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Abstract

:

Pretreatment of waste materials could help in more efficient waste management. Various pretreatment methods exist, each one having its own advantages and disadvantages. Moreover, a certain pretreatment technique might be efficient and economical for one feedstock while not for another. Thus, it is important to analyze how parameters change during pretreatment. In this study, two different pretreatment techniques were applied: thermal at lower and higher temperatures (38.6 °C and 80 °C) and biological, using cattle rumen fluid at ruminal temperature (≈38.6 °C). Two different feedstock materials were chosen: sewage sludge and riverbank grass (Typha latifolia), and their combinations (in a ratio of 1:1) were also analyzed. Various parameters were analyzed in the liquid phase before and after pretreatment, and in the gas phase after pretreatment. In the liquid phase, some of the parameters that are relevant to water quality were measured, while in the gas phase composition of biogas was measured. The results showed that most of the parameters significantly changed during pretreatments and that lower temperature thermal and/or biological treatment of grass and sludge is suggested for further applications.
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1. Introduction


Depletion of the world’s natural resources and an increase in the environmental footprint [1] has stimulated the increased utilization of renewable energy sources, resource efficiency, better waste management, circular economy and sustainability. Among the solutions is greater utilization of waste materials, which could partially address the challenges of resource depletion and ecosystem health. Waste materials are widely available and often mismanaged [2]. Developed and developing countries produce large amounts of waste per capita, with a significant increase in recent decades, owing to a higher level of consumption [3]. Waste management continues to improve in several countries; however, significant amounts of potential secondary raw materials are lost, such as metals, wood, paper and other waste streams [4]. Waste could also be a potential source of several value-added products, such as enzymes, fuels, fertilizers, pesticides, polymers, and plastics [5].



The use of several waste types is limited, despite their vast availability. Waste materials such as sewage sludge and organic waste contain significant amounts of elements such as carbon, nitrogen, phosphorus that could be efficiently used by thermal or biological processes [6]. The EU’s Landfill Directive [7] requires that waste should be pretreated by physical, thermal, chemical or biological processes to reduce its negative impact on the environment and to help increase the scope of waste recycling and recovery. However, there are several limitations to their use, such as their complex structure, the non-homogeneity of waste and the presence of hazardous waste. On the other hand, advances in microbiology, biotechnology and genetic engineering are leading to new concepts for converting these materials into valuable products [8].



Several solid waste products and waste from municipal sources have higher shares of lignocelluloses [9]. Such examples are agricultural residues, forest woody residues, industrial waste, microalgae and municipal solid waste [10]. Lignocellulosic materials are also widely abundant renewable materials, and are composed mainly of cellulose, hemicellulose, and lignin [11]. Pretreatment of waste materials facilitates further hydrolysis and fermentation [11] for the production of fuels, chemicals and other materials [12]. Pretreatment can partially remove lignin and hemicellulose, and often also cellulose (such as by cellulose-degrading enzymes [13], rumen fluid [14], white rot fungi [15], etc.). Ideally, pretreatment should be simple, with a low environmental footprint [16] and should be economically efficient [17], while it should produce pretreated substrate that is easily hydrolyzed/fermented, and should avoid the loss of the desirable fraction of the material and the formation of inhibitory compounds [18].



Pretreatment of waste materials could help in reducing the amount of waste, in stabilizing waste, overcoming the recalcitrance of lignocellulosic waste, and in more efficient utilization of waste materials as fuels and/or chemicals. Various pretreatment methods exist, which can be classified into chemical, physical, physico-chemical, biological and combined or multiple pretreatment methods. However, each pretreatment method acts differently on lignocellulosic structures [12]. Each method has only limited applications, as no pretreatment technique suits all types of waste material. Commonly used pretreatment techniques still do not meet sustainable industrial production requirements despite being studied for a number of years [17]. A combination of more than one pretreatment technique and/or novel techniques has the potential to significantly improve the efficiency of the process [17]. In order to better understand and improve specific pretreatment process(es), it is important to analyze the changes in the properties of waste materials during pretreatment [19].



