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Abstract

:

The current study investigates the effect of hydrothermal pretreatment (HTP) on acidification of source-separated organics (SSO) in terms of volatile fatty acids (VFAs) production and solubilization. Temperature and retention time for HTP of SSO ranged from 150 to 240 °C and 5 to 30 min, respectively. The soluble substance after hydrothermal pretreatment initially increased, reaching its peak at 210 °C and then declined gradually. The highest overall chemical oxygen demand (COD) solubilization of 63% was observed at “210 °C-20 min” compared to 17% for raw SSO. The highest VFAs yield of 1536 mg VFAs/g volatile suspended solids (VSS) added, was observed at “210 °C-20 min” compared to 768 mg VFAs/g VSS for raw SSO. Intensification of hydrothermal pretreatment temperature beyond 210 °C resulted in the mineralization of the organics and adversely affected the process.
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1. Introduction


Fulfilling the food and modern habitat demand for the growing population is one of the major challenges of the 21st century while reducing the adverse impact of the food waste, wood waste, yard and landscaping debris, and paper fibers or source-separated organics (SSO) production system on the environment [1]. Canada annually produces 25 million tons of wastes [2] and 75,000 tonnes of SSO in Toronto [3]. Hence, abundant solid waste generation and its appropriate treatment has become a global challenge.



Food waste management hierarchy indicates that prevention is the best strategy, followed by biological treatment (anaerobic digestion and composting), thermal disintegration (incineration), and landfilling. Thermal treatment of solid waste requires a high amount of energy to evaporate the water, mineralize, and recover energy, while biological treatments are more cost-effective, reliable, and feasible [4]. Biological treatments such as anaerobic digestion (AD) and dark fermentation have been extensively studied for their ability to convert a wide variety of lignocellulosic biomass to methane and biohydrogen, respectively [5,6].



Anaerobic digestion has four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The first two steps, which involve hydrolysis and acidogenesis, are known as acidogenic fermentation or dark fermentation. During hydrolysis, complex organic polymers in the substrate are broken down into simpler organic monomers by the enzymes excreted from the hydrolytic microorganisms. Subsequently, acidogens ferment these monomers mainly into volatile fatty acids (VFAs) such as acetic, propionic, butyric, and lactic acids [7,8,9].



VFAs are mainly produced by chemical and petrochemical approaches that use nonrenewable materials and cause pollution [10]. However, the production of VFAs through the dark fermentation process from waste is considered to be a sustainable method for on-site application as a carbon source for biological nutrient removal (BNR) that uses renewable resources. VFAs can also be utilized for the production of biodegradable plastics or generation of bioenergy [7,11].



In the dark fermentation or the AD process, hydrolysis is the rate-limiting step because of the complex structure of some wastes, including lignocellulosic biomass. In addition, the limited surface area of recalcitrant parts of biomass does not provide easy access for the biodegradable organics during hydrolysis [12]. Such limited accessibility causes significantly lower process efficiency than the theoretical estimations based on the biomass’ structural features. To overcome these obstacles and enhance the hydrolysis step, scholars have come up with a variety of approaches. One of the main approaches to enhance the hydrolysis step is pretreatment. Scholars have utilized a variety of mechanical, chemical, thermal, and biological pretreatment methods prior to anaerobic digestion for different substrates to enhance the biodegradability of the materials and expedite the hydrolysis step [6].



Hydrothermal pretreatment (HTP) has been broadly explored as a pretreatment method for VFAs and methane production because of its high efficiency and eco-friendliness as well as having a recognized and successful manufacturing application background [6]. The disintegration of a material’s cell membranes due to HTP leads to the dissolution of soluble organics as well as the promotion of hydrolysis of dissolved macromolecular organics [13,14]. However, some studies revealed that hydrothermal pretreatment higher than 200 °C results in occurrence of Maillard reaction, which leads to the production of the melanoidins. These compounds are difficult to degrade and inhibit the degradation of other organics such as VFAs [15,16]. Yin et al. [16] investigated the effect of melanoidins on VFA production from food waste by adding low (4 g), medium (8 g), and high (16 g) dosages of melanoidins to the food waste that was hydrothermally pretreated at 120 °C for 30 min. It was found that low and medium dosages of melanoidins did not affect the VFA production, whereas high dosage of melanoidins reduced the VFA production by 12% compared to the control.



Most studies concentrate on the effect of HTP on AD and biomethane production from food waste. Scholars investigated the impact of HTP ranging from 100 °C to 220 °C. The previous studies reported that HTP promoted the solubilization of organic biomass and VFAs production; however, it inhibited hydrogen production [13,17,18,19]. Table 1 shows some studies on the effect of HTP on the acidification and AD of food waste. For example, Yin et al. [13] evaluated the impact of hydrothermal pretreatment on fermentation of food waste at temperatures of 120, 140, 160, 180, 200, and 220 °C for 30 min retention time. They found that the optimum HTP condition for VFAs production was 160 °C. The VFAs yield increased from 0.6 g acetic acid/g vs. removal for the raw sample to about 0.9 g acetic acid/g vs. removal for the pretreated sample. “VS” stands for Volatile solids which represents the amount of organics present in the initial sample. In another study, Li and Jin [14] investigated the impact of hydrothermal pretreatment at different temperatures of 55, 70, 90, 120, 140, and 160 °C on the acidification phase of two-stage anaerobic digestion of kitchen waste. They observed that the highest VFAs concentration of 4.4 g/L was achieved for the sample pretreated at “120 °C-50 min” compared to 1.5 g/L for the raw sample. Ding et al. [17] studied the effect of HTP of food waste for two-stage AD at the temperatures of 100, 120, 140, 160, 180, and 200 °C for 20 min. In addition, a set of experiments were performed at 140 °C but for different times of 5, 10, 15, 25, and 30 min.



