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Abstract:



There is increasing interest in using pyrogenic carbon as an adsorbent for aqueous contaminants in stormwater. The objective of this study was to investigate pyrogenic carbon materials as an amendment to geomedia to reduce nitrate leaching. Batch adsorption and column experiments were conducted to evaluate the performance of a commercial activated carbon and two biochars incorporated (5% by weight) into sand and pumice columns. The batch adsorption with 50 mg L−1 of nitrate solution showed that only activated carbon resulted in a substantial adsorption for nitrate up to 41%. Tested biochars were not effective in removing aqueous nitrate and even released nitrate (<1%) with 1 h reaction time. Column experiment with a pulse input of nitrate solution (50 mg L−1) confirmed that the sand or pumice columns amended with biochars were not as effective as those amended with activated carbon for reducing nitrate leaching. Our results suggested that net negatively charged surfaces of biochar may inhibit nitrate anion adsorption while activated carbon has reactive sites containing acidic functional groups to improve nitrate retention. There was no difference between sand and pumice for nitrate retention in any of the carbon amendments. Additional surface activation process during biochar production may be needed to improve adsorptive capacity of biochar for aqueous nitrate removal.
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1. Introduction


Urban stormwater has become an important source of nitrogen (N) to receiving waters [1]. Excess N inputs to aquatic ecosystems can cause overstimulation of aquatic plant and algae growth, leading to eutrophication [2]. Excessive nitrate (NO3−) in drinking water can cause critical health issues in young infants and young livestock such as blue baby syndrome [3]. The United States Environmental Protection Agency (USEPA) has set the Maximum Contaminant Level (MCL) of nitrate-nitrogen (NO3-N) at 10 mg L−1 (=44.2 mg NO3− L−1) for the safety of drinking water.



Conventionally aqueous nitrates can be removed via biological and/or physicochemical methods [4,5]. A physicochemical method viable to stormwater nitrate reduction is the addition of adsorptive materials into existing and new porous media. Activated carbon (AC) has been the most common adsorptive material in water and wastewater treatments but it remains to be expensive [6,7]. Recently biochar has been viewed as a low-cost sorbent for remediating soil and water media contaminated with organic and inorganic contaminants [8,9]. Biochar is a charcoal derived from the thermal conversion of a wide range of biomass materials such as wood, grass, and other agricultural and forestry residue via pyrolysis. When the resulting biochar is applied to soils, the carbon can be effectively sequestered while improving soil structure and fertility [10]. Reducing leaching of nutrients (nutrient retention) or even providing nutrients to plants with increase in microbial activity are claimed to be the benefits of commercially available biochars sold in USA.



There have been increasing adoptions of raingardens, bioswales, and infiltration basins in urban landscapes, which are designed to slow and filter stormwater runoff as a part of low impact development (LID) practices [11]. For example, the Lower Rio Grande Valley (LRGV) in South Texas has increasingly adopted bioswale systems and more are expected to be built in parking lots and driveways as a green infrastructure projects [12]. The objective of this study was to investigate the performance of pyrogenic carbon materials (AC and biochars) as an additive to selected geomedia (sand and pumice) for reducing nitrate leaching. Specific objectives were to (1) determine nitrate adsorption capacity of the carbon materials, and (2) evaluate nitrate retention in sand and pumice columns amended with the carbon materials (5% by weight).




2. Materials and Methods


2.1. Filter Media and Pyrogenic Carbon Materials


Commercially available play sand (Quikrete International Inc., Atlanta, GA, USA) and pumice (Nature’s Footprint, Inc., Bellingham, WA, USA) were used in this study as geomedia (Figure 1). The play sand was determined to be fine sand having 97.5% sand, 1.8% silt, and 0.7% clay according to the particle size analysis by hydrometer method [13]. The pumice was a felsic volcanic rock with highly vesicular rough texture and it is often found to float on the beaches of the Texas coast due to its low density (0.2 to 0.6 g cm−3) [14]. No textural analysis was performed with pumice as it contained grain sizes coarser than 2 mm in diameter. Both materials were air-dried before use.