The literature review has shown that there has been limited research on analyzing changes in the various parameters during pretreatment that are typical in related fields, such as wastewater characterization, anaerobic digestion and composting. Further, to the best of the authors knowledge, no studies have been performed on pretreatment of sewage sludge, grass and rumen fluid. The aim of this work was to examine the change of parameters during thermal pretreatment of sewage sludge and grass Typha latifolia and to investigate the impact of cattle rumen fluid (microbial consortium) presence on pretreatment.



In this work, various parameters have been measured during thermal and biological pretreatment of two waste materials, sewage sludge and riverbank grass (Typha latifolia), and their combination (1:1 ratio on a dry basis). Thermal pretreatment was studied at both an elevated temperature of 80 °C, which lasted for 5 days, and at milder conditions of 38.6 °C, which lasted for 8 days. Biological pretreatment was also studied at 38.6 °C by adding an enzyme mixture (cattle rumen fluid) to the waste materials. An analysis of various parameters in the liquid phase was conducted before and after pretreatment and in the gas phase after pretreatment. In the liquid phase, the following parameters were measured: nitrogen, phosphorus and potassium (NPK) content, total organic carbon (TOC), chemical oxygen demand (COD), pH and conductivity, and in the gas phase concentrations of CH4, CO2 and H2S were measured.




2. Materials and Methods


In this section, applied materials and methods are described. First, collection of samples, their preparation for analysis and characterization are described, and then the experimental setup is presented, where two experiments were conducted under various conditions. The chemical analyses performed to determine various parameters during pretreatment are then described.



2.1. Feedstock Preparation and Characterization


The following feedstock materials were used in the experiments: riverbank grass Typha latifolia (G), sewage sludge (S) and rumen fluid (R). Sewage sludge was taken from a local municipal wastewater treatment plant (latitude and longitude coordinates of 46°24′29.3″ N and 15°52′51.0″ E) employing a tertiary biological treatment of wastewater in sequential basins with the capacity of 68,000 population equivalents (PE) and a maximal inflow of 350 L/s wastewater. The Typha latifolia grass (cattail) was gathered near the Dravinja riverbank near city Ptuj, Slovenia (coordinates of 46°21′01.5″ N and 15°49′48.8″ E). The Typha latifolia grass was chopped into pieces smaller than 1 · 0.5 cm before being used in experiments. Rumen fluid was acquired from a nearby slaughterhouse. Before it was used in experiments, it was filtered through fabric in order to remove larger particles. All feedstock materials were gathered in the middle of May 2019.



For the characterization of feedstock materials, the following analytical methods were used: SIST EN 16168:2013 for determining total nitrogen content using dry combustion [20], SIST EN ISO 11885:2009 by the inductively coupled plasma optical emission spectrometry (ICP-OES) analyzer for the total phosphorus content [21], SIST EN 13137:2002 for total organic carbon content based on catalytic oxidation combustion technique [22] and SIST EN 14346:2007 for the dry matter content [23]. The content of heavy metals was determined by the ICP-OES analyzer according to the EN 16170:2016 method [24]. For the determination of total dry solids content (TS), substrates were dried in a laboratory drying chamber (ED 115, producer Binder) at 105 °C until constant weight.




2.2. Experimental Setup


Two pretreatment methods were tested on selected waste: biological pretreatment with the addition of an enzyme mixture (i.e., cattle rumen fluid) and lower and higher temperature thermal pretreatment (at 38.6 and 80 °C). For biological pretreatment, the temperature was set at a ruminal temperature of about 38.6 °C [25]. The temperature of 38.6 °C was chosen, since it is within the mesophilic temperature range that is optimal for microorganisms’ growth and metabolism, and it is an optimal temperature for microorganisms present in the rumen fluid.



