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Abstract

:

Intensive pig farming produces huge amounts of swine manure, which can cause regional nutrient imbalances and represent a potential source of soil and water pollution due to manure over-application. In order to improve nutrient stewardship, technologies for manure treatment and selective recovery of nutrients (especially ammonia) have to be developed to foster agriculture–food system sustainability. In the present study, a combined stripping and ion exchange process using natural zeolite (ion-exchanger-loop-stripping process) is tested for nitrogen recovery from swine manure to determine its technical feasibility in this novel field of application. Ammonium removal rates of 85 to 96% were achieved in pilot scale experiments with preprocessed manure (~500 L h−1 after mechanical filtration; input concentration: ~1.3 g NH4+ L−1). NH4+ was successfully transferred to a concentrated ammonium sulfate solution (final concentration: 66 g NH4+ L−1), with no significant transfer of other manure components. Hence, various utilizations of the product solution are possible, e.g., for industrial off-gas cleaning (DeNOx) or as raw material for fertilizer production. Based on these findings, the ILS-process can be regarded as a promising option for nitrogen recovery from swine manure.
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1. Introduction


Intensification and industrialization of livestock raising generates huge amounts of swine wastes, which include an important quantity of nutrients, especially nitrogen and phosphorus compounds [1]. In 2019, Austria’s livestock farmers produced around 4.7 million pigs [2]. Given an average manure production of ~0.5 m³ per pig and year [3], the overall quantity of swine manure is around 2.3 million m³ per year from pig fattening (pig breeding not included). Assuming the average amounts of nutrients in swine manure to be 2.5 kg NH4+ m−3 and 0.65 kg P m−3 [4], the estimated potential of N and P in swine manure is around 4500 t N a−1 and 1500 t P a−1.



Due to its nutrient content, swine manure is widely used as a valuable fertilizer. Nevertheless, in some regions (e.g., southern Styria and the Murtal region), intensive pig farming has led to significant imbalances between nutrient demand for crop farming and the amount of available nutrients from locally produced manure [5]. Hence, huge amounts of swine manure have to be stored over certain periods of the year (i.e., manure storage capacities for at least 10 months are mandatory), which leads to significant additional cost. Although fertilizer utilization is strictly regulated in Austria, local over-application of manure has led to soil and water pollution by nitrate formation. Additionally, NH3−losses from manure can degrade air quality and threat human health [6], whereas N2O-emissions from nutrient over supply can contribute to global warming and climate change [7]. As an important part of the new Green Deal, the EU’s ”Farm-to-Fork” strategy poses ambitious objectives for agriculture–food system sustainability, including to reduce nutrient losses by at least 50% and fertilizer use by 20% by 2030, to improve nutrient stewardship [8]. Hence, alternative technologies to enable nutrient recycling and assist the management of the large amounts of generated manure are necessary.



Many different technologies for liquid manure processing are currently available. Biological processes comprise anaerobic ammonia oxidation processes and nitrification/denitrification, which are nutrient removal processes and do not allow for their recovery. Biological nutrient recovery can be enabled by bioelectrochemical processes (BE), microalgae- or duckweed-based processes (MA/DW), enhanced biological phosphorus removal (EBPR), as well as macrophyte-based constructed wetlands (WL) and hybrid processes. These recovery processes suffer from challenges at larger scales (BE), high costs (MA/DW) and the requirement of large land areas and high retention times (WL). A comprehensive review of biological nutrient removal and recovery from livestock manure is given by Zubair et al. [9].



Physical/chemical nutrient recovery processes involve membrane processes, struvite precipitation, stripping processes and the use of ion exchangers, for example zeolites. Hollow fiber liquid–liquid membrane contactors have been investigated to recover ammonia nitrogen from swine waste after previous treatments [10], with high recovery rates of 97–99% after 5 days of continuous processing [11]. Immersed gas permeable membranes have also been applied to swine manure [12] with average NH3−recovery rates of 81% when the pH of the manure was adjusted to nine [13]. The main disadvantages of membrane processes are obstruction and fouling, leading to high costs for membrane replacement and energy expenditures to maintain the necessary operating pressures [14]. Nevertheless, obstruction and fouling of gas permeable membranes can be effectively prevented when they are operated at low pressure [15]. Controlled formation of struvite (NH4MgPO4·6H2O) has been used for N and P recovery from swine manure [16,17,18]. Reported removal rates for NH4+ were 23–29% and over 90% for PO43− [19]. Major challenges for an economic struvite precipitation are the chemical costs for pH-adjustment and additional Mg-sources [14].



