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Abstract

:

Technical drying of harvested wood fuels is heat and energy consuming, while natural pre-drying in the forest, e.g., in stacks or storage piles, is accompanied by energy losses through natural degradation processes. Dewatering of energy wood by mechanical pressing is an innovative method to reduce the moisture content prior to thermal drying while producing press waters (PW, also referred to as wood juice) as a by-product. To date, the characteristics and utilization potentials of PW are largely unknown. In this study, three different spruce- and poplar-based PW were analyzed for their characteristics such as dry matter (DM), organic dry matter (oDM) concentration, pH-value, element concentration or chemical compounds. Additionally, they were used for anaerobic digestion (AD) experiments with digested sewage sludge (DSS) serving as inoculum. The fresh matter-based DM concentrations of the PW were between 0.4 and 3.2%, while oDM concentrations were between 87 and 89%DM. The spruce-based PW were characterized by lower pH-values of approx. 4.4, while the poplar-based PW was measured at pH 8. In the AD experiments, DSS alone (blank variant) achieved a specific methane yield of 95 ± 26 mL/goDM, while the mixture of spruce-based PW and DSS achieved up to 160 ± 12 mL/goDM, respectively. With further research, PW from wood fuel preparation offer the potential to be a suitable co-substrate or supplement for AD processes.
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1. Introduction


Wood fuels in their raw state such as log wood, wood chips, saw dust or wood shavings as well as upgraded wood products such as pellets with standardized physico-chemical fuel properties are important feedstocks for the transformation of current energy systems from fossil fuels towards climate-neutral, renewable energies. Thereby, wood fuels have relevant advantages compared to fluctuating renewables such as solar or wind including, e.g., high energy densities, flexible utilization and easy storage. In Germany, wood fuels are especially relevant for heat production. In 2020, approx. 65% of the total renewable and final energy consumption for heating derived from solid biofuels (i.e., 117 TWh, mainly from wood fuels) [1].



Efficient and low emission combustion of wood requires fuels with defined physical and chemical fuel properties that fit to the requirements of the respective combustion units. These requirements differ largely between small-scale appliances such as wood stoves or private boilers and larger heating plants or combined heat and power (CHP) plants. Recent international standards such as ISO 17225 (Part 1 to 9) [2] give recommendations for defined classifications of solid biofuels including wood pellets, wood briquettes, wood chips and log wood for both small- and industrial-scale use.



The moisture content (M) in wt% on wet basis (w.b.), i.e., the mass fraction of water in fuels, is one of the most relevant fuel parameters determining the quality of wood fuels as it directly affects their storage and combustion behavior [3]. High gaseous and particulate matter emissions can be expected when fuels with unsuitable Mw.b. are combusted, especially in small-scale boilers. This is mainly due to incomplete combustion, caused by cooling of the combustion chamber at high Mw.b. or by an uncontrolled, fast combustion when the Mw.b. is not suitable for the respective stove or boiler [4].



These effects have often been reported in recent studies [5,6]. For instance, Nord-Larsen et al. [7] and Shen et al. [8] observed an increase of particulate matter, organic carbon emissions and of aromatic hydrocarbons while decreasing the overall efficiency during combustion of wood fuels with Mw.b. of 27 wt% compared to 5 wt% in small-scale wood burning stoves. Thus, especially for small-scale combustion units, a defined Mw.b. is often recommended [3,4].



Freshly harvested wood usually has a high Mw.b. of 40 to 55 wt%, exceeding recommendations for Mw.b. of most medium- and small-scale combustion units [9]. Thus, drying processes of wood fuels are often relevant processing steps during fuel production. For upgrading wood and other biomasses by drying, current industrial process chains usually rely on thermal drying or storage methods [3,10]. Both approaches entail disadvantages and risks. For conventional drying, including techniques with moving feedstock such as thermal belt dryer, walking floor dryer and drum dryer as well as stationary drying systems such as drying containers, heat (for drying) and electrical energy (for ventilation) are required [11,12]. These processes might somewhat be optimized by using excess heat, e.g., from biogas plants, but still, a relevant input of energy, time and labor is required for fuel production [13,14]. In contrast, drying during storage of the feedstock in piles utilizes heat that is produced through degradation of the biomass by bacteria and fungi [3,15]. This can lead to energy losses in terms of dry matter (DM). For instance, Hofmann et al. [16] reported a decrease of 11.3% for the usable energy content in a spruce wood chip pile with no protective layer during five months of storage [16] due to DM degradation caused by decomposing bacteria strains and fungi [17]. A survey on the forest and wood energy sector in Bavaria revealed an average storage period of 6.4 months, which can therefore lead to severe energy losses [18]. Other negative effects or hazards of microbial activity during storage include the following: (a) possible heating up of the piles sometimes leading to spontaneous self- combustion, (b) damage to health of workers or nearby residents due to released fungal spores in the air, (c) formation of methane in the anaerobic pile center due to insufficient ventilation and (d) space requirements or delays in a time- and cost-critical logistics chain [15,19,20,21,22].



To optimize conventional drying processes in terms of throughput rate and energy efficiency as well as drying of comminuted biomass during storage in piles, pre-drying of the feedstock before processing might be an interesting approach [23]. With lowered Mw.b. in the initial wood, a faster and less energy-consuming drying to the desired or targeted Mw.b. could be performed. Pre-drying can be achieved during storage of uncomminuted wood in the forest before further processing [24,25] or it occurs naturally during delayed processing of wood that accumulates after forest calamities. However, pre-drying might also be achieved by applying innovative and energy efficient process steps. Recently, a mechanical dewatering press at industrial scale was developed by Bohnert Technik GmbH (Seebach, Germany) to actively decrease Mw.b. in wood fuels while aiming at the optimization of subsequent technical drying steps with special regard to the thermal energy demand. The press is especially designed to pre-dry wood chips and sawmill by-products. Thereby, this dewatering press produces wood fuels with lowered Mw.b. while also generating press waters (PW) as by-products.



In the literature, only few publications were found that deal with mechanical compression drying of biomass, especially with regard to wood fuels [26,27,28,29,30]. Especially, the lower energy demand of the mechanical compression process compared to conventional thermal drying is often mentioned. However, none of the studies dealt with the PW, although it is always generated as a by-product.



Frodeson et al. [30] introduced the possibility of PW utilization as biogas feedstock or, due to the hemicellulose content, as raw material for bioplastics or bio-hydrogen production. The idea of integrating PW into a bio-based circular economy was taken up by Ciesielski et al. [31] and Wilke et al. [32].