For lower temperature thermal pretreatment (mesophilic temperature range, 38.6 °C) and biological pretreatment with rumen fluid, batch assays were maintained by using a Thermo Scientific™ SC100 immersion circulator in a heated bath filled with deionized water. Samples placed in 1 L glass containers were exposed to pretreatment conditions for 8 days. Assays in containers were hand-mixed two to three times during pretreatments. If necessary, to reduce the pressure in containers, the gases were released to the atmosphere and containers were closed shortly afterwards. Figure 1 shows schematic representation of the experimental set-up for lower temperature thermal and biological pretreatment.



Higher temperature thermal pretreatment at 80 °C was performed in a laboratory drying chamber (ED 115, Binder), where the pretreatment time was 5 days.



All samples were prepared in triplicate, containing 6 wt.% of solids based on average dry matter (DM) content. The samples were prepared on a 500 g wet basis (30 g dry basis) and are shown in Table 1. Reaction mixture G contains only grass substrate, while reaction mixture S contains only sludge (both were diluted by distilled water to 6 wt.%). Other samples represent mixtures of the chosen substrates. For example, sample G + S was a mixture of grass and sewage sludge in a ratio of 1:1. For biological pretreatment, in addition to 500 g of material (G, S and G+S) 50 mL of rumen fluid was added. The addition of rumen fluid in reaction mixtures is denoted as R.




2.3. Chemical Analyses


Before and after pretreatment studies, various parameters were measured in the liquid phase of the samples. Chemical oxygen demand (COD), total organic carbon (TOC), and the amounts of nitrogen, phosphorus and potassium (NPK) content were analyzed by cuvette tests. The following NANOCOLOR® (Macherey-Nagel) cuvette tests were used: CSB 160 and 1500, TOC 300, TNb220, ortho-Phosphate 15 and Potassium 50. Digestion of samples was performed with a NANOCOLOR® VARIO C2 (Macherey-Nagel) heating block. Analyses of COD, TOC and NPK in filtered samples were determined photometrically using a compact photometer PF-12Plus (Macherey-Nagel). The conductivity and pH were measured by using wireless pH and conductivity sensors (Pasco), which were connected through a tablet computer and recorded via the SPARKvue app.



Untreated samples were analyzed on the first day of the experiments (day zero) and are denoted in the next section as “untreated”. Samples from lower temperature thermal pretreatment at 38.6 °C and biological pretreatment (at the same temperature) were analyzed on the 8th day of the experiments, while samples from higher temperature thermal pretreatment at 80 °C were analyzed on the 5th day. The concentration of gases (CH4, CO2 and H2S) formed during pretreatment in the gas phase was monitored by an Optima 7 Biogas analyzer. Measurements in the gas phase were performed on the last day of each experiment (on the 5th or 8th day of the experiments).



The results of chemical analyses for treated and untreated samples were statistically tested (in Excel) for significant differences using the t-test (90% confidence level, two tailed, homoscedastic type). The deviations of the results between parallel samples were expressed with standard deviation and error bars (error bar represents one standard deviation).





3. Results and Discussion


In this section, results and discussion regarding the characterization of feedstock materials and pretreatment analysis are presented. First, results for the liquid phase are shown in Section 3.2.1, Section 3.2.2, Section 3.2.3 and Section 3.2.4 (NPK, TOC, C/N ratio, COD, pH and conductivity) and results for the gas phase are presented in Section 3.2.5 (concentrations of CH4, CO2 and H2S).



3.1. Feedstock Characterization Results


The basic characteristics of sewage sludge, Typha latifolia grass and cattle rumen fluid, such as total dry solids content (TS), water content, total nitrogen (TN) content, total phosphorus (TP) content and total carbon (TC) content are gathered in Table 2. Sewage sludge contained 18.6% of dry solids, grass 7.4% and rumen fluid 2.3%. The content of heavy metals and the content of TN were higher in sewage sludge samples than in the grass samples. As expected, grass contained high amounts of potassium (K), but did not contain much phosphorus (TP). Among heavy metals, the concentration of Zn ions stands out from the results for sewage sludge. Other values were in the range typical of sewage sludge [26] and grass samples [27].




3.2. Results of the Pretreatment Tests


In this section the results for the liquid phase are first given (they are shown before and after pretreatment), and subsequently the results for the gas phase are presented (shown after pretreatment).



