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Abstract

:

The objective of this study was to measure NH3 from feedlot surface material (FSM) containing aluminum sulfate (alum). A 33-day lab-scale study was conducted using pans containing FSM and either 0, 2.5, 5, or 10% alum. The pH of the FSM was significantly lower (p < 0.01) when treated with 2.5, 5, and 10% alum as opposed to the 0% alum treatment. No NH3 volatilization occurred below a pH of 6.5. A second study determined that small, weekly doses of 5% alum did not lower NH3 emissions further than a single dose of 5% alum. Two studies on the feedlot surface demonstrated a significant decrease (p < 0.01) in pH in the areas of the pens where alum was added compared to those that did not receive alum. Ammonia concentrations were lower (p < 0.05) for the areas that received alum compared to those that did not receive alum for 7 days when 5% alum was applied and 14 days when 10% alum was applied. In all the studies, sulfide emissions increased when alum was added to the FSM. We concluded 10% alum may reduce NH3 emissions from beef feedlots temporarily, but higher sulfide emissions offset this benefit.
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1. Introduction


Concentrated animal feeding operations (CAFOs) are intensely managed production systems to improve efficiency and allow for better care of the animals. This concentration can also have a deleterious impact on the environment. Cattle feedlot pen surfaces are especially problematic because the cattle manure is directly exposed to the environmental elements of rain, snow, sun, and wind. Feedlot surface material (FSM) is unlike any agricultural soil, consisting of a complex soil and manure mixture. Chemical, physical, and biological reactions that result in the release of a variety of compounds occur on the feedlot surface. Some reactions occur independently of one another, others are correlated. Typical airborne pollutants from CAFOs are comprised of particulate matter, biological materials, and chemicals including carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ammonia (NH3), hydrogen sulfide (H2S) and other sulfides, alcohols, amides, aromatics, and volatile fatty acids [1,2,3,4,5,6]. Because of the complex reactions that occur on the feedlot surface, when the conditions change to prohibit the release of one gas, it can create an opportunistic environment for the production of a second gas, which further complicates the ability of producers to manage emissions from the feedlot surface.



Sulfide compounds are one emission of concern from feedlot operations. Hydrogen sulfide is a colorless gas that has a characteristic rotten egg smell. It is formed during bacterial decomposition of human and animal waste and is present in emissions from sewage treatment facilities and landfills. Hydrogen sulfide can be detected at very low concentrations (0.5–30 ppbv) and can begin to cause irritation to the lungs and nose at 25 ppmv [7]. Comparatively, other common odorants from livestock facilities such as NH3, phenol, and indole have odor detection thresholds of 5–53 ppm [8], 5900 ppb [9], and 140 ppb [10], respectively. Five states in the United States, including Iowa, Minnesota, Nebraska, Rhode Island, and Texas, have ambient air quality standards for H2S emissions from CAFOs [7]. Additionally, H2S emissions from CAFOs are reportable to the USEPA when emissions exceed 45 kg (100 lbs) per day according to the Emergency Planning and Community Right-to-Know Act (EPCRA) guidelines. Over 168 compounds that contribute to odor nuisance from livestock facilities have been identified [11]. Of the 10 compounds with the lowest odor detection thresholds, 60% contained sulfur. Dimethyl disulfide (DMDS) and dimethyltrisulfide (DMTS) are products of the metabolism of sulfur-containing amino acids (methionine and cysteine) by Megasphaera anaerobic bacteria [1] and are two common odor-causing sulfide compounds from livestock manure. The odor threshold for DMDS is 0.16–12 ppb [12,13], while DMTS has an odor threshold of 0.005–0.01 ppb [14,15]. These air quality standards and potential nuisance issues prompt the need for mitigation of H2S and other sulfides from livestock facilities.



Ammonia emissions are commonly associated with livestock production. Utilization of nitrogen (N) in cattle feed is inefficient, with only 10–30% of N consumed by cattle being utilized by the animal for growth, reproduction, milk production, and maintenance needs [16]. Consequently, the remaining 70–90% of consumed N is excreted in the urine and feces of the animal. The nutrients in livestock manure can be a valuable fertilizer for agricultural crops. Unfortunately, N losses as NH3 can be quite high from beef cattle feedlots. Upwards to 97% of urinary N is excreted as urea [17,18], which is rapidly converted to NH3 [19] in a pH- and temperature-dependent reaction, with greater volatilization during the summer months compared to the winter months. Research has demonstrated that 51–73% N on the cattle feedlot surface can be lost as NH3 during the summer [20,21,22,23], and 35–50% N is lost during winter months [20,21,22,23]. A pH of 7 to 10 is ideal for NH3 volatilization [24], whereas a pH ≤ 6.5 will result in little NH3 volatilization [25]. Therefore, lowering the pH of the beef feedlot surface may reduce N volatilization and increase the fertilizer value of the manure which would be especially beneficial during the warm summer months.



Several strategies to reduce NH3, sulfides, and other odorous emissions from beef feedlot facilities, including the use of pen surface amendments, have been investigated. One pen surface amendment is urease inhibitors. Urease is an enzyme that converts urea to NH3. When this reaction is inhibited, NH3 emissions are reduced. When applied to FSM at a rate of 1–2 kg ha−1, NH3 emissions were 34.4–35.9% of the emissions of untreated FSM [26]. Other studies found that a urease inhibitor, combined with the plant essential oil thymol, retained 5.2 g of an initial 9.2 g of urea compared to only 1 g retained when the urease inhibitor was used alone [27], indicating less NH3 loss when the two products were used in combination. Another study examined the addition of corn oil, alum, urease inhibitors, alum, and potassium zeolite as surface amendments to lab-scale feedlot surfaces [28]. The addition of zeolite and fat decreased NH3 losses by 51 to 86% compared to no treatment.