Air stripping by means of a turbulent mixing process was investigated as an ammonia removal technique to treat raw manure digestate: ammonia removal efficiencies of 88.7% were achieved after 24 h of treatment with NaOH as pH-control agent [20]. Liu et al. [21] stripped CO2 from anaerobic digestate of swine waste to reduce the chemical demand for pH-adjustment and stripped NH3 in a second step at a pH-value of 12.38 after lime addition to produce ammonium sulfate solution. The maximum NH3 removal efficiency reached 96.78%. Liao et al. [22] also used aeration and air stripping for ammonia removal from swine waste and reported removal efficiencies of 90% depending on the air flow rates and liquid temperature, whereas Alitalo et al. [23] achieved removal rates of 59 to 86%. High operational costs for chemical pH-adjustment and potential environmental impacts due to odor emanations during aeration are the main drawbacks of stripping processes [14].



Several reports exist for the use of zeolites to remove and recover nutrients from swine manure: Huang et al. [24] used Mg-modified natural zeolite to promote struvite precipitation from simulated swine wastewaters. Ammonia-nitrogen and phosphate removal efficiencies reached 82% and 98%, respectively. Zeolite synthesized from fly ash was applied to anaerobically digested swine wastewater by Li et al. [25], achieving 74% nitrogen and 96% phosphorus sequestration. Lin et al. [26] evaluated the sorption kinetics and equilibria for ammonium separation from liquid swine manure through natural chabazite and determined the maximum sorption capacity at room temperature with 34.2 mg g−1. Chabazite sorption also decreased soluble phosphorus, possibly by forming insoluble calcium phosphate. Penn et al. [27] tested various zeolites (main mineral: clinoptilolite) for their ammonium removal capacity from synthetic and natural swine manure. Ammonium removal was lower in batch-stirred compared to batch-shaken systems, suggesting that diffusion between particles was rate-limiting. Measured removal capacities were around 25 g NH4+ kg−1 zeolite. Montégut et al. [28] investigated the cation exchange properties for NH4+ and K+ of three different zeolites (clinoptilolite, chabazite and NaX faujasite) in synthetic and natural swine manure. Chabazite and faujasite were found more efficient than clinoptilolite for trapping ammonium cations from natural manure. The feasibility of using natural and NaCl-treated Australian zeolites to simultaneously remove excess nutrients from anaerobically digested swine manure was evaluated by Wijesinghe et al. [29]. Adsorption isotherms confirmed selectivity for K+ over NH4+ by natural and sodium modified zeolites and ammonium removal was considerably reduced when there was simultaneous potassium uptake.



A zeolite based process combining ion exchange and simultaneous stripping of the zeolite regeneration fluid was developed by Ellersdorfer et al. [30,31] (ion-exchanger-loop-stripping process; ILS) and successfully applied for N-recovery from effluents of mechanical sludge dewatering (sludge liquor) at waste water treatments plants. Compared to conventional stripping processes, the ILS-process comprises lower chemical and energy demands and smaller installation sizes due to a selective preconcentration of ammonium via zeolite sorption, therefore leading to lower overall costs for N-recovery. An existing mobile pilot plant of the ILS-process was adapted and applied for trial runs to recover nitrogen from swine waste at a pig breeding facility in Austria. In comparison to sludge liquor, swine manure has higher ammonium and dry matter contents, therefore, trial runs are necessary to show the applicability and performance of the ILS process for this novel field of application. In the present study, the results of these pilot scale experiments are presented to prove the technical feasibility and possible limitations of the ILS-process using swine manure as input material. To the best of our knowledge, this is the first report of an on-farm pilot scale plant applying a combined zeolite/stripping technology for the treatment of swine manure.