3.2.1. Results of N, P and K Analysis


Concentrations of nitrogen, potassium and phosphorus (NPK) in the samples are expressed in the form of N, P2O5 and K2O, since NPK values in the organic substrates are often expressed in that way [28]. Table 3 shows the results for P2O5 and K2O content, and Figure 2 shows the content of TN.



Results in Table 3 show that the lowest concentrations of K2O and P2O5 values were generally obtained in untreated samples (samples G or S). After lower temperature thermal pretreatment at 38.6 °C, concentrations of K2O and P2O5 in all samples increased as compared to untreated samples (Table 3). The highest values of K2O were obtained in the mixture of grass and sludge (sample G + S), while the highest P2O5 value occurred in the sludge sample (S). It is also interesting to note that in the case of biologically-pretreated samples with the addition of rumen fluid (samples G + R and G + S + R), the K2O and P2O5 content decreased, compared to the same samples without rumen fluid. Based on these results, it can be concluded that enzymes and bacteria in rumen fluid break down the cell membranes and degrade these nutrients [29]. In addition, if anaerobic fermentation occurs because of the presence of enzymes in the sewage sludge, any released polyphosphate can be completely degraded to PO43−−P [30].



In the case of higher temperature thermal pretreatment (80 °C), concentrations of K2O decreased, while the concentration of P2O5 increased slightly in comparison with the lower temperature pretreatment. Among all samples, the concentration of P2O5 was highest in the samples treated at 80 °C, especially for the S and G + S samples; this shows that thermal pretreatment deformed the chemical bonds in the sludge and grass, and thus P is released from the raw substrates. According to Zou and Li [30], the cell membranes of sludge could be disrupted via thermal pretreatment, so that P (mainly in the form of polyphosphate) could easily diffuse out of the cytoplasm. Kuroda et al. [31], on the other hand, discovered that nearly all the polyphosphate could be released from activated sludge simply by heating it at 70 °C for only a few hours.



For the purpose of the further use of these substrates for biofuels and biochemicals (e.g., for production of biogas and biofertilizer), a combination of grass and sludge is suggested rather than using mono substrates, owing to the high NPK content, which is efficient for biofertilizer production. However, it should be noted that such pretreated materials that contain sewage sludge have restricted further applications [32]. Figure 2 shows the results for total nitrogen concentrations (TN). The highest amount of TN was observed in the sewage sludge sample and its mixtures, which is in accordance with the fact that the raw sewage sludge contained more TN than grass or rumen fluid (as shown in Table 2).



With thermal pretreatment of samples at 38.6 °C, the amount of TN increased. The increase can be explained by the decomposition of proteins under the effect of heat and the action of microorganisms [33]. In the case of sewage sludge, the higher the temperature, the higher the TN concentration. The presence of anammox and denitrifying bacteria in the sludge (and also rumen fluid [34]) contribute importantly to the conversion of ammonium and nitrite into N2 [35].



For mixtures of sludge and rumen fluid (S + R), concentration of TN decreased, compared to the sample containing only sludge (S) under the same conditions (38.6 °C). On the other hand, in the case of mixtures of grass, sludge and rumen fluid (G + S + R), the concentration of TN after pretreatment was higher than in the same mixture without rumen fluid (G + S). This indicates that rumen fluid actively participated in the degradation of grass, although the degradation mechanisms are still quite unclear, since the composition of rumen fluid is complex [36]. The main microbial population of rumen fluid includes bacteria, fungi, archaea, and protozoa, of which bacteria and fungi are mainly involved in lignocellulose degradation, while archaea are related to CH4 formation [37]. The degradation process occurs via lignocellulolytic enzymes that are capable of digesting lignocellulosic materials (mainly consisting of cellulose, hemicellulose and lignin) into proteins, volatile fatty acids (VFAs) and gases [38].



At the highest pretreatment temperature (80 °C), TN concentrations were similar to those at the lower temperature (38.6 °C), while in the sample of sewage sludge (S) the concentrations were even higher. Similar results regarding TN release during thermal pretreatment have been reported previously [39].