Considering the above-mentioned studies, it was revealed that HTP is a promising pretreatment technology for enhancing VFAs production. However, its impact is highly related to the severity of the HTP conditions, which are affected by both temperature and retention time. There is no comprehensive study on the effect of HTP on VFAs production combined with different temperatures with different retention times. Furthermore, to the best of the authors’ knowledge, there is no single study on the effect of different combinations of heat and retention time for the same severity index. A more comprehensive range of HTP temperatures and retention times needs to be investigated to further determine the effect of HTP on acidification of food waste and VFAs production.



Therefore, the aim of this study was to explore the effect of hydrothermal pretreatment on solubilization of organic matter after the HTP and fermentation process as well as the production of VFAs due to acidification by applying a wide range of temperature and retention time. A novelty of this research is the hired substrate, SSO, which was subjected to HTP. SSO is a combination of lignocellulosic materials and food waste collected together from the green bins of residential households.




2. Methods and Materials


2.1. Substrate and Inoculum


SSO is a combination of food waste, wood waste, yard and landscaping debris, and paper fibers collected from the Toronto SSO green bin program of single and multifamily residential and various commercial and agency departments. SSO samples were obtained from the Disco Road Organic Processing Facility (DROPF) located in Toronto, Canada. In 2010, this facility was designed and built on CCI’s technology platform, the BTA® Process. The design capacity is 75,000 metric tonnes of residential and commercial SSO per year. DROPF operates in three phases; the preprocessing stage, conversion phase, and utilization phase. During the preprocessing step, SSO is fed directly to the BTA® Hydromechanical Pretreatment System, which is designed with 3 × BTA® Waste Pulpers and 3 × BTA® Grit Removal Systems where the organics will eventually turn into a liquid (slurry) pulp. Afterwards, preprocessed wastes undergo wet digestion process in the mesophilic range using 2 × 5300 m3 digesters that are continuously mixing using compressed biogas [3]. The samples for this study were obtained after SSO passed through BTA® wet mechanical pretreatment occurring within two core components, the BTA® waste pulper and the BTA® grit removal system, and before feeding to the anaerobic digester.



The seed inoculum for fermentation experiment was collected from a steady operating digester at Ash-bridges wastewater treatment plant (AWWTP) located in Toronto, Ontario. The treatment capacity of this plant is 818,000 m3/day and serves a population equivalent of 1,524,000. The anaerobic digestion tanks operate under a mesophilic temperature range (34–38 °C) and with a sludge hydraulic retention time of 18 days. The digesters have 30.5 to 33.5 m diameter and the organic loading rate of the digester is approximately 1.1 kg TVS/m3 (TVS: Total Volatile Solids) of digester capacity per day [20].



The inoculum was thermally pretreated to enrich the VFA-producing microorganisms and inactivate the methanogens. The freshly collected inoculum was heated to reach 70 °C and stirred continuously at 60 rpm (it took about one hour). It was then incubated for 30 min at the same temperature while being stirred continuously. Afterwards, the inoculum was cooled down to room temperature in order to be used in the fermentation experiment. The characteristics of unpretreated SSO and the seed inoculum can be found in Table 2.




2.2. Hydrothermal Pretreatment


To promote the solubility and biodegradability of the substrates, SSO was hydrothermally pretreated. HTP was carried out under five different severity index values (SI) of 3, 3.5, 4, 4.5, and 5. Under each SI, different combinations of temperature (150 to 240 °C) and retention time (5–30 min) were studied. Overall, SSO went through fifteen different pretreatment scenarios. Table 3 shows the experimental design of the hydrothermal pretreatment. Temperature and retention time were independent variables that were controlled during the hydrothermal pretreatment, while pressure was a variable dependent on the HTP temperature and retention time (RT) and was monitored throughout the HTP process. SI is a function of hydrothermal pretreatment temperature and retention time [21] that can be calculated by Equation (1):


SI = log [t × exp((T − 100)/14.75)]



(1)




where T is the hydrothermal temperature (°C) and t is retention time (min).



The hydrothermal pretreatment was performed with a Parr 4848 Hydrothermal Reactor with a capacity of 2 L. During the pretreatment, the SSO was constantly mixed and the heating ramp rate was 3 °C/min at the beginning of the process and then it was lowered to 2 °C/min. The last phase of hydrothermal pretreatment consisted of holding the sample at the target HTP temperature. The hydrothermal reactor was operated by a specView Parr 4848 controller equipped with proportional integral derivative (PID) programming with autotuning capabilities for accurate control of temperature, heating ramp, and soak (retention time) and the pressure and hydrothermal pretreatment rate was recorded accordingly.




2.3. Acidification Experiment


Hydrothermally pretreated and raw SSO were mixed with the inoculum considering the food to microorganisms (F/M) ratio of 1 g-TCOD/g-VSS. All mixed samples were then placed in incubators and were fermented. Acidification experiments were conducted in triplicate for each pretreated and raw sample, which resulted in 48 mesophilic batches. Each reactor had a total volume of 500 mL. The working capacity of each reactor was 300 mL. Volumes of substrates and inoculum were calculated based on the F/M ratio of 1 g-TCOD/g-VSS using Equation (2).


