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ABSTRACT

Degradation of organic wastes typically produces a variety of odorous sulfur compounds, amines, hydrocarbons, etc.  Some of these compounds are classified as hazardous air pollutants, while others are simply nuisances because of their unplesant odors.  Dimethyl disulfide (DMDS) and dimethyl sulfide (DMS) are among the most odorous compounds emitted from biosolids (municipal wastewater treatment sludge).  This is a result of a combination of high concentrations of these compounds in off gases from aerobic composting processing and their very low human detection threshold.  For example, in biosolids composting DMDS and DMS concentrations as high as 1,311 and 2,667 (g/m3, respectively, were measured in the off gas, and it is known that DMDS and DMS can be detected by humans at concentrations of 0.1 and 2.5 (g/m3, respectively.

High carbon wood ash and activated carbon adsorbent have been shown to reduce odorous releases in land application of biosolids.  Batch adsorption studies have shown that the percentage of DMDS and DMS that adsorbed to ash was a function of the carbon content and contact time.  No work has been reported in the literature on coal ash’s properties for odor control.  In addition, none of the studies have attempted to quantify the odorous emissions during aerated biodegradation of biosolids.  The overall goal of the work reported here was to evaluate the use of coal ash for the reduction of DMDS and DMS emissions from aerobic biodegradation.  

Controlled incubation studies (120 h at 37°C) using a mixture of 32 % biosolids and 68% wood shavings (dry basis) amended with ash (biosolids blend:ash = 1:0.3) were conducted to evaluate the influence of ash on odor emissions and biological activity of the mix.  Three coal fly ashes (high carbon, medium carbon, and low carbon), wood ash, and activated carbon were evaluated against a no-ash control.  Results show that peak emission rates of DMDS and DMS in the no-ash control were 41.9 and 1.89 (g/kg/min, respectively, while 120-h cumulative emissions were 189.95 and 11.39 mg/kg, respectively.  Amendments reduced DMDS emission rate in all treatments and percent reduction were highest in AC and WFA representing percent reductions of 90 and 63%, respectively.  For the three coal fly ashes, percent reduction ranged from 18 to 24%.

Alternatively, we theorized that coal fly ash given its high metal content and the presence of carbon could act as an inexpensive catalytic oxidizer of reduced sulfur compounds for “odor” removal.  Initial results indicate that coal fly ash can catalyze the oxidization of H2S and ethanethiol, but not dimethyl sulfide and dimethyl disulfide at room temperature.  In batch reactor systems, initial concentrations of 100-500 ppmv H2S or ethanethiol were reduced to 0-2 ppmv within 1-2 min and 6-8 min, respectively. This was contrary to control systems without ash in which concentrations remained constant.

EXECUTIVE SUMMARY

Increasing environmental concerns and difficulty in locating landfills has contributed to a growth in the number of large-scale biosolids composting operations in the USA.  There were 274 operating biosolids composting facilities in the U.S. as of 1999 (Goldstein and Gray, 1999) representing a 350% increase in number over the previous 15 years.  In addition, there were another 47 projects in various stages of planning in early 1999.  Composting as a treatment process for organic wastes is becoming a preferred choice because composting eliminates the usual problems associated with solid wastes by stabilizing it into a value added soil amendment.

One of the biggest challenges in composting process management is odor control.  Degradation of organics typically produces a variety of odorous sulfur compounds, amines, hydrocarbons, etc.  Dimethyl disulfide (DMDS) and dimethyl sulfide (DMS) are among the most odorous compounds emitted from biosolids composting (Rosenfeld and Henry, 2001; Van Durme et al., 1992).  This is a result of a combination of high concentrations of these compounds in off gases and their very low human detection threshold.  For example, in biosolids composting DMDS and DMS concentrations as high as 1,311 and 2,667 (g/m3, respectively, were measured in the off gas (Van Durme et al., 1992), and it is known that DMDS and DMS can be detected by humans at concentrations of 0.1 and 2.5 (g/m3, respectively (Ruth, 1986).

Odors released from composting operations disperse and cause nuisance to neighbors resulting in complaints that in some cases have led to closure of these operations (Alpert et al., 2002; Goldstein, 2001).  A lot of money is spent in containing emissions, air handling, and scrubbing of odorous gases before release (Accort et al., 2001).  Because of the high cost of engineered scrubbing systems, alternatives such as amendments that reduce the release of odorous compounds are extremely attractive.  High carbon wood ash and activated carbon adsorbent have been shown to reduce odorous releases in land application of biosolids (Rosenfeld and Henry, 2000).  These researchers showed that the surface area of the ash amendments was a polynomial function (r2 = 0.95) of the carbon content in the ash.  Emissions reduced from 10,200 and 330 (g/m2 for DMDS and DMS in the control to 2,100 and 48 (g/m2 in the high carbon ash treatment.  A consistent decline in emissions with increasing carbon content of the ash amendment was reported, indicating that the carbon content and surface area played a role in adsorbing odorous compounds.  Batch adsorption studies confirmed that the percentage of DMDS and DMS that adsorbed to ash was a function of the carbon content and contact time with model r2 = 0.71 and 0.58 for DMDS and DMS, respectively (Rosenfeld and Henry, 2001).