The poultry industry has been successfully using aluminum sulfate (alum) to lower NH3 emissions for the past decade. Alum is applied at a rate of 5–10% of the weight of the litter and lowers the pH of the litter to bind N in the ammonium (NH4) form and prevent volatilization. Ammonia fluxes from alum-treated litter are 70% lower than untreated litter [29,30]. The litter treated with alum has higher N content and a lower soluble phosphorus (P) content, which results in less P leaching when alum-treated litter is land applied [31]. In a seven-year study, P losses in runoff were 340% less when alum-amended litter was land applied to fescue than when untreated poultry litter was land applied [31], with no effect on P uptake by the fescue. When alum-treated poultry litter was land applied to corn fields in Virginia, little to no reduction in corn yields were detected, while 61–71% less dissolved reactive P was recovered from runoff from fields that received alum-treated poultry litter compared to conventional poultry litter [32], indicating that the alum-treated litter was safe to use as a fertilizer. However, one concern with alum addition to livestock manure is the addition of sulfur to the system. Previous research has demonstrated that the addition of 10% alum to lab-scaled cattle bedpacks containing corn stover bedding lowered NH3 emission for up to 7 weeks but increased H2S emission [33]. We hypothesized that adding alum to beef FSM would lower the NH3 emission and increase the N content in the manure but might also increase sulfide emissions from the FSM. Therefore, the objective of this study was to determine the effect of adding alum to feedlot surface material on NH3 and sulfide emissions.




2. Materials and Methods


Four studies were conducted to evaluate the use of alum as a feedlot surface amendment. The first two were conducted in a laboratory setting. The third and fourth were conducted on the feedlot surface of a pen that was recently vacated.



2.1. Lab-Scale Studies


The first lab-scale study was a titration study with four alum treatments evaluated: 0, 2.5, 5, and 10% alum (g g−1) based on the mass of the FSM. Using methodology from previous studies in our lab [34,35], FSM was collected from three adjacent beef feedlot pens at the U.S. Meat Animal Research Center (USMARC) feedlot. Each pen was 30 m × 90 m and contained a central mound constructed from manure and soil and a 3 m concrete apron located behind each feed bunk. One week prior to FSM collection, the livestock had been removed from the pen. Before that, approximately 80 steers were housed in each pen. The steers entered the pens at approximately 375 kg and were marketed at approximately 580 kg, after being in the pen for 120 days. The FSM from the pens was scraped into a pile in each pen using a skid-steer front-end loader to skim across the top 15 cm (6”) of soil. From each pen, a 227 L (50 gallon) drum was filled with FSM and brought back to an enclosed garage, where plastic tarps were placed on the floor. All three drums were emptied onto the plastic tarps and thoroughly mixed using a shovel. The FSM was allowed to air-dry for three weeks before being ground in a portable woodchipper to ensure uniform mixture of the FSM. The resulting mixture served as the base FSM for the experiment. Nutrient composition of the initial FSM for the first and second experiments are found on Table 1 and Table 2, respectively. The authors recognize that air-drying and mixing the manure in the woodchipper may have volatilized some initial NH3 from the FSM. However, this method allowed for the uniform dry-matter content of all pans, and large clots of FSM were not included in any pan, allowing all pans to have approximately the same chemical and physical characteristics at the start of the experiment. Once mixed, the FSM was added to stainless steel cafeteria-style pans (50 cm × 30 cm × 6.5 cm: Figure 1a–c). There were six pans per treatment for a total of 24 pans. In each pan, 3 kg of FMS and 3 kg of water were added. Alum treatments were added in each pan, with the 2.5% alum treatment receiving 150 g of alum, the 5% alum receiving 300 g of alum, and the 10% alum treatment receiving 600 g of alum. The surface of the material was lightly raked using a garden weasel to simulate hoof traffic on the feedlot surface of a cattle pen. The total mass of each pan was recorded, and the pans were placed in an environmental chamber that was maintained at 30 °C and 60–65% humidity. Daily, the mass of the pans was recorded to determine how much water had evaporated. Water was added back to each pan to maintain the original pan mass which allowed for a uniform moisture content among all 24 pans of FSM [34,35]. Constant water content was maintained to represent an extended wet period that often occurs on feedlot pen surfaces [34,35]. On sampling days water was added to the pan 30 min prior to sampling.



Air samples were collected on days 0, 2, 4, 7, 9, 11, 14, 16, 18, 21, 23, 25, and 28. Gases were measured using a small wind tunnel (30.48 cm × 15.24 cm) [36]. On the collection days, background samples of the air in the environmental chamber were collected 30 min before the first sampling and were used to correct the gas concentrations collected during the sampling periods. After the background samples were collected, four pans were moved to the table in the environmental chamber, and a wind tunnel was placed on top of each pan (n = 4; Figure 1d). While on the pans, the wind tunnel provided 1 L min−1 of air, and samples were collected from each pan for 18 min. The first 8 min of sampling were used to achieve a steady-state, and the last 10 min were used for the data analysis. Air samples were analyzed directly from the wind tunnels. Inert tubing from the wind tunnel was attached to the gas sampling manifold which fed into the air sampling equipment. The gas sampling system was controlled by a 24-volt TECO Programmable Logic Relay (Model SG2-02OVR-D) which signaled multi-positional 3-way solenoids to open and close one of four air inlet lines on the gas sampling manifold. One line was opened at a time to allow for individual air sampling from each bedded pack. After completion of sampling for the first four pans, four more pans were placed on the table and the wind tunnels were placed on top of the pans. Pan rotation continued until all pans had been measured. Air sampling for H2S used a Thermo Fisher 450i Hydrogen Sulfide/Sulfur Dioxide/Combined Sulfur Pulsed Fluorence gas analyzer (Thermo Fisher Scientist, Waltham, MA, USA). A Thermo Fisher 17i Ammonia Chemiluminescent gas analyzer was used to measure NH3 (Thermo Fisher Scientist, Waltham, MA, USA).



