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Abstract: Solid waste production is rapidly increasing, and Municipal Solid Waste Incinerator plants provide a practical and sustainable solution to significantly reduce the volume of waste. Incinerator ash is a byproduct of the combustion process, and lightweight sands can be reclaimed from the ash for use in cementitious materials once treated for hydrogen gas production. This work investigates treatment methods for reclaimed sands for use in concrete. A novel method based on a propriety patent to capture the amount of hydrogen gas production from reclaimed sands is presented using a steel pressure chamber, pressure transducer, and data acquisition system. The setup is maintained under a constant temperature, pressure, and agitation using an environmental incubator.  Treatment methods using sodium hydroxide, reused sodium hydroxide, alumina, and alumina + sodium hydroxide are investigated. It is found that sodium hydroxide is an effective treatment solution for reclaimed sands, with the ability to reuse the solution multiple times. Alumina is found not to be an effective treatment method when used alone. Concrete is made using treated reclaimed sands, where it is shown through scanning electron microcopy imaging that large voids in the cement matrix due to hydrogen gas production are significantly reduced in size. 
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I. Introduction 

Solid waste management has become a critical environmental issue worldwide [1]. Municipal Solid Waste Incinerator (MSWI) plants provide a practical and sustainable method to significantly reduce the volume of solid waste through combustion [2]. Incinerator ash is produced as a byproduct of the combustion process, and has been used as aggregates in several construction materials including: a) subbase [3 – 4] b) Concrete Masonry Units (CMU) [5 – 6], and c) concrete [7 – 9]. Typically, bottom ash as opposed to fly ash is used in these applications, due to the heavy metal and salt concentrations in fly ash. As discussed in Mathews et al [9], the majority of incinerator ash reuse applications have been for materials where cement hydration is low or non-existent (i.e. subbase and CMU). This is due to a hydrogen gas expansion that occurs from the reaction of metallic aluminum due to the presence of the porous silicate, which traps aluminum in its pores. The trapped aluminum will later be released during concrete hydration in presence of calcium hydroxide, a basic agent, generating hydrogen gas. The lightweight properties of MSWI ash are useful in concrete [9], but the sands must be treated for hydrogen gas production to create a useful material. The material has to be treated due to the inability to remove small particles of metal from the MSWI ash, which are either on the scale of sand grains or liquid metal entrapped in the pores of the ash. In Xia et al. [10], it is noted that MSWI ash in the United States has a metal content of 8%. Current industry removal processing uses magnetic separation for ferrous metals, and eddy-current separation for non-ferrous metals. In general, large metal particles can be removed through these processes, but sand size metal particles cannot be consistently removed. The hydrogen gas reaction generally occurs in high pH environments which are created when cement reacts with water during hydration, and the chemical reactions are provided in the equations below [1, 11]
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The formation of the gas within the concrete causes unwanted cracks and expansion which lead to decreased structural capacity [9]. Due to the significant potential to reuse MSWI ash in concrete, several studies have been performed on treating MSWI ash to either remove metallic aluminum or mitigate hydrogen gas production [1, 12–16]. There are two main approaches to address hydrogen gas production in MSWI ash with respect to concrete:
1. Arresting (per suppressing) the hydrogen production to inhibit its release during concrete production.
2. Accelerating the hydration generation of aluminum prior to use in concrete to a level at which the amount of the hydrogen does not damage the quality of concrete.


In the first approach, hydrogen gas production is inhibited or restricted to a level at which the concrete is not damaged. For example in Ichikawa et al. [12], to avoid excessive expansions in cement, 6.9 wt% of calcium chloride solution was added to MSWI ash when mixed with cement powder. The results showed no signs of hydrogen evolution in the final cement, which originally had been observed. This result indicated that the presence of calcium chloride controlled the alkalinity so that the protective oxide layer of aluminum was not damaged during the mixing process which prevented the exposure of aluminum to water and thus hydrogen was not produced. However, the presence of chlorides may have increased the corrosion in the cement kilns which are detrimental for cement quality [15].