Figure 1. Geomedia tested in this study.
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Three pyrogenic carbon materials—a commercial AC and two biochar products, Hoffman biochar (HB) and Wakefield biochar (WB)—were used as amendments to the sand or pumice geomedia in this study (Figure 2). The AC (CR610A, Carbon Resources LLC, Oceanside, CA, USA) was a granular product sold for water purification in aquaculture and it was produced from selected coal by a high temperature steam activation process according to the manufacturer. The HB (A.H. Hoffman Inc., Lancaster, NY, USA) was a pelletized charcoal product sold as a soil conditioner and it was claimed to improve drainage and adsorb harmful impurities according to the manufacturer. The WB (Wakefield Agricultural Carbon LLC, Columbia, MO, USA) was a USDA-certified soil conditioner and it was mainly claimed to contribute to healthier soils and improve drought resistance according to the manufacturer. The WB was not a pelletized product and it was much finer than other two carbon products. All carbon materials were analyzed for pH (1:80 solid to solution ratio) using a pH meter (Extech Instruments, Waltham, MA, USA) and elemental composition via Energy-dispersive X-ray spectroscopy equipped in ZEISS EVO LS10 Scanning Electron Microscope (Hitachi, Japan). The results for elemental composition were expressed in weight % (Table 1).


Figure 2. Pyrogenic carbon materials tested in this study.
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Table 1. pH and elemental composition (weight %) of pyrogenic carbon materials.







	
Carbon Material

	
pH

	
C (%)

	
O (%)

	
Fe (%)

	
Al (%)






	
Activated carbon

	
8.03

	
73.1

	
11.6

	
13.7

	
1.6




	
Hoffman biochar

	
7.88

	
86.7

	
13.3

	
0

	
0




	
Wakefield biochar

	
10.23

	
89.8

	
10.2

	
0

	
0











2.2. Batch Adsorption Experiment


Batch sorption experiments were conducted in 50-mL centrifuge tubes at room temperature. Nitrate solution was prepared in deionized (DI) water containing 50 mg L−1 as potassium nitrate (KNO3). The carbon materials (0.45 g) were weighted to the tubes and equilibrated with 36 mL of the nitrate solution. The concentration of nitrate at 50 mg NO3− L−1 were equivalent to 11.3 mg L−1 NO3-N in elemental basis. Samples with sand or pumice only were included as experimental control. The tubes were shaken for 1 h on an end-to-end shaker at 90 oscillations min−1, and supernatants were filtered through 0.2-µm membrane filters. It is important to note that the 1 h reaction time in this study may have not reached a chemical equilibrium of nitrate adsorption onto the carbon materials. Our previous zinc (Zn) adsorption experiment with biochars up to 48-h equilibration showed that 54–98% of Zn adsorption occurred after 1 h relative to the amount of Zn adsorbed after 48 h [15]. The filtrates were analyzed colorimetrically using a HACH UV–vis spectrophotometer (DR3900, Loveland, CO, USA) according to dimethylphenol method for nitrate (HACH method 10206). The amount of nitrate adsorbed by the tested materials (q) was calculated by Equation (1):


q = (C0V – CV)/M



(1)




where C0 is the concentration of nitrate in input solution (mg L−1), V is the volume of liquid (L), C is the concentration of nitrate in solution after 1-h equilibration, and M is dry weight of carbon material (kg). Nitrate adsorption (removal) capacity of the carbon materials was calculated in % relative to the initial amount of aqueous nitrate added (1.8 mg NO3−).




2.3. Column Experiment


A total of 16 columns (metal cylinder in 7.62-cm diameter by 7.62-cm depth) were packed to a depth of 4.56 cm with sand or pumice. Sixteen columns corresponded to our experimental treatments consisting of two geomedia and four different carbon amendments, including control in duplicates. During our initial trials, maximum amounts of sand and pumice needed for packing the columns (i.e., control columns) were determined to be 318 g and 165 g, respectively. These given amounts were determined to have a bulk density of 1.67 g cm−3 for sand columns and 0.86 g cm−3 for pumice columns. Sand or pumice with and without carbon amendment (5% by weight) was dry-packed into the columns (Table 2). The bottom of each column was covered with cheese cloth to prevent the geomedia loss.