A small sample of FSM (5–10 g) was collected from the top 2 cm of the FSM from each pan at each sampling date using a stainless steel microspatula with a mark on it to indicate 2 cm. At the conclusion of the study, a sample was also collected from the bottom 2 cm of the pan to analyze pH below the surface. The pH was determined by mixing the FSM in a 2:1 ratio with distilled, deionized water and measuring using an IQ150 pH meter (Spectrum Technologies, Inc, Plainfield, IL, USA) calibrated with buffers at pH 4, 7, and 10. At the beginning and end of the study, samples of the FSM were collected and analyzed for total N [37], organic-N [37], nitrate-N [37], ammonium N [37], total P [38], and total sulfur [38]. Samples were sent to a commercial laboratory (Ward Laboratories, Kearney, NE, USA) for analysis.



Based on the results of the first lab-scale study, it was determined that 5% alum may be an ideal application rate for FSM. The second lab-scale study evaluated the frequency of application of the alum. Three treatments were evaluated: 0% alum and 5% alum applied as either a whole treatment on day 0 (5%—once) or 20% of the total alum volume (60 g) applied on days 0, 7, 14, 21, and 28 (5%—weekly). The 5%-once treated pans received 300 g of alum on day 0. As with the previous study, alum application was based on the mass of the FSM in the pans. The pans were constructed and maintained in the same manner as in the other lab-scale study. There were five experimental units per treatment. Sampling occurred on days 0, 2, 4, 7, 9, 11, 14, 16, 18, 22, 25, 29, and 32 and was conducted in the same way as the first lab-scale study.




2.2. Field-Scale Studies


The third and fourth studies were conducted on the feedlot surface. Six feedlot pens at the USMARC were utilized for each study. The third study used pens that had 20 animals per pen, and the fourth study used pens that had 30 animals per pen. Both types of pens had a central mound constructed on manure and soil and 3 m concrete apron by the feed bunk. Both set of pens had contained steers fed a corn-silage diet over a six-month period. One day before the study started, the cattle were removed. Three random locations in each pen were analyzed. Each location had a paired treatment with one area receiving alum and the other not receiving any alum application. In the first field-scale study, the treatments consisted of 0% alum (n = 18) and 5% alum (n = 18). In the second field-scale study the treatments were 0% alum (n = 18) and 10% alum (n = 18). The amount of alum added to the area was determined on a mass basis for a depth of 5 cm of FSM using the estimated density of feedlot surface material for Nebraska feedlots (1.5 g cm−3) [39], which was within the range of other published data [40]. At each treatment location, a circular anchor made from PVC that was 30.48 cm in diameter was inserted into the ground [41] (Figure 2). This anchor was used for the air sampling equipment, and the pH was collected from inside the anchor area. Samples were collected on days 0, 3, 7, 10, 14, 17, 21, and 24. Temperature and moisture content of each sampling location was recorded at the time of data collection.



Approximately 18–20 h prior to gas sampling, 1 L of water was added to the soil inside the PVC anchors at each treatment location to determine emissions in a prolonged wet period, which often happens to areas of feedlot pens. Ammonia flux was determined by collecting air samples from the pen surface using stainless steel hemispherical flux chambers [42,43] with acid traps containing 0.5N sulfuric acid. The chamber head volumes were recycled through the acid traps for 20 min [43]. The NH3 content in the acid traps was analyzed using a modification of the Sigma urea N kit (Procedure No. 640, Sigma-Aldrich Chemicals, St. Louis, MO, USA). Five microliters of each standard and sample were transferred to a well in a 96-well microtiter plate. This was followed by additions of 50 µL phenol nitroprusside, 50 µL alkaline hypochlorite, and 250 µL distilled water. Color was allowed to develop for 20 min at room temperature. Absorbance at 620 nm was measured using a Bio-Tek Ceres UV900C microplate reader. The concentration of each 96-well plate was determined from a standard curve run with the plate. The coefficient of variation of each duplicate sample in the plate was less than 3%. At each sampling location, 5–10 g of soil was collected in 50 mL plastic conical containers and diluted 2:1 with distilled water to determine the pH of the soil using an IQ150 pH meter (Spectrum Technologies, Inc, Plainfield, IL, USA), calibrated with buffers 4, 7, and 10.



To determine sulfur emissions from the feedlot surface, VOC sample collection was completed using stainless steel sorbent tubes connected to an inlet port on the stainless steel hemispherical flux chamber using flexible plastic tubing. The preconditioned stainless steel sorbent tubes (89 mm × 6.4 mm OD) were filled with Tenax TA sorbent (Markes International, Inc., Wilmington, DE, USA) and brass polytetrafluorethylene (PTFE) ferrules storage caps [44]. Headspace air sample was pulled through the sorbent tubes at a flow rate of 75 mL min−1 for 20 min for a sample volume of 1.5 L using a vacuum pump (Pocket Pump 210 Series, SKC Inc., Eighty Four, PA, USA) [44,45]. Sorbent tubes were analyzed for dimethyl disulfide (DMDS), and dimethyl trisulfide (DMTS) using a thermal desorption-gas chromatography-mass spectrometry system [45,46]. The TD system was a Markes Unity 2 (Markes International Inc., Wilmington, DE, USA) with autosampler (Ultra 2, Markes International, Inc., Wilmington, DE, USA) coupled to an Agilent GCMS (7890A/5975C, Agilent Technologies, Inc., Santa Clara, CA, USA) [46]. Samples of the FSM were collected before application of the treatments and at the end of each study. Unfortunately, the samples collected from the first field-scale study were compromised during storage prior to analysis. Samples were sent to a commercial laboratory (Ward Laboratories, Kearney, NE, USA) and analyzed for analyzed for total N, organic-N, nitrate-N, ammonium N, and total sulfur [37,38].