2. Materials and Methods


Experiments to recover ammonium from pig manure were conducted using a pilot plant of the ILS-process (container facility; treatment capacity: 500–1000 L h−1). The mobile plant was installed and operated at a pig breeding facility in southern Styria (Austria) during summer 2019. The pig breeding facility has a capacity of 500 breeding and 5000 fattening pigs leading to a total manure output of around 14,000 m³ per year. Two different types of manure were used for ammonium recovery in this study: separately collected manure from pig breeding (breeding manure) and mixed manure, a blend of breeding manure (~30%) and manure from pig fattening (~70%). The different manure qualities were either withdrawn from the breeding manure tank (total volume approx. 2000 m³) or from the mixed manure tank (total volume approx. 5000 m³) by means of a submerged pump, which was lowered to the pumpable manure zone in the containers (Figure 1).



The collected manure was processed either by simple filtration using bag filters (two subsequent stages: 200 µm and 100 µm) or flocculation using a 40 mass-% solution of FeCl3 (industrial grade) for pH-adjustment (pH < 6) together with commercially available flocculants (type 202 L, 0.5–1% solutions, Applied Chemicals International Group). Processing of manure was executed batch wise in mechanically stirred containers (1 m³), which were also used as intermediate storage for manure supply of the pilot plant.



The pilot plant (Figure 2) consists of two ion exchange columns made of polypropylene (PP) and filled with approx. 100 kg zeolite each. Columns can be operated separately (single mode) or in series (serial mode). The liquid is pumped through the columns from the bottom to the top by means of centrifugal pumps. The zeolite bed in the columns is fixed between two sieve trays with a mesh size of 0.2 mm resting on perforated PP-plates to ensure a homogeneous liquid distribution over the columns cross-section. The pilot plant has two identical stripper and scrubber columns (both PP), equipped with packed structure material. Stripper and scrubber columns both comprise sumps to hold the regeneration (NaOH) and washing solutions (H2SO4) used for zeolite regeneration and ammonia scrubbing. Both sumps are equipped with a pH control. The regeneration solution is pumped from the stripper sump through the ion exchanger columns via a separate pipeline system passing a recuperative heat exchanger and a water heater (max. 80 °C). The plant has two separate pipeline systems for water flushing and emptying of the ion exchanger columns to remove excess solutions.



The experiments were conducted with natural zeolite from Slovakia (mainly clinoptilolite) with a particle size of 1 to 2.5 mm—a detailed mineralogical and chemical analysis of the zeolite is presented in Tschegg et al. [32].



Test runs consist of alternate loading and regeneration cycles: during loading, ammonium is removed from the manure via zeolite sorption. During regeneration, ammonium is desorbed from the zeolite by means of a concentrated NaOH-solution, which is continuously stripped over the whole regeneration cycle. Stripped ammonia is fixed with H2SO4 in the subsequent scrubber.



At the beginning of each test run, the storage tanks were filled with a sufficient amount of processed pig manure to ensure a continuous manure input quality throughout the respective test run. A sample was taken to determine the ammonium concentration (= input concentration) of the processed manure. During loading, manure was pumped through the ion exchanger columns at a flow rate of 500 L h−1 for 60 min in single mode (one ion exchanger column) and 180 min for the test runs in serial mode (two consecutive columns). Ammonium reduced manure was directly returned to the mixed manure tank. Samples from the outlet of the ion exchanger columns were analyzed for their NH4+-concentration at defined times (after 5, 10, 15, 30 und 60 min in single and additionally after 90, 120, 150 und 180 min in serial operation). At the end of the loading cycles, the ion exchanger columns were rinsed with tap water (~10 min) and emptied to minimize the transfer of pig manure leftovers into the regeneration solution.



After loading, zeolite beds were regenerated with a sodium hydroxide solution (pH > 10) and a volumetric flow rate of 500 L h−1 for 90 min in single and 120 min in serial operation. The regeneration fluid (~200 L) was produced by mixing a sufficient amount of NaOH (32%, technical grade) with tap water to adjust the pH-value in the solution to above 10. The regeneration fluid was heated to 60 °C before entering the stripping column for simultaneous ammonia removal. During stripping, the pH-value was permanently adjusted > 10 by adding additional doses of NaOH (32%) when necessary. Stripped ammonia was washed from the circulating gas using H2SO4 (pH < 2 at 60 °C) to produce (NH4)2SO4 in the scrubber sump. The scrubbing solution was prepared using tap water (150 L) mixed with technical grade H2SO4 (40%) to an initial pH < 2. Additional H2SO4-doses (40%) were added when necessary, i.e., when pH-values increased to above 2. After each regeneration cycle, the remaining NaOH solution in the ion exchanger columns was returned to the stripper sump. The zeolite bed was again rinsed with tap water and emptied before the next loading process was started.



