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Bio-oils produced from torrefaction or pyrolysis of biomass constitute an under-utilized product that generally requires complicated processing. The high acidity and water content pose storage and transportation issues, and the complex nature of the organic species makes utilization as a chemical feedstock troublesome. Most methodologies to separate and upgrade bio-oils involve multiple distinct steps and solvent-based extractions, complicating the process and adding cost. In this work, we demonstrate a simple one-step solution using ammonia to separate the aqueous and organic phases of a model bio-oil. This process produces an aqueous phase that contains ammonium species that could be utilized as a fertilizer and an organic phase that can be used as an additive for transportation fuels or could be burned to produce electricity.
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1 INTRODUCTION
Biomass torrefaction is a promising way to upgrade biomass to improve physical properties such as grindability and storability as well as increase the heating value of the produced biomass (Shankar Tumuluru et al., 2011; Chen et al., 2018; Matyjewicz et al., 2020). However, during torrefaction (or pyrolysis), condensable amounts of bio-oil and CO are produced (Ren et al., 2013; Biswas et al., 2017). If CO is not utilized for syngas or other applications, a pollutant control technology such as catalytic oxidation can be used to produce CO2. However, bio-oil is currently underutilized due to unfavorable properties resulting from its composition. Due to the high water content, it is not cost-effective to transport and poses issues for combustion. The high acid content also poses problems for storage as it can corrode low alloy steel containers (Wigley et al., 2017). Finally, utilization as a chemical feedstock is difficult as bio-oil contains a large mixture of chemicals, and separability is an issue (Wang et al., 2014; Panwar and Paul, 2021).
Various processes exist to upgrade bio-oil to more valuable products. Still, the separability of the organic and aqueous fractions can be problematic, and the variability in composition with different feedstocks can complicate processing (Kim, 2015; Drugkar et al., 2022). Some work has been done to separate the two phases by adjustment of the pH of the bio-oil via the addition of bases such as sodium hydroxide, however, they also generally require multiple steps such as various pH adjustments or additional solvent extractions (Park et al., 2016). These extra steps increase processing costs, and a simple one-step methodology could prove to be advantageous. To address these shortcomings, this work seeks to develop a simple one-step process to upgrade bio-oil using gaseous ammonia. Utilizing ammonia instead of other bases also expands the potential use cases for the process as bio-oil could potentially be used as an industrial scrubbing medium for ammonia instead of conventional acids such as sulfuric or nitric acid (Melse and Ogink, 2005). Additionally, the neutralization of acetic acid with ammonia also produces ammonium acetate which can be utilized as a fertilizer, deicer, or as a precursor to acetamide (Rosanoff et al., 1911; Liu et al., 1997; Frolova et al., 2013). Finally, work is currently underway to use coal combustion flue gas for on-site torrefaction of waste biomass, and power plants have ammonia available for selective catalytic reduction units (Wilburn and Wright, 2004). Therefore, the co-location of the bio-oil feedstock and ammonia would allow for potential on-site treatment with existing rail transport routes.
Alternatively, for production sites with no ammonia infrastructure, on-site ammonia generation could be a potential solution. With research focusing on lower-pressure ammonia synthesis (Humphreys et al., 2021) and a possible desire to create a more modular setup for hydrogen as a fuel source (MacQueen, 2020; Humphreys et al., 2021), ammonia could be produced from hydrogen from electrolysis, nitrogen from pressure swing adsorption, effectively only requiring access to water and electricity. Additionally, if the bio-oil effectively scrubs ammonia from the reactor effluent, it could eliminate the need for separation before recycling unreacted H2 and N2 back into the ammonia synthesis reactor system. This approach requires less energy for ammonia production due to ammonia production pressures, the elimination of cryogenic product separation, as well as the elimination of storage and transportation costs for the required ammonia.