2.3. Statistical Analysis


Data in the first study were analyzed as a completely randomized design with repeated measures using the MIXED Procedure of SAS [47]. The model included the effects of alum concentration, time, and the interaction. The experimental unit was the pan. The second lab-scale study was analyzed as a completely randomized design with repeated measures using the MIXED Procedure of SAS. The model included the effects of treatment, time, and the interaction. The field-scale studies were analyzed as randomized compete block designs with repeated measures using the MIXED procedure of SAS. The model included the effect of block (pen), alum concentration, time, and the interactions. The area inside the PVC ring was the experimental unit. Covariate structure was modeled to get the lowest Akaike information criteria (AIC) value. Several structures were tested, and the compound symmetry covariate structure provided the lowest AIC value. When significant differences were detected, Fisher’s least significant difference tests were used to determine significant differences among treatments. All differences were considered significant at p < 0.05.





3. Results


3.1. Titration Study


The pH of the common FSM that was used in all pans was 8.3. Immediately after adding the alum, there was a significant reduction in pH for all FSM with alum compared to the control pans that did not have any alum applied (Figure 3a). The pH of the FSM in the pan with no alum remained higher than all FSM treated with alum throughout the study. Starting on day 9, the FSM that received 2.5% alum had a significantly higher pH than the FSM that was treated with 5 or 10% alum. The pH of the FSM treated with 5 or 10% alum did not differ from one another throughout the entire study. Average pH for each treatment for the entire 28-day study was 8.05, 5.28, 4.38, and 4.18 for the 0, 2.5, 5, and 10% alum treatments, respectively. Other researchers [26] were also able to successfully lower the pH of cattle FSM in a lab-scale situation for up to 21 days when alum was added at a rate of 4500 kg ha−1 or 9000 kg ha−1. Average pH for the 21-day study was 5.98 and 4.20, respectively for the 4500 and 9000 kg ha−1 treatments. Conversely, when alum was added to lab-scale cattle bedded manure packs, an addition of 5% alum was only able to significantly lower the pH compared to untreated cattle bedded manure packs for seven days, while a 10% addition of alum successfully lowered pH for 14 days [33]. This may be due to differences in organic matter, dry-matter, or buffering capacity of the different substances that were treated with the alum.



Interestingly, when pH measurements were taken from the bottom 2 cm of the stainless steel pans, the pH measurements were significantly higher than on the top 2 cm of the FSM (Table 1). Even with daily water additions and slight raking of the FSM each day, the alum did not penetrate much beyond the surface layer. Cattle walking on the surface of a feedlot may incorporate the alum deeper into the soil profile, creating a different result if animals were present.



Due to the low pH in the FSM that was treated with alum, NH3 flux was significantly lower when 2.5, 5, or 10% alum was added compared to the feedlot surface material that contained no alum (Figure 3b). There was a significantly higher concentration of NH3 at days 0, 2, and 4 for the FSM without alum compared to those treated with alum. However, as no new N sources were being added to the FSM, the available N in the FSM was quickly depleted by the microbes, resulting in essentially no NH3 emissions after day 7 of the study. Similar to this study, previous research has demonstrated virtually no NH3 emissions for up to 21 days when alum was applied to beef FSM [26].



Overall average H2S flux was significantly greater for FSM treated with 10% alum (274.3 mg m−2 hr−1) compared to FSM treated with 0, 2.5, or 5% alum (179.4, 150.2, and 163.0 mg m−2 hr−1, respectively). Hydrogen sulfide flux was different for the various alum treatments at three points during the study. At the beginning of the study, the FSM with 0% alum and the FSM that contained 10% alum had similar H2S flux, which were significantly higher than the concentrations of H2S from FSM that was treated with either 2.5 or 5% alum. On days 2 and 4, the FSM that contained 10% alum continued to have a higher concentration of H2S compared to all other feedlot surface material. While it was unclear why the FSM with 0% alum had such a high flux of H2S initially, it is likely that the FSM treated with 10% alum had significantly higher H2S flux at the beginning of the study due to the sulfur contained in the aluminum sulfate (alum) added to the FSM. Other research [48] also reported an increase in H2S odor when alum was added to swine manure because sulfate is commonly used by anaerobic bacteria in liquid animal waste for decomposition of organic compounds [49]. The drop in H2S flux at day 7 is likely due to depletion of the sulfur substrate.



Nutrient composition of the FSM after 28 days was significantly different due to alum treatment (Table 1). There was a tendency for pans treated with 10% alum to have higher total N, but this difference was not significant (p = 0.09). Feedlot surface material treated with 10% alum had significantly higher ammonium-N concentration compared to any treatment. There was a linear decrease in the ammonium-N concentration in the FSM as the concentration of alum increased. Nitrate was significantly lower in FSM that received no alum treatment compared to the FSM that received any concentration of alum. Total sulfur increased linearly with increasing concentration of alum added to the FSM. These results were consistent with what was expected and are supported by previous research. Other researchers also [50] reported significantly higher concentrations of total N as the alum concentration in poultry litter increased from 100 to 300 g of liquid aluminum chloride per kg of poultry litter. Organic N was unaffected by alum treatment and inorganic N (which includes nitrate and ammonium) was significantly higher in poultry litter that received 100–300 g of liquid alum per kg of poultry litter compared to poultry litter that was not treated with alum [50]. Likewise, others [26] reported significantly higher nitrogen content in soil treated with alum compared to soil only or to a soil/manure mixture. Sulfur content was also higher when alum was used in that study [26], due to the sulfur contained in alum. However, this may contribute to the production of H2S and other odorous sulfide compounds generated in livestock waste.



Based on the results of the initial lab-scale study, it was determined that all three concentrations of alum successfully lowered NH3 flux. Ammonium nitrate was significantly higher in the FMS treated with 5 or 10% alum compared to untreated FSM or FSM treated with 2.5% alum, which would increase the fertilizer value of the FSM. However, due to the significant increase in H2S flux from the FSM treated with 10% alum, it was determined that 5% alum may be the best treatment for FSM.