In addition to laboratory tests and theoretical application considerations, the available literature particularly agrees with one point, namely that exploitation options for PW must be found [30,31,32]. Disposal or, if possible, utilization of the by-products from this wood processing technology is an important aspect for its industrial-scale application, as large quantities of PW are produced, which then must be treated or recycled. Therefore, this study aims at a basic characterization of PW from mechanical drying of wood fuels to identify potential areas of application. Different PW produced by a dewatering press were analyzed in detail, focusing on parameters with relevance for disposal or utilization of wastewater such as chemical oxygen demand (COD) or the chemical composition. All samples were analyzed for chemical compounds by using gas chromatography–mass spectrometry (GC–MS). Furthermore, the utilization of wood-based PW in anaerobic digestion (AD), as one potential area of application, was investigated in this study. Therefore, batch experiments with a co-digestion of PW and digested sewage sludge (DSS) were executed. The physico-chemical PW characteristics were then combined with the results of the batch experiments to discuss the application potential in AD.




2. Materials and Methods


2.1. Samples and Sampling Procedure


For mechanical dewatering of wood chips, a specially designed 30 kW roller press (Wood Chip Squeezer, Bohnert Technik GmbH, Seebach, Germany) recently introduced to the market was used. The press breaks up the wood structure of the wood chips by means of pressure exerted on the material by a conveyor chain [33]. The water trapped in the capillaries of the wood is then squeezed out by pressures of up to 40 MPa, and the Mw.b. approaches the fiber saturation point, which is about 21–25 wt% depending on the type of wood [3]. After the PW has been pressed out of the wood, it flows through the special geometry of the chain together with fine fiber material via a channel into a transversely mounted vibrating screen. There, the water with the finest solid residues is separated from the coarser particles and fed into a container. The coarser solid residues are manually fed back into the compression process of the dewatering press.



For this study, PW from three different raw materials was obtained from a sawmill, which uses the press on an industrial scale. As raw material, Norway spruce (Picea abies) was chosen as it represents the most common tree species in Germany in terms of forest area, which accounted for 25.4% in 2017 [34]. In total, two spruce wood batches consisting of round wood from the Black Forest in Baden-Wuerttemberg (one with low bark content and the other with slightly higher bark content, which was determined by visual inspection) were used to produce PW. In addition, poplar wood from a short rotation coppice in Rhineland-Palatinate (Populus ssp., young age with high bark content) was chosen as raw material due to its fast-growing character while being well suited for utilization as energy wood [10]. The plant operator did not provide the exact values with regard to the bark contents of the raw material.



Over the course of the respective compression process, partial amounts of 1 L each were taken from the PW container 20 times per wood assortment, resulting in a composite sample of 20 L for each of the three samples. The PW was then autoclaved in a laboratory autoclave (Systec DX-45, Systec GmbH, Linden, Germany) at 121 °C with a holding time of 15 min and sealed inside the autoclave at a residual temperature of 88 °C. The PW was then stored in closed glass bottles (Figure 1) in an air-conditioned room (19 °C) for several days until further analyzes and experiments were carried out.



During this study, the following sample codes were used for the PW provided through treatment of the raw materials: S-1 for the spruce with higher bark content, S-2 for the spruce with lower bark content and P for the poplar-based PW.




2.2. Dry Matter and Organic Dry Matter Concentration


To determine the DM concentration of the PW, approx. 25 g of fresh matter (FM) of the respective PW was weighed in ceramic crucibles and then dried at 105 °C in a drying oven (UNP 700, Memmert, Schwabach, Germany) with circulating air until the sample mass was stable. The procedure was executed in quadruplicate (n = 4). The crucibles were weighed back after drying, and the DM concentration was calculated based on the determination of Mw.b. according to the ISO 18134-2 standard method [35]. The same method was used to determine the Mw.b. of the wood chips (>300 gFM) before and after treatment in the mechanical dewatering press.



To determine organic dry matter (oDM) and ash concentration, the crucibles were then heated to 550 °C in a muffle furnace (AAF 1100, Carbolite, Neuhausen, Germany) with a defined heating rate according to ISO 21656 [36]. The oDM concentration was measured in quadruplicate (n = 4).




2.3. pH-Value


The pH values were determined by using a pH meter (FiveEasy FE20, Mettler-Toledo AG, Schwarzenbach, Switzerland) in accordance with DIN 19268 [37]. The pH value determination was carried out once (n = 1) per PW sample.




2.4. Chemical Oxygen Demand


For measurement of the COD, the PW were individually mixed with double-distilled water in a dilution ratio of 1:50. For each sample, 2 mL of the dilution was then injected into a Nanocolor CSB 1500 round cuvette (small scale sealed tube method), containing potassium dichromate (K2Cr2O7), and kept at 148 °C for 2 h using a Nanocolor Vario C2 (both Macherey-Nagel, Düren, Germany). The COD was then determined using a compact photometer (PF-12Plus, Macherey-Nagel, Düren, Germany). This procedure was performed in accordance to ISO 15705 [38]. The COD is one of the decisive prerequisites for discharging wastewater into streams, surface waters or treatment systems. Limit values for direct discharge in surface waters are defined in the German Waste Water Ordinance, for instance [39].




2.5. Elemental Composition


For the determination of the minor and trace element concentration, the PW were analyzed in quadruplicate (n = 4) by inductively coupled plasma-optical emission spectroscopy (ICP-OES). For this purpose, each PW sample was diluted in a ratio of 1:10 with double-distilled water and acidified with 1 mL of nitric acid (HNO3). Subsequently, they were measured by the ICP-OES system (Spectro Blue ASX-260 with an auto sampler, Spectro Analytical Instruments GmbH, Kleve, Germany). The procedure was carried out according to the standards ISO 11885 and DIN 22022-2, while the calculations were executed based on DIN 22022-6 [40,41,42].