    F M  =   T C O  D  S S O   ×  V 1    V S  S  s e e d   ×  V 2      



(2)




where V1 and V2 represent the volumes of substrate and inoculum, respectively. VSSseed is the VSS of the inoculum, and TCODSSO indicates the Total COD of the SSO. After adding the substance and inoculum, the initial pH was adjusted to be 5.50 by using adequate 3.5 M HCl or NaOH. To make sure that the anaerobic condition is maintained, the reactors were purged with nitrogen gas for 5 min, and then the reactors were sealed. The experiments were conducted using the Bioprocess Automatic Methane Potential Test System (AMPTS) II. This system consists of two main components—the sample incubation unit and the gas volume measuring device. In the sample incubation unit, the sealed reactor was placed and incubated for 72 h. The temperature was maintained at 37 °C and the mixer rotational speed was set at 120 rpm. In the gas volume measuring unit, the gas released from unit A was measured using a wet gas flow measuring device with a multiflow-cell arrangement. An integrated embedded data acquisition system was used to record, display, and analyze the results.




2.4. Solubilization Study


The performance of the pretreatment process can be determined by the degree of solubilization [22]. To determine the impact of HTP on solubilization of SSO, soluble contents of the substrate, such as chemical oxygen demand (COD), carbohydrates, and proteins, were measured before and after HTP. The COD solubilization percentage (%) due to HTP detected in this study was calculated using Equations (3) and (4):


   S o l u b i l i z a t i o n   p e r c e n t a g e    ( % )  =   S C O  D  H T P   − S C O  D  R a w   / P C O  D  R a w   × 100   



(3)






   P C O  D  R a w   = T C O  D  R a w   − S C O  D  R a w     



(4)







The solid reduction percentage “R” of the hydrothermally pretreated samples was calculated using Equation (5):


   R    ( % )  = V S  S  R a w   − V S  S  H T P   / V S  S  R a w   × 100   



(5)







The percentage of COD solubilization during the acidification test was calculated using Equations (6)–(10).


   S o l u b i l i z a t i o n   p e r c e n t a g e    ( % )  = M S C O  D P  / P C O  D  S u b     



(6)






   M S C O  D P  = M S C O  D F  − M S C O  D I    



(7)






   S C O  D I  =   S C O  D  S u b   ×  V  S u b   + S C O  D  S e e d   ×  V  S e e d      V  S u b   +  V  S e e d       



(8)






   P C O  D  H T P   = T C O  D  H T P   − S C O  D  H T P     



(9)






   M a s s   o f   S C O  D F  = S C O  D F  ×  (   V  S u b   +  V  S e e d    )  − S C O  D  S e e d   ×  V  S e e d     



(10)







The abbreviations used in the abovementioned equations are explained as follow:




	
   S C O  D  H T P     : Concentration of soluble COD of TWAS after HTP



	
   S C O  D  R a w     : Concentrations of soluble COD of the raw sample



	
PCODRaw: Particulate COD of the raw substrate before adding to the reactor



	
   T C O  D  R a w     : Concentrations of total COD of the raw sample



	
   V S  S  R a w     : Volatile suspended solids (VSS) concentration of the raw sample



	
   V S  S  H T P     : Volatile suspended solids (VSS) concentration of the pretreated sample



	
   M S C O  D P    : Mass of soluble COD produced



	
   P C O  D  S u b     : Particulate COD of raw or pretreated samples that can be calculated as    P C O  D  R a w      or    P C O  D  H T P     



	
   M S C O  D F    : Mass of soluble COD after acidification



	
   M S C O  D I    : Mass of soluble COD before acidification



	
   S C O  D I    : Soluble COD before acidification



	
SCODSub: Soluble COD of the substrate (raw or pretreated)



	
VSub: Volume of substrate added to the acidification reactor



	
SCODSeed: Soluble COD of the inoculum



	
VSeed: Volume of inoculum added to each acidification reactor



	
PCODHTP: Particulate COD of the pretreated substrate before adding to the reactor



	
TCODHTP: Total COD concentration of the pretreated sample



	
SCODF: Soluble COD after acidification test.








Mass of SCODF was calculated with the assumption that the SCOD in the seed was not degraded or converted during the acidification process.




2.5. Analytical Methods


Soluble and solid indexes, including SCOD, total COD (TCOD), soluble and total protein, carbohydrate, ammonium nitrogen (NH4+–N), total suspended solids (TSS), volatile suspended solids (VSS), alkalinity, viscosity, and particle size distribution (PSD) were measured before and after the HTP process. In addition, VFAs were measured at the end of the fermentation experiment. All untreated, pretreated, and fermented samples were centrifuged at 3600 rpm for 10 min following filtration through a membrane filter with a pore size of 0.45 µm to separate the particulate part of samples from the soluble part for the soluble analysis.



The TSS and VSS were analyzed in accordance with the standard methods [23]. The total and soluble protein were determined via Coomassie Bradford assay [24]. Total and soluble carbohydrates were measured using the phenol sulfuric acid method [25]. TCOD, SCOD, and ammonium nitrogen were assayed using the reactor digestion method and salicylate methods, respectively, via a HACH DR 2900 spectrophotometer [26]. The particle size distribution (PSD) was determined via a laser diffraction particle size analyzer (model: LS 13 320, Beckman Coulter, Indianapolis, IN, USA). The viscosity of substrates before and after HTP was determined with a Fungi lab Alpha Series Rotational Viscometer, software version 1.2, under room temperature.



