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Abstract

:

To make a beer there are four essential ingredients needed: water, malt, hops, and yeast. After brewing process, the main wastes are spent grains. These are often used as additions to fodders in animal husbandry. This study presents preliminary results of an investigation aiming to determine the feasibility of an alternative use of spent grains as a potential source of solid fuel. This source of energy could make breweries partly sustainable in terms of their energy supply. Such an approach may be feasible especially in large scale industrial breweries. This preliminary study presents encouraging results, showing improvements in terms of the fuel properties of the spent grain after its valorization through hydrothermal carbonization. Moreover, qualitative GC-MS analysis also indicates potential feasibility of the liquid byproduct of the hydrothermal carbonization of spent grain for biogas production. Results of proximate, ultimate, and DTG analyses show that hydrothermal carbonization of spent grain could improve its fuel properties and make it an especially suitable feedstock for fast pyrolysis and gasification. Improvement of HHV is also an improvement in terms of combustion.






Keywords:


spent grains; beer; malt; hydrothermal carbonization; bioenergy












1. Introduction


Beer is one of the oldest drinks known in human history. It is widely known from ancient times. The first time beer was mentioned about 6000 years BC [1]. Moreover, this beverage was brewed all around the world, even in ancient Greece, which is usually associated with wine [2]. Throughout the years the brewing process was developed, and beer became an important branch of the food industry. In 2017, world beer production reached 1.95 billion hectoliters [3]. As the shares of the consumption of beer, wine, and spirits tend to even out in the OECD (the Organization for Economic Co-operation and Development) countries, it is sensible to assume that the aforementioned consumption will not decrease in upcoming years or decades [4]. This high production means that this branch of industry creates a lot of wastes, especially spent grains. These are mainly used as a fodder in the agriculture industry [5]. This byproduct of beer is also used by home brewers to bake cakes. Moreover, there have been studies about adding spent grains to enrich bread. The results showed that such supplementation increased the fibre level and stability of the bread [6].



What is the difference between malt and typical barley? Malting is a process in which raw grain is converted into malt. At the beginning of that process, grains are steeped to increase humidity. Aeration of the wet material then begins. These two steps are necessary to start germination of seeds. Sprouting is a key step during formation of malt, because in that step hydrolytic enzymes such as alpha-amylase and beta-amylase are formed. These biocatalysts will be crucial during the mashing process, due to their role in cleaving starch chains into smaller compounds that are fermentable by yeasts. The next step of malting is kilning, the goal of which is to stop germination. In this process, the enzymatic activity of seeds is stopped through drying. At the end, roots are removed. After the described processes, grains are converted into malt [7,8]. Only scarce information has been published so far on the use of spent grain for energy purposes [9]. Sperandio et al. investigated the basic fuel properties of spent grain, and assessed the possibility of using it as feedstock for biochar production [9]. The basic fuel parameters of spent grain were also investigated by Enweremadu et al. [10].



Hydrothermal carbonization (HTC) is a thermal valorization process, typically performed at elevated temperatures (typically 200 to 260 °C) in subcritical water, at elevated pressure [11,12]. At temperatures of 200 up to 280 °C, the ionic constant of water is subject to significant increase, and water behaves as a non-polar solvent [13]. The process involves a multitude of concurring reactions yielding multiple different products, especially in the case of complex substances such as different types of biomass [11,12]. Hydrolysis is the first stage of the HTC process. During this stages, biomass is degraded to vast amounts of monomers and oligomers [11], with some intermediates, such as 2-furfural, 5-hydroxymethylofurfural (5-HMF), being subsequently produced [11,14]. Literature mentions that the rate of hydrolysis is diffusion controlled, and therefore is limited by transport phenomena within the fibrous structure of the biomass [15]. Therefore, increase in the temperature enhances the hydrolysis rate [16,17,18]. Hydrolysis is followed by dehydration and decarboxylation [11,14,19]. Dehydration decreases the amount of hydroxyl groups (OH) [11]. Colloidal structures are destroyed, thus decreasing the amount of hydrophilic groups and promoting formation of gases (mainly CO2) [12]. Other gases such as CO, CH4, and H2 (in case of a catalytic process) can also be detected [16,17]. Decrease in the amount of OH groups also causes a lower O/C ratio. Decarboxylation decreases the amount of carboxyl (COOH) and carbonyl (C=O) groups, also slightly decreasing the O/C ratio of the solid product [11]. This is followed by polymerization and aromatization [11,14].