The second approach uses accelerators such as hydroxides, oxides, or alloys (such as gallium) as catalysts to cause all of the hydrogen generation to occur in the ash, where the hydration process of aluminum is accelerated by increasing the temperature and the alkalinity of the treatment solution [16]. For hydroxides treatments, strong bases are typically used to create a high alkaline environment. Previous studies often suggested soaking the ash in a strong base from 2 to 48 hours and in some cases up to 15 days [1, 17–20]. Sodium hydroxide is the most common form of these treatment methods, and in general is successful in generating hydrogen gas from the MSWI ash. Besides the concentration of the solution treatment, the amount of gas generated is dependent on the particle size of the ash and any additional agitation methods [1, 20, 21]. In oxide treatments, the oxide layer of MSWI ash particles is dissolved in a strong acidic or basic environment where the pH is outside the range of 5-9 [22]. Xuan and Poon [13] demonstrated that the optimum conditions to effectively remove aluminum was by adopting a minimum of 1 mol/l [OH], at 55⁰C and with a minimal liquid-to-solid ratio of 5. Saikia et al. [23] used alkalinity to remove the metallic aluminum present in the bottom ash using sodium carbonate instead of sodium hydroxide. The results indicated that adding 0.25 M sodium carbonate solution dissolved aluminum in the bottom ash. Various forms of aluminum oxide have also been used for treatment solutions such as bayerite AlOH3, boehmite (AlO(OH)), gamma alumina (γ-Al2O3), or alpha alumina (α-Al2O3) [24, 25]. The most common treatment method of bottom ash for concrete use is sodium hydroxide due to its price in comparison to other chemicals.

In general, hydrogen gas treatment studies consider bottom ash to be effectively treated if the hydrogen gas production plateaus during treatment. However, due to the complex pore structure of bottom ash, it is possible that non-reacted aluminum could still be trapped inside the material even after treatment. This paper investigates the performance of treated MSWI ash (bottom ash) in concrete through scanning electron microscopy, where the effect of the treatment can be clearly seen. In addition, a novel method based on a propriety patent is introduced to capture the hydrogen gas produced during treatment using a pressure transducer and data acquisition system (DAQ) to continuously record data. It should be noted that the property patent was not developed based on the work in this study. Traditional treatment methods using sodium hydroxide and alumina are explored. The effectiveness of reusing sodium hydroxide has also investigated, which is important for treatment implementation at the industrial level. 

II. Materials and experimental methods
 2.1 Materials

The MSWI ash in this work was provided by the York County Solid Waste Authority (YCSWA) in York, Pennsylvania, and was post-processed at the Pure Recovery Group facility to a) remove the majority of fly ash, b) produce sand size particles suitable for concrete, and c) remove large pieces of ferrous and non-ferrous metals from the ash. This post-processing procedure is described in [9], and the newly produced material will be referred to as reclaimed sands (RS) in this work. After the Pure Recovery Process, RS are composed of primarily bottom ash. Concrete in this study is made using limestone gravel, manufactured concrete sand, type I/II Portland cement, RS, and water. All materials were mixed using a cement mixer and wet cured for 28 days before any testing. Powdered sodium hydroxide and alumina are used for MSWI ash treatments in this work. 
2.2 Treatment methods

For each MSWI ash treatment, two identical 4-in diameter x 8-in height metal chambers were used as chemical reactors to perform parallel replicates. The chambers are made of stainless steel with airtight seal lids containing holes for pressure transducers and/or thermocouples. General use pressure transducers from OMEGA Engineering were used to record pressures developed from hydrogen gas in the chambers. DAQami data acquisition software from Measurement Computing, Inc. was used to continuously record pressures throughout the test. Current treatment studies, such as [1], utilize readings from a graduated cylinder to measure hydrogen gas, which does not provide an exact or continuous measure of pressure. In [14], a gas tight syringe was used to withdraw gas from hydrogen gas chambers with MSWI ash for analysis with a gas chromatograph. This method, while accurate, is not easily performed, and [14] only takes hydrogen gas measurements once a day. In this study, the two chambers were placed and secured inside a Brunswick Incubator Shaker I24, which was used to heat the chambers to a consistent temperature and spin them for chemical agitation. This experimental setup is shown in Fig. 1. In all experiments, 100g of RS and 10 stainless steel ball bearings were placed inside each chamber. The ball bearings were used to enhance the shaking as well as releasing metallic aluminum from the silicate pores inside the sands. Next, a certain amount of basic reactant (depending on the treatment) and 500mL of water were mixed and added to each chamber, and the chambers were placed inside the incubator and secured. The incubator was run at 60⁰C and 150 revolutions per minute (RPM), for the time period required for each treatment.  Most treatments required between 22 – 25 hours for the rate of hydrogen gas production to reach a plateau.