VFAs fractions were analyzed using Agilent 7820A gas chromatography equipped with a flame ionization detector (Agilent Technologies, Santa Clara, CA, USA) and DB-wax column 15 m × 0.32 mm × 0.5 μm (Agilent Technologies, Santa Clara, CA, USA). The oven temperature for VFA analysis was programmed to initially hold at 80 °C for 1 min, then increase to 180 °C at a slope of 10 °C/min and maintain at 180 °C for 4 min. The hydrogen content of the produced gas was measured with the gas chromatography (GC) method by Thermo Scientific Trace 1310 GC after 16, 24, 48, and 72 h under 100 °C detector temperature. The model of the column used in the GC was TG-Bond Msieve 5A with 30 mm length and 0.53 mm diameter.




2.6. Statistical Analysis


To evaluate the significance of the three variables, temperature, retention time, and severity index, on the performance of the dark fermentation and sludge solubility, multifactor analysis of variance (ANOVA) was used. The main effect plot, interaction plot, and contour plot were created via Minitab and Matlab R2018a. Correlation between solubilization after HTP and fermentation for VFAs production was calculated using Excel data functions. The confidence level for all analyses was chosen as 95%. All analysis was done in triplicate and the standard deviations of all measurements were calculated by Excel.





3. Results and Discussion


3.1. Effect of Hydrothermal Pretreatment on Source-Separated Organics


3.1.1. COD Solubilization of Source-Separated Organics


SSO samples were hydrothermally pretreated in fifteen different scenarios with a temperature range of 150 °C to 240 °C and a retention time of 5 to 30 min. After HTP, the soluble COD of all pretreated samples was higher than that of the unpretreated samples, which implies that HTP promoted the solubilization of solid organics in the SSO, see Figure 1a. As the temperature was elevated from 150 °C to 220 °C, the COD solubilization percentage was enhanced from 14% to 34% and ANOVA (p <0.05) confirmed that the effect of temperature on organic dissolution was significant. In spite of this, when the temperature increased to 240 °C, the solubilization percentage dropped to 27%, see Figure 1b. Likewise, Ding et al. [17] reported that at higher temperatures, the COD solubilization percentage began to decrease. The reason behind this phenomenon was the formation of insoluble high-carbon hydrochar, which is a result of intensified carbonization of SSO by high temperature [27].



Looking into each severity index to evaluate the effect of retention time on the dissolution of the SSO, it was found that at severity indexes of 3.00 to 4.5, higher temperatures with lower retention time demonstrate higher COD solubilization. Whereas, at a severity index of 5.00, lower temperature with higher retention time had superior results. For example, at SI of 3, the sample pretreated at “170 °C-10 min” showed a higher solubilization percentage of 17% compared to the 14% solubilization at “150 °C-30 min”. Whereas, at SI of 5, the sample pretreated at “220 °C-30 min” demonstrated a solubilization percentage of 31% which was higher than that of “240 °C-08 min” with 27% COD solubilization.



The effect of RT on the COD solubilization of the SSO was evaluated by ANOVA. It was observed that longer retention time did not have a significant effect on substrates cell disintegration as its p-value was higher than 0.05, demonstrating moderate evidence for significance of retention time. Ultimately, the severity index of 4.5 was found to be the optimal HTP condition in terms of COD dissolution.



In this experiment, the highest percentage of solubilization occurred at pretreatment conditions of “220 °C-10 min” and “230 °C-05 min” with a maximum solubilization percentage of 34%. Menon et al. [18] applied HTP to food waste at different temperatures of 80, 105, and 130 °C. They found that the highest COD solubilization percentage of 43% was achieved at 130 °C for 30 min, which is not in agreement with our study’s result. In another study, Ding et al. [17] reported the highest peak of COD solubilization of 70% was achieved at 180 °C for 20 min when they pretreated food waste with a temperature range of 100 to 200 °C. This dissimilarity for the optimal HTP condition might be due to the nature of the substrates, as SSO contains more lignocellulosic material which needs higher temperatures to be degraded [28]. After the HTP of SSO, the pH of all pretreated substrates decreased compared to the raw SSO, demonstrating the generation of organic acids at high temperatures [13]. Consequently, it can be concluded that the HTP promotes COD solubilization of SSO and the optimal condition for the highest COD solubilization would be at an SI of 4.5.




3.1.2. Carbohydrates and Proteins


An increase in temperature of HTP demonstrated a considerable effect on both total and soluble carbohydrates of hydrothermally pretreated SSO. With increasing temperature, the soluble carbohydrates increased to the highest concentration of 1949 mg/L at a temperature of “200 °C-10 min”, after which it started to drop. However, the concentration of total carbohydrates was negatively correlated with raising the temperature. For example, the concentration of total carbohydrates for the sample hydrothermally pretreated at “150 °C-30 min” was 11,500 mg/L, which was higher than that of the sample pretreated at higher HTP temperatures of “240 °C-08 min” with 6900 mg/L total carbohydrates.



Enhancement of soluble carbohydrates due to HTP is expected as the large-molecular-weight carbohydrate polymers (e.g., starch, cellulose, and hemicellulose) were hydrolyzed into small-molecular weight oligosaccharides and monosaccharides (e.g., glucose and xylose), leading to the release of soluble sugars from solid carbohydrates in SSO [29]. However, some soluble sugars, such as hemicellulose derivatives, were further degraded into short-chain VFAs, such as acetic acid, hence minimizing total carbohydrates [30]. However, the reduction of the soluble carbohydrates in intensified HTP temperature is due to the formation of Amadori-like compounds which are byproducts of melanoidins [31]. Melanoidins are formed by the reaction between soluble carbohydrates with themselves or proteins [32]. Ding et al. [17] applied a 100–200 °C HTP temperature to waste activated sludge (WAS). They found that an increase in HTP temperature resulted in the enhancement of soluble carbohydrates solubilization from 51% to 74% when the temperature reached 180 °C, and then dropped to 54% when the temperature increased to 200 °C.