Input material characterization, i.e., breeding manure and mixed manure, was performed in detail by means of wet sieving and drying of the sieve residues at 105 °C (Chair of Process Technology and Industrial Environmental Protection, Montanuniversität Leoben, Austria). Samples of the regeneration and scrubber solutions were taken at the beginning and at the end of the entire experimental runs directly from the stripping/scrubbing sumps to identify a potential transfer of slurry components to these solutions. Where necessary, the samples were acidified with concentrated H2SO4 and stored temporarily to be analyzed by the same means as the input material. Chemical analysis was conducted at the Chair of Waste Processing Technology and Waste Management, Montanuniversität Leoben, Austria and comprised cation (Na, K, Ca, Mg) and heavy metal quantification (Pb, Ni, Cd, Cr, Zn, Fe) by ICP-MS (ÖNORM EN ISO 17294-2). Furthermore, ammonium (NH4+) was quantified in these samples using a photometric method (DIN 38406-5); nitrate (NO3−), nitrite (NO2−) and orthophosphate (PO43−) were determined via ion chromatography (DIN EN ISO 10304-1). Total organic carbon (TOC) was measured by catalytic oxidation at 680 °C (DIN EN 1484-3). Total nitrogen (TN)-determination comprised oxidative conversion of N-compounds to nitrogen oxides (EN 12260). Dry matter contents (DM) were determined by drying at 105 °C and loss on ignition (LOI) at 550 °C (ÖNORM EN 15935). On-site determination of ammonium concentrations in manure samples was done with a photometer (Macherey-Nagel PF-12; ammonium test kits Nanocolor® ammonium 200) after filtration with 0.45 µm syringe filters. Selected samples were acidified (H2SO4) and analyzed at the Chair of Process Technology and Industrial Environmental Protection (Montanuniversität Leoben) via Kjeldahl method using boric acid and HCl (0.1 M)/Tashiro’s indicator for titration in order to verify the reliability of the on-site photometric method.



The NH4+-removal rate (A (%)) is calculated via the trapezoidal integral of the difference between the inlet and outlet concentrations normalized to the inlet concentration over the whole loading cycle (see Formula (1)).


  A =   ∫  0 t     c  0 , LOAD   −  c  i , LOAD      c  0 , LOAD     ∗  1 t  dt  



(1)







	
A ...NH4+-removal rate (%);



	
c0,LOAD ... NH4+-input concentration of the processed manure (mg NH4+ L−1)



	
ci,LOAD ... NH4+-concentration at the outlet of ion exchanger columns at t = i (mg NH4+ L−1)



	
t ... elapsed time (min)







3. Results


3.1. Manure Quality and Composition


Table 1 shows the composition of the two different manure qualities used for the experiments. Mixed manure comprises significantly higher ammonium and total nitrogen concentrations, which is a result of the different conditions during pig breeding and pig fattening. During pig fattening, higher feeding and nutrient dosing (i.e., more intensive farming conditions) lead to increased nutrient amounts in mixed manure. Some amounts of nitrate and nitrite can be found in mixed manure, whereas these components were not detected in breeding manure. pH-values are nearly the same for both manure qualities, but cation concentrations, PO43− as well as TOC and LOI are considerably lower in breeding manure, which is again due to the different farming conditions. Measured TN values in mixed manure are lower than the measured ammonium concentrations, which may be a result of sample inhomogeneity.



A significant difference can be identified in terms of dry matter (DM) contents: DM of breeding manure is 0.4% and therefore very low compared to mixed manure with 4.8% of dry matter. This is a direct consequence of the type of animal husbandry during pig fattening (operation, litter usage etc.). It has to be mentioned, that these DM-contents are only valid for the intermediate layer of pumpable manure in the tanks (Figure 1), which was used for the ammonium recovery experiments.