In addition, a GC–MS analysis was executed with each PW sample (n = 1). For each sample, 10 mL of PW were first stirred with a polydimethylsiloxane (PDMS) Twister (Gerstel GmbH & Co.KG, Mühlheim a. d. R., Germany) for 90 min and then stirred for a further 30 min after the addition of 10 wt% of sodium chloride (NaCl). The PDMS twister was then removed from the vessel, dried and placed in a glass thermal desorption tube (4 mm in diameter and 187 mm in length) and measured by GC–MS. For thermal desorption, a thermal desorber 3.5+-system (Gerstel GmbH & Co.KG, Mühlheim a. d. R., Germany) was used. The thermal desorber unit was mounted on a HP 7890B gas chromatograph coupled to a 5977B mass-selective detector (both Agilent Technologies, Santa Clara, CA, USA) with a cooled injection system (CIS 4) programmable temperature vaporizing (PTV) inlet. The PTV was programmed to inject the solutes, and the chemical compounds were analyzed on a capillary column. Since a quantitative calibration of the GC–MS has not been carried out, the statements made in this study are valid from a qualitative perspective. Only chemical compounds with a hit probability >90% were listed in the chromatograms.




2.6. Anaerobic Digestion Experiments and Process Monitoring


The inoculum used for AD experiments was DSS collected at the local municipal sewage treatment plant (Rottenburg-Kiebingen, Germany). DSS is regarded as suitable inoculum for AD experiments as it contains a variety of different microorganisms [43]. The sampling was done from the outlet valve of the digestate container, where the DSS is stored at approx. 37 °C. After opening the outlet valve, the first approx. 10 L were discarded. The DSS was then filled into buckets, closed for transportation and handled within 1 h to avoid excess cooling and contact with ambient air. At the treatment plant, the digestate container serves as a secondary digester with an identical temperature level compared to the main AD unit, but its main purpose is to act as a buffer prior to the solid–liquid separation of the DSS.



In general, the biochemical methane potential tests were carried out with the three available PW according to VDI 4630 [43]. The volumetric biogas production was measured using glass manometers with a gas storage capacity of 1 L. The biogas composition was analyzed with a portable biogas monitor (Biogas 5000, Geotech, Coventry, UK) from biogas collected and stored in bags (Plastigas, Linde, Pullach, Germany). The specific biogas and methane production were each calculated for standard conditions (1013 hPa, 0 °C, dry gas). The configuration of each digester, the installed gas measurement system and the storage bag as used in this study are depicted in Sailer et al. [44]. The experiments were conducted in one batch test series at a mesophilic temperature of 38 °C by using a total number of 12 2L insulated glass vessels with preprogrammed heating, which were automatically stirred for 60 s/h. The AD experiment was executed for 35 d with gas analyzes conducted at day 10 and 35 of the experiment.



The experimental set-up for each digester is presented in Table 1. Approx. 1000 mL of the PW (S-1, S-2 and P) were mixed with 1000 mL DSS in triplicate (n = 3) per variant. However, the available amount of each PW for the AD experiments was not sufficient to exactly reach the targeted amount of 1000 mL for each digester, resulting in slight variations of the PW amount (Table 1). The DSS was added without further degassing, as it was already treated anaerobically at the treatment plant. Blind variants of 2000 mL DSS were carried out in triplicate (n = 3), determining the residual gas potentials of the DSS. The specific biogas yield of the mixture of the PW and DSS in each digester (SBYPW and DSS) was calculated as


    SBY    PW   and   DSS    =     BG    PW   and   DSS       m  oDM , PW   +  m  oDM , DSS     ,  



(1)




where SBYPW and DSS (mL/goDM) is the specific biogas yield from the mixture of each PW and DSS, BGPW and DSS (mL) is the total biogas yield from the mixture of PW and DSS and moDM,PW and moDM,DSS (goDM) are the organic mass of each PW and DSS, respectively.



The SBY of PW alone (SBYPW) was calculated for each digester as


    SBY   PW   =     BG    PW   and   DSS    −   BG   DSS      m  oDM , PW     ,  



(2)




where SBYPW (mL/goDM) is the specific biogas yield from PW alone, and BGDSS (mL) is the biogas yield from DSS, i.e., from the corresponding blanks.



The specific methane yield of the mixture of PW and DSS (SMYPW and DSS) was calculated as


    SMY    PW   and   DSS    =  σ   PW   and   DSS    ·   SBY    PW   and   DSS    ,  



(3)




where SMYPW and DSS (mL/goDM) is the specific methane yield from the mixture of PW and DSS and σPW and DSS (-) is the measured volume concentration of methane in the biogas from the mixture.



The SMY of the blanks was calculated as


    SMY   DSS   =  σ  DSS   ·   SBY   DSS   ,  



(4)




where SMYDSS (mL/goDM) is the specific methane yield from DSS (blanks), SBYDSS (mL/goDM) is the specific biogas of the DSS and σDSS (-) is the measured volume concentration of methane in the biogas from the blanks.



Finally, the SMY of PW alone (SMYPW) was calculated as


    SMY   PW   =        σ     PW   and   DSS    ·   BG    PW   and   DSS      −  σ  DSS   ·   BG   DSS      m  oDM , PW     ,  



(5)




where SMYPW (mL/goDM) is the specific methane yield from PW alone.



In the experiment, the measured methane concentration has been applied for the corresponding time interval. For all experiments, SMYDSS, SMYPW and SMYPW and DSS results were plotted based on mean values (n = 3 for all variants) together with standard deviation.





3. Results and Discussion


The Mw.b. of the raw materials (wood chips) that were used to produce PW in this study were measured before and after the treatment with the mechanical dewatering press. This analysis was performed to get a basic understanding of the efficiency of the compression process and on the production conditions that could affect the quality of the PW.



The initial Mw.b. of S-1 was reduced from 39.4% to 37.7%, while S-2 was reduced from 37.5% to 36.5%, respectively. For spruce wood, the Mw.b. achieved was similar to that reported by Laurila et al. [28], although the initial Mw.b. was higher (63%). The Mw.b. of poplar wood was initially 53.4%, which was reduced to 48.3% by the mechanical dewatering press resulting in both the highest Mw.b. before pressing and the most pronounced Mw.b. reduction (ΔM). Still, the compression efficiency must be considered low compared to other trials with the dewatering press observed in previous experiments (data not shown). Thereby, PW accumulations between 1000 and 2000 L/h were observed for wet sawdust-like particles during compression (according to observations of the plant operator) with a ΔM of up to 15%w.b. on an industrial scale. These reduction efficiencies could not be observed in the mechanical dewatering processes carried out during this study. In case of both spruce samples, this could be due to the basic characteristics as presented in Table 2. Freshly harvested wood can reach drastically higher Mw.b. of >40 to 55 wt% [3,16,18,45]. At the same time, particle size might affect the dewatering process with smaller particles, probably leading to an overall better compressibility. In addition, all compression experiments were executed with the same settings of the mechanical dewatering press. An optimization of machine settings such as throughput rate or pressure intensity could lead to different ΔM for different wood species, approximating the respective fiber saturation points. Thus, the mechanical dewatering might deliver better values for ΔM in practice while simultaneously producing larger amounts of PW. The PW quality might be directly affected by these variations regarding its mixing ratio of water, its content of soluble compounds and with regard to the resulting DM concentration.