3.2. Dose Frequency Study


The addition of 5% alum to the FSM significantly lowered the pH of the FSM (Figure 4a) for up to 14 days. Initially, FSM that received a single dose of alum had a significantly lower pH than the FSM that received 20% of the total alum dose in weekly increments. At day 7, the pH of the FSM that was treated with the weekly alum dose was lower than the pH of the FSM treated with a single alum dose, but this reduction was not sustained. From day 9 until the end of the 32-day study, FSM treated with both alum treatments had similar pH. This was a substantially different result than was observed in the titration study. We expected the 5% treatment applied all in one dose to behave similarly to the 5% treatment in the titration study, significantly lowering the pH of the FSM for the duration of the study. While we are unsure why this occurred, it may have been due to the different FSM that was used in the second study compared to the first study. Many factors affect the ability of soil to buffer a pH change, including clay, organic matter content, cation-exchange capacity, carbonate, bicarbonate, organic acid content, and phosphate content, which were not measured in this study. Additional studies need to examine these properties to determine the ability of alum to effectively lower and sustain a lowered pH in various FSM.



Ammonia flux was significantly lower when 5% alum was added to the FSM on days 0 and 2 (Figure 4b). Adding 20% of the total alum treatment in five equal weekly increments initially lowered the NH3 flux compared to untreated FSM but was not able to maintain the same level of reduction in NH3 emission as a one-time dose of 5% alum did until day 7. At that time, the overall NH3 emission was lowered, due to the depletion of N substrate in the pan, making it impossible to know if the addition of alum would have been able to successfully lower NH3 emission past day 7, even though the addition of alum to the FSM was able to maintain a significant reduction in pH throughout most of the 32-day study.



The nutrient composition of FSM from the untreated FSM and the FSM treated with either frequency of alum application was not statistically different for any nutrient except sulfur. Ammonium accounts for a very small portion of the overall N profile and nitrate-N was not at detectable levels in the FSM at the end of the study. Sulfur was significantly higher in both alum treatments compared to the untreated FSM, but there was no statistical different between the sulfur content of either alum treatment (Table 2). This was consistent with the previous lab-scaled study and other research [26] where sulfur nutrient content increased as alum was added to the FSM. The extra sulfur in the FSM with the alum treatments did not appear to affect H2S flux; there was no statistical difference (p = 0.79) in H2S flux among the untreated FSM (76 ± 6.7 mg m−2 hr−1), 5% weekly (91.6 ± 6.7 mg m−2 hr−1), and 5% once (51 ± 4.7 mg m−2 hr−1) treatments. There appeared to be little benefit of adding the 5% alum dose in 20% weekly increments.




3.3. Feedlot Surface Studies


Based on the results of the lab-scale study, it was determined that there was little advantage to adding 10% alum compared to 5% alum as both significantly reduced NH3 flux compared to FSM not treated with alum, and H2S emission increased with an increasing dose of alum. Therefore, the lowest effective dose was selected for use in the feedlot surface studies, which was the 5% alum. Additionally, it did not appear that 5% alum applied in incremental additions on a weekly basis would be effective in lowering NH3 from the feedlot surface material, so the alum was added in one dose at the initiation of the feedlot surface study.



Average ambient temperatures from 9:00 AM–4:00 PM and average soil temperature and moisture content for each treatment on each sampling date is also shown in Table 3. There was no precipitation on any data collection day. There were no significant differences in soil temperature or soil moisture content between treatments, or any treatment by day interactions. There were significant differences in soil temperature and moisture between days due to differences in ambient temperature and precipitation events.



The pH of the feedlot surface at the 18 locations not treated with alum ranged from 7.9 to 8.5 with an average pH of 8.2, while the pH of the feedlot surface at the 18 locations treated with 5% alum ranged from 4.9 to 7.0, with an overall average pH of 6.3. An application of 5% alum to the feedlot surface significantly lowered the pH of the feedlot surface for the entire 24 days of the study compared to locations in the pen that did not receive an alum treatment (Figure 5a). This reduction in pH did reduce NH3 flux from the feedlot surface (p = 0.05) for a period of time (Figure 5b). Initially NH3 emissions were reduced, but once the pH of the feedlot surface reached 6.5 on day 10, the NH3 emissions from the feedlot surface treated with 5% alum began to emit NH3, causing a significantly higher NH3 flux on day 10 for locations treated with 5% alum compared to locations that received no alum treatment. The NH3 flux followed a similar pattern for both the treated and untreated feedlot surfaces, with just a slight shift in the peak flux from day 7 to day 10. Over the course of the 24 days, average NH3 flux did not differ between the untreated and treated feedlot surface areas. Since there were no new N sources being added to the surface, NH3 emissions began to decline significantly over the 24-day period.



Based on the lab-scale study using 0–10% alum, it appeared that there was little difference between the addition of 5 and 10% alum to the FSM. Both were able to reduce pH and NH3 flux from the FSM and retain significantly more ammonium-N in the FSM compared to FSM treated with 0% alum. Concerns over the increase in sulfur concentration in the FSM as the concentration of alum increased, as well as concern that prolonged exposure to low pH would irritate the hooves and feet of cattle, led to the use of 5% alum on the feedlot surface. However, while able to effectively lower the pH of the feedlot surface, the addition of 5% alum to the surface was not able to sustain a reduced NH3 flux for longer than 1 week, and overall NH3 emissions were similar between the treated and untreated feedlot surfaces. Analysis of the VOCs demonstrated a significant overall increase in DMDS flux (Figure 5c) for feedlot pen areas treated with 5% alum (14.3 ± 0.5 mg m−2 hr−1) compared to areas that did not receive a treatment (9.72 ± 1.1 mg m−2 hr−1). Dimethyltrisulfide flux was similar (p = 0.36) for pen areas treated with 5% alum (0.33 ± 0.06 mg m−2 hr−1) and untreated areas (0.27 ± 0.05 mg m−2 hr−1).



A second feedlot surface study was conducted using 10% alum treatment to determine if the higher concentration of alum could suppress NH3 emissions for longer than 7 days. There was concern that too much alum would lower the pH of the feedlot surface below 5.5 and cause irritation to cattle’s hooves or hides, so a preliminary study was conducted using 10% alum in one pen under the supervision of the USMARC herd veterinarian to determine if any hoof irritation was present. Feedlot surface material samples were collected from the pen surface, and pH was measured daily. The cattle were also observed daily by the veterinarian for any signs of irritation. Once the pen pH was above 7, the observations ceased. No irritation was observed on the hide or hooves of any animal in the pen; thus, it was determined that 10% alum would be safe to administer to the feedlot pens of beef cattle.



