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Abstract

:

Interest in essential oils has consistently increased in recent years. Essential oils have a large variety of applications in multiple fields, including in the food, cosmetics and pharmaceutical industries. The volatile fraction (VF) in hops (Humulus lupulus L.) fits within this domain as it is primarily used in the brewery industry for the aromatization of beer, and is responsible for the floral and fruity tones. This work aims to design an optimized extraction protocol of the VF from hops, using microwaves. Microwave-assisted hydrodistillation (MAHD) has been developed to reduce energy and time consumption in lab-scale reactors up to industrial-scale systems. Hops are principally available in three forms, according to a brewery’s applications: (i) fresh (FH); (ii) dried (DH) and (iii) pelletized (PH). In this work, all three forms have therefore been studied and the recovered volatiles characterized by means of GC-MS. The optimized lab-scale MAHD protocol gave the best extraction yield of 20.5 mLVF/kgdry matrix for FH. This value underwent a slight contraction when working at the highest matrix amount (3 kg), with 17.3 mLVF/kgdry matrix being achieved. Further tests were then performed in a pilot reactor that is able to process 30 kg of material. In this case, high yield increases were observed for PH and DH; quadruple and double the lab-scale yields, respectively. In addition, this industrial-scale system also provided marked energy savings, practically halving the absorbed kJ/mLVF.
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1. Introduction


Hops are the inflorescence produced by Humulus lupulus L., which belongs to the Cannabaceae family. The plant requires temperate climates and is native to Europe, southwestern Asia and North America [1].



The average production of hops fluctuates around 100 thousand tons per year. The main producers are the United States, Germany and the Czech Republic, with respectively, 44.3, 39.0 and 6.1 thousand tons [2]. Furthermore, 90% of the world production of hop inflorescences is destined for the brewing industry [3], where only the female plant flowers are exploited for their aroma and the typical bitterness that is associated with the beer. All of the flavoring molecules are found in the lupulin glands [4], which can be found under the bracts near the center of the flower. The composition of these compounds depends on the hop variety and plays a crucial role in the final fragrance.



There are several classes of compounds that are responsible for the organoleptic features of beer. They can be divided into resins and essential oil (EO). In detail, there are two types of resins: (i) hard resins, insoluble in hexane, approximately 5% of the total resin content; and (ii) soft resins, soluble in hexane. The latter are divided into α and β acids. The α-acids are primarily responsible for the bitter hop taste in beer [5].



Conversely, EOs do not affect the bitterness, but are responsible for the aroma. They bring citrus-like, floral, fruity notes, spicy, woody, herbal and grass aroma fragrances, depending on the variety of the hops used and their cultivation environment [6,7]. The EO produced by Humulus lupulus L. can be divided into three subgroups: hydrocarbons, oxygen-bearing components and sulfur-containing molecules.



Hydrocarbons account for approximately 75% of the entire EO, and can be divided into monoterpenes and sesquiterpenes [8]. The four key compounds are myrcene (monoterpene), caryophyllene, farnesene and humulene (sesquiterpenes) [9]. Due to the strong influence that they have on beer characteristics, the ratio between myrcene and humulene is generally used to categorize hop batches (noble hops generally show a humulene/myrcene ratio that exceeds 3.5). It is important to note that the EO can also deteriorate over time (as can the soft resins) due to oxidation; during the pelletization process for example. For this reason, there are apparent aroma differences between fresh and pelletized versions of the same hop batch [10,11]. Oxidized molecules are usually considered because of the grassy touch that they provide to beers, as an organoleptic property.



Oxygen-bearing components make up approximately 25% of the hop essential oil [8]. They cause the floral and herbal aroma that characterizes many hops, such as the Cascade and Continental [12]. Of these components, linalool and geraniol are worthy of particular mention.



Sulfur-containing components are the last subgroup of EO molecules. An excess of sulfury tones is generally defective for beer. It is known that malt and the fermentation process are the major sources of sulfur flavors, but hops can also contribute [10].



In addition to its flavoring features, the components of hop EO can be exploited for a wide range of purposes, including therapeutic, cosmetic and nutritional applications [13,14]. Furthermore, particular interest has been shown in their several biological properties; they demonstrate antioxidant, antimicrobial and antiviral attributes, [9,14,15], as well as antitumoral effects [16,17] and uses in pest control [18].