Overall, the parameter ΔM of the press operations in this study ranged between Mw.b. 1 and 5.1 wt%, which must be considered rather low, compared to literature and observations of the press operator in other mechanical dewatering tests.



For example, Liu and Haygreen [26] pressed five different wood species in the form of wood chips and hammer milled chips with pressures ranging from 3.5 to 13.8 MPa. They found significant differences in terms of achieved drying rates by size of the particles, density of the chips and species. The Mw.b. reduction was highest within the first 2 min of the highest pressures (13.8 MPa) while pressing relatively low-density species (aspen, balsam fir, jack pine, red maple and red oak). Yoshida et al. [27] used pressures of 10–30 MPa in a two staged roller compression apparatus, discovering significantly lower energy requirements (60–70% of the primary energy required for thermal drying alone) to dry cypress wood chips with initial Mw.b. of 61 wt% to values of 17 wt% in combined drying (first compression, followed by thermal drying). Through mechanical compression, the Mw.b. was decreased from 50–73 wt% to 46–57 wt% depending on the wood type and depending on the initial Mw.b.. Laurila et al. [28] investigated the compression drying of energy wood in the form of sawdust in a cylindrical vessel with horizontal pressure from above (6–38 MPa). They only found a small influence of pressure time, while the absolute pressure levels had the most influence on Mw.b.. In this case, the resulting Mw.b. were 30 wt% for birch, 34 wt% for pine and 35 wt% for spruce. They highlighted the lower energy demand of the process compared to conventional thermal drying. Stahl and Bentz [29] applied pressures of up to 10 MPa through gas inside a pressure chamber to wood planks. They were able to approximate to the fiber saturation point by repeating their process several times. Frodeson et al. [30] recently investigated an industrial scale dewatering press in combination with a packed moving bed dryer. For a combined drying of sawdust from 52 to 12.5 wt% Mw.b., a reduction of thermal energy requirements of 50% was observed.



Thus, the achieved values for ΔM in this study might have influenced the characteristics of the resulting PW and must therefore be considered when evaluating the results as presented in the following sections.



3.1. Basic Characteristics of Wood Press Waters and Digested Sewage Sludge


The obtained PW showed greater differences in terms of DM concentration, pH and COD (Table 2). This is also valid between samples of the same wood species, such as S-1 and S-2, and might be directly linked to the pressing efficiency as described above. While the pressing success (ΔM) was better for S-1 compared to S-2, the DM concentration of the PW was also higher for this sample (2.3%) compared to S-2 (0.4%). The same trend was observed for P with the overall highest ΔM and the highest DM concentration (3.17 ± 0.01%FM, Table 2). From these observations, a dependence of the PW’s DM concentration on the ΔM and thus the original Mw.b. may be suggested. However, this must be validated with further experiments.



Frodeson et al. [30] mention that the DM loss during pellet production due to DM in the PW can either be considered as loss of substances with a reduction of pellet yield and possibly altered pelletization behavior, or as a new and innovative feedstock, i.e., when the DM losses are used for bio-economy purposes [30]. The results of the pressing tests in this study have shown that for wood chips, a maximum amount of only 1.62 kgDM per tonFM of wood chips is transferred to the pressing water (calculated with ΔM and DM concentration of P). Otherwise, if the PW should be used for bio-based process chains, the compression step may need to be optimized to increase the DM concentration in PW.



For instance, the concentration of DM in the PW has to be considered when utilized as a co-substrate in AD plants. Large amounts of PW (i.e., with a 1:1 mixture as applied in this study) may also deliver large amounts of water into the digester, which then would lead to increased heating demands while obviously delivering only a limited mass of degradable organic components. For the evaluation of PW and energy yields in AD, all reference units (FM, DM, oDM) must be considered. However, PW could also be used as a supplement with lower dosages (e.g., in a 1:10 mixture of PW and the main feedstock) to minimize the energy demand for heating.



In contrast to the DM concentration, the oDM concentrations were on similar level (approx. 88%DM) for all three PW. Thus, the remaining mass of DM contained a variety of organic components that were pressed out of the wood while containing approx. 12%DM of inorganic components (ash). The oDM concentration is especially relevant when utilizing substrates energetically as only the mass of oDM can be converted to biogas in AD processes. In comparison, the pure DSS as a reference substrate achieved the highest DM with the lowest oDM concentration (approx. 3.6%FM and 62%DM, respectively, Table 2). Both DM and oDM concentrations of DSS were in line with literature [44,46,47]. The concentration of C, H and N were not measured in this study, but the concentration of C correlated with the concentration of oDM and could thus be estimated. In other digestion experiments of the authors [44,46], DSS was measured with similar oDM concentrations (63.5 and 60.2%DM) as presented in Table 2, while C was measured with 29.7 and 30.4%DM (with H both at 4.5%DM as well as with N at 3.8 and 4.1%DM). Thus, the C concentration of approx. 30%DM can be assumed for the DSS of this study while the PW can be estimated with C concentration of approx. 45%DM. However, the concentration of C, H and N of the PW should be measured in further research. Based on C, H and N, stoichiometric methane yields in AD can be calculated [43].



The pH value of DSS was not measured in this study. Based on literature [44,47], a pH value between 6.5 and 7.5 could be expected for DSS. The results of the pH value analysis for the PW (between 4.0 and 7.7) are in accordance with results in the literature. The low pH value of spruce-based PW is already known with a similar pH value for spruce chips (pH 4.53). In addition, the ingredients of softwood typically cause lower pH values [48]. Ciesielski et al. [31] found a pH value of a PW from a 3:1 spruce:fir mixture of 4.52. The pH value of the feedstock is an important parameter in AD processes [44]. Thus, depending on the amount and type of PW in the digester, pH values can be influenced towards lower (S-1, S-2) or higher (P) pH values.



The COD of PW ranged from 10,650 to 45,250 mg/L (Table 2). Compared to the COD ranges mentioned in the literature for different industry segments (1000–100,000 mg/L), the PW of this study can be compared to industrial wastewaters from dairy or from food factories [3]. The PW from spruce and fir used by Ciesielski et al. [31] showed a COD of 4400, which is comparable to sample S-2, with a DM concentration of 0.28%.