Decrease in the amount of hydroxyl groups is the key aspect in making hydrothermally carbonized biomass more hydrophobic, lowering its equilibrium moisture content [20] and making physical de-watering easier [11]. This has been confirmed not only for biomass, but also for a wide range of low rank coals and peat [20,21,22,23,24,25,26]. Moreover, the process of hydrothermal carbonization can increase the grindability of the processed biomass, and enhance the biomass in terms of the composition of inorganic fraction [12,27]. Some studies reported relatively easy pelletizing of hydrochars [28], which was confirmed by Volpe et al., who reported electricity consumption for pelletization of HTC treated olive mill residues of 17 kWh/ton [29], which is roughly half of the typical consumption for wood pellets and a quarter of typical consumption for torrefied wood pellets [30]. This makes hydrothermal carbonization a prospective valorization process for low quality solid biofuels, especially when wet biomass is concerned as a potential feedstock.



Liquid byproducts of HTC are sometimes considered as a potential feedstock for biorefineries [14,31]. Moreover, potential synergy between hydrothermal carbonization and anaerobic digestion is also very appealing [14,32,33,34,35]. Wirth and Mumme obtained daily yields of methane of up to 0.25 dm3 per dm3 of the HTC liquid [35]. Svensson et al. [32] determined thermal hydrolysis of digestate cake to be an efficient technology for improving methane production and de-waterability in conventional anaerobic digesters, for the cases of sewage sludge and separated food waste. Erdogan et al. [33] determined that the methane production potential for spent HTC liquid, after hydrothermal processing of orange pomace, was between 213.6 mL and 195.3 mL of CH4 per gCOD (where COD—chemical oxygen demand), depending on the process parameters. In the HTC liquid, typical products such as acetic acid, formic acid, lactic acid, glycose, and saccharose were the most abundant, reaching concentrations in the order of magnitude of 1 g/dm3 [33]. HMF and furfural were also detected, with maximum concentrations of 679.7 and 1585.2 mg/dm3 respectively [33]. Moreover, Luz et al. [36] also reported feasibility of the use of the soluble fraction from HTC of spent coffee grounds for anaerobic digestion. Solid biochar could also be used in order to enhance biogas production [37,38]. This symbiotic relationship has been recently suggested for hydrochars [39]. Xu et al. reported an increase in the methane content from 57.5% to 69.8% after using hydrochars for anaerobic digestion of pig carcass [40]. Luz et al. reported enhanced biomethane potential and synergy that could be an effect of integration of anaerobic digestion with the HTC process [41].



Hydrothermal carbonization typically causes increase of the higher heating value (HHV) of the product (hydrochar) in comparison to the feedstock [11,12,14,31]. It can also cause the material to lose a part of its inorganic fraction, which can be seen either as a decrease in ash content [12,27,42] or the value of ash yield lower than 100% [12,42]. Hydrothermal carbonization can also increase specific surface area [42] and differential pore volume [43].



The goal of the performed study was to assess the potential feasibility of using spent grain from small scale brewing as a renewable energy source, which could be used to increase the sustainability of such a brewery. The paper aims to assess the fuel properties of spent grain, and valorization of this type of biomass using HTC. Moreover, suitability of the use of liquid byproducts of HTC for the production of biogas is assessed, based on the results of qualitative GC-MS analysis.




2. Materials and Methods


Spent grains were obtained as a side product from the brewery located at the premises of the Wroclaw University of Science and Technology (Poland). The beer was made out of 18 kg of pilsner malt, 2.45 kg of Munich malt, and 0.85 kg of dark malt (all malts were purchased from Viking Malt malthouse). Batch size was 100 dm3. Mashing regime was 15 min at a temperature of 63 °C. This temperature is optimal for beta-amylase, which cleaves α-1,4-glycosidic bonds, releasing maltose molecules from the non-reducing end of starch chains. The temperature was then raised and kept for 20 min at 73 °C. At that temperature alpha-amylase is at its highest efficiency and cleaves the α-1,4-glycosidic bonds located in the middle of a starch chain. Wort (sugar extract obtained from malt during mashing process) was later boiled with 60 g of ‘marynka’ hop pellet (added 60 min before end of boiling). Then 15 min before end of boiling another 60 g of ‘marynka’ and 30 g of ‘oktawia’ hops were added. Additionally, 2 kg of buckwheat honey was added simultaneously with the second dose of hops. After cooling down the wort, 50 g of dried yeasts were put into fermenter. After the mashing process, spent grains were separated, and subsequently a sample was taken to perform HTC, in order to minimize the effect of biological activity. Storage in the fridge was thus avoided. Since it is known to have some influence on the composition of beer itself, as shown by MIR (mid-infrared) analyses performed by Pearce et al. [44], immediate use was introduce as a precaution, to avoid any potential bias related to the storage of the spent grain.