The profile of the volatile fraction of hops mainly depends on genetic and environmental factors, together with the extraction protocol applied. The traditional method suggested by ASBC (American Society of Brewing Chemists) consists of steam distillation that can last up to 7 hours. This method is highly time and energy consuming and is only applied to analyze hop quality [19]. The conventional methods generally applied to recover the EO are steam distillation, hydrodistillation, maceration and absorption [20,21].



Currently, the conventional extractions used to recover natural products generally include several unitary operations, including plant pretreatment (drying, comminution, etc.), material extraction itself and finally downstream processes (separation, evaporation, etc.). All of these steps are generally time and energy consuming when not optimized, but the extraction stage, in particular, can involve either considerable water, solvent or both, consumption, and generate a large amount of waste materials [22].



In recent years, with the increasing concern for environmental issues, companies are adapting their ethical values and productive practices. The pursuit of global sustainability and “green industry” requires real solutions that can minimize environmental impact, while maintaining product quality [23,24]. In this context, process intensification is imperative; enhancing extraction efficiency, producing safer extracts of higher quality and reducing the unitary operations. These expectations rely on enabling technologies, such as microwave (MW), ultrasound, and super- and sub-critical fluid extractions [25,26,27,28], together with the application of new green solvents [29,30,31]. This type of approach, which has emerged over the last decade, has now suitably evolved towards up-scaling [32,33,34,35,36]. Protocols that have been optimized on the lab-scale require pilot and pre-industrial prototypes, which are a crucial step to bridge the gap between academia and industry, and can consistently pave the way towards process sustainability.



Several works have reported the application of supercritical CO2 (sc-CO2) as part of transposing the awareness of ecological and environmental issues to the recovery of the hop volatile fraction. This technique exploits the peculiar polarity and viscosity that CO2 achieves in the supercritical state. In this form, it behaves similarly to ethanol and methanol, extracting both α-acids and the lipophilic fraction (also volatiles) [37,38,39]. The extract obtained using this technique is stable for long periods and can be introduced directly into the brewing process as CO2 is desired in the final product. Nevertheless, the recovered product represents a mix of several classes of compounds and is not purely composed of volatiles.



In an attempt to selectively recover hop terpenoids, this study focuses on MW-assisted hydrodistillation (MAHD). MAHD is an emerging technology in the extraction and purification of the volatile fractions of plants, and is far more efficient than classic hydrodistillation [40,41]. To the best of our knowledge, this technique has not yet been applied to Humulus lupulus L., whilst only one study has reported the use of a sc-CO2 hop extract as a starting material [42]. MAHD is an efficient alternative for the recovery of hop terpenes, and can provide reduced process times and energy consumption. Furthermore, the biomass is treated more homogeneously as the irradiation is not focused at the bottom of the reactor, as occurs in classical distillation [43,44]. The reduction in extraction time and uniform nature of the heating are also crucial for the quality of the volatiles recovered, as they could possibly undergo oxidation during the process.




2. Materials and Methods


2.1. Materials and Vegetal Matrix


Chloroform (ACS grade, ≥99%) and the analytical standards (myrcene, caryophyllene, farnesene, humulene) used for GC-MS analysis were purchased from Sigma-Aldrich (St. Louis, MO, USA).



Hops, used for the hydrodistillation protocols, belong to the cascade variety, and were harvested at the end of August 2020 in the Piedmont region (Italy). After harvesting, the cones were dried for 12 hours at 42 °C, decreasing the average humidity to 8%. The material was left for 24 hours at room temperature before pelletization. Dried cones were left to rest for 24 hours and their humidity rose to 10/11%, and the hops then underwent pelletization. This process started with a fine mincing of the cones and the collected powder was then pressed through an extruder to create the pellets. The temperature increased substantially during pelletization and reached 50 °C. Afterwards, the pellets produced were small cylinders of 1/2 cm in length and 0.5 cm in diameter. The final humidity reached by hop pellets at the end of the process was 12%. The materials were identified as fresh hops (FH), dried hops (DH) and pellet hops (PH) in accordance with the different post-harvesting processes. All of the biomasses were stored under vacuum at −18 °C for their preservation. The water content was evaluated via thermogravimetric analysis by leaving an average weight of 1.5 g of biomass at 100 °C overnight and measuring the relative weight loss. The test was performed in triplicate and the results are reported in Table 1.




2.2. Microwave-Assisted Hydrodistillation (MAHD)


MAHD was carried out using ETHOS X and ETHOS XL extractors (Milestone srl, Bergamo, Italy, see Figure 1). Extractions were performed in triplicate and expressed as average ± SD. For the sake of clarity, all the runs reported are numbered progressively across the manuscript.