Consistent with all the previous studies conducted by our lab, the addition of 10% alum to the feedlot surface significantly reduced the pH of the feedlot surface material compared to untreated areas of the pen (Figure 6a).



The addition of 10% alum to the feedlot surface significantly reduced NH3 flux for up to 14 days following application compared to untreated feedlot surfaces (Figure 6b). Ammonia flux for both treatments decreased over time and emissions were quite low for both treatments from day 17 until the end of the 24-day study, indicating that N substrate on the feedlot surface was depleted. Therefore, it is unknown if the addition of 10% alum would continue to suppress NH3 emissions if cattle were present and continually adding new N substrate.



Dimethyltrisulfide flux was very small and not significantly different (p = 0.10) between the treated (0.02 ± 0.01 mg m−2 hr−1) and untreated areas (0.01 ± 0.01 mg m−2 hr−1) of the pen. Dimethyldisulfide flux was highly variable throughout the study but was greater at days 0, 7, 17, and 21 for pen surface areas treated with 10% alum compared to pen surface areas that did not receive an alum treatment. This was, again, consistent with previous studies that demonstrated increased sulfide flux when alum was added to the feedlot surface.



Total N (g kg−1) was higher in the FSM treated with 10% alum compared to FSM that did not receive an alum treatment (Table 4). However, individual N components were similar between the FSM from the treated and untreated areas of the feedlot pen. Consistent with previous studies, the sulfur content of the FSM was significantly greater when alum was applied to the feedlot surface.



Ammonia volatilization from the feedlot surface depends on several variables including pH, temperature, and moisture content. When pH is above 8, a large percentage of inorganic nitrogen (N) is in the NH3 form and can be easily volatilized. When pH is lowered, N is converted to the nonvolatile ammonium form which increases N in the manure thereby improving the fertilizer value. Alum can reduce the pH of feedlot surface material due to the hydrolysis of aluminum [48]. The results of the four studies were consistent in that the addition of alum to the FSM or beef feedlot did lower the pH for at least 7 days. While the addition of alum at concentrations even as low as 2.5% (g g−1), can effectively lower the pH of the feedlot surface material, NH3 flux was only lowered for up to 14 days when alum was applied. This indicates that the environmental conditions in a feedlot pen are more complex than in a controlled environment and that other factors beyond pH such as temperature, moisture, and even bacterial metabolism of N sources may be contributing to the volatilization of NH3 from the feedlot surface. It should be noted that the design of the studies did not provide fresh N sources to the FSM as would occur on a feedlot surface with cattle present. Therefore, after 14 days the N substate that was present in the FSM was likely volatilized or used by microbes for biological processes. A study in which fresh N sources could be applied would help determine if the alum becomes ineffective in lowering NH3 emissions after 14 days, or if the decrease in overall NH3 emissions due to loss of substrate made it impossible to detect differences in NH3 volatilization from the FSM.



One way to maintain the lower pH would be more frequent additions of alum to the feedlot surface. It was hypothesized that weekly, smaller doses of alum to the FSM would maintain a consistently lower pH over a longer period compared to one initial dose. In turn, this would continue to suppress NH3 emissions beyond the 7 days that was observed in the lab-scale study. However, the second lab-scale study demonstrated that this was not the case. Another alternative that was not evaluated would be to apply an initial dose of 5 or 10% alum and then add smaller increments on a weekly or biweekly basis to maintain adequate alum concentration to inhibit NH3 emissions. However, this could become expensive and labor-intensive for feedlot producers.



One concern for beef feedlot producers looking to lower the NH3 emissions from their operation is the cost of the mitigation. The dry aluminum sulfate used in these studies was purchased in 22.7 kg bags at a cost of USD 16.50–17.00 per bag. When applied at a rate of 10% to the top 5 cm of the feedlot surface the cost would be USD 8.03/m2 (USD 0.75/ft2). This would not be a cost-effective treatment for most producers who allow 14–23 m2 per animal [51]. However, research has demonstrated that spatial variation exists in feedlot pens, which contributes to differences in odor and greenhouse gas emissions [34,35]. By identifying the locations in the pen that contribute the most to NH3 emissions, perhaps alum could be applied to the specific areas of the pen, instead of the entire pen, making it a more cost-effective treatment for producers.



The biggest concern with using alum on the cattle feedlot surface appears to be in the increase in sulfide emissions in the form of H2S and other reduced sulfide compounds. The primary source of this H2S emission appears to be the additional sulfur substrate added to the FSM with the addition of alum. Hydrogen sulfide emission contributes to odors from livestock facilities and exposure to H2S can be harmful or even fatal to humans and livestock [51]. Hydrogen sulfide flux is produced as a result of sulfate reduction obligate anaerobic bacteria [52]. A low pH (<7.0) favors H2S production [53]. Previous research has demonstrated an increase in H2S concentrations by 285% when the pH of stored liquid dairy manure was decreased from 7.32 to 6.82 [54]. Reducing the pH of wastewater sewage to 4.5 increased H2S production [55]. Therefore, the low pH created by the application of alum to inhibit NH3 volatilization may also be contributing to the release of H2S and other sulfide emissions. Similar results were reported when aluminum sulfate was added to liquid swine manure [56] and suggested that aluminum chloride may be a suitable substitute for alum to lower pH and inhibit NH3 volatilization without increasing sulfide emissions.