Considering the concentration of soluble proteins after and before HTP, it was observed that the soluble proteins for all hydrothermally pretreated samples were higher than that of the raw samples (77 mg/L). As the HTP temperature was increased from 150 °C to 170 °C, the concentration of soluble proteins was enhanced from 330 to 420 mg/L (the highest soluble protein content), followed by a significant drop to 131 mg/L for the “240 °C-8 min” sample.



The protein and ammonia results indicate that the solubilization of protein was dramatically promoted after HTP, whereas the degradation of protein was not remarkable. This observation is in accordance with two similar studies [13,17]. The highest temperature used for HTP of food waste in this research was 200 °C. It was found that an increase in temperature increases the protein solubilization.




3.1.3. Solid Reduction


The concentration of TSS and VSS of all hydrothermally pretreated and raw substrates are shown in Figure 2a. According to this graph, the TSS and VSS concentrations of all hydrothermally pretreated samples were decreased compared to the raw SSO. VSS is mainly hemicellulose and cellulose, which can be decomposed to lower molecular organics, such as monosaccharides, furans, and organic acids when subjected to higher temperatures [33].



The results of this study indicated that the percentage of solid reduction had a direct relation with temperature until an SI of 4.5 and then it started to decrease. The highest percentage reduction of 51% and 55% for TSS and VSS, respectively, were observed at the HTP condition of “220 °C-10 min” or SI of 4.5, see Figure 2b. For TSS and VSS reduction due to HTP, comparing the different combinations of temperature and retention time inside each severity index, it was observed that the higher temperature with lower retention time showed higher percentage reduction of both TSS and VSS for SI ranged from 3.00 to 4.5. Whereas, at high SI of 5.00, lower temperature with longer retention time had higher solid reduction efficiency.



Based on the abovementioned results, it can be concluded that longer retention times do not necessarily enhance the solid reduction considerably for SSO; therefore, it is moderate evidence for RT to be a significant factor (p-value <0.05).




3.1.4. Viscosity


Viscosity, providing a clue about the mode of agitation and energy consumption of the bioreactors, becomes a significant and useful parameter for designing and monitoring biological processes [34]. Visually, after HTP, the SSO samples were transformed into a more fluid slurry mass. The viscosities of SSO samples after and before HTP are shown in Figure 3. Results revealed that after HTP, the viscosity of all samples decreased significantly. The lowest viscosity of 45–50 centi-point was observed at SI of 5, which is approximately 76% lower than the viscosity of raw SSO. Viscosity and HTP temperature demonstrated a very strong negative correlation where an increase in temperature resulted in a decrease of viscosity. These observations were in accordance with Xue et al.’s results [35]. Xue et al. [35] evaluated the effect of low and high temperatures ranging from 60 to 180 °C in combination with a wide range of retention time (15 to 180 min) on TWAS. The viscosity of the sludge dropped from 4480 centi-point to the lowest value of 1.4 centi-point at 180 °C.





3.2. Acidification of Organics


Hydrothermally pretreated and raw SSO samples were used for running the dark fermentation (acidification) experiment. The percentage of COD solubilization after acidification is shown in Figure 4a. Increasing the temperature from 150 to 190 °C resulted in an increase in COD solubilization and maintained a positive correlation. Hence, the point of transition for COD solubilization where it began to drop was the HTP condition of “190 °C-10 min”. The COD solubilization continues to decrease up to an HTP temperature of 240 °C (the highest operating HTP temperature). The optimal HTP condition in terms of COD solubilization was “190 °C-10 min”, which resulted in 54% COD solubilization, which was 31% higher than that of the raw sample.



It was also observed that some of the samples had superior COD solubilization to the raw sample, some were equal, and some were lower than the raw samples. The HTP condition of “230 °C-15 min” demonstrated a lower COD solubilization percentage of 32% compared to that of raw (37%). The HTP condition of “240 °C-8 min” had similar COD solubilization as the raw. All the rest of the samples exhibited a higher COD solubilization percentage.



By evaluating the COD solubilization of SSO after acidification in each severity index, it was discovered that the percentages of solubilization for samples pretreated at severity indexes of 3, 3.5, 4, and 4.5 were higher than that of raw sample. However, a higher severity index of 5 had lower or equal solubilization percentages than raw. The average COD solubilization at severity indexes of 3, 3.5, 4, and 4.5 were 50, 51, 43, and 40%, respectively. These values were 8 to 26% higher compared to the acidification of the raw SSO. Whilst at the severity index of 5, average solubilization of all HTP scenarios was 36%, presenting slightly lower solubilization compared to the raw sample. Wyin et al. [10] also reported the increase of COD solubilization after HTP of food waste and its positive correlation with HTP temperature by employing HTP temperature of 100 to 200 °C and RT of 30 min for all samples. They found that the HTP condition of “180 °C-30 min” had the highest SCOD concentration of (127.50 ± 1.55 g/kg) after fermentation compared to the raw and other HTP conditions.



Considering three lower SIs of this study (3.00, 3.5, and 4.00), which indicated higher solubilization percentage, it was observed that substrates pretreated at higher temperature with lower retention time demonstrated higher solubilization percentage than those with lower temperature and higher RT, emphasizing that the HTP temperature was the dominant factor.