For the sodium hydroxide treatment, 20g of sodium hydroxide was added as the basic reactant to 100g sands, 500mL water, and 10 ball bearings. In the re-used sodium hydroxide treatments, after the initial run with fresh sodium hydroxide was completed, the used sodium hydroxide was collected by separating the RS and the ball bearings from the mixture. A subsequent trial was started using 100g of fresh RS and the collected sodium hydroxide which was brought to 500mL volume with 1M sodium hydroxide. The final mix proportion was 80% unused sodium hydroxide and 20% fresh sodium hydroxide. This process of reusing the sodium hydroxide was repeated until the reaction rate stopped decreasing between trials. For the alumina treatment, 20.3g of alumina was added as the basic reactant to 100g sands, 500mL water, and 10 ball bearings. The procedure followed the exact same steps as the one for sodium hydroxide treatment. In the treatment with combined alumina and sodium hydroxide, 20.3g alumina and 20g sodium hydroxide were added at the same time to 100g sands, 500mL water, and 10 ball bearings. The rest of the procedure was performed following the same procedure as the sodium hydroxide treatment. 
2.3 SEM setup

As a secondary assessment of treatment effectiveness, treated RS are used as a partial replacement for fine aggregate in concrete. Untreated RS cannot be used in concrete, due to the formation of large internal voids in the material caused by hydrogen gas production. These voids can be seen in Scanning Electron Microscopy (SEM) scans of concrete with untreated RS, as shown in the supplementary data figure reproduced from [9]. The voids in this figure are denoted by blue circles, and the use of RS that have been effectively treated should significantly decrease production of the voids. The effect of untreated MSWI ash on concrete can also be seen in [26]. Current treatment studies sometimes analyze the microstructure of MSWI ash, but they do not investigate the microstructure of concrete made with material treated for hydrogen gas production. The concrete in the supplementary data figure is made using an 80/20 mix, where the second number denotes the volumetric replacement percentage of fine aggregate with RS in the mix. A corresponding mix design is provided in Table 1, and a control mix with no RS is also provided for reference. Concrete in this work is made with 80/20 mixes using RS that have been treated with: a) sodium hydroxide and b) 50% used sodium hydroxide and 50% fresh sodium hydroxide. SEM scans of the treated RS concrete are shown in section 3.5, and images are provided at 500x, 2500x, and 5000x magnification. All of the materials used to make concrete in this work are the same as in [9], with the exception of using manufactured sands instead of natural sands for the fine aggregate. Manufactured sands have similar physical and chemical properties to natural sands, and their use should not significantly affect hydrogen gas production in the concrete. Concrete samples were prepped for SEM analysis using the procedure discussed in [9]. Samples were grinded using a diamond polishing paste, coated in epoxy, and coated in iridium to negate any charging effects.
III. Results and discussion

All treatments demonstrated hydrogen evolution under heat (60⁰C), agitation, and an alkaline environment. The heat is needed to increase the reaction rate, and agitation was applied to enhance the reaction kinetics occurring between the metallic aluminum in the RS and the aquatic solution. In addition, agitation allowed releasing the entrapped aluminum within the silicate molecules and the generated hydrogen gas stuck at the solid/liquid interface. According to Eq. (4), hydrogen generation represented aluminum conversion and thus its removal from the bottom ash; for every 3 moles of produced hydrogen, 2 moles aluminum get consumed.
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In all the employed treatments, hydrogen generation, over time, followed a logarithmic graph. This agreed with previous studies such as [12, 14]. The amount and rate of hydrogen production (in kPa per hour), however, varied with different treatment methods.
3.1 Alumina treatment

As shown in Fig. 2(a), when the RS were treated with alumina as the only basic reactant, hydrogen generation immediately increased within the first two hours, stayed almost constant for the next 8 hours but then dropped for the remaining hours. The amount of produced hydrogen at the highest level was only 23 kPa, equivalent to 0.14 mmole hydrogen for 100 g sands. This amount of hydrogen gas is extremely small with respect to the quantity needed to effectively mitigate the effect in RS. The drop in the pressure observed in Fig. 2(a) is attributed to the small overall magnitude of the curve. At higher pressures, as observed in subsequent results, similar drops in pressure are not observed. 
3.2 Sodium hydroxide treatment

As a result of the treatment with pure sodium hydroxide, shown in Fig. 2(b), the generated hydrogen followed a logarithmic graph. First, it increased exponentially within the first 4 hours from 0 to 300 kPa, followed by a decelerated phase where the hydrogen generation increased from 300 to 350 kPa over 6 hours followed by a plateau for the remaining 14 hours of the experiment. The total hydrogen production at the end of this treatment was about 361 kPa, equivalent to 0.215 mmole hydrogen for 100 g sands. The obtained results showed that hydrogen was produced at a higher amount and faster pace in the presence of sodium hydroxide than alumina, thereby a more effective treatment for removing metallic aluminum from the RS. 
3.3 Sodium hydroxide + alumina 