These studies reported in the literature indicate that addition of ash can be a practical and low cost alternative for odor reduction in biosolids composting.  No work has been reported in the literature on coal ash’s properties for odor control.  In addition, none of the studies have attempted to quantify the odorous emissions during aerated biodegradation of biosolids.  The overall goal of the work reported here was to evaluate the hypothesis that addition of ash as an amendment in biosolids composting would reduce the amount of DMDS and DMS emissions during aerobic biodegradation.  

Adsorption processes using activated carbon are used in many cases to remove a wide range of volatile organic and inorganic compounds from gaseous emissions and has been used to buffer biofilters from VOC perturbations (Weber and Hartmans, 1999).  Moreover, activated carbon is reported to oxidize H2S over a temperature range from ambient to 250(C (Sreeramamurthy and Menon, 1999; Ghosh and Tollefson, 1986).  Surface oxides have been suggested to be the active centers where oxidation takes place (Steijns and Mars, 1974).  Based on other reports in the literature, it is theorized that coal fly ash could act as a low temperature adsorbent/catalytic oxidizer of reduced sulfur compounds, given the potential presence of activated carbon and metal oxides in its matrix.

Controlled incubation studies (120 h at 37°C) using a mixture of 32 % biosolids and 68% wood shavings (dry basis) amended with ash (biosolids blend:ash = 1:0.3) was conducted to evaluate the influence of ash on odor emissions and biological activity of the mix.  Three coal fly ashes (high carbon, medium carbon, and low carbon), wood ash, and activated carbon were evaluated against a no-ash control.  Concentration of dimethyl disulfide (DMDS), dimethyl sulfide (DMS), and CO2 in the exhaust gas was measured at 0, 24, 48, 72, 96, and 120 h.  Data were used to calculate emission rates and cumulative emission, which were analyzed to determine treatment differences.  Results show that peak emission rates of DMDS and DMS in the no-ash control were 41.9 and 1.89 (g/kg/min, respectively, while 120-h cumulative emissions were 189.95 and 11.39 mg/kg, respectively.  Amendments reduced DMDS emission rate in all treatments and percent reduction were highest in AC and WFA representing percent reductions of 90 and 63%, respectively.  For the three coal fly ashes, percent reduction ranged from 18 to 24%.  Percent reduction in 120-h cumulative DMDS emission for high carbon, medium carbon, low carbon coal ashes, wood ash, and activate carbon compared to the no-ash control were 41, 29, 53, 59, and 89%, respectively.  The DMS emission increased in two coal ashes and the wood ash treatments, representing percent increases of 54 to 122% compared to the control.  Cumulative DMDS emission was found to be a linear function of surface area (r2 = 0.57).

We theorized that coal fly ash given its high metal content and the presence of carbon could act as an inexpensive catalytic oxidizer of reduced sulfur compounds for “odor” removal.  Initial results indicate that coal fly ash can catalyze the oxidization of H2S and ethanethiol, but not dimethyl sulfide and dimethyl disulfide at room temperature.  In batch reactor systems, initial concentrations of 100-500 ppmv H2S or ethanethiol were reduced to 0-2 ppmv within 1-2 min and 6-8 min, respectively. This was contrary to control systems without ash in which concentrations remained constant. Diethyl disulfide was formed from ethanethiol substantiating the claim that catalytic oxidation occurred. The presence of water increased the rate of adsorption/reaction of both H2S and ethanethiol for the room temperature reactions (23-25(C). Additionally, in a continuous flow packed-bed reactor, a gaseous stream containing an inlet H2S concentration of 400-500 ppmv was reduced to 200 ppmv at a 4.6 second residence time.  The removal efficiency remained at 50% for approximately 4.6 hours or 3500 reactor volumes.  These results demonstrate the potential of using coal fly ash in reactors for removal of H2S and other reduced sulfur compounds.  

EXPERIMENTAL

Biodegradation studies with biosolids-wood mixes

Biodegradation experiments were conducted using a controlled environment incubation system (Figure 1) that contained a sample volume of 400 mL.  Air from a compressed air tank (breathing air quality) was supplied to a manifold that had six outlets.  Thermal mass flow controllers (Unit Instruments, Inc., Model 8100) set at a flow rate of 20 mL/min allowed air to leave the manifold, flow through a humidifier maintained at the incubation temperature (37°C), and into the sample chamber maintained at 37°C.  Air from the outlet of the sample chamber was released into an exhaust hood except during sample collection that was conducted at 0, 24, 48, 72, 96, and 120 h.  During air sample collection the air leaving the sample chamber was either sent to a CO2 analyzer (MSA Inc., Model Lira 3000) or to a Tedlar( bag.  Approximately 2 L of sample was collected in the Tedlar( bag and the bag was transported to the gas chromatography lab and analyzed within a period of 2 h.  The CO2 analyzer was calibrated before each use using a 2-point calibration with standard gases (0 and 10%, volume basis).