2 EXPERIMENTAL
Synthetic bio-oil was created by blending pure analogue components for each class of functional group and mixing until homogenous. A detailed composition of the synthetic bio-oil is shown below in Table 1. The composition of the synthetic bio-oil is similar to what is documented in previous literature, although with a high acid content, to validate the process in a highly acidic environment (Ren et al., 2013; Zhai et al., 2014; Wahid et al., 2017; Ukaew et al., 2018; Abdul Samad and Saleh, 2022).
TABLE 1 | Composition of synthetic bio-oil.
[image: Table 1]Bubbling of ammonia was conducted via flowing 500 ml/min of 5 vol.% NH3 diluted in argon through a Synthware mineral oil bubbler filled with 20 ml of the synthetic bio-oil, as shown in Figure 1. In order to reduce the evaporation of water, the bubbler was submerged in an ice bath at ∼0°C. Bubbling was conducted until breakthrough occurred in which the concentration of ammonia flowing through the bio-oil matched the concentration of ammonia flowing through the system without bio-oil. After breakthrough occurred, the mixture was added to a centrifuge set at 6,900 rpm for 5 min to expedite separation, although the mixture will also gravitationally separate. Here, the aqueous phase was able to be poured out, leaving the organic phase in the centrifuge tube. The ammonia concentration was determined via a mass spectrometer system. This system consisted of a Kurt J. Lesker Series 979 Atm to Vacuum Transducer, MDC ULV-150 variable leaking valve, Stanford Research Systems RGA 200, and pumped with a Varian V-250 turbopump backed by an Alcatel 2021-SD mechanical pump. A portion of the process effluent gas was introduced to the leaking valve with a Lenox Laser 100 μm orifice plate and differentially pumped via another roughing pump.
[image: Figure 1]FIGURE 1 | Example schematic of ammonia synthesis and analysis setup for bio-oil treatment.
Analysis was also conducted utilizing an ammonia synthesis reactor as the ammonia source. Hydrogen (Airgas, UHP) and nitrogen (Airgas, UHP) flowed at 240 ml/min total (at a 50:50 ratio) through a 3/8” 316 Stainless Steel reactor tube inside of an MTI OTF-1200X furnace with an ammonia synthesis catalyst. This catalyst was a 5% Ru/CeO2 which produced an effluent gas containing approximately 5.47% ammonia (as determined using a Shimadzu GC-2014), with the balance being the fed hydrogen and nitrogen. Bubbling through the bio-oil and analysis of breakthrough of ammonia was conducted as above.
The composition of the products was determined utilizing a Shimadzu GC-2010 gas chromatograph–mass spectrometer (GC/MS) equipped with a 30 m RTX-1701 column held at 40°C for 4 min and then ramped at 5°C/min to 260°C where it was held for 15 min. The aqueous phase was diluted 10:1 in DI water and the organic phase was similarly diluted with acetone and filtered through a 0.2 μm PVDF filter before injecting 0.3 μL of solution for analysis.
Heating values of the organic phase from the bio-oil were determined using a Parr model 1,108 bomb calorimeter that was calibrated with benzoic acid. The system was charged with 30 bar of oxygen and approximately 1 g of sample was combusted to determine the heating value.
3 RESULTS AND DISCUSSION
Upon initial exposure of the bio-oil mixture to ammonia, essentially no ammonia slip occurs, as shown in Figure 2A. The point at which breakthrough begins to occur (at ∼120–150 min) generally corresponds roughly to the third and fourth images in Figure 2B, indicating that the bubbling could potentially be stopped before full breakthrough while still maintaining adequate separation of the two phases of the bio-oil, requiring less ammonia. Distinct color changes are noted as separation begins to occur. Initially, the mixture starts as a homogenous black solution and briefly turns partly cloudy before a dark organic phase, and a lighter aqueous phase begins to develop. As ammonia slip begins, distinct droplets of the organic phase begin to develop. Near complete breakthrough, the phases completely separated, and the organic phase consists of spherical droplets that will gravitationally settle to the bottom of the experimental apparatus, as seen in the images in Figure 2B. Quantification of the ammonia consumption was accomplished by integrating the signal above the breakthrough curve, and the result of this integration is shown in Figure 3A. Consistency exists from experiment to experiment with an average uptake of 8.0 mmol NH3/mL of bio-oil. Based solely on the reaction of acetic acid and ammonia, the expected uptake of 5.5 mmol of NH3/mL of bio-oil is much lower than what was experimentally observed. However, other mildly acidic components exist in the model bio-oil, such as phenol, and aqueous ammonia can react with other organic components (Baekeland, 1909). Further, the remaining ammonia would also lead to the resulting basic solution observed due to dissolution in the liquid.