2.2.1. Standard Operating Procedure (SOP) and Soaking Optimization


The first tests were performed using ETHOS X, with a 5 L vessel, with a standard operating procedure (SOP). The SOP is made up of a moistening phase and a standardized MAHD protocol, with fixed MW-irradiation power and time as reported in the supporting material (Table S1). In the SOP, the water/cone ratio of the moistening pre-treatment depends on the matrix type; 0.5 L/kg for fresh biomass and 1 L/kg for dried biomass (DH and PH). In addition, this study evaluated different moistening ratios for fresh hops; 0.25, 1 and 2 L/kg. The vegetal material (up to 1200 g) was soaked directly in the 5 L ETHOS X vessel for 15 minutes with mild manual agitation. The extraction procedure required the presence of at least ¼ empty space in the vessel.




2.2.2. Mild Irradiation MAHD Protocol


The effect of milder MW-irradiation on the hop volatile-fraction yields and quality was investigated by means of a dedicated MAHD protocol, which we had previously optimized on sensitive biomass (Cannabis sativa L.) [41]. The hydrodistillation conditions are summarized in Table 2.




2.2.3. Fresh-Hop MAHD: ETHOS X 12 L Scale-Up


As MAHD had the best performance on fresh hops, the extraction scale-up of this matrix was investigated. In detail, fresh-cone cascades were processed in a 12 L vessel, which allowed approximately 3 kg of biomass to be treated. The MAHD protocol reported in Section 2.2.2 was applied, with the last step (Table 2, step 4) being extended, up to 6 hours, to increase sample collection.




2.2.4. MAHD: ETHOS XL


A new reactor (ETHOS XL, Milestone srl, Bergamo, Italy, Figure 1) was tested, for the first time, to further investigate the feasibility of pilot MAHD.



The ETHOS XL presents itself as a cube with 0.5 m sides. The bottom of the reactor has a depression that is filled with water during processing. A 45 L rotating drum, which is capable of maintaining a homogenized moistening level and the homogenized diffusion of microwaves over the treated biomass, is located in the center of the reactor. The magnetron in the extractor has 4 kW of power, although this is not the only heating source provided by the ETHOS XL. Each internal panel has a resistance of 1.8 kW and these maintain constant temperature inside, and enhance microwave activity in the biomass. The system has a recycling loop that prevents the reduction of the overall moistening level. The vapors released during the extraction are collected from the top of the reactor and sent to three condensers that are located in parallel and condense the vapors released. The extracted essential oil is stored in a chilled tube in which the separation with the aqueous solvent takes place. To ensure that no volatile compounds are lost, a fourth condenser is placed on top of the separating tube. The chiller that is paired with the ETHOS XL requires at least 5 kW of power to ensure good refrigeration across all of the condensers. The reactor is equipped with a thermocouple in the vapor-collecting region, which enables direct temperature control to be exerted via variable power output. Furthermore, a 9 L water pool is present inside the cavity to avoid combustion phenomena and strongly decreases the energy consumption. This type of set-up allowed a reduced water/cone ratio (0.5 L/kg, as SOP reports) to be used. The reactor was run at both half (low loading, LL) and full (full loading, FL) capacity to test pilot performance. In the first case, the water pool required only a 5 L charge.



Due to the cavity pre-heating system and magnetron-power variation, a dedicated irradiation protocol was tested, while step duration was modified according to reactor loading. Conditions are summarized in Table S2.



The protocols were used on fresh, dried and pelletized hops.




2.2.5. MAHD Vacuum


In order to accelerate the distillation process, a different approach that used a customized ETHOS X set-up was investigated. Suitable glassware facilitated the incorporation of a vacuum pump into the system, while the vapor-collecting region was also equipped with a thermocouple. Similarly, to ETHOS XL, this setup enabled direct temperature control to be performed with automatic adjustments to power output being made by the system. Lastly, an additional liquid-nitrogen trap was added to avoid losses of the volatile fraction (see Figure 2). In detail, 700 g of fresh cascade hops were loaded with 700 mL of water into a 2 L vessel. Two different extraction protocols were applied: a mild one that reached 95 °C with a maximum 1200 W power being delivered (protocol A); and a harsher one that reached 99 °C with a maximum 1600 W power being delivered (protocol B). Both protocols are reported in the supporting material (Table S3).



Due to the high evaporation rates that occurred during processing, 400 mL of water were introduced into the vessel in 4 steps. Every time 100 mL was sampled, the extraction was stopped and an equal volume of fresh distilled water was introduced slowly into the vessel.