Wood shavings for the blends were obtained in one large batch from a local sawmill and stored at room temperature until needed.  At the start of each experiment, anaerobically digested and dewatered biosolids were obtained from the local municipal wastewater treatment plant.  Biosolids were sampled for analysis and then mixed with wood shavings to result in a blend of 32% biosolids and 68% wood shavings (dry basis) to obtain a target C:N ratio of  20:1 and target moisture content of 65%.  For ash amended treatments, the biosolids-wood shavings blend was mixed with ash in a ratio of 1:0.3 resulting in a final mix containing 25, 53, and 22% of biosolids, wood shavings, and ash, respectively.  Each individual treatment mix was sampled to measure moisture content and then approximately 200 mL of the mix was weighed and placed in the sample chamber of the incubation system.  The ratio of biosolids mix to ash amendment (1:0.3) was chosen based on the work of Rosenfeld (2001) who evaluated biosolids-wood ash in ratios of 1:0.33,1:0.67, and 1:1 and found that DMDS and DMS emissions were not significantly different in the 1:0.67, and 1:1 mixes.  

Description and sources of ash

Three types of coal fly ash, one wood fly ash (WFA), and activated carbon (AC) (Sigma-Aldridge Inc.) were evaluated in these studies.  The coal ashes were classified as high carbon (HCCA), medium carbon (MCCA), and low carbon (LCCA) ashes.  The low carbon ash was obtained from a process utilizing selective catalytic reduction (SCR) of NOx removal.  The properties of the ashes including moisture content, carbon content, surface area, and pH were measured and are reported here.

Analytical methods 

Moisture content of samples was evaluated by drying approximately 200 g of sample in an oven at 75°C for 72 hours (U.S. Composting Council, 1997).  After complete drying, the sample was finely ground to 1 mm average size using a Wiley mill and used for total C analysis using a Leco( Carbon-Nitrogen-Sulfur analyzer.  The pH of the compost sample was measured using a 1:2 (volume basis) extract of sample in deionized water.  The ground sample (20 mL) was mixed with 40 mL of deionized water, allowed to equilibrate for 30 minutes with occasional stirring with a glass rod.  The resulting solution was filtered through a Whatman No 4 filter paper and used for direct measurement using an Acumet 50 pH/EC meter.

Surface area measurements (BET method) were performed using Quantachrome Nova 2000 surface area analyzer (Quantachrome, Inc., Boynton Beach FL).  Samples of 0.15 to 0.20 g of ash was placed in glass analysis cells and first heated over night under vacuum at 100°C (degassing phase). After degassing the sample was reweighed and surface area was measured using the 6-point BET method at -196°C.

Concentrations of DMDS and DMS were determined using a gas chromatograph (HAPSITE, Inficon Inc., NY) fitted with a mass selective detector and a 30 m (0.32 (m ID x 1 (m film) SPB-1 sulfur capillary column (Supelco Inc., PA) heated to isothermal conditions (60(C).  An internal standard of 1,3,5 tris(trifluoromethyl)benzene (100 ppmv) was used to ensure precision of detection.  Selective ion monitoring (SIM) method was used to determine the concentrations of the compound by scanning for mass:charge ratios of 62 (DMS), 69 (internal standard), and 79 (DMDS).  The mass:charge ratios of individual compounds were divided by the mass:charge ratio of the internal standard in order to normalize any deviation.  Each ratio was then compared to a standard curve generated prior to experimentation to determine its concentration.  Standard curves were developed using standard gases (10 to 100 ppmv) generated by injecting a known volume of liquid standard into a Tedlar® bag filled with 1 L of standard air.

In this work DMDS and DMS were the only sulfur compounds measured in all experiments.  This choice was based on the knowledge that combined emission of DMDS and DMS represents 87 to 94% of the total sulfur compound emissions during biosolids decomposition (Rosenfeld, 2001).  In initial experiments we attempted to measure hydrogen sulfide, however, no detectable levels were seen in the emissions and therefore it was discontinued.  

Experimental design and data analysis

The experimental design was a completely randomized design with four replicates.  Measured concentrations of DMDS, DMS, and CO2 were converted to emission rates (e.g (gDMDS/kgDry biodegradable fraction/min or equivalent) using the known dry weight of the biodegradable fraction (i.e. sample weight of biosolids and wood shavings only) at the beginning of the experiments and the known flow rate of air.  Cumulative emissions were calculated by numerically integrating the emission rate over time.

One-way analysis of variance (ANOVA) was used to determine statistical differences between treatments for each of the response variables (cumulative emission of DMDS, DMS, and CO2 over 120 h).  Normality and equal-variance assumptions in ANOVA were confirmed using Skewness and Kurtosis Tests, and the Modified-Levene Equal-Variance Test (Hintz, 2000).  Multiple comparisons of treatment effects were conducted using Duncan’s Multiple-Comparison Test.  

Catalytic oxidation studies

Ash from a process utilizing selective catalytic reduction (SCR) via NH3 injection for NOx removal was used in this study. The physical and chemical characteristics of the fly ash were determined and included pH (Monzo et al., 1995), surface area (BET using N2 – Nova 3000 Quantachrome, Boynton Beach FL), bulk density, and the elemental composition.  The surface area, bulk density, and pH of the ash were 7.68 ± 0.92 m2/g, 0.72 g/cm3, and 11.9 ± 0.01, respectively.