4. Conclusions


The addition of 10% alum effectively lowered the pH of FSM for nearly a month, but NH3 emissions were only significantly lower for 7–14 days. Total N content was higher in the FSM that contained alum, which may improve the fertilizer value of the manure. However, these benefits are offset by the significantly higher sulfide emissions that result from lowering the pH and adding sulfurs substrate to the FSM, making alum an unattractive feedlot surface amendment for cattle producers. Future studies should examine aluminum chloride, include a method of adding additional N substrate to better evaluate the long-term effectiveness of the feedlot surface amendment, and also examine the effects of adding small portions of the amendment at scheduled intervals to maintain the effectiveness of the amendment.
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Figure 1. (a–c): Stainless steel cafeteria pans with feedlot surface material (FSM) and varying amounts of aluminum sulfate (alum) added on the surface; (d): Wind tunnels on top of pans measuring gas emissions. 
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Figure 2. On the left are side-by-side paired test locations on the feedlot surface with PVC anchors. On the right are the stainless steel flux chambers equipped with the acid traps to measure NH3 emission. 
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Figure 3. (a) The pH of feedlot surface material (FSM) in lab-scaled stainless steel pans treated with 0% (g g−1) aluminum sulfate (alum) had significantly higher pH than FSM treated with 2.5, 5, or 10% alum (b) Ammonia flux (mg m−2 hr−1) of feedlot surface material (FSM) treated 2.5, 5, and 10% aluminum sulfate (alum) was lower than NH3 flux from untreated FSM. (c) Hydrogen sulfide (H2S) flux (mg m−2 hr−1) was greater for the untreated feedlot surface material (FSM) and FSM treated with 10% alum on day 1. On days 2 and 4, FSM treated with 10% alum had significantly greater H2S flux than FSM with any other treatment. For all graphs, different letters indicate significant differences (p < 0.05) between the treatments at the time point. 
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Figure 4. (a) In general, the pH of the feedlot surface material (FSM) treated with 5% alum was lower than the FSM receiving no alum treatment. Adding 20% of the total alum treatment at five weekly intervals did not appear to suppress pH for any longer than a single dose of 5% alum. (b) Ammonia flux (mg m−2 hr−1) of feedlot surface material (FSM) treated 5% aluminum sulfate (alum) was generally lower than untreated FSM for up to 7 days. For both graphs, different letters indicate significant differences between the treatments at the time point. 
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Figure 5. (a) The pH of the feedlot surface with and without the addition of 5% alum. The addition of alum significantly lowered pH for the 24 days of the study. (b). Ammonia flux from feedlot surface treated with 5% alum and untreated feedlot surface. While NH3 flux was lower for feedlot surface areas treated with 5% alum for up to 7 days, overall NH3 flux did not differ between the two treatments. The peak NH3 flux was just shifted when 5% alum was added to the feedlot surface. Different letters indicate significant differences between the treatments at the time point. (c). Dimethyl disulfide (DMDS) flux from the feedlot surface treated with and without 5% alum differed significantly at five of eight time points in the study, with the pens treated with 5% alum have significantly greater DMDS flux. Different letters indicate significant differences between the treatments at the time point. For all graphs, different letters indicate significant differences between the treatments at the time point. 
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Figure 6. (a) The addition of 10% alum to the feedlot surface of beef cattle pens effectively lowered pen surface pH for the 24-day duration of the study compared to pens that did not receive an alum treatment. (b) Addition of 10% alum to the feedlot surface significantly reduced NH3 flux for up to 14 days following application compared to untreated feedlot surface areas. Different letters indicate significant differences between the treatments at the time point. (c). Dimethyl disulfide (DMDS) flux was highly variable during the study but was greater for feedlot surface areas treated with 10% alum at days 0, 7, 17, and 21 compared to untreated feedlot surface areas. For all graphs, different letters indicate significant differences between the treatments at the time point. 
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Table 1. Comparison of the nutrient composition of feedlot surface material (FSM) treated with aluminum sulfate (alum) and FSM prior to alum treatment.






Table 1. Comparison of the nutrient composition of feedlot surface material (FSM) treated with aluminum sulfate (alum) and FSM prior to alum treatment.





	Nutrient
	Original FSM
	0% Alum
	2.5% Alum
	5% Alum
	10% Alum
	p-Value





	Dry matter, %
	88.4 ± 0.9 a
	41.3 ± 0.4 c
	40.8 ± 0.5 c
	42.3 ± 1.0 bc
	44.0 ± 0.7 b
	<0.01



	Total N, g kg−1
	23 ± 0.3
	20.9 ± 0.7
	20.4 ± 0.6
	20.5 ± 0.9
	22.6 ± 0.7
	0.09



	Organic-N, g kg−1
	21.1 ± 0.1
	20.5 ± 0.6
	20.0 ± 0.5
	19.7 ± 0.9
	19.9 ± 0.6
	0.77



	Ammonium-N, g kg−1
	1.9 ± 0.3 b
	0.2 ± 0.1 d
	0.3 ± 0.1 d
	0.8 ± 0.2 c
	2.6 ± 0.2 a
	<0.01



	Nitrate-N, g kg−1
	0.02 ± 0.0 b
	0.17 ± 0.1 a
	0.08 ± 0.0 ab
	0.05 ± 0.0 b
	0.00 ± 0.0 b
	<0.01



	Total P, g kg−1
	13.2 ± 0.1 a
	13.5 ± 0.1 a
	12.4 ± 0.1 b
	12.7 ± 0.2 b
	12.5 ± 0.1 b
	<0.01



	Total S, g kg−1
	6.1 ± 0.2 d
	6.9 ± 0.1 d
	17.3 ± 0.7 c
	22.4 ± 0.3 b
	37.1 ± 0.6 a
	<0.01



	pH upper 2 cm
	-----
	8.3 ± 0.0 a
	6.4 ± 0.1 bB
	4.1 ± 0.0 cB
	3.9 ± 0.0 cB
	<0.01



	pH bottom 2 cm
	-----
	8.1 ± 0.1 a
	7.3 ± 0.1 bA
	7.0 ± 0.1 cA
	6.6 ± 0.2 dA
	<0.01







All nutrient compositions, except dry matter content, are on a dry-matter basis. Different lowercase letters within a row indicate significant difference among treatments at p < 0.05. pH values are from the upper 2 cm and bottom 2 cm of the stainless steel cafeteria pans filled with FSM and were taken on the last day of the study. Within a column, different uppercase letters indicate a significant difference between the upper and lower pH values for that treatment at p < 0.05.
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Table 2. Comparison of the nutrient composition of feedlot surface material (FSM) treated with 5% aluminum sulfate (alum) in one dose (once), weekly doses of 20% of the total 5% alum over five weeks (weekly), and no treatment.