The German Waste Water Ordinance sets limits for COD of water from different industries before it can be directly discharged in surface waters. According to this ordinance, for manufacturing of chipboard, fiberboard or wood fiber matting, maximum COD values of 200 mg/L (annual average) must not be exceeded. Therefore, as the COD values of all PW were severely above the legal limits, subsequent treatment of the water seems to be necessary if the PW should be disposed of [39]. From this perspective (disposal), a suitable utilization pathway of wood-based PW is preferable.



In addition, the theoretical biogas and methane potential can be calculated based on the COD (simplified: 1 g of degraded COD can generate in maximum 350 mL of methane) [3]. Thus, a higher level of COD might also indicate a higher energy potential.




3.2. Elemental Composition and Chemical Compounds of Wood Press Waters


For the spruce-based PW, higher absolute element concentrations were found in S-1 compared to S-2 (e.g., K with 816 mg/L vs. 222 mg/L, Table 3). This may be due to the slightly higher bark content of the S-1 sample (determined by visual inspection) as bark contains multiple inorganic charges compared to wood (see, e.g., [3,49]), but this could also be explained by the slightly higher ΔM (1.7%). The latter, however, would imply a stronger leaching effect with greater water flow compared to that of the dilution effect due to the increased water flow. Similar, the poplar-based PW contained higher amounts of minor and trace elements compared to both spruce samples (e.g., K was at 1510 mg/L).



While the elemental composition of the liquid PW (Table 3) cannot be directly compared to the elemental composition of solid wood, tendencies and correlations for the wood species spruce and poplar can be observed. The poplar-based PW was especially high in concentration of K, Ca, Mg, Na and Cu. This can partly be explained by the higher trace element concentration (K, Ca, Mg) in the raw material, as typical elemental concentrations in poplar wood are higher than those of spruce [3]. These elements have a decisive influence on the fuel properties of wood chips and their combustion behavior [3,10,50,51,52]. K, for example, is one of the main aerosol forming elements during combustion and strongly affects slag formation. The K concentration in the PW should theoretically lead to a decrease of the element concentration in the fuel. In the pressing process of P with the initial Mw.b. of 53% to 48%, an equivalent of more than 165 mg/kgDM of K should have been flushed out of the wood with the water. Assuming an average K concentration of 3500 mg/kgDM in wood chips from a short rotation coppice, this corresponds to a leaching of 4.72% of the total K amount in the wood [3] and should therefore improve the combustion properties of the wood chips.



Dietz et al. observed contamination effects (Cr, Co, Fe, Ni, Mo) through abrasion of machine components in contact with the wood (e.g., blades constructed using heavy metal containing steels) when processing different wood chips in laboratory mills. This abrasion effect was caused by shares of mineral impurities in the sample [45]. Compared to the S-2 and P samples, S-1 showed elevated values for the above-mentioned elements (Table 3). Therefore, in addition to natural causes, increased mineral contamination and therefore increased abrasion in the processing steps (from comminution, conveying in the mechanical pressing) could also explain the measured concentrations (Table 3).



In further experiments, the elemental profile of the untreated solid wood (raw state) and the treated wood (mechanically dewatered) together with the generated PW could be monitored in order to quantify the leaching effects. For spruce and poplar wood, typical elemental profiles of the solid and untreated wood can be found in literature [3,10,45].



Trace elements are of importance for AD processes. They can enhance the efficiency of AD by increasing energy yields but can also become toxic, depending on the concentration in the digester. Important trace elements for AD are reportedly Fe, Co, Mn, Mo, W, Ni, Se and Zn. Trace element requirements of AD processes depend on various parameters, which is why the ranges of optimum elemental concentrations vary in the literature. For Na, K, Ca, Mg, S, Ni, Cu, Cr, Co, Pb and Zn, inhibitory levels for AD processes are defined in the literature [44]. However, none of the mentioned elements contained in the PW seems to be critical (the most relevant could be K with an inhibitory level of 4800 mg/L). In addition to inhibitory levels, optimum ranges are defined for Ni, Co, Fe, Mn, Mo, Se and Zn [44]. None of the mentioned elements was measured within the optimum ranges as described in the literature. However, the concentration of beneficial elements are closer to the optimum ranges than the concentration of inhibitory elements to their critical concentration. From an elemental perspective, this could suggest an overall positive impact of the PW for AD processes. In general, DSS already contains a broad variety of elements such as P, Al, Ca, Fe, K, Mg, Na, S and Si but also heavy metals that are critical with regard to legal limits [44]. PW could thus also be used as supplement delivering nutrients for other substrates with less extensive elemental profiles.



In Figure 2, the results of the GC-MS analysis of PW are shown. Table 4 complements Figure 2 by presenting the associated chemical compounds as detected by the GC–MS system. In general, the largest amounts of peaks were detected for the poplar-based PW (P) followed by the spruce-based PW (S-1 and S-2). Most of the detected peaks of the P sample could not be identified (hit probability > 90%) by the GC–MS system. Thus, different chemical compounds were detected but could not be identified with certainty. Interestingly, the chromatograms of the samples S-1 and S-2 did not show similar progressions, indicating differences in chemical compounds even among samples of the same species. Only a few overlaps were found for S-1 and S-2. For instance, alpha-terpineol was detected in both samples. This substance is commonly known as an important component in the perfume and odor industry. Furthermore, alpha-terpineol inhibits the growth of tumor cells [53,54]. It has proven to show anti-tubercular activities, is active against multi-drug-resistant tuberculosis and extensively drug-resistant tuberculosis [55]. The compound 3-carene (detected in S-1) is an antimicrobial monoterpene that has an antibacterial mechanism against foodborne pathogens and occurs naturally in a variety of plants [56]. Alpha-cadinol, which was also detected in S-1, has antifungal and hepatoprotective effects and, in addition, anti-inflammatory effects are associated with it [57,58,59].



In the literature, Ciesielski et al. [31] investigated the suitability of “wood juice” from a mixture of spruce/fir and a pure Douglas fir for the direct synthesis of biopolymers by bacteria. Although they found a relatively low polyhydroxyalcanoates concentration, the approach seems worth pursuing, as substrate pretreatment is not required, and a substantial amount of 3-hydroxyvalerate indicates that the obtained co-polymers provide suitable characteristics for industrial applications. In addition, Wilke et al. [32] showed a good suitability of PW in yeast production. Yeast strains nourished with PW showed significantly improved growth behavior in shake flask experiments compared to the use of a conventional industrial complex medium. Thus, initial approaches for material use of PW are already available.