The diagram of the experimental setup (Figure 1), shows both the autoclave rig and the hydraulic press that was used for the subsequent dewatering of the sewage sludge. HTC was performed in the autoclave, able to withstand temperatures of 200 °C and pressures of 150 bar. The autoclave was equipped with a stirring propeller (Figure 1), however, it was not used during the experiments. The autoclave was filled with distilled water and wet spent grain, in order to achieve a water to dry biomass ratio of 10:1, calculated as a mass/mass ratio of the total water (distilled water and moisture in the biomass) to mass of the dry processed feedstock. The size of processed sample was approximately 400 g of dry mass of feedstock. After adding both biomass and water, the freeboard of the autoclave was purged with nitrogen of technical purity. The autoclave vessel was heated up by a heating mantle with band heaters. The temperature was measured by a K type thermocouple connected to a PLC controller. A setpoint temperature of 200 °C was chosen as a fairly typical temperature for HTC process, with most of the literature results presented for the range of temperatures between 200 °C and 260 °C [12,27,45]. Hydrothermal carbonization was performed under the water vapor saturation pressure at the specified process temperature. Residence time in the reactor was 150 min. Time measurement started after the autoclave reached setpoint temperature. After 2.5 h, heating mantle was turned off and the setup was left to cool down.



After cooling, the material was drained using a clean colander. A sample was then taken for moisture content test, a separate sub-lot of the sample was taken to test the moisture content (approximately 50 g), and a separate sub-lot (approximately 50 g) was taken to perform mechanical de-watering. This was performed using a hydraulic press with a custom made piston and filter along with the filter casing. Sample was pressed, using pressure of 60 bar. Pressure was applied for 5 min to let all of the moisture to be drained through the perforated bottom of the filter casing. De-watered material was subsequently taken to test the moisture content.



Samples of both raw and hydrothermally carbonized spent grain were the subject of a TGA/DTG (thermogravimetric analysis/differential thermogravimetric analysis) analysis that was performed using TGA/DTG Pyris Diamond from Perkin Elmer. Nitrogen of 99.999% purity was used as an inert gas. A two step program was set. During the first step, sample was heated in up to 105 °C at a heating rate of 200 °C/min, with a hold period of 5 min afterwards. During the second step, sample was heated up to 900 °C at a heating rate of 200 °C/min. Ultimate analysis was performed using a Perkin Elmer 2400 analyzer, according to the procedure set in the standard EN ISO 16948:2015.



HHV of both feedstock and product was calculated according to Milne’s formula [46]:


HHV=0.341·C+1.322·H−0.12·O−0.12·N+0.0686·S−0.0153·A



(1)




where C, H, O, N, S, and A are the mass share fractions of carbon, hydrogen, oxygen, nitrogen, sulfur, and ash respectively, in %mass of dry material. LHV was calculated by deducting latent heat, contributed from both moisture in the material and water created as a product of combustion of the hydrogen in the fuel [46].



In order to assess the severity of the torrefaction process, parameters of mass yield (Ym) and energy yield (Ye) were used as performance indicators, as they are typically used for that purpose [47,48,49,50]. Mass yield was assessed using volatile matter content of both feedstock and product, as proposed by Weber et al. [48] for dry torrefaction:


Ym=1−VMfeedstock1−VMproduct



(2)




where: Ym—mass yield; VM—respective volatile matter content of feedstock and product, dry basis, %db.



A well-established formula was used for calculation of the energy yield [49,51,52]:


Ye=Ym·HHVproductHHVfeedstock



(3)




where: Ye—energy yield; HHV—respective higher heating value of feedstock and product, MJ/kg.