[image: Figure 2]FIGURE 2 | (A) ammonia concentration after bubbling through bio-oil as a function of time (B) digital photographs showing the separation trend of organic and aqueous phases.
[image: Figure 3]FIGURE 3 | (A) Normalized uptake of ammonia by bio-oil and (B) yields and distribution of the separated aqueous phase of bio-oil.
To determine the quality of the separation and determine where the additionally consumed ammonia had reacted, the composition of both the organic and aqueous phase was analyzed, and the results are summarized below. As shown in Figure 3B, most of the aqueous phase is composed of ammonium acetate with some phenol and trace chemicals such as acetone and tetrahydrofuran. In contrast, the organic phase is essentially free of acetic acid/ammonium acetate, as shown in Figure 4. Additionally, this phase is insoluble in water but readily dissolves in acetone or ethanol and partially dissolves in cyclohexane. However, the utilization of ethanol as a solvent resulted in the reaction of part of the organic phase with ethanol (replacement of -OH groups with -OCH2CH3); thus, acetone was used as the solvent for the GC/MS analysis of the organic phase. In general, the organic phase consists mainly of phenol and a variety of monocyclic and polycyclic nitrogen-containing species. The concentration of phenol in the organic phase is consistent run to run; however, despite the sums of the areas of the various nitrogen-heterocycles being consistent, the yield of each of the nitrogen-containing species varied run to run as seen in Figure 4.
[image: Figure 4]FIGURE 4 | Yields and distribution of the quantified species in the separated organic phase of bio-oil. (A) tetrahydrofuran (B) acetic acid/ammonium acetate (C) ethylbenzene (D) O-xylene (E) furfural (F) 1H-pyrrole-2-carboxaldehyde (G) aziridine, 2-isopropyl-1,3-dimethyl-, trans- (H) 4-piperidinone, 2,2,6,6-tetramethyl-, oxime (I) phenol (J) tricyclo [3.3.1.1 (3,7)]decan-1-amine (K) acetamide, N-(3H-[1,2,3]triazolo [4,5-day]pyrimidin-7-yl)- (L) 1H-pyrrole, 1-(2-furanylmethyl)- (M) 2-methyl-2-azatricyclo [4.3.1.0 (3,8)] decane (N) pyrazolo [5,1-c]1,2,4-triazine-3-carbonitrile, 4,7-dimethyl- (O) adamantane-1-carboxamide, N-(1-methylbenzimidazol- and (P) other polycyclic N species.
While this process succeeds in separating acetic acid from the organic fraction of the bio-oil and concentrating the organics by the formation of a hydrophobic phase, it does, however, create a substantially larger mix of chemicals than what was originally present in the model bio-oil. This result poses an issue for the utilization of this mixture as a chemical feedstock, however, due to the removal of water and acetic acid, the mixture is readily combustible and is capable of dissolving in materials already used as fuels, such as ethanol. The organic mixture was readily ignitable and had a heating value of 29.0 MJ/kg, as seen in Figure 5, which is slightly higher than that of ethanol (Turner et al., 2011) and approximately two-thirds that of gasoline (Cataluña et al., 2008; Turner et al., 2011), making this a potential fuel additive to ethanol for gasoline, however, we do note the potential NOx hazards that do play a possible risk due to the nitrogen containing ringed hydrocarbons that would require a catalyst for decomposition post-combustion. Additionally, the low content of unburned material, as shown in Figure 5, means this is a relatively clean-burning fuel.