Overall, this study focused on the energetic valorization of the PW in AD, but the additionally performed GC–MS analyses showed that several chemical compounds of interest for the chemical industry can be detected in PW. Quantitative investigations could be carried out to identify relevant material use potentials, exact amounts and extraction processes for the chemical compounds in PW. Thus, for each of the detected chemical compounds, measurements on the quantitative compound concentration should be performed followed by a discussion of the utilization potential and possible bio-economy pathways. In addition, the potential effects of the (detected) chemical compounds on AD processes could be a field of future research.




3.3. Anaerobic Digestion Experiments


Based on the mixtures of DSS and the different PW in each digester, both SBY and SMY are presented in Figure 3. The mixture of DSS and the PW S-2 achieved the highest SBYPW and DSS and SMYPW and DSS followed by the blank variant (DSS alone). From a digester perspective, which considers the yields per goDM of the mixtures, the combination of DSS and S-2 was the most efficient variant. The mixtures of DSS together with S-1 and P were measured with even lower SBYPW and DSS and SMYPW and DSS compared to the blank variant (containing only DSS). In the case of S-1 and P, the AD process was thus inhibited. Based on the results displayed in Figure 3, the co-digestion of DSS and PW may obviously lead to positive or negative impacts on the AD process. This can be discussed based on the digester content, which is described by physico-chemical properties of the PW such as DM and oDM concentration, pH values as well as minor and trace elements. In the case of the beneficial variant S-2, the lowest DM concentration (0.39 ± 0.01%FM, Table 2) was measured, while oDM concentrations of all PW were equally between 87 and 89%DM. The high pH value of the poplar-based PW (approx. 8) could have also inhibited the AD process (especially due to the almost 1:1 mixture). For further explanations of the results in Figure 3 and for a detailed view of the content in each digester, Table 5 delivers absolute masses for DM and oDM as well as oDM ratios and absolute biogas and methane yields.



The absolute masses of DM and oDM delivered by the DSS were identical for all variants based on 2000 mL for the blank variants and based on 1000 mL for the mixtures with the PW. However, the different DM concentration of the PW (Table 2) strongly influenced the absolute masses of DM (ranging from 3 to 30 g) and oDM (ranging from 3 to 27 g) that were present in each digester. Consequently, this led to varying oDMFeedstock to oDMDSS ratios between 0.1 and 1.2. The digesters with the lowest oDM ratios (S-2 with ratios of 0.1–0.2) delivered the best results in terms of SBYPW and DSS and SMYPW and DSS. When comparing the absolute methane yields of DSS alone (4226 ± 1155 mL) with those of the DSS and S-2 mixture (4054 ± 297 mL), similar results were achieved. However, the drastically lower mass of oDM in the digester of the mixtures (25 g vs. 45 g for DSS alone) must be considered. Thus, the mixture of DSS and S-2 delivered promising results that suggest (a) high substrate specific gas yields of the PW, and (b) an increased efficiency in utilizing the mass of oDM provided by the DSS.



In general, an increased oDM ratio of up to 0.9 and 1.2 (S-1 and P), drastically decreased the gas yields, which is in line with the ranking as presented in Figure 3. In accordance with VDI 4630 [43], the oDM ratio should remain below 0.5 to ensure a stable and efficient AD process. Therefore, the main reason for the poor performance of S-1 and P, with regard to both absolute and specific gas yields (Table 5 and Figure 3), could have been the strongly elevated oDM ratio.



In addition to the results for the mixtures, Table 6 presents the results for SBYDSS, SBYPW, SMYPW and SMYDSS. In Germany, the average SBY from sewage sludge is 520 mL/goDM [3,44]. Thus, the residual biogas potential SBYDSS as measured in this study with approx. 136 ± 38 mL/goDM (25% of the average sewage sludge SBY) indicates that the inherent energy content of DSS could be exploited to a greater extend. Szaja et al. [47] used sewage sludge for co-digestion experiments and measured SMY between 230 and 270 mL/goDM for sewage sludge alone, which strengthens the statements above.



As explained, only the PW S-2 was able to deliver considerable gas yields above those of the blank variants. The SBYPW and SMYPW from S-2 alone were measured with almost 1000 mL/goDM and 630 mL/goDM, respectively. However, for the evaluation of the PW, the concentration of oDM and DM (Table 2) in the fresh state are of importance. Thus, a SBYPW and SMYPW of approx. 3 mL/gFM and 2 mL/gFM, respectively, was achieved.



After day 35 of the AD experiments, all remaining digestates of each variant were analyzed regarding DM and oDM concentration. The DSS (blank) variant was measured with concentration of 1.85 ± 0.06%FM (DM) and 53.92 ± 0.37%DM (oDM). The mixtures of DSS and PW were analyzed with DM concentrations of 1.33 ± 0.19%FM (S-1), 0.97 ± 0.41%FM (S-2) and 2.14 ± 0.21%FM (P), while oDM concentrations were 65.78 ± 1.39%DM (S-1), 52.66 ± 0.15%DM (S-2) and 60.45 ± 0.77%DM (P).




3.4. Potential of Press Waters from Wood Fuel Processing in Anaerobic Digestion


Based on the physico-chemical characteristics of the PW, expected advantages and challenges and thus their potential in AD processes can be summarized as follows:




	(1)

	
The low DM concentration of the PW (between 0.4 and 3.2%) might be challenging due to large amounts of water that are delivered into the digester (heating demand). However, PW could be used in individual and lower dosages (in this study 1:1 was applied), or it could be used to increase the amount of water in the digester for dry substrates (mashing of the feedstock) while delivering organic compounds and nutrients. An aspect worth investigating could be the process of increasing DM concentration, e.g., through thickening processes.




	(2)

	
The oDM concentration of the PW indicate suitable amounts of organic components for conversion into biogas through AD while also delivering inorganic components (ash) that could promote AD processes. The oDM concentration is similar to bio-waste materials such as the organic fraction of municipal solid waste [44]. Although the oDM concentration correlates with the content of C, the C (and H as well as N) concentration should be measured to also calculate the stoichiometric methane potentials in AD.




	(3)

	
The pH values from spruce-based PW were in the acidic milieu, while poplar-based PW were approx. pH-neutral. Thus, depending on the type and amount or dosage of PW into the digester, the pH values in AD could be adjusted.