Statistical t-tests performed for TN concentration show significant differences in the values between treated and untreated samples (at 90% confidence interval). The tests also showed significant differences among the different feedstock materials (sludge, grass, and rumen fluid). On the other hand, less significant differences were found in the case of biologically treated samples when compared to the same biologically untreated samples. The t-tests comparing results of the higher and lower temperature thermal pretreatment provided similar results, since in many cases the differences were insignificant.




3.2.2. TOC Values and C/N Ratio


An optimal C/N ratio in the feedstocks is important for the optimal growth of microorganisms [40], for the reduction of VFA accumulation [41], to prevent inhibition [39], to mitigate C and N emissions [42], to analyze organic matter in aquatic ecosystems [43], and for the production of lipids in yeasts [44], among other effects. For example, the optimal C/N ratio for anaerobic digestion [45] and composting [46] is between 20 and 30.



Sewage sludge is known for its lower C/N ratios due to high losses through ammonia emissions [47]. Similarly, low C/N ratios occur in slurries [41], manures [48] and slaughterhouse waste [49]. On the other hand, grass has a higher C/N ratio, between 10 and 25 [50]. For some biomass and waste sources, significantly higher values of C/N ratios have also been reported, up to more than 500 for wood shavings [50]. The C/N ratio is defined as the ratio between organic carbon (TOC) and total nitrogen (TN). Figure 3 shows the results for TOC values and the C/N ratio.



From Figure 3, it can be seen that the C/N ratios for untreated samples are within ranges as reported previously. As expected, the highest values were found in untreated grass samples (C/N ratio of 13.5). After thermal or biological pretreatment of the grass (G) samples, the C/N ratio decreased. There are various reasons for this decrease, one being that the C/N ratio decreased as a result of increased TN. Another reason for C/N decrease after biological pretreatment is that micro-organisms consume more carbon than nitrogen. The decrease in the C/N ratio could also be the result of a loss of carbon as CO2 by mineralization during the process [33].



The C/N ratio for all pretreated samples at both temperatures was between 4 and 7. For the mixtures with sludge (S + R, G + S, G + S + R) after thermal treatment, the C/N ratios were still higher compared to those from the sludge samples (S), indicating that the presence of grass and rumen fluid did positively affect the C/N ratio. However, C/N ratios in all samples after pretreatment were significantly lower than is suitable for anaerobic digestion and composting processes. Thus, the problem could be solved by mixing different organic substrates, such as grass and other organic waste.



TOC values in all samples containing sewage sludge (S) increased after thermal or biological pretreatment, and the highest value was detected in the sample thermally treated at 80 °C. These results confirmed that thermal pretreatment accelerates the biodegradation of materials such as sewage sludge and grass, and thus increases the TOC content in the liquid samples [39]. At a lower temperature (38.6 °C), the highest amount of organic carbon was released in the cases when rumen fluid was added to the reaction mixtures (S + R and G + S + R). This is in accordance with previous studies, where it has been reported that microbial cultures from rumen fluid have a great capacity to increase the hydrolysis of lignocellulosic substrates [51] such as grass [52]. Therefore, it can be concluded that rumen fluid significantly affects the biodegradation of organic materials. Thus, a combination of lower temperature thermal treatment and biological treatment could be interesting for such a purpose. Similar conclusions could be adopted for both the t-tests performed with the results of TOC measurements and those performed for TN concentration.




3.2.3. Chemical Oxygen Demand (Soluble COD) Measurements


The COD represents the amount of oxygen required to oxidize organic material into water and CO2 and is therefore a measure of the quantity of organic material present in the material. Values of soluble COD measurements before and after pretreatment are shown in Figure 4. In general, as shown, the highest COD values were measured in all the samples exposed to thermal pretreatment at 38.6 °C, while at 80 °C the values were lower (except for sewage sludge).