The results of the alumina treatment showed that it did not catalyze the aluminum conversion reaction, but it did delay the passivation phase which resulted in generating some amount of hydrogen gas. Hence, while alumina can restrict forming the passive oxide layer at the surface of aluminum, it still requires a catalyzer for the reaction to be feasible. Therefore, alumina granules were dissolved in the solution of water and sodium hydroxide (an alkaline solution), which is used as a hydrogen accelerator in this treatment. Alumina (γ-Al2O3), i.e., nano alumina, acquires great surface area due to its small particle size, which provides high activity at the surface for catalyst applications [27]. Alumina also possesses excellent characteristics such as highly uniform channels and narrow pore size distribution and dispersion [28]. These unique properties of alumina would allow a “catalytic support” for the metallic aluminum to directly react with water, bypassing the aluminum oxide layer which would otherwise be formed at the surface of metallic aluminum. The results showed high reaction rate. As shown in Fig. 2(c), hydrogen generation followed the same logarithmic pattern as other treatments. It increased exponentially from 0 to 325 kPa within the first five hours, followed by a slower increase from 325 to 390 kP within the next 10 hours and finally reached a plateau at 404 kPa for the remaining 13 hours. These results suggested that the treatment method using both alumina and sodium hydroxide generated the highest amount of hydrogen (~400kPa) among all other treatments performed in this study.

Transition phases of alumina, such as alumina used in this work, are crucial basic reactant supports due to their high surface area and surface activity. While the direct reaction of metallic aluminum with pure water is very slow due to the passive oxide layer formed at the surface of aluminum, alumina is an excellent oxidation resistant [29]. Past research showed that once metallic Al was treated with alumina, its surface was covered with fine γ-Al2O3 grains (which are greatly oxidation resistant) [4]. In addition, these studies demonstrated complicated phase constituents, such as i-Al2O3 and bayerite (a-Al2O3.3H2O), at the surface of the original metallic Al particles. These constituents were completely disappeared after the alumina treatment, implying their transformations into γ-Al2O3. These findings exhibited the absence of the passive oxide layer on the surface of metallic aluminum particles after they were treated with alumina [4]. Hence, it is believed that adding alumina to the solution could alter the surface of metallic Al particles, which can modify the passivation phase of aluminum conversion and thus change the corrosion behavior of metallic aluminum. These results agreed with previous studies. Deng et al [25] showed that as more amount of alumina was present in the alkaline solution containing metallic aluminum, a higher rate of hydrogen was generated while a lower amount of aluminum was detected in the final solution. In addition, Deng et al. [25] detected boehmite at the surface of the treated aluminum which reveals another potential mechanism of how alumina can assist with aluminum treatment. The following reaction suggests that alumina at the surface of aluminum particles could allow transportation of the Al ions and other species from the metallic Al to the outside layer and react with water, which results in boehmite and hydrogen gas formation. 
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The results indicate that in the presence of both sodium hydroxide and alumina, metallic aluminum was released as aluminum ions and reacted directly with water, by passing the passive oxidation phase. The increase in hydrogen gas production from the use of sodium hydroxide + alumina vs. pure sodium hydroxide does not provide enough incentive to utilize the two chemicals together.
3.4 Reused sodium hydroxide treatment 

To examine whether the utilized sodium hydroxide can be reused again without losing its activity, RS were treated with a mixture of 80% reused sodium hydroxide + 20% fresh sodium hydroxide from the previous run, while every other operational condition remained the same. Five reused sodium hydroxide treatments were tested as shown in Fig. 3(a), which includes the hydrogen production from each treatment analyzed in this study. In all the sodium hydroxide  reused treatments, the amount of produced hydrogen was lower than that in the treatment with fresh sodium hydroxide. Produced hydrogen gas ranged from 264 – 329 kpa in the reuse treatments vs. 361 kPa with fresh sodium hydroxide. As shown in Fig. 3(a), there was a clear drop in hydrogen production after the second time recycling sodium hydroxide, suggesting that sodium hydroxide’s activity was dropped significantly. The rates of hydrogen production were also affected by sodium hydroxide reuse. The rate of hydrogen production with pure sodium hydroxide was around 162, while this number decreased to 134 for the next two runs, 100 for the third reuse, and 98 for the last two runs. The obtained results indicated that contaminations dissolved in the solution had carried over with the recycled sodium hydroxide and reduced the activity of hydroxide which ultimately reduced its catalysis strength over the aluminum and water reaction. However, even at the lowest level of activity of sodium hydroxide (i.e. 4th and 5th reuse), the treatments with sodium hydroxide demonstrated a better result than the alumina treatment.