As shown in Figure 4b, the overall COD solubilization due to sequential HTP and acidification also increased by increasing the HTP temperature from 150 °C to 220 °C and dropped sharply afterwards. By evaluating the overall COD solubilization, it was revealed that despite the lower COD solubilization during the acidification step, the overall COD solubilization of all hydrothermally pretreated samples was higher than that of the raw sample. This implies that the hydrothermal pretreatment at all temperatures promoted the overall COD solubilization. The highest sequential COD due to HTP and acidification was 64%, which was almost two times higher than that of the raw sample.



To illustrate the relationship between COD solubilization percentage and three main variables, the main effect plot of COD solubilization percentage vs. HTP severity index, temperature, and retention time is shown by Figure 5a. Besides, the interactions between the four main variables (temperature, pressure, time, and SI) for the COD solubilization after hydrothermal pretreatments are represented by Figure 5b.



The concentration of soluble carbohydrates after acidification for the raw and pretreated samples are shown in Table 4. The soluble carbohydrates concentration after acidification declined with increasing HTP temperature. This phenomenon might be due to the formation of some toxic and nonbiodegradable products which might raise the stress of fermenting microorganisms [36]. For instance, Maillard reactions that occur between proteins and carbohydrates and the byproducts at a higher temperature have been reported to be antimicrobial agents [32,37]. The final soluble carbohydrates concentrations at the lowest severity index (3.00), specifically at 170 °C, were higher than in other scenarios. These results were in agreement with Yin et al.’s findings, who observed carbohydrates solubilization inhibition at an elevated temperature of 200 °C (the highest HTP temperature in their study).



After 72 h of fermentation, concentrations of soluble protein and ammonia in reactors containing hydrothermally pretreated substrates were lower than reactors with raw SSO (Table 4). Although, with increasing the temperature of HTP, the soluble protein concentrations after HTP increased; however, the abundant dissolution of the proteins after HTP did not lead to higher degradation. These results were in line with Yin et al.’s results, who found that the concentrations of soluble proteins were almost constant after two days’ fermentation, and the degradation of proteins was limited [13].



Similar to soluble protein, concentrations of ammonia for hydrothermally pretreated samples were lower than that for the raw SSO. Although the trend of this reduction was not corresponding to the raising HTP temperature, the amount of ammonia in all reactors was approximately equivalent, demonstrating a peak of 707 mg/L NH4-N in the reactor containing samples hydrothermally pretreated at the HTP condition of “210 °C-20 min”. Overall, the HTP effect was significant in terms of organic cell integration and solubilization. However, it was not very efficient in terms of protein degradation.



The stability of a digester medium can be described by an indicator such as pH since it is dependent on the buffering capacity of the digester itself [19]. The initial pH values of the digesters were adjusted to 5.00, and the final pH of all the reactors did not change significantly; the final pH values varied from 5.00 to 5.6.




3.3. Volatile Fatty Acids Production


The enhancement of VFAs production from MSW via application of hydrothermal pretreatment has been investigated and confirmed by several studies [13,17,38,39]. Figure 6a presents the VFAs yields per mass of VSS added after acidification of pretreated and raw SSO samples. The VFAs concentrations increased with the intensification of HTP temperature up to the HTP condition of “210 °C-10 min” and then dropped. The release of organic matter and screening of diverse micro-organisms during each pretreatment may be the reason behind this trend. Ding et al. [12] used food waste and applied hydrothermal pretreatment for 20 min at 100, 120, 140, 160, 180, and 200 °C. They found that HTP temperature exceeding 160 °C resulted in a sharp decrease in VFAs. However, in our experiment, the point where VFA concentrations began to decline was 210 °C. Therefore, it can be concluded that HTP at temperatures higher than 210 °C does not necessarily lead to higher VFAs production as many inhibitors, such as the formation of melanoid, might have affected the process [40].



As shown in Figure 6, the VFA yields from all pretreated samples were higher than that of raw SSO, demonstrating the positive impact of HTP on VFA production. The highest VFAs yield of 1536 mg VFAs/g VSS added was achieved for the pretreated sample at HTP conditions of “210 °C-10 min” compared to 768 mg VFAs/g VSS added for the raw sample, corresponding to an approximate 50% enhancement. Ding et al. [17] reported that HTP enhanced the production of VFAs from kitchen waste by using pretreatment temperatures ranging from 100 to 160 °C. The highest VFAs yield achieved in Ding et al.’s study was 1248 mg VFAs/g VSS added which was 16% more than the VFAs yield (1051 mg VFAs/VSS added) from the raw sample. Yin et al. applied HTP temperatures ranging from 140 to 200 °C for 30 min to food waste and found that the highest VFAs concentration of 908 mg/g VSS added was for the sample HTP treated at a temperature of 160 °C for 30 min compared to 586 mg/g VSS added for the raw sample. The noticeable contrast between the optimum HTP condition of different studies can be due to the difference in the nature of the substrates, as SSO contains more slowly biodegradable materials and less fat and organic substance (lower TCOD) compared to food waste.



The VFAs/SCOD ratios of the fermented SSOs are reported in Figure 6b. The VFAs/SCOD ratios of all hydrothermally pretreated samples ranged from 52 to 68%, which were higher than that of raw SSO (44%). Thereby, it can be concluded that the hydrothermal pretreatment promoted the VFAs portion of the SCOD for all pretreated samples compared to the raw. The highest VFAs/SCOD ratio of 68% was observed for the sample that was pretreated at HTP conditions of “210 °C-10min”. Whereas, for the raw sample, the VFAs/SCOD ratio was 44%. Yin et al. [13] reported that the highest VFAs/SCOD ratio of 32% for the food waste was obtained by the sample hydrothermally pretreated at “160 °C-30 min”. Their observations regarding the VFAs/SCOD ratio was somewhat lower than what we achieved in this study. Furthermore, their optimal condition was at lower HTP temperatures. The reason for this contradiction could be due to the nature of the substrates used.