The COD values for the grass samples significantly increased after thermal pretreatment at 38.6 °C as compared to the untreated sample and decreased after thermal pretreatment at 80 °C as compared to the value at 38.6 °C. However, both values were higher than in the untreated sample.



This increase is in agreement with the findings of previous studies, which state that thermal pretreatment breaks down the cell walls, which enables the transfer of organic material to the liquid phase and consequently increases the COD [39]. A study by Ariunbaatar et al. [53] also confirmed that thermal pretreatment increased solubilization of organic solids and/or increased hydrolysis, making the substrates more available for anaerobic microorganisms; thus, in the subsequent anaerobic digestion process, biomethane production was enhanced.



As in the grass samples, the sewage sludge samples also yielded increased COD values after thermal pretreatment. After pretreatment at 38.6 °C, the highest COD was detected in the mixture of grass and sewage sludge (G + S). On the other hand, the presence of rumen fluid in the samples with grass (biological pretreatment at 38.6 °C) caused a slight drop in COD values. This can be explained by the fact that the microorganisms from the rumen fluid hydrolyze the macromolecules (lignocellulose and proteins) in the grass, thus reducing the amount of organic material [54]. Again, statistical hypothesis testing showed similar conclusions for TN and TOC measurements.




3.2.4. pH and Conductivity


Monitoring pH value is an indicator of the degree of biological and biochemical decomposition [33]. Electrical conductivity is a commonly used parameter for monitoring the amounts of nutrients, salts and impurities in the solution [55]. Since the composition of substrates could significantly change during pretreatment, pH and conductivity values could also significantly fluctuate. pH and conductivity measurements in the analyzed samples are shown in Figure 5.



pH values were generally higher in the untreated samples, and decreased during pretreatment, especially for the grass samples. This can be explained by the fact that, because of the degradation of organic compounds during thermal pretreatment, amino acids, ammonia and fatty acids are formed, which cause a drop in pH [29]. At higher temperatures, amino acids could also be degraded, and the pH increases again [56]. This can be clearly noticed in the sample with the combination of sewage sludge and grass (G + S), where an increase in pH is noticed at 80 °C, as compared with the pH value at 36.8 °C. Another interesting observation is that, in the case of samples containing only sewage sludge (S), the pH value after thermal pretreatment at 38.6 °C increased slightly and decreased after pretreatment at a higher temperature (80 °C). This could be related to the release of NH4+, which could increase the pH of the solution when present in higher concentrations.



When biological pretreatment was performed, pH increased slightly with the addition of rumen fluid, most likely because of the slightly alkaline environment of rumen fluid (the pH of untreated sample was 7.5). For high degradation efficiency, maintaining a pH value in the optimal range is important, and the natural buffering ability of rumen fluid plays a major role in that process [57]. However, the optimal pH for most lignocellulose-degrading enzymes should be between 4.5 and 6.0 [58], and for methanogenic bacteria, the optimal range is between 6.6 and 7.6 [59], although a wider range (between 6.5 and 8.2) has also been reported [60]. Hu et al. [52] reported that acidogenesis of cattail by rumen cultures is possible at higher pH (pH of 6.9). Similar values for treated samples were found in the present study (pH values between 5.1 and 7.2).



Conductivity of the samples increased with pretreatment at lower temperatures (38.6 °C) and decreased with pretreatment at higher temperatures (80 °C). This can be confirmed by the findings of some authors who stated that electrical conductivity increases at temperatures up to 50 °C and becomes linear over time with any further increase in temperature [61].



The highest conductivity was measured in the grass sample (G) after pretreatment at 38.6 °C, because ions were dissolved from the grass, which thus increased conductivity. In one of the previous studies [61], it was likewise found that with the temperature increase, the conductivity in vegetable materials increases up to four times. Since the composition of these materials is comparable to grass, similar findings could be expected.



High conductivity values were also noted in the case of a mixture of grass and sludge (G + S), and a combination of grass, sludge and rumen fluid (G + S + R). This is due to the presence of grass, since sludge exhibits smaller conductivity values. In all the samples with rumen fluid (G + R, S +R and G + S + R), conductivity decreases as compared to the samples without rumen fluid (G, S and G + S). On the other hand, the conductivity of untreated rumen fluid is relatively high, owing to dissolved ions. The decrease in conductivity in mixtures with rumen fluid could be connected to the buffering capacity of rumen fluid [62].