In order to obtain more information about the particle size distribution of the dry matter in mixed manure, wet screening experiments were conducted (Table 2). Two samples of mixed manure were taken directly from the manure tank during the test runs and analyzed: the results show only small differences between the individual sieve fraction amounts and indicate a high homogeneity of the samples in regard to particle size distribution. The amount of particles smaller than 45 µm is very high (>78 and 79%), whereas the other particle size fractions (45–1000 µm) are nearly evenly distributed. Hence, a major share of the DM in the pumpable zone of the mixed manure tank is composed of very small particles, which is important information for subsequent manure processing.




3.2. Manure Processing


Preliminary experiments with small amounts of both manure qualities showed, that a simple, two-stage mechanical filtration (filter bags) was applicable for breeding manure but not for mixed manure due to nearly instant clogging of the filter elements. Hence, filtration of larger amounts of material for pilot plant experiments was only practicable for breeding manure. Small-scale flocculation tests (1 L) revealed that pH-adjustment and flocculation was possible for both manure qualities in the small-scale test setting. Nevertheless, things changed completely in larger scale (IBC-tanks; 1000 L manure): whereas batch-wise flocculation of breeding manure was successful, processing of mixed manure was not satisfactory regarding liquid purity and solid separation. Due to the high buffering capacity of mixed manure, large quantities of FeCl3 were required for pH-adjustment (approx. 20–25 L 40% FeCl3 for 1 m³ of mixed manure). In addition, there was an enormous foam formation during pH-adjustment, which was a result of the development of gaseous CO2 from the bicarbonate buffer system. A considerable over-dosage of flocculants did not lead to stable floc formation or repeatable flocculation results. Nevertheless, a sufficient amount of liquid phase could be produced (~2 m3) in order to conduct two pilot test runs with flocculated mixed manure. However, the processing of mixed manure by flocculation proved not to be an operationally or economically feasible option for manure processing in that specific case.




3.3. Ammonium Removal


Figure 3 shows the obtained ammonium removal rates in single column experiments together with the NH4+-input concentrations of the applied manure. Flocculated mixed manure comprised higher ammonium concentrations (~2500–3500 mg L−1) compared to flocked or filtered breeding manure. Ammonium removal rates were around 40% for mixed manure. Significantly higher removal rates were achieved for breeding manure (input concentrations ~1300 mg NH4+ L−1), starting with 67.2% in the first run. Stable removal rates between 85.8 and 90.3% were achieved during the following experimental runs. These results show that the removal rates in mixed manure are only half of that in breeding manure, which is a result of the higher concentrations of ammonium in mixed manure. Higher removal rates for mixed manure may be achieved by adjusting the zeolite to liquid ratio and increasing the amount of ion exchange material in relation to the treated liquid volume, either by larger columns or serial operation of several columns. A statistical test (t-test, two sided, confidence interval: 0.975) was executed to exhibit differences in the ammonium removal performance for flocked and filtered breeding manure. The values 67.2 and 80.9 were excluded from this test, as these values represent the start-up-phase. Results show, that there are no statistically significant differences in the ammonium removal performance between flocked and filtered breeding manure.



Pilot plant operation was possible with filtered breeding manure over three cycles without noticeable constraints, e.g., blockage of zeolite columns or filters leading to decreased ammonium removal rates. Hence, simple mechanical filtration seems to be a suitable procedure for breeding manure preprocessing.



The increase in the removal rates during the six experiments at the beginning (from 39 to 90.3%) is a typical effect of multiple NaOH-regeneration due to the formation of a mainly Na-bearing zeolite with favorable ion exchange conditions for NH4+ [33]. Furthermore, the ammonium removal rate is strongly influenced by the input concentration and, respectively, the amount of zeolite in relation to the amount and ammonium concentration of the input material. NH4+-removal rates from flocked breeding manure in serial operation with two subsequent columns (= doubled mass of zeolite) are presented in Figure 4. Removal rates decrease greatly with increasing operation time for the single column (K1; measured at its discharge), e.g., from 85.8% (60 min) over 64.2% (120 min) to 49.8% after 180 min at c0 = 1310 mg NH4+ L−1. In serial operation (K1 + K2), the ammonium removal of the second column measured at the discharge of column two compensates the decreasing removal rates in column one and increases the total ammonium removal to 96.4% (60 min), 94.4% (120 min) and 84.6% after 180 min. Experiments show, that the removal rates in serial operation are approx. 10%-points higher after 60 min compared to the single column.