Batch Reactor Adsorption/Oxidation

Adsorption/oxidation studies were performed in batch reactor systems consisting of 120 ml amber, serum bottles (Fischer Scientific) capped with Mininert( valves (Valco Instruments Co. Inc, Houston TX). Batch reactors received a defined mass of ash (0.1, 1, or 10 g) based on bulk density measurements and the ash contacted with a known initial amount of air pollutant (5-500 ppmv and a defined injection volume) at time zero.  Time zero and multiple samples thereafter were taken via gas-tight syringes (100 (l; VICI Precision Sampling, Inc. Baton Rouge, LA) and quantified using gas chromatography to define the rate of compound loss from the headspace and equilibrium concentration. Batch reactions were performed in triplicate.

Analytical Methods

The gas phase concentration of the batch reactor headspace was analyzed using a Hewlett-Packard 5890 gas chromatograph equipped with a 0.2 mm diameter (1.2 mm film thickness) SBP-1 Sulfur column (30 m), operated with splitless injection and a sulfur chemiluminesence detector or SCD (Sievers 355, Boulder CO).  Separations were performed under isothermal conditions at 80(C, using the SBP-1 Sulfur column (30m x 0.32(m, Supelco, Bellefonte PA). Standard curves were prepared from gas and liquid standards in the range of 0-500 ppmv (Scott Specialty Gases, PA). The response of the SCD was found to be linear over this range of concentrations for all sulfur compounds tested with an R2 value of 0.98-0.99.  Standards were periodically analyzed to confirm the slope of the standard curve and the detector response. Standard curves and reactor analysis were performed under identical conditions (e.g. identical injection volume of 100 (l, column, temperature).
Experimental Procedure-Batch Reactors

A total of 14 batch reactors were randomly chosen for total volume determination. The total volume was determined by filling the reactors with water to the point of the Mininert valve and weighed; the total reactor volume was determined to be 120.92 ( 0.52 ml and this value was used in all calculations.  Headspace volumes and initial gas phase concentration were calculated based on the bulk density of the ash or the volume of water added to the reactors.  A defined volume of standard gas (e.g., H2S or ethanethiol) generated in a tedlar bag was added to each reactor through the Mininert valve. H2S standards were generated from 1.99% or 5% H2S standard tanks.  Ethanethiol, dimethyl sulfide, and dimethyl disulfide standards were generated using neat liquids and added as defined pure liquid volumes to a defined volume of N2 gas or air in a tedlar bag and allowed to evaporate.  If the volume of gas added was greater than 0.3% of the headspace volume, the volume of gas to be injected was removed from the headspace via a gas tight syringe to prevent dilution effects. In the reactor systems used to measure the adsorption capacity, headspace concentrations were measured after static incubation at 30(C for 24 hours; slurry systems were shaken at 250 rpm at 30(C for 24 hours. In systems used to measure adsorption/reaction rates, after compound injection into the reactor headspace (via a gas tight syringe), the Mininert valve was closed and the reactor briefly shaken. Before sampling the reactor was allowed to stand for 1 minute at room temperature.  Subsequently, the headspace was sampled 10-20 times using a gas tight syringe (100 (l) and the compound concentration (or peak area) determined by GC or GC/MS analysis.  Compounds were spiked into the headspace multiple times and the adsorption/reaction monitored with time.

Continuous Flow Studies

The extent of H2S conversion was measured in a continuous flow packed bed reactor (2.54 cm i.d., 30.48 cm length, kimax column).  Compressed air or N2 (1 L/min) was mixed with H2S (5% in N2) using a mass flow controller and passed through the column.  SCR ash (10 g dry ash + 3.33 g H2O) was distributed in glass wool and packed throughout the reactor.  Tees (stainless steel, Swage-Lock) with septum were installed at the inlet and outlet of the column for sampling. All tubing was 6.35 mm i.d. Teflon and fittings were constructed of stainless steel (Swage-Lock) and each end of the column contained a threaded Teflon plug for an air-tight fit.

Portable GC/MS units were used to measure H2S levels in the inlet and outlet of the packed-bed reactor (HAPSITE Inficon, East Syracuse NY).  Gas samples were analyzed under isothermal conditions (80(C) using an SPB-1 Sulfur column (Supelco, Bellefonte PA).  Columns were standard 30-m capillary columns (0.32 (m ID x 1 (m film) spun into small cartridges, with 5 m of pre-column separated from the main column by a tee.  Injection volume was controlled by a sample loop volume and injection time (1-10 sec). Gas samples were sampled directly from tees at the inlet and outlet of the column using a heated probe (50(C) and a defined flow rate of 145 ml/min for approximately 0.5 – 1 minutes.  Nitrogen was used as the carrier gas in the GC/MS system (3.5-3.7 ml/min). 