In order to assess how much of the inorganic substance remained in the solid product, ash yield value was used, as suggested by Wnukowski et al. [27] and Mościcki et al. [12]:


Ya=Ym·AproductAfeedstock



(4)




where: Ya—ash yield; A—respective ash content of feedstock and product, dry basis, %db.



Sample of the liquid by-products of HTC was taken after draining and subsequently analyzed using GC-MS (gas chromatography–mass spectrometry) that consisted of the Agilent 7820-A chromatograph (manufactory, Agilent Technologies, Palo Alto, CA, USA) and the Agilent 5977B MSD spectrometer (Agilent Technologies, Palo Alto, CA, USA). In the chromatograph the Stabilwax-DA column (Restek, Benner Circle, Bellefonte, PA, USA) was used. Helium was used as a carrier gas (1.5 mL/min). Heating program was set to achieve 50 °C in 5 min, subsequently heat up the column with a ramp of 10 °C/min until the temperature of 200 °C was reached, and hold for another 20 min. The data obtained with GC-MS was analyzed using the base peak chromatograms (BPC). The sample was analyzed three times, and the average values of the relative peak areas of the detected compounds, are presented in this study.




3. Results


During the brewing process, 100 dm3 of wort was achieved with a sugar level of 12.1 BLG. This result shows that during extraction, 12.1 kg of fermentable sugars (mainly maltose) was removed from the grains. After one month of fermentation, the beer was ready with an alcohol content 5.09% of volume. The achieved product represents proper organoleptic characteristics.



Results of proximate and ultimate analysis of both feedstock and product are present in Table 1. Basic parameters of the process, along with basic descriptors used for its characterization, are presented in Table 2. Results of mechanical de-watering are presented in Table 3. Results of the TGA/DTG analysis, which prove better suitability of hydrochars for fast pyrolysis in comparison to the raw, dry equivalent, are presented on Figure 2.



Results of the qualitative GC-MS analysis of the liquid byproduct, drained after hydrothermal carbonization, are presented in Table 4. Compounds in Table 4 are arranged according to their average masses, as found in the official online database of the Royal Society of Chemical Engineers [53]. Compounds were identified using the software and database delivered by the supplier of the GC-MS device (Agilent). Only compounds with a probability higher than 90% were taken into the account when more than one compound was detected for a specific peak. Relative area of each individual peak, presented in Table 4, is calculated with respect to the total area of all peaks, excluding water.




4. Discussion


Obtained results are in general consistent with the general trends presented in the literature. Moisture content of the raw spent grain (77.52%—Table 3) was similar to the value obtained by Sperandio et al. (72.88%) [9]. Results of the proximate and ultimate analysis were close to those obtained by Enweremadu et al. (see Table 1) [10]. Hydrothermal carbonization of the spent grain resulted in increased carbon content of the material (Table 1). Volatile content decreased, whereas HHV increased (Table 1). This is definitely an improvement of the fuel properties. Overall, HTC treatment made spent grain much more similar to hard coal, as the process achieved an HHV of approximately 26.5 MJ/kg, volatile matter content of approximately 64.4%, and carbon content of approximately 58.6%. Moreover, the HTC process allowed further mechanical de-watering (Table 2), thus resulting in a substantial increase in LHV of the produced fuel (Table 1). Although both fuels can be classified as low rank fuels based on their LHV, the difference in LHV shows potentially significant energy savings during subsequent drying, which would be a next step in fuel production. Carbonization was confirmed by both an increase in the carbon content (Table 1) and a decrease of the O/C molar ratio (Table 1). Taking H/C and O/H ratio into the account (Table 1), it can be concluded that the HTC process mainly caused removal of the oxygen from the fuel. This is important in terms of potential use of the valorized fuel as a feedstock for fast pyrolysis [54,55] and gasification [56]. Increase of the HHV and LHV is most definitely an advantage when combustion is considered.



Results of the DTG analysis present some interesting findings (Figure 2). The peak of the differential curve was slightly higher (71.3 %/min) for raw spent grain, whereas the value obtained for hydrochar (66.1 %/min) was only slightly lower. However, obtained peaks showed improvements where fast pyrolysis is concerned, as the temperature corresponding to the peak was much more favorable for the hydrochar (400.3 °C), in comparison to the feedstock (345.5 °C). Moreover, shoulders of the DTG peak for hydrothermally treated spent grain decreased in comparison to the DTG curve for the raw feedstock. Taking into the account the aforementioned decrease of the O/C ratio, it seems that HTC treatment could be an interesting option to consider as a pre-treatment of spent grain for subsequent fast pyrolysis.