3.5 Comparison of all treatments 

Fig. 3(b) presents a comparison between all the studied treatments for the amount of produced hydrogen gas in mmole per 100 g of RS, under the same operational conditions. As mentioned before, the greatest amount of hydrogen gas was accomplished under the treatment utilizing both sodium hydroxide and alumina, followed by pure sodium hydroxide, while the lowest amount was collected with pure alumina. The rate of production was almost identical for the treatments with sodium hydroxide + alumina and pure sodium hydroxide, also was the greatest among all the studied treatments. The difference in hydrogen production between these two treatments and the one with 80/20 reused sodium hydroxide was about 9%. Considering such relatively small difference in efficacy and the cost of alumina ($78 for each 100g) which can increase the operating costs considerably, the optimum treatment at industrial scale would be with the 80/20 reused sodium hydroxide. The results exhibited that sodium hydroxide can be reused twice without losing activity, which can offset the cost of buying new material and disposing hazardous waste after treatment (i.e. waste sodium hydroxide ). 
3.6 Microcharacterization analysis

Comparing a 500x SEM image of untreated reclaimed sand concrete (supplementary data) to sodium hydroxide treated RS concrete (Fig. 4), the untreated reclaimed concrete contains much larger voids than the sodium hydroxide treated reclaimed sand concrete. Most of the voids shown in Fig. 4 are on the same scale as naturally occurring pores in concrete, and it is therefore difficult to determine which voids in the image are due to hydrogen gas production. It should be noted that the blue circles in theses SEM images only indicate some potential hydrogen gas voids, in contrast to the supplementary data figure where the voids caused by hydrogen gas production are obvious. This shows that the sodium hydroxide treatment leads to a significant reduction in the size of hydrogen gas voids in the cement matrix, which improves the structural stability of the concrete. Small voids are also seen in the 2500x and 5000x sodium hydroxide treated reclaimed sand concrete images. The red rectangles in the images denote an area that will be zoomed in on (i.e. from 500x to 2500x, or 2500x to 5000x). Cracks can be seen from the images in Figs. 5, which are attributed to drying shrinkage. It was observed that the concrete mix used in this work was a little on the dry side, needing the addition of a little more water. From Fig. 5, it can be seen that the 50/50 fresh-reused sodium hydroxide treatment produces similar voids in the concrete to the fresh sodium hydroxide treatment, despite the fresh sodium hydroxide treatment producing slightly more hydrogen gas (361 kPa vs. 329 kPa). This agrees with our kinetic results which suggested that the RS can be effectively treated for concrete using a mixture of fresh and reused sodium hydroxide. From Fig. 2, it appears that reusing sodium hydroxide up to two times would be effective since the 1st and 2nd reuse curves produce close to the same amount of hydrogen gas. 
IV. Conclusions 

 This paper assessed the effectiveness of sodium hydroxide, alumina, and reused sodium hydroxide treatments for mitigating hydrogen gas production in RS from MSWI ash. All of the treatments with the exception of alumina effectively reacted the metallic aluminum in the RS. Each treatment produced varying amounts of hydrogen gas, where it was found that the 2nd – 3rd reused sodium hydroxide treatments are the most effective considering practicality and cost with respect to hydrogen gas produced. SEM scans of concrete made with treated RS showed a significant decrease in void production due to hydrogen gas generation. Both the pure sodium hydroxide and reused sodium hydroxide treatments produced a similar concrete matrix, where the voids from the hydrogen generation were either on the same scale as naturally occurring voids or non-existent. Future work should look at studying reclaimed sand treatments at a full industrial scale. The cost of mechanical agitation, heat production, and chemical storage at the industrial level will narrow the field of practical reclaimed sand treatments. 
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Fig. 1. Treatment system setup
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Fig. 2. Hydrogen gas production: (a): Alumnia; (b) NaOH; (c) Alumina + NaOH
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Fig. 3. All treatment runs: (a) kPa; (b) normalized
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Fig. 4. 80/20 NaOH treated concrete SEM: (a) 500x; (b) 2500x; (c) 5000x
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Fig. 5. 80/20 reused NaOH treated concrete SEM: (a) 500x; (b) 2500x; (c) 5000x
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80/20 Untreated RS concrete SEM (500x)

Modified from (Mathews et al., 2019)
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