3.2.5. Gas Phase Composition


The composition of the gas phase in the samples is shown in Table 4. In the samples containing sewage sludge and/or rumen fluid pretreated at 38.6 °C, significant concentrations of CH4 were observed in the gas phase. The addition of rumen fluid increases cell wall degradation and thus allows microorganisms easier access to nutrients; therefore, more CH4 is formed [56].



Besides CH4, other gases such as CO2 and H2S were also analyzed and detected in the gas phase of the samples. The mixture of grass and rumen fluid (G + R) contains the highest amount of CO2. Rumen fluid degrades the lignocellulosic fibers in the grass and consumes oxygen, which leads to CO2 increase [63]. Accordingly, CO2 production could be used as an indicator of the degradation efficiency of lignocellulosic biomass during rumen fermentation [30].



The concentrations of H2S were more significant in the samples containing rumen fluid (G + R and G + S + R). Slightly higher concentrations of this gas were found in mixtures containing grass. The production of H2S comes mostly from microbial degradation of organic matter [64].



On the other hand, when pretreatment was performed at 80 °C, production of the gases under analysis was negligible. The reason for such results is that bacteria in materials are highly active only in mesophilic ranges (between 25 and 42 °C) [65] and thermophilic ranges (between 50 and 65 °C) [66]. At temperatures below 15 °C and above 70 °C, methanogenic bacteria are limited in activity [67].






4. Conclusions and Future Research


In this study, thermal and biological pretreatment techniques were applied to two waste materials: sewage sludge and riverbank grass (Typha latifolia) and their combination (in the ratio 1:1). Lower and higher temperature thermal pretreatments (at 38.6 and 80 °C) and biological pretreatments (at a ruminal temperature of 38.6 °C) were studied. Various parameters were measured in the liquid and gas phases.



NPK, TOC and COD values, and the C/N ratio showed that low temperature thermal treatment is preferred, because of its better biodegradation characteristics of waste materials. pH values were mainly in the optimal range, while pretreated grass samples exhibited pH values below the optimal, which could be improved by biological pretreatment and mixing with other waste materials. Additionally, the results of the gas phase showed that the most suitable pretreatment technique(s) for further applications are low temperature thermal and/or biological treatment. The best result in the gas phase was obtained for biologically pretreated sludge, as it yielded the highest concentration of CH4 and the lowest concentration of H2S. Based on the results, it was found that pretreatment technique(s) should be carefully chosen, owing to some inhibitory effects at elevated temperatures, which could exert a negative impact on the further treatment of waste materials.



However, an important consideration for future studies is the further use of pretreated materials which contain sewage sludge, as it may contain heavy metals, pathogens and persistent organic pollutants (POPs). Thus, further handling of these materials is suggested, such as removal of heavy metals, extraction of POPs from sludge, reduction of pathogens and so on. Future studies could be aimed at further hydrolysis and fermentation of pretreated materials, and at identifying and reducing contaminants from treated sewage sludge.
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Nomenclature




	COD
	Chemical oxygen demand



	C/N
	Carbon/Nitrogen ratio



	DM
	Dry matter



	G
	Grass Typha latifolia



	ICP-OES
	Inductively coupled plasma optical emission spectrometry



	NPK
	Nitrogen (N), phosphorus (P2O5) and potassium (K2O)