It should not be overlooked that HTC treatment also improved fuel parameters of the spent grain by lowering the ash content. Observed ash yield, significantly lower than 1.0 (Table 2), is in good agreement with the results obtained by other studies [12,27,42].



In terms of the assessment of the process it seems plausible to state that HTC seems to be a suitable process for valorization of the spent grain for energy purposes. Mass yield was reasonably good and energy yield was excellent, as most of the chemical energy of the feedstock remained in the product. It should not be overlooked that the loss of part of the mineral content (ash content of 4.3 for the feedstock changed to 1.9 for the product) most certainly introduced some additional bias in terms of the mass yield calculation. However, it was still far more accurate than ash tracer method would be in the same circumstances, as anticipated by Weber et al. [48]. Direct method was impractical in this case, due to the geometry of the inner side of the autoclave vessel, which made complete removal of material difficult. Despite the additional uncertainty mentioned above, it could still be reasonably expected that the energy yield was reasonably close to 1.0, which is encouraging. More work is needed in terms of the optimization of the process, as the residence time is the key aspect in determination of the productivity of such reactors.



Qualitative GC-MS analysis of the liquid byproduct of HTC (Table 4) revealed that typical products of hydrothermal carbonization of biomass, such as l-lactic acid, acetic acid, and formic acid were accompanied by significant amounts of 3-pyridinol and 2,3-butanediol, along with glycerin and some other compounds. Some of these compounds can be found also in beers, e.g., Lambic beers [57]. However, due to their abundance in HTC liquid byproducts for all different sorts of biomass, it is much more likely that majority of them were produced during HTC. On the other hand, their presence in the initial solution could have some influence on the results of the process, as the presence of HTC products in the liquid before performing hydrothermal carbonization typically influences the composition of the liquid. This was demonstrated by Stemann et al. [58] and M.T. Reza et al. [59]. Since some of the dominant compounds also happened to be dominant for the experiments conducted by Erdogan et al. for orange pomace [33], it seems to be sensible to hypothesize that the liquid byproduct could be a feasible feedstock for anaerobic digestion. This could be supported by the biogas yields obtained by Erdogan et al. [33]. On the other hand, the influence of 3-pyridinol and 2,3-butadienol on the process of anaerobic digestion is not well understood. Therefore, a suite of anaerobic digestion experiments seems to be in order to confirm this hypothesis. Alternatively, as suggested by some authors such as A. Shende et al. and Kumar et al., there is an existing potential for production of biocrude, bio-oil, and hydrogen using a catalytic process [16,60,61]. Another potentially interesting option would be performing the HTC process on spent grain as a first stage of production of pharmaceuticals, as 3-pyridinol has been detected as a thermal degradation product of Salvia divinorum [53]. This endemic Mexican plant is regarded as a natural remedy for depression [62,63,64]. However, this would not be straightforward due to the necessity to separate this compound from all the other compounds, including water.




5. Conclusions


Overall, hydrothermal carbonization of the spent grain seems to be beneficial when fuel properties are considered. An in-depth study is necessary in order to optimize the process for that particular feedstock. Taking the results of this preliminary study into consideration, it seems plausible to consider hydrochars made of spent grain suitable for combustion, gasification, and pyrolysis alike. In particular, results of the DTG analysis, along with significant decrease in O/C ratio and decrease in the ash content, seem to indicate that this valorization technique makes the spent grain especially suitable for fast pyrolysis. More research is needed on de-watering, drying, and grindability of the hydrochars with respect to different temperatures and residence times of the HTC process. Biogas production using the HTC liquid byproduct, and hydrochars as additives enhancing the process, also seems to be a good topic of the future studies.
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Figure 1. Diagram of the test rig used for hydrothermal carbonization (HTC) of the spent grain. (1)—Autoclave; (2)—type K thermocouple; (3)—PLC controller; (4)—heating mantle, with band heaters; (5)—hydraulic press; (6)—filter; (7)—liquid after mechanical de-watering; (8)—hydrochar after mechanical de-watering; (9)—dryer; (10)—nitrogen for purging; (11)—pressure relief valve. 
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