The mass spectrometer consisted of an ionizer (70 eV), a mass selector (1-300 AMU), and an ion detector (scan rate 1000 AMU/sec @ 10 points per AMU).  Two internal standards, 1,3,5 tris(trifluoromethyl)benzene (100 ppmv) and bromopentafluorobenzene (50 ppmv), were used to tune the MS and injected with each gas sample.  A non-evaporable getter pump (NEG) was used to generate the required vacuum, which necessitated the use of nitrogen as the carrier gas. The mass spectrometry (MS) detector was tuned before each analysis or every eight hours.   Selective ion monitoring (SIM) was used to improve sensitivity in the H2S analysis.  In the SIM mode mass/charge ratios (m/z) of 33, 34, 69 (internal standard), and 117 (internal standard) were selectively scanned instead of a range.  Standard curves and continuous flow studies were based on the measured peak area of m/z 34. 

RESULTS AND DISCUSSION

Biodegradation studies with biosolids-wood mixes

Moisture contents of the ashes were low (0.7 to 1.7%) while that of the activated carbon was 14.3% (Table 1).  As expected, surface area and carbon content were highest in the activated carbon.  The high carbon coal ash (HCCA) had a carbon content of 52.9% but a relatively low surface area (8.96 m2/g).  Unlike the work of Rosenfeld and Henry (2000) where a high correlation was seen between surface area and carbon content, in coal ashes the surface area varied significantly providing poor correlation with carbon content.  One reason for this could be that the ashes were derived from different processes that may have impacted its physical properties.  Carbon content varied from 52.9 to 7.6% in the coal ashes and hence these were classified as high carbon (52.9%), medium carbon (25.4%), and low carbon coal ash (7.6%).  Highest surface area was found in wood fly ash (43.1 m2/g) and was in the range (25 to 74 m2/g) reported by Rosenfeld and Henry (2000).  With the exception of one ash (HCCA, pH 3.03) all other ashes were highly alkaline (pH 11.8 to 12.13).  

Biological activity of biosolids-ash mixes

The extreme pH values in ash (3.03 or 12.13) could potentially inhibit biological activity, however at the percentage amounts used in this experiments, inhibition was not observed.  Cumulative CO2 emission over the test period of 120 h ranged between 135.7 and 160.3 g/kg.  Although the mean cumulative emission was highest in the no-ash control, ANOVA confirmed that there were no statistically significant differences (α = 0.05) between the six treatments (Table 2).  Highest instantaneous emission rates occurred at 24 h for all treatments and replicates evaluated and ranged between 34 and 42 mg/kg/min (Figure 2).  These instantaneous emission rates correspond to 2.04 to 2.52 mg/g/hr CO2 production and represent high biological activity that is typically seen in early stages of composting.  It is known that materials exhibiting CO2 production in the range of 1.5 to 3.1 mg/g/hr are unstable (biologically active) composts (Epstein, 1997).  

Emission rates and cumulative emission of DMDS

Instantaneous emission of DMDS peaked at 24 h in contrast to DMS, which peaked between 72 and 96 h (Figure 2).  The DMDS emission behavior was similar to that reported by Rosenfeld and Henry (2000) that showed rapid increase to a peak value and continued to decline thereafter.  Hydrogen sulfide was not detected in any of the measurements made in our experiments.  A possible explanation is that under mildly alkaline conditions, hydrogen sulfide deprotonates to HS- that is microbially oxidized to DMDS (Rosenfeld and Henry, 2000).  Tomita et al. (1987) have identified 24 strains of microorganisms in biosolids that are capable of producing high amounts of DMDS from the decomposition of amino acids.

The highest DMDS emission rate measured was 41.9 (g/kg/min in the no-ash control and the lowest measured rate was 4.3 (g/kg/min in the AC amended treatment.  Since these rates have been normalized by the mass of biodegradable matter (biosolids + wood shavings) in each treatment, they can be directly compared indicating a 90% reduction in emission rate as a result of AC addition.  The WFA amended treatment exhibited a 63% reduction in peak emission rate compared to the control.  Coal fly ash performance ranged between 18 and 24% reduction in peak emission.  

Cumulative emission of DMDS at the end of 120 h was 189.9 mg/kg for the no-ash control and between 21.3 to 135.3 mg/kg for the various amendments (Table 2).  There were no statistically significant difference (α = 0.05) between the control and MCCA.  Cumulative emission in all other treatments was significantly different from the control.  As in the case with peak emission rates, the AC treatment had the highest impact on cumulative DMDS emission, followed by WFA and then the coal ash amended treatments.  Duncan’s multiple comparison showed no significant differences between the three coal ash treatments, probably a result of the high variability in emission during active aerated incubation (Table 2).

Emission rates and cumulative emission of DMS

Peak emission rates of DMS occurred between 72 and 96 h of incubation.  The concentrations were significantly lower than DMDS and represented approximately 10% of the total emission of DMDS and DMS.  These ratios are similar to that reported by Rosenfeld (2001) and Banwart and Bremner (1975).  The increasing emission rates later in the incubation suggest biologically mediated transformation from other precursors.  Kiene and Capone (1988) have documented that DMS could be produced from DMDS or methanethiol in certain microbial environments.