Figure 6c shows the contour plot of the VFAs concentration as a function of solubilization after pretreatment and COD solubilization after fermentation. From this graph, it can be observed that the higher the COD solubilization after HTP and fermentation, the higher the VFAs produced. Also, increasing the COD solubilization resulted in an increase in VFAs production, meaning the COD solubilization has a significant effect on VFA production (p <0.05).



Product Spectrum


The concentrations of all types of VFAs produced for hydrothermally pretreated and raw samples after acidification are illustrated in Figure 6d. The detected VFAs included acetic acid, propionic acid, iso-butyric acid, butyric acid, iso-valeric acid, and valeric acid. As shown in the Figure, all types of VFAs increased by elevation of the HTP temperature reaching to the HTP condition of “210 °C-10 min” and began to decline with the intensification of the temperature. The VFAs concentrations of all types of VFAs were higher than that of raw for the majority of the HTP conditions.



Acetic acid was the most abundant VFA among all types of detected VFAs. The acetic acid to VFAs ratio of all hydrothermally pretreated samples ranged from 24 to 50% while the raw sample had a ratio of 30%. SIs of 4.5 and 5 showed lower ratios compared to the raw, whereas lower SIs of 3 to 4 demonstrated higher percentages. The propionic acid to VFAs ratio of all hydrothermally pretreated samples was in the range of 11 to 31%. In contrast to the acetic acid, the lower SIs of 3 and 3.5 had lower propionic acid to VFAs ratios compared to the raw. The SI of 4 had a similar ratio, and SIs of 4.5 and 5 had higher ratios compared to the raw.



All hydrothermally pretreated samples showed a higher concentration of acetic acid compared to the raw SSO. The concentration of acetic acid increased by increasing the HTP temperature up to 190 °C and dropped afterwards. Although the highest amount of total VFAs was observed at the HTP condition of “210 °C-10 min”, in terms of acetic acid, the highest concentration of 1980 mg COD/L was observed at HTP conditions of “190 °C-10 min”. The concentration of acetic acid in the raw sample was 723 mg COD/L, which was approximately three times less than that of the highest one. Ding et al. [17], comparing the VFAs produced after fermentation of the food waste samples thermally pretreated at 100 to 200 °C for 20 min with the raw sample, also reported that acetic acid was the most abundant VFA. In addition, Ding et al.’s results indicated that the concentration of acetic acid for all thermally pretreated samples was higher than that of raw, which is in agreement with the findings of this study. They achieved an acetic acid concentration of 11.43 g/L at a temperature of 160 °C, compared to 5.6 g/L for the raw sample.



Propionic acid ranked as the second most abundant VFA. The concentration of propionic acid ranged from 456 to 1059 mg COD/L for the hydrothermally pretreated samples. The lowest value of propionic acid was observed at the HTP condition of “190 °C-10 min”, which was the optimum condition for acetic acid. The highest amount of propionic acid of 0.59 mg COD/L was achieved at the HTP condition of “220 °C-30 min”. The concentration of propionic acid for the raw sample was 550 mg COD/L, which was lower than all of the hydrothermally pretreated samples except the sample pretreated at the HTP condition of “190 °C-10 min”.



Ding et al. [17] also reported that propionic acid was the second most abundant VFA after acetic acid, and the concentration of propionic acid for hydrothermally pretreated samples was higher than that of raw. The highest level of propionic acid was 2.27 g/L at 160 °C, compared to 1.38 g/L for the raw.



The concentration of iso-butyric acid ranged from 336 to 654 mg COD/L, while the concentration of butyric acid was from 543 to 889 mg COD/L. The concentration of iso-butyric acid and butyric acid for the raw samples was 485 and 543 mg COD/L, respectively. Higher SIs resulted in higher iso-butyric acid compared to the raw. The highest amount of iso-butyric and butyric acids was 654 and 889 mg COD/L, respectively, for the sample pretreated at “210 °C-10 min”, which was 40% higher than that of raw. Most conditions of HTP at lower SIs demonstrated lower amounts of iso-butyric acid compared to the raw. However, the concentrations of butyric acid for all hydrothermally pretreated samples, except the sample pretreated at the HTP condition of “160 °C-20 min”, were higher than the raw sample. These observations were in agreement with Ding et al.’s finding regarding the decrease of iso-butyric acid after HTP compared to the raw, but contradicted the butyric acid results. Ding et al. [17] reported iso-butyric and butyric acid concentration of 0.07 and 0.42 g/L for raw food waste and the sample treated with an HTP temperature of 160 °C, respectively.



The iso-butyric acid to VFAs and butyric acid to VFAs ratios of the thermally pretreated samples ranged from 9 to 18% and 16 to 28%, respectively. Those percentages for the raw sample were 20 and 23%, respectively. The proportion of iso-butyric acid to VFAs for all hydrothermally pretreated samples was lower than that of raw sample. Similarly, the butyric to VFAs ratios of all hydrothermally pretreated samples except HTP conditions of “230 °C-15 min” and “240 °C-08 min” were lower than that of the raw sample.