2.3. GC-MS Analysis


The GC-MS qualitative analyses of the volatile fractions obtained using MAHD were performed in an Agilent Technologies 6850 Network GC System fitted with a 5973 Network Mass Selective Detector, a 7683B Automatic Sampler and a capillary column Mega 5MS (length 30 m; i.d. 0.25 mm; film thickness 0.25 μm, Mega s.r.l., Legnano, Italy). Each sample was prepared by mixing 5 μL of the volatile fraction with 1 mL of chloroform, with this being repeated in triplicate. The adopted chromatographic protocol is reported in the supporting material (Table S4). The identification of the individual compounds was performed using two approaches: (1) by comparing the retention time and mass spectrum with standard compounds, and (2) using the GC-MS Wiley275 and NIST05 GC libraries from the acquired chromatograms, and only considering matching levels of over 95%. The summed areas of the relevant peaks were normalized to 100%. Relative peak areas, calculated as percentages, were used to evaluate extract composition.





3. Results and Discussion


3.1. MAHD


The MAHD extraction tests and their respective extraction yields are summarized in the Supplementary Material (Table S5 and Figure S1).



3.1.1. SOP


The SOP was applied to evaluate the suitability of different types of biomasses for the recovery of the volatile fraction. As reported in Table 3, dry hops appear to be the best-performing matrix (9.25 mLVE/kgdry matrix of DH vs. 5.00 and 3.30 mLVE/kgdry matrix of FH and PH, respectively). Nevertheless, normalization that was performed on biomass water content shows that working with fresh material led to better volatile-fraction recovery (16.67 mLVE/kgdry matrix of FH vs. 10.51 and 3.75 mLVE/kgdry matrix of DH and PH, respectively).



Accordingly, the influence of the fresh-hop moistening process was evaluated. Thus, it was possible to evaluate even limited recovery variations. In detail, this study evaluated soaking ratios of 0.25, 1 and 2 L/kg. As reported in Table 4, it is necessary to use a ratio of at least 0.5 L/kg for fresh biomass. Lower amounts of water (0.25 L/kg) triggered combustion phenomena, leading to the unsuccessful recovery of the volatile fraction. Conversely, higher additions of water (1 L/kg) did not appear to modify the extraction yield, with there being a little production decline for 2 L/kg (16.67 mLVE/kgdry matrix vs. 15.28 mLVE/kgdry matrix, entries 5 and 6, respectively).




3.1.2. Mild Irradiation MAHD


According to our previous experience on volatile-fraction recovery by means of MW irradiation, the three different hop typologies were tested by applying mild MAHD (see Table 5).



This protocol is able to save the lighter volatile fraction by avoiding condensation problems and leakages due to overheating. At the same time, this approach reduces the formation of the hot-spots that lead to biomass degradation and interfere with the final flavor of the recovered product, due to degradation and compound alteration.



As reported in Figure 3, mild MAHD provided better performance on the fresh hops, reaching an approximate 23% rise compared to SOP, with the fresh hops again being confirmed as the most promising matrix. Conversely, dried hops and pellets suffered average yield decreases of 18% and 25%, respectively. This trend supports the abundance of extremely volatile compounds that are present in recently harvested hops, and the fact that these molecules are partially lost with excessively harsh extraction protocols. Dry biomass, such as dried cones and pellets, on the other hand, have already been depleted of this light fraction during post-harvesting treatment. The L/S was maintained at 1 L/kg as in the reference protocol [41], as it has already been demonstrated in Section 3.1.2 that moistening does not significantly affect the yield. In summary, mild MAHD appears suitable for FH extraction, while slight yield contractions are observed for DH and PH.




3.1.3. ETHOS X 12 L Scale-Up: Fresh Hops


Interest toward volatile-fraction production and exploitation has driven the development of systems suitable for industrial-scale production. In our work, the very first step was taken by investigating the effects of scale-up on MAHD yield and by simply employing a larger extraction vessel. For this purpose, the starting load was tripled and tested in the same MW device.



To better understand process evolution, the volatile-extraction rate was monitored on FH applying mild MAHD protocol (Figure 4).