By doubling the mass of zeolite in serial mode, the possible operating time at ammonium removal rates > 85% is tripled. This illustrates the importance of adjusting the amount of zeolite as a function of the input concentration and amount of liquid to be processed. Further investigations regarding the optimization of zeolite quantities for different manure qualities and nitrogen contents will be conducted in future.




3.4. Ammonium Recovery and Quality of Regeneration/Product Solutions


The chemical composition of the regeneration and product solution at the end of all batch experiments are presented in Table 3. The regeneration fluid is in direct contact with zeolite and exchanges sodium ions with corresponding zeolite cations, which derive either from the natural cation loading (e.g., Ca2+, Mg2+) or from manure components (e.g., NH4+, K+). Over the whole experimental series, a small increase in the potassium concentration was observed in the regeneration fluid, whereas no significant differences were measured for Ca2+- and Mg2+-concentrations. Ammonium concentrations increased oppositely to sodium, which is the driving cation for NH4+-exchange. No significant transfer of heavy metals into the regeneration fluid was identified.



The product solution comprises a very high concentration of ammonium at the end of the whole series (~66 g L−1) without any significant changes regarding cation content or heavy metal transfer compared to the starting solution. Given its chemical composition, the product solution is well suited for industrial off-gas cleaning, when nitrogen levels are to be reduced in the respective agricultural area, or can be used as a raw material for fertilizer production, if nitrogen should be selectively recycled as a nutrient.





4. Conclusions


The technical feasibility of ammonium removal from pig manure using the ILS-process was successfully demonstrated. Removal rates of > 85% (single column) and > 96% (serial columns) were accomplished in pilot scale experiments. An essential criterion for the use of the ILS process is a sufficient level of solid separation (<0.4% DM; <200 µm) due to potential blockage of the zeolite columns. Nevertheless, the requirements for the purity of the liquid phase are significantly lower than, for example, in the membrane processes, making the ILS-process a promising option for nitrogen recovery from manure. In addition, the purity requirements for preprocessed manure may be reduced by adaptation of future ILS-plant configurations, especially regarding the zeolite columns (e.g., use of coarser grain sizes and further adaptions for harsh environments). Hence, an appropriate and cost-efficient separation method, i.e., a two-stage mechanical process with vibrating screens and subsequent filtration, to avoid the addition of pH-adjusting chemicals and expensive flocculation agents, has to be developed to enable a feasible overall process for nitrogen recovery from pig manure. These aspects will be clarified in future investigations.
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Figure 1. Illustration of the sample extraction from the mixed and breeding manure tanks. 
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Figure 2. Principle flowchart of the ILS-pilot plant (treatment capacity: 500–1000 L h−1) and the different operation modes of the ion exchanger columns (single/serial). 
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Figure 3. Ammonium removal rates (%) and input concentrations (mg NH4+ L−1) of different manure qualities after preprocessing (single column operation). 
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Figure 4. Ammonium removal rates (%) from and input concentrations c0 after different operation times for single (K1) and serial column operation (K1 + K2) using flocked breeding manure. 
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Table 1. Composition of breeding and mixed manure used in this study (LOD: limit of detection; TN: total nitrogen; TOC: total organic carbon; DM: dry matter; LOI: loss on ignition).
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	Parameter
	
	LOD
	Breeding Manure
	Mixed Manure





	NH4+
	mg L−1
	0.05
	1500
	3500



	NO3−
	mg L−1
	13
	<13
	94



	NO2-
	mg L−1
	13
	<13
	110



	TN
	mg L−1
	-
	2600
	3100



	Na+
	mg L−1
	0.2
	200
	400



	K+
	mg L−1
	0.1
	690
	3010



	Ca2+
	mg L−1
	2
	98
	250



	Mg2+
	mg L−1
	0.02
	56
	15



	PO43−
	mg L−1
	0.5
	52
	270



	pH
	-
	-
	7.4
	7.3



	TOC
	mg L−1
	0.5
	396
	2100



	DM
	%
	-
	0.4 1
	4.8 1



	LOI
	%
	0.1
	38.1
	66.2







1 at the particular sampling point (pump inlet; cf. Figure 1).
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Table 2. Particle size distribution of mixed manure (wet screening).
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Particle Size

(µm)

	
Particle Size Distribution

(%)




	