In all treatments, with the exception of AC, the peak emission rate of DMS was higher than in the control (Figure 2).  The 120-h cumulative emission of DMS was 11.39 mg/kg for the no-ash control while it ranged from 8.85 to 25.29 mg/kg for the ash treatments.  The AC treatment had a cumulative emission of 5.38 mg/kg.  Multiple comparisons indicated that there were no statistically significant differences (α = 0.05) between the no-ash control, HCCA, and AC treatments.  Similarly, there were no significant differences between MCCA, LCCA, and WFA, all of which exhibited significantly higher emission for DMS (α = 0.05) than the control.

The 120-h cumulative emission of DMS for the MCCA, LCCA, and WFA treatments compared to the control exhibited a percentage increase of 86, 54, and 122%, respectively.  A reason for this behavior has not been established, however, it is possible that the high pH (11.8 to 12.1) may have enhanced production and release of DMS.

Relationship between surface area and carbon content and emissions

In using wood ash containing various levels of carbon (0.2 to 33%), Rosenfeld and Henry (2001) found strong correlations (r2 = 0.71 to 0.73) between carbon content and the sorption capacity of ash for DMDS and DMS.  Our results show that using a linear model, 57% of the variability in DMDS could be accounted for by the variation in carbon content, but only 31% of the variability could be explained for DMS (Figure 3).  In both cases cumulative emission was negatively correlated with surface area of the amendment.  

The relationship between 120-h cumulative emission and carbon content of the ash exhibited a better fit to a linear model for DMS than for DMDS (Figure 4).  The model fit could account for 50% of the variability in DMS, but only 25% in DMDS.
Catalytic oxidation studies 

Hydrogen sulfide adsorption was measured in batch reactors using two different amounts of coal fly ash (0.1 and 1.0 g) and by varying the initial gas phase concentration from 10 to 500 ppmv (0.01-0.7 g/m3).  The adsorption capacity of the SCR (ash determined by a mass balance) for H2S increased linearly with the initial gas phase concentration. In the reactors that received 1 g of ash equilibrium H2S concentrations were at or below detection limits indicating the capacity of the ash had not been exceeded.  This result was observed when a smaller amount (0.1 g) of ash resulted in similar equilibrium gas phase concentrations and suggested a reaction may be responsible for H2S removal (1000 mg/kg at 0.7 g/m3).  Subsequently, batch reactor systems were repeatedly pulsed with H2S to determine if the systems could be saturated, which would indicate adsorption as the removal mechanism.  Hydrogen sulfide was consistently removed to below 2 ppmv  (0.0043 g/m3) when repeatedly contacted with SCR ash (Figure 5), suggesting that the ash catalytically oxidized the H2S. 

In addition, the structure of the compounds tested apparently altered the adsorption/reaction results.  Dimethyl disulfide (DMDS) had a much lower adsorption capacity for the SCR ash and the adsorption capacity did not increase with the initial gas concentration (maximum of 80 mg/kg).  Moreover, after an initial decline, DMDS and dimethyl sulfide (DMS) headspace concentrations remained constant in the batch reactor systems (data not shown).  Contrary to DMDS and DMS, the addition of ethanethiol to coal fly ash resulted in the rapid loss of ethanethiol and the formation of diethyl disulfide (Figure 6).

Effect of Water

As noted in the literature the presence of H2O potentially enhances H2S oxidation (Steijns and Mars, 1974; Meeyo and Trimm, 1997) and thus the effect of moisture content on the adsorption/oxidation reaction was studied.  Batch adsorption/reaction studies were performed with dry, 25% moisture, and completely saturated SCR ash.  Initial rate data indicated that the presence of water increased the rate of H2S and ethanethiol loss (most notably for ethanethiol) from the headspace of the batch reactors (Figure 7). 

Mixtures of Sulfur Compounds

Previous research indicated that DMS (CH3SCH3), DMDS (CH3SSCH3) or MT (CH3SH) could only be oxidized by activated carbon in the presence of H2S (Choi et al., 1992; Katoh et al., 1995) . Given the fact that individually DMS and DMDS were not catalytically oxidized by coal fly ash, mixtures of DMS or DMDS and H2S were tested.  Contrary to previous work with activated carbon, the addition of H2S to DMS or DMDS did not result in a measured loss of the two compounds in the batch reactor systems; H2S was rapidly removed but not DMS or DMDS (data not shown).  Results were similar for systems that received H2O as well.  

Continuous Flow Experiments

Initial results indicate that a stream containing an inlet H2S concentration of 400-500 ppmv was reduced to 200 ppmv at a 4.6 second residence time (based on the packing height of the ash).  The removal efficiency remained at 50% for approximately 4.6 hours or 3500 reactor volumes (Figure 8).  To determine if O2 is required for the reaction to take place and confirm that coal fly ash catalyzed H2S oxidation, air was replaced with nitrogen.  Although there was a variation in the inlet H2S concentration, the inlet and outlet H2S concentrations rapidly equalized indicating the reaction does not take place without oxygen (Figure 8).  Additional continuous flow studies using N2 as the carrier gas resulted in complete lack of H2S removal (data not shown).