At the end of the mild MAHD protocol, only 9.4 mL of product was extracted (18.5 mL expected), although linear output was maintained. Thus, the process was continued until a plateau was reached with the hydrodistillation period being extended to 360 min. At the end, 15.9 mL of volatiles were collected (Table 5, entry 10), with a moderate loss of 16% compared to the small-scale expected yield, and an overall yield of 17.67 mLVE/kgdry matrix was achieved. From a physical point of view, the biomass was mostly similar to previous samples at the end of the six hours of hydrodistillation, except for a small combusted area near the vessel’s surface. From this detail, it is possible to assume that higher biomass loadings require more homogeneous irradiation inside the reactor chamber. Nevertheless, it is still remarkable that only a negligible fraction suffered from this effect. This test proved that it is possible to treat higher biomass quantities using a larger vessel, although the time required to reach comparable extraction yields increases proportionally. Our investigation highlighted the possibility to process more biomass per extraction batch though some adjustments to the extractor set up are required.





3.2. Pilot MAHD: ETHOS XL


According to the results and observations gathered during the experimental set-up and extraction screenings, the main issue for pilot-scale hydrodistillation is poor mass transfer. Large quantities of material interfere with vapor-flow dynamics because of the strong packing, which is then worsened by biomass texture. Fresh hops, due to their coarse size and heterogeneous composition, show better behavior, whereas dried cones and pellets suffer considerably from this effect. For pellets, in particular, this phenomenon is visually embodied by a swelling of approximately 15–20% (with respect to the loading volume) during the process, due to trapped vapors. Thus, the higher yield for fresh hops is not explained solely by the higher concentration of volatiles, which are lost in the drying process for dried and pelletized cones. In common production practices, breweries usually exploit hops in the pellet form, making this format the most available and attractive for pilot-scale applications, despite being the most troublesome.



A pilot reactor has been developed specifically to solve the scalability issues by focusing on enhancing mass transfer, which is a bottle-neck in hydrodistillation process scale-up. Moreover, the MW-distillation apparatus was merged with a hybrid technology, with the aim of reducing energy consumption.



The screening approach used to investigate pilot performance involved an initial set of extractions for all three typologies of biomass, with adjustments being made to the lab-scale reactor loadings (2–3 kg, LL, Table 6, entries 11–13).



The introduction of a mobile body provided a mass-transfer enhancement as well as homogeneous wetting and exposure to MW. A direct effect can be observed on the dry cones and pellets, with the average mLVE/kgdry matrix yield increasing (8.52 vs. 11.76 and 2.80 vs. 6.25, respectively, entry 8 vs. entry 12 and entry 9 vs. entry 13). Fresh hops maintained comparable productivity.



Finally, the irradiation chamber was tested for a FL (Table 6, entries 14–16), whose weight was strictly related to the type of biomass. In detail, volatiles yield for FH are roughly unchanged, while a small increase can be observed for DH, reaching a dramatic enhancement for PH, almost doubling the process outcome. In Figure 5 we can see how the pilot prototype was able to enhance the hydrodistillation yields for dried and pelletized hops, compared to the small-scale projections.



In particular, pellet productivity was approximately quadrupled, reaching 10.80 mLVE/kgdry matrix (entry 16), from the 2.80 mLVE/kgdry matrix (entry 9) obtained from the small-scale process. Similarly, dry cones nearly doubled the overall outcome, increasing from 8.52 (entry 8) to 14.87 mLVE/kgdry matrix (entry 15).



Fresh biomass, on the other hand, suffered slight decreases with process scale. This effect can be explained by the soaking/charge step, whose relevance rises proportionally with matrix load. Fresh hops are very attractive thanks to the high amount of light volatiles, which are lost during the desiccation and pelletization protocols. Extending early-stage protocols (such as soaking, mixing and loading) contributes to wasting this fraction. Nevertheless, it is unreasonable to process huge volumes of newly harvested plants without expensive measures (cold chains, either inert atmospheres, vacuum systems or in combination) precisely because of their instability (in addition to fermentation and degradation). The strategic choice of breweries to work with pelletized hops, which can provide a constant and stable supply, is a practical example. Thus, it is possible to consider that large-scale extraction for industrial purposes will focus on pellets and dried cones, as they are simply available for storage. Smaller applications (still approximately 3 kg) can be envisaged for high quality processes using fresh biomass with the aim of recovering the most volatile compounds.




3.3. MAHD: Vacuum Set-Up


This particular set-up was customized in order to find a reliable approach to switching from the typical power-control to a temperature-control system. These systems are able to detect the temperature of the extraction vessel using either IR probes or optical fibers. Nevertheless, these two approaches suffer from a certain degree of uncertainty; IR can only properly detect superficial temperatures, meaning that increasing vessel dimensions inevitably leads to large deviations, whereas optical fibers are difficult to insert inside the system due to sealing issues. Moreover, speaking of a static device, the detected T may be not representative of the whole vessel. For these reasons, the most common MAHD devices are set to power-control, without a PID associated with temperature evolution. The proposed vacuum set-up was tested in order to verify the possibility of adjusting power irradiation according to vapor temperature. It is possible to observe the detail of the dedicated glass apparatus in Figure 6 (also visible in Figure 2).