[image: Figure 5]FIGURE 5 | Heating value of the organic phase of the separated bio-oil and the unburned residue post combustion.
Previous literature examining reactions of organics and aqueous ammonia/ammonia gas had documented the creation of nitrogen-containing rings from various feedstocks. Furfural has previously been reported to react with ammonia to form a variety of compounds with nitrogen-substituted rings (Mariscal et al., 2016). Additionally, ammonia or amines can react with aldehydes and ketones to produce imines (Chichibabin synthesis) which can further react with themselves or other aldehydes or ketones to produce azines such as pyridine and pyrimidine (and their derivatives) as well as non-aromatic nitrogen containing rings similar to those detected in the GC/MS (Frank and Seven, 1949; Weiss, 1952; Mcgill and Rappa, 1988). The formation of larger polymer chains has also been previously documented as Bakelite, an early polymer, was synthesized from ammonium hydroxide solution and aldehydes (Baekeland, 1909). Potential reactions of furfural with ammonia are shown in Figure 6 and result in the formation of polycyclic nitrogenous compounds.
[image: Figure 6]FIGURE 6 | Chemicals formed during ammonia exposure to furfural adapted from (Mariscal et al., 2016).
Further exploration was conducted to determine the effect of using effluent gas from an ammonia synthesis reactor. Currently, ammonia is primarily synthesized using the Haber-Bosch process, which requires liquefication under low temperatures or under pressure to separate the produced ammonia from the remaining hydrogen and nitrogen. Here, an ammonia synthesis reactor was used to produce the ammonia, and therefore the balance of the gas flow was hydrogen and nitrogen instead of argon. A similar breakthrough curve was determined, with ammonia uptake being slightly lower than when ammonia was sourced from a tank (approximately 7.5 mmol NH3/mL compared to 8.0 mmol NH3/mL). Further, the phase separation occurred once again, with ammonium acetate being the major component (92.7%) once again in the aqueous phase and only in trace amounts (0.07%) in the non-aqueous phase. In fact, as shown in Figure 3B, similar concentrations of compounds in the aqueous phase can be seen using both NH3 from a reactor and from a tank of ammonia, which highlights the lack of effect of hydrogen and nitrogen in the effluent in comparison to a balance of argon. In addition, as shown in Figure 5, the heating value of the organic phase of this experiment produced an almost identical heating value, and percent burned compared to the original runs. Further, as the bio-oil removed the ammonia from the gas flow, an almost pure mixture of hydrogen and nitrogen was measured, resulting in the ability to recycle this gas through the reactor without the need for any further mechanism of separation; thus, resulting in a possible one-step ammonia synthesis (for ammonium acetate) and bio-fuel reactor.
4 CONCLUSION
Highly acidic bio-oils can be successfully upgraded via the separation of the organic and aqueous phases via bubbling with ammonia. In addition, this method also removes acetic acid from the organic phase and produces ammonium acetate, which can be utilized as a fertilizer. Although the complex nature of the organic phase (even when utilizing a model bio-oil) makes utilization as a chemical feedstock difficult, the organic phase is readily ignitable. It has a greater heating value than ethanol, a common fuel additive. Therefore, this process valorizes both the aqueous and organic fractions. Further, the bio-oil could also be utilized as a scrubbing medium for controlling ammonia slip, potentially using another waste stream to upgrade the bio-oil. Finally, the ability to utilize ammonia from an ammonia synthesis reactor would, in turn, create a less energetic process for ammonia synthesis and would reduce the need for transportation of ammonia to the upgrading facility, therefore increasing the flexibility of the facility.
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