Additional discussions

The results indicate that H2S and ethanethiol were catalytically oxidized in the presence of coal fly ash (ash from a process using selective catalytic reduction for NOx removal).  In batch reactors that contained H2S or ethanethiol (CH3CH2SH) without SCR ash, equilibrium concentration or peak areas remained constant.  Dimethyl sulfide (CH3SCH3) and dimethyl disulfide (CH3SSCH3) did not react with the ash since equilibrium concentrations remained constant in the batch reactor systems.  Moreover, ethanethiol oxidation resulted in the formation of diethyl disulfide (CH3CH2SSCH2CH3).  These results are similar to Dalai et al. (1997) who reported the formation of CH3SSCH3 from CH3SH using activated carbon.  The fact that H2S and CH3CH2SH were oxidized, when CH3SCH3 and CH3SSCH3 were not, indicate that the sulfur atom is the site of the reaction and must be free for interaction with an active site on the SCR ash (i.e. under the conditions studied).  

Potential Mechanism(s)

Several different mechanisms for H2S oxidation have been proposed and could be responsible for the catalytic oxidation of H2S and CH3SH (similar to ethanethiol).  The fact that water addition increased the rate of oxidation suggests that H2O along with O2 is a required reactant and that the reaction takes place within the water phase condensed on the surface of the ash or in the pores. The data suggest that both H2S (or other reduced sulfur compounds) and oxygen must be transferred from the gas phase to the liquid phase coating the surface of the fly ash. Once in the liquid phase, diffusion coupled with chemical reaction may occur in this liquid film or the reactants may diffuse through the liquid film and adsorb at the surface of the ash where a surface reaction could take place. Previous research suggested a mechanism involving transition metal ions and could account for both H2S and ethanethiol oxidation (Meeyoo and Trimm, 1997).  In the suggested mechanism, R could be H, CH3, or CH3CH2 groups. We believe that if the R group is CH3 or CH3CH2, oxygen is not capable of reacting with R-SS-R or R-S-R and thus no further reaction occurs beyond this point, which accounts for the formation of diethyl disulfide from the ethanethiol.
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Coal ash is reported to have high concentrations of metal oxides, such as Al2O3 (14-20%, w/w), Fe2O3 (8-14%, w/w), and TiO2 (1-1.6%, w/w) that could act as catalysts (Mallik and Chaudhuri, 1999).  The ash used in these experiments had an iron, aluminum, nickel, and vanadium content of 19600.0, 6926.0, 21.7, and 40.0 ppm respectively, with little carbon (7.6%) and a small surface area compared to activated carbon (7.7 m2/g).  Iron oxide catalysts are used to catalyze the oxidation of H2S (Li et al., 1997) and other metals have been added to activated carbon to alter catalytic selectivity (Mikhalovsky and Zaitsev, 1997).  

CONCLUSION

Biodegradation studies with biosolids-wood mixes

A controlled incubation study was conducted to establish the emission rates and cumulative emission of DMDS and DMS from a biosolids-wood shavings blend.  Three coal ashes (high, medium, and low carbon), wood fly ash, and activated carbon were evaluated as amendments that could potentially reduce emission, while not impacting biological activity.  The overall conclusion is that addition of ash resulting in a mixture of 25, 53, and 22% of biosolids, wood shavings, and ash, respectively, did not negatively impact biological activity.  DMDS emissions were reduced in the AC, WFA, HCCA, and LCCA treatments.  The DMS emission in AC and HCCA treatments were similar to the control, while all other ash treatment showed an increase in DMS emissions. Since cumulative emissions of DMDS was approximately 10 times higher than that of DMS (Figure 2), these results suggest that addition of ash in composting blends can result in odor reduction without affecting biological activity.  Additional key findings of our work are listed below:

1. Peak emission rate of DMDS and DMS in the biosolids-wood shavings mixes were 41.9 and 1.89 (g/kg/min, respectively.

2. The 120-h cumulative emissions of DMDS and DMS for the biosolids-wood shavings mixes were 189.95 and 11.39 mg/kg, respectively.

3. The peak emission rate and 120-h cumulative emission of CO2 for the biosolids-wood shavings control was 41.4 mg/kg/min and 160.3 g/kg, respectively.

4. Addition of amendments reduced the DMDS emission rate in all treatments.  Emissions were normalized by the mass of biodegradable matter (biosolids + wood shavings) in each treatment for direct comparison.  Percentage reduction of 90 and 63% in DMDS emission rate was observed in AC and WFA treatments, respectively.

5. Percentage reduction of 18 to 24% in DMDS emission rate was observed in the three coal fly ash amended treatments.

6. Percentage reduction in 120-h cumulative DMDS emission for HCCA, MCCA, LCCA, WFA, and AC compared to the no-ash control were 41, 29, 53, 59, and 89%, respectively.

7. The percentage increase in 120-h cumulative emission of DMS for the MCCA, LLCA, and WFA treatments compared to the control were 86, 54, and 122%, respectively.