Table 2. The amount of geomedia used for column packing with and without carbon amendment (5% by weight).







	
Column

	
Sand or Pumice (g)

	
Amendment (g)






	
Sand only

	
318

	
0




	
Sand + amendment

	
302

	
16




	
Pumice only

	
165

	
0




	
Pumice + amendment

	
157

	
8










Each column received 500 mL of DI water for initial flushing on the first day (day 1). The water was irrigated by 100 mL increments manually through a circular plastic pan that was placed on the top of column. The plastic pan had multiple small holes, allowing uniform dripping of the water and minimizing surface disturbance on the geomedia. On the second day (day 2), columns were leached with nitrate solution (50 mg L−1) five times by 100 mL increments, totaling 500 mL of aqueous nitrate throughput. The amount of nitrate applied was 25 mg in total. On the third day (day 3), columns were leached again with DI water only (100 mL increments, totaling 500 mL of DI water) to assess desorption of the nitrate. Collected column effluents were analyzed for nitrate in the aforementioned method. The effluent samples were also determined for turbidity using NEP 260 turbidity probe (McVan Instruments, Melbourne, Australia) in nephelometric turbidity units (NTU) and for pH using a portable pH meter (Extech Instruments, Waltham, MA, USA).





3. Results and Discussion


3.1. Batch Adsorption of Nitrate


Only AC had ability to adsorb nitrate up to 41% (Figure 3) while biochars showed none to even release (negative %) of nitrate (0.93% from HB and 0.13% from WB). DI water extracts (1:80 solid-to-solution ratio) with the carbon materials (i.e., DI water only with no aqueous nitrate) confirmed that an appreciable concentration was found for HB (1.46 mg NO3− L−1) and WB (1.55 mg NO3− L−1). Commercial pumice for gardening use is often claimed to hold nutrients but it was not the case in the batch adsorption with 1 h reaction time, accounting for only 1.3% of nitrate adsorption. Sand also showed limited adsorption ability (1.2%), indicating a lack of reactive surfaces for nitrate.


Figure 3. Adsorption from aqueous nitrate affected by geomedia and carbon materials. Error bars represent standard error of the mean.
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It is often claimed that biochar can be used as a soil amendment to retain nutrients in soils [16,17]. However, the biochar materials tested in this study showed no adsorption (even release) of nitrate in a batch-scale experiment. Our result is in agreement with Yao et al. (2012) who found limited adsorption of nitrate (<4%) onto biochars made from various feedstock materials such as sugarcane bagasse, peanut hull, pepperwood, and bamboo [18]. In general, biochars were found to be more effective at removing cationic species from solution as most biochars were found to have a net negative surface charge [15]. While both AC and biochars have carbonaceous materials as feedstock materials and convert them to stable carbon through pyrolysis, AC typically receives an additional activation process where it undergoes oxidation to increase adsorptive capacities [19].



It is important to note that feedstock materials for the biochars were plant-based while the AC was produced from selected coal according to manufacturer. Detailed information on the feedstock types and manufacturing processes of these commercial products are proprietary and unknown. However, it was notable that the AC contained substantial amount of Fe (13.7%) and Al (1.6%) in its elemental composition (Table 1), indicating mineral inclusion of Fe and Al and possibly leading to better adsorption of nitrate. The Fe minerals such as hematite, goethite, and iron-oxide have been found to increase oxyanion adsorption such as arsenite and arsenate in the Fe-impregnated carbon materials though surface complexation between the Fe-O surface and oxyanion [20,21].




