). The consumption of TAC varied between the SM and the digestate treatments due to the differences in amounts of N removed from the wastewater by the GPM system. In the case of SM, 7062 mg CaCO3 L−1 was consumed, while 9038, 9187, and 9087 mg CaCO3 L−1 were consumed in digestates 1, 2, and 3, respectively.

The use of aeration in the waste with the objective of raising the pH about 1 unit was proposed by Vanotti and Szogi (2015) to accelerate membrane uptake of the N without chemicals. In experiment with swine manure wastewater, García-González et al. (2015) determined that the increase of pH with the aeration approach is equivalent to the addition of 2.14 g NaOH L−1 to the wastewater without aeration.

Removal of N From Digestates and [image: image] Recovery in the Acidic Solution

Data in Figure 4 shows the decrease of [image: image] in SM and the digestates during the experiment and the corresponding concentrations of [image: image] being accumulated in the acid solution over time. The initial concentration of [image: image] in SM was 2242 mg [image: image] L−1 and after 4 days of treatment, it decreased to 396 mg [image: image] L−1. This represents a removal efficiency of [image: image] of 82.3% (Table 3). The digestates 1, 2, and 3 initially contained 4674, 5034, and 5366 mg [image: image] L−1 and after 4 days of treatment, it decreased to 1027, 1324, and 1233 mg [image: image] L−1 respectively, with corresponding removal efficiencies of N of 78, 73.7, and 77%.


[image: image]

FIGURE 4. Decrease of [image: image] concentration in the swine manure (SM) and the three digestates (Left axis) and corresponding increase of [image: image]concentration in the acidic solutions (Right axis) during the N recovery experiment.



It is probable that greater N removals would have been possible with a longer treatment time, since substantial amounts of CaCO3 (buffer capacity) still remained in the four effluents after 4 days of treatment (3,538, 2,475, 1,388, and 2,788 mg CaCO3 L−1 in SM, and digestates 1–3, Table 2), with the potential to be transformed into OH− and maintain high pH values, according to equation 8.

In the case of [image: image] recovery in the SM acid tank, a maximum accumulation of 13,195 mg [image: image] L−1 was observed (Figure 5). This accumulation represented a recovery efficiency of 95.3% (Table 3). This means that nearly all of the [image: image] that was removed from the liquid (2,769 mg) passed through the membrane and was captured by the acidic solution, forming the mineral nitrogen fertilizer. Only a small amount of the [image: image] (130 mg) was unaccounted and probably lost in the air. In the case of [image: image] recovery in the digestates acid tanks, higher concentration recoveries were obtained (26,275, 26,425, and 29,775 mg [image: image] L−1, Figure 5), representing recovery efficiencies >95% (Table 3). In quantitative terms, with 4 days of treatment using GPM technology and low-rate aeration, it was possible to form 5,255, 5,285, and 5,955 mg of [image: image] as fertilizer salt from co-digested effluents 1, 2, and 3 with [image: image] concentrations of about 2.6–3% [image: image]. The lower [image: image] recovery observed in SM was due to the lower [image: image] initial content. Compared with the SM, the digestates were almost double the initial [image: image] content and doubled the recovery of [image: image] in the acidic solution. The ammonia fluxes (N recovery per unit of membrane area) were: 2.66 mg N per cm2 of membrane per day for SM (initial [image: image] = 2,242 mg L−1), and 5.29, 5.32, and 6.00 mg N cm−2 d−1 for digestates 1, 2, and 3 (initial [image: image] = 4,674, 5,034, and 5,366 mg L−1). With even higher effluent [image: image] concentations (initial [image: image] = 6,350 mg L−1), Daguerre-Martini et al. (2018) obtained higher ammonia fluxes (8.9 mg N cm−2 d−1). Therefore, the transport efficiency of the GPM is positively affected by the initial concentration of [image: image] in the effluent.


[image: image]

FIGURE 5. Evolution of [image: image] mass recovered in the acidic solution obtained from the swine manure (SM) and three digestates during the experimental period.



The control of the pH of the acid solution used in NH3(g) recovery must be rigorous, maintained at between 1 and 2 units, so as to guarantee the total recovery of NH3(g) with an acid trapping system (Lahav et al., 2008). As the acidic solution recovers NH3(g), its pH increases substantially, reducing its ability to form [image: image]. The recommendation is to add concentrated acid to the acid tank to an end-point pH of 1 with a pH controller when pH in the acidic solution reaches 2.

The recovery of [image: image] by the acid solution of the four treatments followed a second order curve (Figure 5). In the case of SM, [image: image] recovery showed a higher recovery of N in the first hours of the experiment and decreasing rates afterwards. In the case of the digestate mixtures, the [image: image] recovery kinetics indicated that the potential of the N recovery process was higher with an increase in treatment time, whereas in the case of the control experiment (SM) with lower N concentration, the maximum N recovery was observed within the experimental time imposed.

In the [image: image] recovery system used in this study, all effluents presented consistent values of removal (average 78%) and recovery (average 96%). These results indicate that it is possible to use GPM with digestates from biogas plants operating in the ACoD system for production of nitrogen fertilizer solutions. This combination of AcoD and GPM will generate renewable energy and nitrogen fertilizer ([image: image]) from the same waste feedstock. Furthermore, the reduction of the N content in the digestate may facilitate its use for other subsequent treatments such as the chemical precipitation of phosphate minerals in the form of newberyite (MgHPO4), which can also be used as agricultural fertilizer (Vanotti et al., 2017).

CONCLUSIONS

The GPM system with low-rate aeration was efficient to recover the [image: image] present in the digestates from biogas plants operating in anaerobic co-digestion systems. The physico-chemical characteristics of the digestates (high concentrations of [image: image] and buffer capacity and low percentage of total solids) created a favorable environment for the recovery of [image: image] using the technology. The percentage of [image: image] removal was consistent among co-digested effluents, about 78%. Also the percentage of [image: image] recovery, about 96%. The ammonia fluxes (N recovery per unit of membrane area) were 5.3–6.0 mg N cm−2 d−1 for digestate effluents containing 4,700–5,400 mg [image: image]L−1. In quantitative terms, with 4 days of treatment using GPM technology and low-rate aeration, it was possible to form liquid fertilizer salt solution from the co-digested effluents with [image: image] concentrations of about 26,000–30,000 mg [image: image] L−1. This means that, with the operating conditions imposed, the joint treatment of the waste using AcoD and N recovery doesn't affect, adversely, the efficacy of this type of technology in terms of depuration and ammoniacal nitrogen recovery in the environment.
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