8. The 120-h cumulative DMDS emission correlated better with surface area (r2 = 0.57) than with carbon content (r2 = 0.31) and could be described by the model:
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9. The 120-h cumulative DMS emission correlated better with carbon content (r2 = 0.50) than with surface area (r2 = 0.25) and could be described by the model:
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Catalytic oxidation studies 

Experimental results suggest that coal fly ash from a selective catalytic reduction (SCR) process promoted the catalytic oxidation of H2S and ethanethiol at room temperature (23-25(C).  The most conclusive set of data were the results demonstrating the formation of diethyl disulfide from ethanethiol in the presence of SCR ash.  It is likely that the metal oxides present in the SCR ash were responsible for oxidation of the reduced sulfur compounds.  Future research will focus on:

1. kinetics and decay of H2S oxidation using coal fly ash, 

2. methods to enhance the oxidation of other reduced sulfur compounds (e.g., ethanethiol),
3. development of catalyst pellets to reduce pressure drop and 
4. methods to better understand the mechanism and regenerate the catalyst.  
These experiments will provide a basis for catalyst and reactor design to remove reduced sulfur compounds from agricultural, solid waste, and chemical industry emissions using coal fly ash.  
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Table 1.  Properties of ash used as amendments to biosolids-wood shavings mixes.

	Description of ash 
	Moisture content

% wet basis
	Carbon Content

% dry basis
	Surface area

m2/g
	pH



	HCCA, High carbon coal ash from collected through bag filters
	1.7(0.1
	52.9(2.3
	8.96(0.66
	3.03(0.05

	MCCA, Medium carbon coal ash collected from an electrostatic precipitator
	1.3(0.4
	25.4(0.3
	17.1(1.1
	11.80(0.05

	LCCA, Low carbon coal ash collected from a selective catalytic reduction process 
	1.3(0.0


	7.60(0.1
	7.29(0.97
	11.87(0.05

	WFA, Wood fly ash
	0.7(0.1
	18.8(2.2
	43.1(14.0
	12.13(0.08

	AC, Activated carbon
	14.3(0.2
	80.6(6.4
	700(100
	9.26(0.02


1 Values reported in the table are Average ( Standard Deviation (n = 4)

Table 2.  Cumulative emission of DMS, DMDS, and CO2 over 120 h in the different treatments evaluated.

	Treatments 
	DMDS
	DMS
	CO2

	
	---------------------------------- mg/kg-----------------------------------

	No ash control
	189.9(63.7 ac
	11.4(3.52 abcde
	160.3(48.6 a

	HCCA, High carbon coal ash
	109.3(45.3 bcde
	8.85(1.65 abcd
	149.9(16.2 a

	MCCA, Medium carbon coal ash
	135.3(20.7 abcde
	21.2(6.96 cdef
	158.8(19.3 a

	LCCA, Low carbon coal ash
	89.6(17.7 bcdef
	17.5(2.5 bcdef
	135.7(19.1 a

	WFA, Wood fly ash
	77.5(19.7 bcdef
	25.3(10.6 def
	145.4(25.8 a

	AC, Activated carbon
	21.3(6.6 def
	5.38(1.00 abc
	149.1(12.4 a


1 Values reported in the table are Average ( Standard Deviation (n = 4).

2 For DMDS, DMS, and CO2, treatments followed by similar alphabets were found to have no significant differences (α = 0.05).
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Figure 1. Schematic of the test setup used for evaluating emission rates during aerobic biodegradation.
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Figure 2.  Instantaneous emission rates and cumulative emission over the 120 h

of incubation for biosolids-wood shavings blended with ash amendments.
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Figure 3.  Relationship between cumulative emissions of DMDS and DMS, and the surface area of ash amendment used in treatments.  Error bars represent ( one standard error about the mean (n =4)
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Figure 4.   Relationship between cumulative emissions of DMDS and DMS, and the carbon content of ash amendment used in treatments.  Error bars represent ( one standard error about the mean (n =4)
Figure 5: The adsorption/reaction of H2S (() at an initial gas phase concentration of 0.16 g/m3 (104.3 ppmv) with coal fly ash (1 g) from a selective catalytic reduction process under dry conditions and statically incubated at 23-25(C.  The batch reactors were periodically spiked and the adsorption/reaction measured with respect to time.



Figure 6: The adsorption/reaction of ethanethiol (() and subsequent formation of diethyl disulfide ((, identified via GC/MS analysis) with coal fly ash (1 g) from a selective catalytic reduction process under dry conditions and statically incubated at 23-25(C.



Figure 7: The effect of water addition on the adsorption/reaction of ethanethiol with coal fly ash (1 g) from a selective catalytic reduction process at 23-25(C.   ( dry ash, ( 25% (w/w) moisture, ( slurry (1 g in 10 ml H2O).  The fractional decline in ethanethiol is shown versus the change in time after injection of the reactant.  It should be noted that the data is based on peak area only.


Figure 8: Continuous conversion of a gaseous H2S stream using a reactor packed with 10 g of coal fly ash (25% moisture) at 23-25(C and the effect of switching from air to nitrogen (arrow) on the continuous conversion of a gaseous H2S stream.  ( Inlet H2S, ( Outlet H2S.
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