	PE
	Population Equivalent



	POP
	Persistent organic pollutants



	R
	Rumen fluid



	S
	Sewage sludge



	TC
	Total carbon



	TN
	Total nitrogen



	TOC
	Total organic carbon



	TP
	Total phosphorus



	TS
	Total solids



	VFA
	Volatile fatty acid
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Figure 1. Schematic representation of set-up for thermal and biological pretreatment (illustration made by authors). 
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Figure 2. Concentrations of total nitrogen (mg/L). 
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Figure 3. Total organic carbon (TOC) results (mg/L) and the carbon to nitrogen ratio (C/N). 
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Figure 4. The soluble chemical oxygen demand (COD) results (mg O2/L). 
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Figure 5. pH and conductivity (µS/cm) measurements. 
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Table 1. Composition of samples used in pretreatment tests.
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	Reaction Mixture
	Rumen Fluid (mL)
	Typha latifolia Grass (g)
	Sewage Sludge (g)
	Water (g)





	G (grass)
	/
	405.40
	/
	94.60



	S (sludge)
	/
	/
	161.27
	338.73



	G + S
	/
	202.70
	80.65
	216.65



	G + R
	50
	405.40
	/
	94.60



	S + R
	50
	/
	161.27
	338.70



	G + S + R
	50
	202.70
	80.65
	216.65
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Table 2. Basic characteristics of the materials in use.
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	Parameter
	Sewage Sludge (S)
	Typha latifolia Grass (G)
	Rumen Fluid (R)





	Total dry solids (TS, %)
	18.60
	7.40
	2.34



	Water content (%)
	81.40
	92.60
	97.66



	TN (% TS)
	7.85
	3.46
	3.70



	TP (% TS)
	0.92
	0.32
	0.07



	TC (% TS)
	45.61
	46.62
	31.22



	Cd (mg/kg DM)
	1.01
	1.03
	/



	Cu (mg/kg DM)
	172.82
	6.42
	/



	Cr (mg/kg DM)
	46.36
	1.39
	/



	Zn (mg/kg DM)
	739.99
	27.03
	/



	Ni (mg/kg DM)
	24.55
	1.72
	/



	Pb (mg/kg DM)
	27.06
	1.91
	/



	K (mg/kg DM)
	8,211.80
	34,398.43
	/
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Table 3. Concentration of potassium in the form of K2O and phosphorus expressed as P2O5 in the samples.
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	Sample
	K2O (mg/L)
	P2O5 (mg/L)





	G, untreated
	1486 ± 89
	476 ± 8



	S, untreated
	1120 ± 43
	3554 ± 95



	R, untreated
	731 ± 19
	1078 ± 21



	G, 38.6 °C
	5823 ± 47
	679 ± 10



	G + R, 38.6 °C
	3092 ± 151
	541 ± 26



	S, 38.6 °C
	2015 ± 113
	4725 ± 77



	S + R, 38.6 °C
	3193 ± 95
	3974 ± 49



	G + S, 38.6 °C
	11,747 ± 124
	4146 ± 128



	G + S + R, 38.6 °C
	9940 ± 168
	3991 ± 85



	G, 80 °C
	3855 ± 59
	497 ± 37



	S, 80 °C
	1807 ± 62
	5786 ± 152



	G + S, 80 °C
	6024 ± 87
	4874 ± 74
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Table 4. Gas phase composition.






Table 4. Gas phase composition.





	Sample
	H2S (ppm)
	CH4 (%)
	CO2 (%)





	G, 38.6 °C
	397 ± 49
	0.13 ± 0.03
	15.43 ± 3.60



	G + R, 38.6 °C
	1744 ± 293
	6.26 ± 0.65
	26.16 ± 4.24



	S, 38.6 °C
	237 ± 24
	7.30 ± 0.46
	14.23 ± 1.15



	S + R, 38.6 °C
	181 ± 48
	13.88 ± 2.09
	12.78 ± 1.88



	G + S, 38.6 °C
	881 ± 182
	4.25 ± 0.40
	12.25 ± 2.87



	G + S + R, 38.6 °C
	1003 ± 140
	5.15 ± 0.08
	13.42 ± 3.06



	G, 80 °C
	22 ± 1
	0.07 ± 0.02
	2.06 ± 0.16



	S, 80 °C
	24 ± 7
	0.08 ± 0.03
	2.45 ± 0.58



	G+S, 80 °C
	18 ± 4
	0.06 ± 0.02
	1.43 ± 0.40











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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