	(4)

	
The COD can also serve as an indicator for achievable energy yields in AD. The PW levels of COD proved that a suitable treatment is necessary to fulfill legal limits.




	(5)

	
The concentration of chemical elements as well as the detection of chemical compounds can be used to develop suitable substrate mixtures in AD. Depending on the presence and concentration of certain elements, their concentration can be inhibiting or promoting. In this study, an overall positive effect of the PW on AD processes was assumed. However, low ratios of oDMPW to oDMDSS (< 0.5) seem to be important for an efficient AD. In addition to analyses regarding the effect of the detected chemical compounds on AD, further research could focus on material use in the sense of a bio-economy. Therefore, extraction experiments and a quantitative analysis for evaluating the biorefinery potential of PW should be carried out.









In general, it could be a suitable option to energetically utilize PW together with DSS, as the residual gas potential of DSS could be exploited with higher efficiency. Additionally, the PW could be of interest as a supplement for further AD systems such as energy crop- or bio-waste-based AD plants. The application of wood-based PW could also be tested as diluting liquid in AD of relatively dry substrates such as bio-waste materials. This could be a field of future research. Additionally, co-digestion experiments of DSS mixed with one individual PW at different oDM ratios should be executed. Further areas of application might be the utilization of PW as fertilizer. Therefore, the elemental composition (N, P, K) and the phytotoxicity of the PW should be analyzed. Utilizing by-products from wood fuel production in the AD of DSS would lead to combined treatment approaches with a linking between forestry and AD.





4. Conclusions


This study investigated the anaerobic digestion (AD) of three different spruce- and poplar-based press waters (PW) generated as a by-product of a mechanical dewatering press. The PW were characterized with a dry matter concentration between 0.4 and 3.2%FM and with an organic dry matter (oDM) concentration of approx. 88%DM. The pH value of poplar-based PW was drastically higher (pH 8) than those of the spruce-based PW (pH 4). The results of the elemental analysis suggest positive impacts regarding combustion characteristics of the mechanically pressed wood. In addition, the PW might deliver relevant trace elements for AD. Further, several chemical compounds interesting for a bio-economy were detected by GC–MS. The mixture of spruce-based PW and digested sewage sludge (DSS) with low oDM ratios delivered highest absolute and specific methane yields. The PW could be used as co substrate to optimize wastewater treatment by enhancing the exploitation of the residual gas potential of DSS.
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Figure 1. Press waters (PW) produced by the mechanical dewatering press and after autoclaving. Spruce-based PW (S-1 and S-2) and poplar-based PW (P). 
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Figure 2. Chemical compounds measured by gas chromatography–mass spectrometry (GC–MS) for spruce-based (S-1 and S-2) and poplar-based (P) press waters. Detected chemical compounds were labeled with numbers. Compounds that could not be identified by the GC–MS system were labeled as not detected (n.d.). Further information on the chemical compounds can be found in Table 4. 
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Figure 3. Specific biogas yield (SBY) and specific methane yield (SMY) based on organic dry matter (oDM) for the mixtures of digested sewage sludge (DSS) together with spruce-based (S-1 and S-2) and poplar-based (P) press waters and for DSS (inoculum) alone. Mean values ± standard deviation (n = 3). 
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Table 1. Experimental set-up of the anaerobic digestion experiments for each digester (D) presenting the mixtures containing digested sewage sludge (DSS) and different types of press waters (spruce: S, poplar: P).
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	Parameter
	D 1
	D 2
	D 3
	D 4
	D 5
	D 6
	D 7
	D 8
	D 9
	D 10
	D 11
	D 12





	Inoculum type
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS
	DSS



	Inoculum (mL)
	2000
	2000
	2000
	1000
	1000
	1000
	1000
	1000
	1000
	1000
	1000
	1000



	Feedstock type
	-
	-
	-
	S-1
	S-1
	S-1
	P
	P
	P
	S-2
	S-2
	S-2



	Feedstock (mL)
	-
	-
	-
	1019
	953
	738
	945
	962
	823
	969
	955
	832
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Table 2. Dry matter (DM) concentration based on fresh matter (FM), organic dry matter (oDM) concentration, pH value and chemical oxygen demand (COD) for digested sewage sludge (DSS) and the spruce based (S-1 and S-2) as well as the poplar based press waters (P). Mean values ± standard deviation (n = 4), (n.d. = not determined).
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	Sample
	DM (%m/mFM)
	oDM (%m/mDM)
	pH Value (-)
	COD (mg/L)





	DSS
	3.61 ± 0.05
	61.58 ± 0.12
	n.d.
	n.d.



	S-1
	2.29 ± 0.16
	88.87 ± 0.26
	4.6
	31,350



	S-2
	0.39 ± 0.01
	86.71 ± 0.99
	4.0
	10,650



	P
	3.17 ± 0.01
	87.90 ± 0.13
	7.7
	45,250
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Table 3. Minor and trace element concentration of spruce-based (S-1 and S-2) and of poplar-based (P) press waters. For Sb, Ag, Ti, Li and Bi, all values were below the detection limit and thus not detected (n.d.). Mean values ± standard deviation (n = 4). The order of the elements was selected in accordance with IS0 17225-1.
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Element

	
S-1

	
S-2

	
P




	
mg/L






	
Al

	
9.091 ± 0.152

	
0.615 ± 0.023

	
2.362 ± 0.053




	
Ca

	
198.3 ± 1.34

	
79.02 ± 0.82

	
381.2 ± 4.22




	
Fe

	
128.0 ± 1.14

	
12.07 ± 0.12

	
16.24 ± 0.42




	
K

	
815.5 ± 10.55

	
222.0 ± 2.03

	
1510 ± 5.87




	
Mg

	
119.5 ± 0.75

	
22.42 ± 0.23

	
171.6 ± 0.86




	
Mn

	
113.2 ± 0.799

	
7.686 ± 0.079

	
3.497 ± 0.056




	
Na

	
14.70 ± 0.158

	
2.628 ± 0.228

	
107.8 ± 0.705




	
As

	
0.011 ± 0.003

	
0.007 ± 0.005

	
n.d.




	
Cd

	
0.020 ± 0.000

	
0.007 ± 0.004

	
0.036 ± 0.000




	
Cr

	
0.953 ± 0.013

	
0.029 ± 0.003

	
0.030 ± 0.002




	
Cu

	
0.525 ± 0.010

	
n.d.

	
1.237 ± 0.048




	
Ni

	
1.184 ± 0.012

	
n.d.