Table 2. Comparison of the nutrient composition of feedlot surface material (FSM) treated with 5% aluminum sulfate (alum) in one dose (once), weekly doses of 20% of the total 5% alum over five weeks (weekly), and no treatment.





	Nutrient
	Original

FSM
	0% Alum
	5% Alum

(Once)
	5% Alum

(Weekly)
	p-Value





	Dry matter, %
	85.4 ± 1.0 a
	36.5 ± 0.2 b
	36.7 ± 0.2 b
	36.6 ± 0.2 b
	<0.01



	Total N, g kg−1
	24.1 ± 0.4
	20.5 ± 0.3
	21.6 ± 0.9
	21.6 ± 0.6
	0.37



	Organic-N, g kg−1
	21.3 ± 0.1
	19.3 ± 0.3
	20.5 ± 0.6
	20.2 ± 0.5
	0.23



	Ammonium-N, g kg−1
	1.3 ± 0.3
	1.1 ± 0.2
	1.1 ± 0.3
	1.4 ± 0.5
	0.76



	Nitrate-N, g kg−1
	0.01 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.00 ± 0.0
	---



	Total Phosphorus, g kg−1
	34.2 ± 0.2
	34.8 ± 0.7
	34.1 ± 0.6
	33.4 ± 0.4
	0.21



	Total Sulfur, g kg−1
	17.1 ± 0.1 b
	17.8 ± 0.5 b
	40.3 ± 1.1 a
	41.8 ± 1.2 a
	<0.01







All nutrient compositions, except dry matter content, are on a dry-matter basis. Nitrate-N was below detection limits for all FSM. Different letters within a row indicate significant difference among treatments at p < 0.05.
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Table 3. Ambient temperature range between 9 AM and 4 PM, soil temperature and moisture content on day of data collection for Experiment 3 and 4.






Table 3. Ambient temperature range between 9 AM and 4 PM, soil temperature and moisture content on day of data collection for Experiment 3 and 4.











	
	Ambient Temp

Range, °C
	Average Soil

Temp, °C
	Average Soil

Moisture, %





	Experiment 3, Day
	
	
	



	0
	20.6–25.6
	23.1 ± 0.2 b
	49.9 ± 2.3 xy



	3
	20.0–25.0
	22.8 ± 0.1 c
	52.3 ± 2.4 xy



	7
	21.7–30.6
	24.7 ± 0.1 a
	52.0 ± 1.5 xy



	10
	23.3–30.6
	22.5 ± 0.2 c
	55.0 ± 1.4 x



	14
	18.9–25.0
	22.5 ± 0.1 c
	48.1 ± 1.8 y



	17
	23.3–28.3
	21.9 ± 0.1 d
	49.4 ± 1.3 y



	21
	20.0–25.6
	21.6 ± 0.1 e
	36.2 ± 2.2 z



	24
	18.9–22.8
	21.8 ± 0.1 d
	51.0 ± 1.1 y



	Experiment 4, Day
	
	
	



	0
	28.9–32.2
	27.7 ± 0.3 xy
	65.7 ± 2.4 b



	3
	21.7–27.8
	29.4 ± 0.3 xy
	59.3 ± 3.5 b



	7
	21.1–26.7
	29.1 ± 0.3 xy
	63.1 ± 3.8 b



	10
	23.9–28.3
	28.5 ± 0.2 xy
	68.3 ± 2.3 b



	14
	23.3–27.8
	33.0 ± 6.3 x
	66.3 ± 0.1 b



	17
	20.6–25.0
	25.1 ± 0.2 y
	80.6 ± 1.3 a



	21
	20.0–26.7
	20.8 ± 0.1 z
	80.0 ± 0.1 a



	24
	25.6–31.7
	24.6 ± 0.1 y
	66.4 ± 2.7 b



	Statistical Analysis
	
	
	



	Treatment
	-----
	0.23
	0.79



	Day
	-----
	<0.01
	<0.01



	Treatment x Day
	-----
	0.98
	0.89







Average soil temperature and average soil moisture are means with standard errors. Experiment 3 was field-scale study using 0 and 5% alum treatments. Experiment 4 was field-scale study using 0 and 10% alum treatments. Different letters within a column and experiment indicate significant differences at p < 0.05.
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Table 4. Comparison of the nutrient composition of cattle feedlot surface areas treated with 10% aluminum sulfate (alum) and no treatment.






Table 4. Comparison of the nutrient composition of cattle feedlot surface areas treated with 10% aluminum sulfate (alum) and no treatment.





	Nutrient
	Initial FSM
	0% Alum
	10% Alum
	p-Value





	Dry matter, %
	44.9 ± 1.0
	51.4 ± 2.0
	57.5 ± 1.5
	0.01



	Total N, g kg−1
	19.8 ± 1.3
	18.1 ± 0.5
	19.7 ± 0.4
	0.01



	Organic-N, g kg−1
	17.4 ± 1.3
	17.6 ± 0.4
	17.8 ± 0.4
	0.68



	Ammonium-N, g kg−1
	2.4 ± 0.3
	0.9 ± 0.3
	3.1 ± 1.1
	0.08



	Nitrate-N, g kg−1
	0.01 ± 0.0
	0.01 ± 0.0
	0.01 ± 0.0
	-----



	Total Sulfur, g kg−1
	6.7 ± 0.9
	6.5 ± 0.2 b
	16.8 ± 0.6 a
	>0.01







All nutrient compositions, except dry matter content, were on a dry-matter basis. Different letters within a row indicate significant difference among treatments at p < 0.05.
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