	
Run 1

	
Run 2






	
<45

	
79.0

	
78.0




	
45–90

	
3.1

	
2.5




	
90–250

	
5.7

	
7.2




	
250–500

	
3.7

	
3.2




	
500–1000

	
4.6

	
4.3




	
>1000

	
3.9

	
4.8




	

	
100

	
100
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Table 3. Chemical composition of the product and regeneration solution at the beginning and end of the experimental runs.
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Parameter

	

	
LOD

	
Regeneration Solution

	
Product Solution




	

	

	

	
Start

	
End

	
Start

	
End






	
NH4+

	
mg L−1

	
0.05

	
1.3

	
130

	
21

	
66,000




	
Na+

	
mg L−1

	
0.2

	
23,200

	
3630

	
130

	
140




	
K+

	
mg L−1

	
0.1

	
8.0

	
280

	
4.0

	
3.5




	
Ca2+

	
mg L−1

	
2

	
5.0

	
2.5

	
86.1

	
50.9




	
Mg2+

	
mg L−1

	
0.02

	
0.1

	
0.2

	
18.4

	
12.1




	
PO43-

	
mg L−1

	
0.5

	
31

	
1.8

	
1.1

	
2.0




	
pH

	
-

	
-

	
13.0

	
10.3

	
0.08

	
1.8




	
TOC

	
mg L−1

	
0.5

	
5.9

	
236

	
4.57

	
43.0




	
Pb

	
µg L−1

	
10

	
25

	
<10

	
<10

	
18




	
Ni

	
µg L−1

	
20

	
<20

	
120

	
23

	
32




	
Cd

	
µg L−1

	
10

	
<10

	
<10

	
<10

	
<10




	
Cr

	
µg L−1

	
20

	
<20

	
<20

	
42

	
<20




	
Zn

	
µg L−1

	
100

	
960

	
<100

	
430

	
370




	
Fe

	
µg L−1

	
100

	
350

	
1180

	
1360

	
1590

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
NH, -reduced

manure
Y

single

serial regeneration

solution

—NaOH H,SO,

stripper [« —* scrubber

LR

—————— ——— —— — — — — — —

(NH4),S0,4

manure
product





nav.xhtml


  processes-08-01515


  
    		
      processes-08-01515
    


  




  





media/file2.png
flocculation basin /

filter ,

floating layer
20-40 cm

pumpable
manure

sedimentation
layer

@ pump mechanical Y

stirrer






media/file5.jpg
NH, - removal rate [%]

[CINH, - removal rate

1004

804

604

428

404 20

204

672

%03

858
809

= input concentration

869 87.4 881 870
3000

- 2000

- 1000

mixed
manure

breeding manure
flocked

breeding manure
fitered

input concentration [mg NH, L")





media/file3.jpg
NH,"-reduced
manure

single

serial

NaOH

/l—\H,sm

manure

stripper

scrubber

(NH):504
product





media/file1.jpg
flocculation basin /
filter

floating layer &
20-40cm |

pumpable
manure

mechanical
stirrer

sedimentation
layer






media/file7.jpg
NH,*- removal rate [%]

66 [12o]r60] &0 [120]100]

K1 Kivkz

100 4 T
Ploss
3
e os
80 H 752
o2 i
|| feos
604 i
100 i
40+ i
20 i
0 & [120]180] 50 | 20]180] 6 [120]180] 60 [ 201 1801
P T S
G = 1310 mgNH, L | o= 1274 mgNH, L'

= 1358 mg N, L






media/file0.png





media/file8.png
NH,"- removal rate [%]

100 -

80 -

60 -

40 -

20 -

49.8

60' 1201180

60.4

60' 1207180

60' [120'/180"

60' [120'/180"

88.5

60' 1207180

60' 1201180

K1

K1+K2

K1

K1+K2

K1

K1+K2

Co = 1310 mg NH," L™

Co = 1274 mg NH," L™’

Co = 1358 mg NH,* L






media/file6.png
NH,"- removal rate [%]

[ INH,*- removal rate .

iInput concentration

- 3000

- 2000

- 1000

100 -
n 90.3
S5ia 869 87.4 881 g7
80.9
80 —
67.2
60 -
42.8
40 - 390 = -]
20 -
0 T - '
mixed breeding manure breeding manure
manure

flocked

flocked

filtered

input concentration [mg NH,* L]