	
0.139 ± 0.002




	
Pb

	
0.010 ± 0.004

	
n.d.

	
0.113 ± 0.004




	
V

	
0.045 ± 0.007

	
0.004 ± 0.005

	
n.d.




	
Zn

	
25.96 ± 0.323

	
0.601 ± 0.013

	
8.767 ± 0.163




	
Ba

	
2.436 ± 0.016

	
0.679 ± 0.010

	
2.079 ± 0.034




	
Sr

	
0.832 ± 0.006

	
0.234 ± 0.005

	
1.062 ± 0.013




	
B

	
1.416 ± 0.013

	
n.d.

	
0.618 ± 0.009




	
Mo

	
0.518 ± 0.007

	
0.004 ± 0.004

	
0.038 ± 0.001




	
Se

	
0.123 ± 0.009

	
0.030 ± 0.006

	
0.049 ± 0.005




	
Co

	
0.143 ± 0.002

	
0.012 ± 0.001

	
0.031 ± 0.001




	
Tl

	
0.148 ± 0.001

	
0.030 ± 0.004

	
n.d.




	
Be

	
0.007 ± 0.000

	
0.005 ± 0.003

	
0.002 ± 0.000
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Table 4. Chemical compounds detected by gas chromatography–mass spectrometry (GC–MS) for spruce-based (S-1 and S-2) and poplar-based (P) press waters.
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	Peak No
	Compound
	S-1
	S-2
	P





	1
	Acetic acid
	
	X
	



	2
	Silanediol, dimethyl-
	X
	X
	X



	4
	Cyclotrisiloxane, hexamethyl-
	
	X
	



	5
	Oxime-,methoxy-phenyl-
	
	X
	



	11
	Cyclotetrasiloxane, octamethyl-
	
	X
	



	12
	3-carene
	X
	
	



	15
	Cyclohexene, 4-methyl-1-(1-methylethyl)- or limonene
	X
	
	



	16
	Benzaldehyde, 2-hydroxy-
	
	
	X



	26
	(+)-2-bornanone/camphor
	X
	
	



	29
	Acetic acid, phenylmethyl ester
	
	
	X



	32
	Endo-borneol
	X
	
	



	34
	3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl), (R)-
	X
	
	



	37
	Tripen-4-ol
	
	X
	



	39
	Alpha-terpineol
	X
	X
	



	40
	Bicyclo [3.1.1] hept-3-en-2.-one, 4,6,6- trimethyl-
	X
	X
	



	43
	Acetic acid, 2-phenylethyl ester/phenethyl acetate
	
	
	X



	45
	Phenol, 2-nitro-
	X
	
	



	50
	2(3H)-furanone, dihydro-5-pentyl/gamma-nonalactone
	
	X
	



	56
	Acetaldehyde, (3,3-dimethylcyclohexylidene)-
	
	
	



	60
	Tau-muurolol
	X
	
	



	61
	Alpha-cadinol
	X
	
	



	65
	Hexacosane, eicosane, methyl- or heneicosane
	
	X
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Table 5. Masses of digested sewage sludge (DSS), spruce-based press water (S-1, S-2) and poplar-based press waters (P) based on dry matter (DM) and organic dry matter (oDM) in each digester (D). Biogas and methane volumes are related to standard conditions (1013 hPa, 0 °C, dry gas).
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	Parameter
	D 1
	D 2
	D 3
	D 4
	D 5
	D 6
	D 7
	D 8
	D 9
	D 10
	D 11
	D 12





	Digester content
	DSS
	DSS
	DSS
	DSS&S-1
	DSS&S-1
	DSS&S-1
	DSS&P
	DSS&P
	DSS&P
	DSS&S-2
	DSS&S-2
	DSS&S-2



	mDM, DSS (g)
	72.2
	72.2
	72.2
	36.1
	36.1
	36.1
	36.1
	36.1
	36.1
	36.1
	36.1
	36.1



	mDM, Feedstock (g)
	-
	-
	-
	23.3
	21.8
	16.9
	30.0
	30.5
	26.1
	3.8
	3.7
	3.2



	mDM, Digester (g)
	72.2
	72.2
	72.2
	59.4
	57.9
	53.0
	66.1
	66.6
	62.2
	39.9
	39.8
	39.3



	moDM, DSS (g)
	44.5
	44.5
	44.5
	22.2
	22.2
	22.2
	22.2
	22.2
	22.2
	22.2
	22.2
	22.2



	moDM, Feedstock (g)
	-
	-
	-
	20.7
	19.4
	15.0
	26.3
	26.8
	22.9
	3.3
	3.2
	2.8



	moDM, Digester (g)
	44.5
	44.5
	44.5
	42.9
	41.6
	37.2
	48.5
	49.0
	45.1
	25.5
	25.4
	25.0



	oDMFeedstock/

oDMDSS
	-
	-
	-
	0.9
	0.9
	0.7
	1.2
	1.2
	1.0
	0.2
	0.2
	0.1



	Biogas (mL)
	4493
	5215
	8399
	5433
	2318
	2116
	1802
	1718
	2867
	6542
	5570
	6159



	Methane (mL)
	3176
	3666
	5835
	2660
	678
	687
	551
	570
	988
	4390
	3667
	4106
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Table 6. Substrate specific biogas yield (SBY) and specific methane yield (SMY) based on fresh matter (FM), dry matter (DM) and organic dry matter (oDM) for digested sewage sludge (DSS), spruce-based (S-1, S-2) and poplar-based press waters (P). For S-1 and P, negative values indicate a reduction of the gas yield compared to the blank (Figure 3). Mean values ± standard deviation (n = 3).
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Sample

	
SBY

	
SMY




	
mL/goDM

	
mL/gDM

	
mL/gFM

	
mL/goDM

	
mL/gDM

	
mL/gFM






	
DSS

	
136 ± 38

	
84 ± 24

	
3.0 ± 0.8

	
95 ± 26

	
59 ± 16

	
2.1 ± 0.6




	
S-1

	
7 ± 78

	
6 ± 69

	
0.1 ± 1.6

	
−48 ± 53

	
−42 ± 47

	
−1.0 ± 1.1




	
S-2

	
994 ± 145

	
862 ± 126

	
3.4 ± 0.5

	
628 ± 104

	
545 ± 90

	
2.1 ± 0.4




	
P

	
−34 ± 19

	
−30 ± 17

	
−0.9 ± 0.5

	
−55 ± 4

	
−49 ± 4

	
−1.5 ± 0.1
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