The optical fiber is placed right at the vapor output, whilst a slight vacuum (approximately 0.05 MPa) is applied to enhance the distillation, allowing higher extraction yields to be reached with lower energy consumption. The MAHD were tested at two different temperatures, namely, 95 and 99 °C (Table 7), to screen the flexibility of the system. From an engineering point of view, the heating profile and irradiation trend accurately followed the set parameters. The wattage emissions were strongly reduced, which decreased the energy consumption accordingly. For example, in the ramp stage, mild MAHD absorbed 1245 W. Hence, vacuum protocols saved approximately 40% and 20.6%, at 95 and 99 °C, respectively (entries 17 and 18).



Unfortunately, the volatile fraction recovered by means of the vacuum set-up was found to be smaller than that of SOP MAHD (16.67 mLVF/kgdry matrix). An average reduction of approximately 45% was observed, with a minimum gap of 4% when comparing the 95–99 °C protocols. These results can be explained if we assume that the performance of the trap section, which serves to avoid losses due to pump suction (Figure 2, elements C,E), was inefficient. Furthermore, the tests were performed on the most characterized matrix, namely, the fresh hops, which is, on the other hand, the richest in extremely volatile compounds, and presumably the most difficult to trap. On the basis of these considerations, future evaluations would involve a more sophisticated cooling system before the pump, such as a vertical condenser with a collecting flask that is not directly connected to the pump. Since additional customization is required, further investigations with this set-up are suspended for the moment. Nevertheless, a promising approach to introduce temperature control as an instrumental parameter during MAHD is reported herein.




3.4. MAHD Energy Consumption


Process energy consumption is a critical factor that must be evaluated for suitable scale-up design. We therefore monitored the average Watts absorbed by the ETHOS X and ETHOS XL. Furthermore, chillers were taken into account due to their significant impact on total energy costs. From this data, it was possible to calculate the overall Joules used over the entire process.



It is important to remember that the applied protocols treated different quantities of matrix and produced different amounts of essential oil. For this reason, extraction energy consumption was normalized to the volumes of volatiles collected.



As shown in Figure 7 (Table S6), FH submitted to the mild irradiation protocol is characterized by the lowest energy consumption when using the ETHOS X. All the other extractions showed higher consumption when carried out on the same system, especially when using pellets, due to the lower extraction rates. Conversely, the energy demands of the pilot reactor appear to be far better than those achieved using the lab-scale device, in particular when the instrument was used at full capacity (pilot-FL). This trend proves the effectiveness of the MW hybrid approach, together with the design of appropriate mixing/soaking apparatus.




3.5. Volatile Fraction Evaluation


During the GC-MS analysis, we focused our attention on the four characteristic hop compounds: myrcene, caryophyllene, farnesene and humulene. These terpenoids can be categorized by their chemical structure; monoterpenes (myrcene) and sesquiterpenes (caryophyllene, farnesene, humulene). The components of this last group have higher molecular weight and boiling points. As expected, myrcene is the most abundant terpenoid recovered from hops, followed by humulene, caryophyllene and farnesene. This trend was observed independently of matrix nature (FH, DH, PH). This is in line with the literature data on the cascade variety of hops [12]. An overview of this component distribution across the screened samples is reported in the Supplementary Material (Figure S2).



3.5.1. SOP


In the extraction carried out using SOP, it is possible to notice a high similarity between fresh- and dried-hop volatile fractions. (Figure 8). On the other hand, PH are characterized by a higher sesquiterpene-fraction concentration than the other matrices. This difference is probably caused by the pelletization process, as the mincing and extrusion steps occur at high temperature. Although it is considered to be a fast procedure, it can affect the terpenoid compounds. Since myrcene is the most volatile component, it is particularly prone to heat-related loss. It is possible to reduce pelletization temperature using a refrigerated system in order to lessen this phenomenon. For example, several industries exploit a liquid nitrogen system during mincing and extrusion. As these two steps are the crucial points, using a coolant afterwards would not be effective.




3.5.2. Mild Irradiation MAHD and Scale-Up


Much higher resemblance between the different biomasses was observed in the analysis of the volatile fractions recovered using the mild irradiation protocol, as can be appreciated in Figure 9. However, DH and PH still have a higher concentration of sesquiterpenes and a lower one of myrcene.