3.2. Nitrate Leaching in Column Experiment


Overall turbidity in effluent samples were 3- to 4-times greater in pumice columns (17 to 27 NTU) compared to sand columns (5 to 7 NTU) (Table 3). Coarse grains in pumice were likely to contribute to the higher turbidity by eluting fine suspended solids from pumice and the carbon materials. The pH values in column effluents ranged from 7.6 to 8.7 and the columns amended with WB showed the highest pH (7.9 to 8.7), indicating the presence of mineral ash in the WB [22].



Table 3. Average pH and turbidity (mean ± standard error) in column effluents over the entire leaching events.







	
Column a

	
pH

	
Turbidity (NTU)






	
Sand only

	
7.84 ± 0.18

	
7.29 ± 0.85




	
Sand + AC

	
7.92 ± 0.06

	
5.38 ± 0.59




	
Sand + HB

	
7.93 ± 0.08

	
7.43 ± 0.56




	
Sand + WB

	
8.73 ± 0.16

	
7.35 ± 1.72




	
Pumice only

	
7.60 ± 0.08

	
23.86 ± 5.57




	
Pumice + AC

	
7.50 ± 0.06

	
24.61 ± 4.22




	
Pumice + HB

	
7.58 ± 0.05

	
26.80 ± 3.80




	
Pumice + WB

	
7.91 ± 0.17

	
17.41 ± 2.46








a AC = activated carbon; HB = Hoffman biochar; WB = Wakefield biochar.








Under the pulse input of nitrate solution (50 mg NO3− L−1), nitrate in column effluents increased with nitrate solution throughput (leaching event 1–5 in Figure 4) up to 11 mg L−1 in both sand and pumice columns (Figure 4). The lowest concentration was found with sand column amended with AC (7 mg L−1) and pumice column amended with AC (8 mg L−1), suggesting AC outperformed biochars in the flow-through experiment as well. Under the desorption stage (leaching event 6–10), the nitrate concentrations gradually decreased with AC amendment in both geomedia being the lowest (1 to 3 mg L−1) suggesting that AC amendment was more effective than biochar amendment in retaining nitrate during desorption stage.


Figure 4. Concentrations of nitrate (NO3−) in column effluents: (a) sand and (b) pumice.
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Cumulative amount of nitrate leached (Figure 5) showed a clear separation of AC-amended sand or pumice geomedia being the lowest (3.6 to 4 mg as NO3−) after the entire leaching event. In both sand and pumice columns, HB resulted in higher nitrate leaching (6.3 mg) than control columns (5.2–5.3 mg) while WB-amended columns showed similar amount of nitrate leached with control columns. The higher amount of nitrate leached from the columns amended with HB was in agreement with the greater release of nitrate from batch adsorption (Figure 3). There was no substantial difference in the amount of nitrate leached between sand-only (5.3 mg) and pumice-only columns (5.2 mg).


Figure 5. Cumulative amount of nitrate (NO3−) leached in column effluents: (a) sand and (b) pumice.
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4. Conclusions


Results in this study suggested that sand and pumice geomedia amended with biochars (5% by weight) were not as effective as those amended with AC. The presence of Fe and Al in the AC was likely to promote nitrate adsorption possibly through surface complexation to some extent. There was no substantial difference between sand and pumice columns in all carbon amendment types. Our study indicated that net negatively charged surfaces of the biochars may be attributed to the poor adsorption of nitrate anion due to electrostatic repulsion. To improve its efficacy for aqueous nitrate removal, an additional process during biochar production is desirable to create acid functional groups (which have a positive charge) that can protonate surface –OH group in biochars [23,24]. It is important to note that while biochar may not be effective in reducing nitrate leaching, it can provide other benefits such as increasing the N use efficiency by plants and decrease nitrous oxide (N2O) emission from N-rich soils. Our study included nitrate only under controlled leaching conditions and future study should consider evaluating multiple anions and/or cations for the field applications of geomedia amended with pyrogenic carbon materials. In addition, future study investigating the synergistic effect of the carbon amendment in geomedia combined with redox condition is needed to advance our understanding of biotic and abiotic processes of nitrate retention in stormwater control measures.
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