The concentrations of iso-valeric and valeric acid were as low as 50 and 33 mg COD/L and as high as 536 and 189 mg COD/L, respectively. HTP temperature had a negative correlation with the concentration of both iso-valeric and valeric acid. The higher the temperature, the lower the concentration of these two acids. The highest concentrations of iso-valeric and valeric acid of 536 and 189 mg COD/L, respectively, were produced from the sample hydrothermally pretreated at the HTP condition of “160 °C-20 min”. The concentrations of iso-valeric and valeric acids in the raw sample were 48 and 22 mg COD/L, respectively. These concentrations were about ten times higher for the sample pretreated at the HTP condition of “160 °C-20 min”. Ding et al. [12] also confirmed the enhancement of the iso-valeric and valeric acids by applying thermal pretreatment compared to the raw.



The iso-valeric and valeric acids to VFAs ratios of all hydrothermally pretreated samples (2–16% for iso-valeric acid and 1–6% for valeric acid) were higher than that of raw (2% for iso-valeric acid and 1% for valeric acid). The highest iso-valeric and valeric acids to VFAs percentage of 16 and 6% were observed at an SI of 3, respectively.



In general, HTP affected the concentration and percentage of different types of VFAs produced after the fermentation process. The HTP temperature demonstrated different correlations with each type of VFA. Each type of VFA had a different optimum HTP condition in terms of its production. Acetic acid favored medium temperatures and SI (3.5 and 4). Propionic acid, iso-butyric, and butyric acid preferred higher HTP temperature and SI (5). Iso-valeric and valeric acid had maximum production at the lowest HTP temperature and SI (3).



Since the type of VFA governs the further application of the VFAs, it is important to control the HTP conditions based on the intended application. For instance, the electroactive bacteria in microbial electrolysis cells (MEC) technology tend to be induced by acetic acid, where power generated by this acid is higher than butyric acid and others. Similarly, for the BNR at wastewater treatment plants, acetate is the first consumed VFA, followed by propionate, butyrate, and valerate [41]. On the other hand, for the purpose of poly-hydroxyalkanoate PHA production, the ratio of hydroxybutyrate (HB) and hydroxyvalerate (HV) is a crucial factor for the production of PHAs, where HB is produced by acetate and butyrate and HV is formed by propionic and valeric acids [7]. Therefore, when hydrothermal pretreatment is to be applied prior to fermentation, the pretreatment conditions should be adjusted based on the target application as these pretreatment conditions regulate the types of VFAs produced.






4. Conclusions


This research revealed that HTP pretreatment enhanced COD solubilization and VFAs production. Although HTP promoted the solubility of SSO, HTP greater than 230 °C caused the production of inhibitory substances and a decrease in the activity of hydrolytic microbial enzymes. The highest overall COD solubilization and VFAs production were observed at an SI of 4.5, indicating 62% overall COD solubilization and 1536 (mg VFAs/g VSS added) yield, respectively. Further investigation of SSO using a variety of HTP scenarios, food to micro-organism ratios, pH, and other parameters is required.
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Figure 1. Effect of HTP on the soluble content of SSO: (a) Concentration of soluble chemical oxygen demand (COD) after HTP; (b) COD solubilization after HTP. 
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Figure 2. The effect of HTP on solid reduction; (a) Solid concentration before and after HTP; (b) solid reduction percentage of the SSO samples after and before HTP. 
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Figure 3. Viscosity of raw and hydrothermally pretreated samples after HTP. 
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Figure 4. Effect of HTP on COD after acidification. (a) COD solubilization after acidification; (b) Overall acidification. 
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Figure 5. (a) The main effect plots of sequential COD solubilization (%) vs. pretreatment temperature (°C), retention time (min), and severity index; (b) The interaction plots of HTP temperature (°C), retention time (min), pressure (kPa) and severity index for the overall COD solubilization (%). 
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Figure 6. Volatile fatty acid (VFA) production after acidification (a) VFAs yield after acidification; (b) VFAs/SCOD ratio; (c) The contour plot of total VFAs vs. COD solubilization after hydrothermal pretreatment and acidification; (d) VFAs production spectrum. 
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Table 1. Studies on thermal pretreatment of food waste prior to fermentation and anaerobic digestion (AD).
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Studies on Thermal Pretreatment of Food Waste Following Fermentation.




	
Reference

	
Pretreatment Condition

	
Effect of Hydrothermal Pretreatment




	
Temperature (°C)

	
Retention Time (min)

	
Increase in SCOD

	
Increase in VFAs/Methane Compared to the Raw Sample

	
Solid Reduction






	
[1]

	
100–200

	
5–30

	
Highest COD solubilization 70% at 180 °C

	
85% at 160 °C-20 min,

	
NA *




	
[2]

	
55–160

	
50–70

	
NA

	
63% at 120 °C-50 min

	
Highest vs. solubilization of 49% at 120 °C-50 min




	
[3]

	
100–220

	
30

	
43% more soluble COD than the control at 180 °C-30 min

	
35% at 160 °C-50 min

	
31% decrease in vs. after HTP at 220 °C




	
[4]

	
90–200

	
30

	
Highest COD solubilization of 26% at 150 °C

	
NA

	
NA




	
Studies on Thermal Pretreatment of Food Waste Following AD




	
[5]

	
90

	
30

	
NA

	
29%

	
NA




	
[6]

	
55–160

	
15–120

	
NA

	
15% at 120 °C

	
29% increase in vs. proportion at 120 °C-15 min




	
[7]

	
70–150

	
30–60

	
NA

	
90% at 80 °C

	
NA




	
[10]

	
175

	
60

	
SCOD increased significantly after HTP (No Numbers)

	
decreased by 7.9% at 175 °C-60 min

	
VSS solubilization ratio increased by 39%








* NA: Not available.
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