The scale-up test that was carried out using the 12 L vessel (Table 5, entry 10) showed no considerable differences in sesquiterpene ratios, compared to the small-scale experiment, and a contraction in myrcene yield (approximately 8%). This reduction reflects the mild decrease in overall dry yield (17.67 mLVE/kgdry matrix vs. 20.51 mLVE/kgdry matrix) and can be attributed to FH being very sensitive to the soaking/charge steps that are necessarily extended due to the higher amount of starting material. Nevertheless, this loss can be considered negligible when we consider the three-fold increase in productivity (up to 3 kg). Thus, it is reasonable to employ the larger vessel without appreciably affecting the composition of the volatile fraction collected.




3.5.3. Pilot MAHD: ETHOS XL


The analysis of the volatiles recovered from the ETHOS XL confirmed negligible fluctuation between LL (entries 11–13) and FL (entries 14–16) (see Figure S2), which confirms the interesting flexibility of the process. In addition, the relative composition of the main terpenes seems not to be influenced by the transposition to a larger scale (see Figure 10), meaning that the pilot scale-up not only reached comparable or enhanced extraction yields (see Section 3.2, Table 6), but that it also guarantees the collection of a high-quality product.



In order to study the evolution of volatile composition across the pilot protocol, the MAHD carried out on DH was extended by 20 min and the recovered product was also characterized by GC-MS. As shown in Figure 10, it is interesting to note that the relative terpene ratios appear to be unbalanced towards sesquiterpenes in the “extended” process. This is an important point, which indicates that the extraction is not linear during the entire MAHD process. It is plausible that the biomass is almost depleted of myrcene, due to its higher volatility, in the final phase of extraction. Thus, by continuing the distillation, the collected product is progressively enriched with the sesquiterpene fraction. This hypothesis can be supported by a simple evaluation of the percentage variation of terpene yield for the normal and extended protocols. To graphically depict the above reported discussion, it is possible to refer to the waterfall chart in Figure 11 depicting how the accumulation of sesquiterpenes perfectly balances the myrcene contraction, and highlights the progressive enhancement of the first elements. It is reasonable to think that this type of behavior may be exploited to select different product fractions, according to the most desirable flavor.






4. Conclusions


In this study, we have applied MAHD to different types of hops (namely, FH, DH and PH). We first evaluated the variation in total volatile yields provided by several extraction protocols. Considerations as to overall MW irradiation and the soaking approaches were made, and we demonstrated that it is the possible to optimize the extraction procedure according to matrix nature.



After this early-stage screening, the study continued by focusing attention on the scale-up transposition. Lab-scale tests with a 12 L reactor vessel (Section 3.1.3) and a new temperature-detection method paved the way for a pilot reactor (ETHOS XL, Milestone srl, Bergamo, Italy), which is able to process up to 30 kg on each run (Section 3.1.3).



The ETHOS XL reached extraction yields that are comparable with those of the laboratory-scale extractor. This instrument can treat more than 6 times the amount of biomass in a similar period, making this process far more efficient.



A single ETHOS X production run for a whole working day is 40 mL of volatile fraction and a consumption of 6.5 kg of fresh hops. An ETHOS XL in the same working time can produce 144 mL of volatiles and process 32.8 kg of fresh hops. Furthermore, we have verified how the pilot scale can significantly enhance the hydrodistillation yields for DH and PH, compared to small-scale projections; pellet productivity was approximately quadrupled, whilst that of dry cones nearly doubled. This feature is considerably valuable as industry prefers to use dried and pelletized hops as this facilitates storage and preservation.



Finally, the GC-MS analysis evaluated the variation of the four main volatile compounds (Section 3.5). No significant variations were observed, while MAHD protocols were altered. On the other hand, myrcene concentration was considerably influenced by hop preservation, with the highest levels being found in the fresh matrix. Finally, it was observed that the average quantity of sesquiterpenes (caryophyllene, humulene and farnesene) increased, with respect to monoterpenes, upon increasing the extraction time (Section 3.5.3). It is reasonable to assert that this trend may be exploited to select different volatile fractions, according to demand.
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Figure 1. ETHOS X (right) and an ETHOS XL (left) extractors (Milestone srl, Bergamo, Italy). 
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Figure 2. ETHOS X vacuum set-up; (A) condenser, (B) thermocouple, (C) collecting flask, (D) liquid-nitrogen trap, (E) pump. 
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Figure 3. Volatile-fraction yield according to MAHD protocols. 
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Figure 4. Extraction timeline, the red dot shows the end of the small-scale protocol. 
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Figure 5. Percentage variation in mL of volatile fraction, according to the small-scale projections. 
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Figure 6. Customized glass apparatus implemented during MAHD under vacuum. 
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Figure 7. Energy consumption comparison. Chiller systems are computed. 
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Figure 8. Main terpenoid distribution across SOP MAHD screenings, GC-MS analysis. Results reported as average ± SD. 
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Figure 9. Main terpenoid distribution across mild irradiation MAHD and scale-up screenings, GC-MS analysis. Results reported as average ± SD. 
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Figure 10. Main terpenoid distribution across ETHOS XL-MAHD (full load, FL), GC-MS analysis. Results reported as average ± SD. 
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Figure 11. Waterfall chart of main-terpene percentage variation, according to normal and extended MAHD, performed with ETHOS XL. 
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Table 1. Hops water content.






Table 1. Hops water content.





	Hops
	Water Content (w/w, %)
	S.D. (w/w, %)





	Fresh
	70
	2.32



	Dried
	12
	0.41



	Pellet
	12
	0.41
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Table 2. Mild irradiation MAHD protocol.
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	Step
	Time (min)
	Power (Watt)





	1
	3
	500



	2
	3
	1100



	3
	14
	1600



	4
	90
	1500
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Table 3. MAHD, SOP protocol screening.
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	Entry
	Extraction Material
	Hops

(g)
	L/S (L/kg)
	Volatiles (mL)
	Yield (mLVF/kg)
	Dry Yield

(mLVF/kgdry matrix)





	1
	FH
	1200
	0.5
	6.0
	5.00
	16.67



	2
	DH
	400
	1
	3.7
	9.25
	10.51



	3
	PHt
	1000
	3
	3.3
	3.30
	3.75
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Table 4. MAHD, moistening screening. Extraction material: fresh hops (FH).
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Entry

	
Hops

(g)

	
L/S (L/kg)

	
Volatiles (mL)

	
Yield (mLVF/kg)

	
Dry Yield

(mLVF/kgdry matrix)






	
4

	
1200

	
0.25

	
Burnt biomass, no recovery




	
5

	
1100

	
1

	
5.5

	
5.00

	
16.67




	
6

	
1200

	
2

	
5.5

	
4.58

	
15.28
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Table 5. MAHD, mild irradiation protocol and 12 L vessel scale-up. L/S ratio: 1 L/kg.
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	Entry
	Extraction Material
	Hops

(g)
	Volatiles (mL)
	Yield (mLVF/kg)
	Dry Yield

(mLVF/kgdry matrix)





	7
	FH
	1300
	8.0
	6.15
	20.51



	8
	DH
	1000
	7.5
	7.50
	8.52



	9
	PH
	1300
	3.2
	2.46
	2.80



	10
	FH-Scale-up a
	3000
	15.9
	5.30
	17.67







a The extraction protocol was carried out for 360 min.
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Table 6. MAHD, pilot scale.
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Entry

	
Extraction Material

	
Hops

(g)

	
Volatiles (mL)

	
Yield (mLVF/kg)

	
Dry Yield

(mLVF/kgdry matrix)

	
Label






	
11

	
FH a

	
2500

	
13.0

	
5.20

	
17.33

	
Low Load




	
12

	
DH a

	
2000

	
20.7

	
10.35

	
11.76




	
13

	
PH a t

	
2000

	
11.0

	
5.50

	
6.25




	
14

	
FH b

	
8200

	
36.0

	
4.39

	
14.63

	
Full Load




	
15

	
DH b

	
3820

	
50.0

	
13.09

	
14.87




	
16

	
PH b

	
4000

	
38.0

	
9.50

	
10.80








a The extraction was carried out for 70 min after reaching 100 °C inside the reactor chamber; b The extraction was carried out for 120 min after reaching 100 °C inside the reactor chamber.
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Table 7. Vacuum MAHD. Biomass: Fresh hops (700 g); L/S: 1 L/kg.






Table 7. Vacuum MAHD. Biomass: Fresh hops (700 g); L/S: 1 L/kg.





	Entry
	Temperature (°C)
	Ramp Irradiation a (W)
	Volatiles (mL)
	Yield (mLVF/kg)
	Dry Yield

(mLVF/kgdry matrix)





	17
	95
	747
	1.7
	2.43
	8.10



	18
	99
	989
	1.9
	2.71
	9.05







a Energy integration of heating step (ramp).
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