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Abstract

:

Coffee is among the most widely consumed beverages worldwide, leading to the annual generation of substantial quantities of spent coffee grounds (SCGs). This study explored the influence of fabrication methods on the properties and potential applications of the resulting biocarbon materials. Dry methods (torrefaction at 270 °C and slow pyrolysis at 500 °C) and wet methods (hydrothermal carbonization HTC at 210 °C and hydrothermal liquefaction HTL at 270 °C) were employed to fabricate SCG-based biochar and hydrochar, respectively. The carbonization degree followed the order of slow pyrolysis > HTL > HTC ≈ torrefaction, yielding significant differences in energy properties, elemental composition, morphology, and surface functionality. Slow pyrolysis biochar was suitable for energy applications due to a similar fuel ratio as and higher heating value than semianthracite coal. For agricultural applications, SCG biochar produced through dry methods could be utilized to mitigate acidic soil conditions, whereas HTC hydrochar, with its elevated surface area and porosity, could enhance soil microbiological diversity and water-holding capacity, as well as benefit environmental applications such as wastewater remediation. In summary, the findings of this study are anticipated to inform decision-making processes concerning sustainable waste management of SCGs and the exploration of carbon-based materials applications across diverse sectors.
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1. Introduction


Biomass represents the only abundant source of renewable organic carbon which can be converted to a variety of biochemicals, biomaterials, and biofuels. Among these biomass-based bioproducts, biocarbon materials such as biochar and hydrochar have attracted significant attention due to their green nature, cost-effectiveness, tunable pore size and distribution, presence of varying functional groups on the surface, and chemical and mechanical stability influenced by the selection of appropriate processing conditions [1]. To date, an extensive number of studies have investigated the use of biochar in wastewater treatment [2], as a soil amendment [3], and for gas purification [4], while hydrochar has been applied in fuel pellets [5], the removal of heavy metals [6], and CO2 capture [7].



In general, there are four primary thermochemical conversion methods commonly used for producing chars from biomass, including torrefaction, slow pyrolysis, hydrothermal carbonization (HTC), and hydrothermal liquefaction (HTL). The former two are dry processes for biochar preparation, while the latter two are wet routes and the resulting carbon-based materials are typically referred to as hydrochar due to the use of water as the reaction medium in the process. It is conclusive that the physicochemical properties of carbon-based materials derived from biomass are not only dependent on the characteristics of the parent biomass feedstock but are also influenced by the selection of the biomass conversion methods and the processing parameters [8]. Past studies have commonly focused on understanding the influences of reaction conditions and biomass properties on the biochar/hydrochar yield and quality [5,9,10]. However, only a few studies have compared the differences in physicochemical properties of biochar/hydrochar produced using wet and dry processes. Consequently, this makes the selection of the appropriate production method for certain applications challenging.



Applications of carbon-based materials are highly dependent on their characteristics, which in turn are influenced by the nature of the feedstock and the production method used. Different applications may require different favorable properties. For example, for use as a bioabsorbent in wastewater treatment, specific surface area, pore size, pore volume, and surface functional groups of biochar/hydrochar are the most important properties [11]. Contaminant removal efficacy depends on the nature of the contaminants as well as the physical and chemical adsorption capacity of the biocarbon-based materials. In agriculture, biochar has been extensively used as an organic soil amendment to improve soil properties such as nutrient retention, water-holding capacity (WHC), the profile of microbial communities, and plant growth [12]. However, some past studies have noted that hydrochar can cause N immobilization and plant growth reduction [13,14]. The use of biochar/hydrochar as organic soil amendments also serves to sequester carbon and, thus, reduce greenhouse gas (GHG) emissions, which provides environmental benefits. It is generally known that biochar from pyrolysis is remarkably recalcitrant and could take hundreds of years to decompose, thus minimizing CO2 emissions back to the atmosphere and being carbon emissions negative [15,16]. Hydrochar, however, has a high proportion of labile carbon which decomposes faster than biochar [17,18]. Therefore, it is essential to identify the difference between biochar and hydrochar, and more importantly, the desired morphological and physicochemical properties of biochar/hydrochar for specific applications.



In this study, spent coffee grounds (SCGs) were chosen as the representative biomass to produce biochar and hydrochar using both dry methods and wet methods. Coffee is one of the largest commodities traded globally with around 9.9 million tonnes consumed in 2021 and, according to the International Coffee Organization, consumption is projected to increase well into the future [19]. Accordingly, an enormous amount of SCG waste (residue after coffee brewing) is generated every year. Unfortunately, most of the SCGs are disposed of by landfilling, causing serious environmental concerns. Converting SCGs into beneficial carbon-based materials represents a promising solution to avoid the current land disposal approach and to adopt a waste-to-wealth pathway. In the current study, four different thermochemical processing pathways, including torrefaction (270 °C), slow pyrolysis (500 °C), HTC (210 °C), and HTL (270 °C), were employed to investigate the differences between wet processes and dry processes in terms of the physicochemical properties of biochar/hydrochar as well as the associated end-use of biochar/hydrochar derived from SCGs. Four SCG-based char materials were comprehensively characterized. The study outcomes provide correlations between the resulting biocarbon material properties and processing methods, which are largely missing in the current research literature. The knowledge created is expected to help tailor and optimize the application of SCG-based char materials based on their properties and the processing methods used.




2. Materials and Methods


2.1. Biochar Preparation


Wet SCGs were collected from Tim Hortons, Truro, Canada, and oven dried at 105 °C for 24 h. The dried SCGs were then utilized for biochar preparation through torrefaction and slow pyrolysis. Biochar preparation was carried out in a laboratory-scale pyrolyzer system which consisted of a stainless-steel reactor, external heater, temperature controller, nitrogen gas cylinder, and a water-cooled condenser. For each test, dried SCGs were placed inside the reactor and then heated from room temperature to 270 °C and 500 °C for torrefaction and slow pyrolysis, respectively, at a heating rate of 10 °C/min. The residence time for both torrefaction and slow pyrolysis was 60 min. N2 was continuously purged into the reactor to create inert conditions. After the reaction, the reactor was naturally cooled down to room temperature and the biochar was collected.




2.2. Hydrochar Preparation by HTC and HTL


Dried SCGs and distilled water were mixed in ratios of 1:4 and 1:8 for HTC and HTL, respectively, and loaded into a high-temperature/pressure reactor (Parr 4580). The reactor was tightly sealed, and pure N2 was initially purged into the reactor to replace the air in the reactor. Then, N2 was purged into the reactor to create a pressure of 20 bar to avoid the boiling of water during the heating process. For the HTC experiment, the reactor was heated to 210 °C and held at this temperature for 60 min. For the HTL run, the reactor was heated to 270 °C and then held at this temperature for 20 min. When the reaction was completed, the reactor was cooled to room temperature, and the gaseous products were released into a fume hood, followed by transferring the solid–liquid mixture to a beaker. The solid product was separated from the mixture by vacuum separation, and the solid product retained in the filter paper was collected and placed in an oven at 105 °C overnight. The dried solid product from HTC and HTL was denoted as hydrochar. Three trials were conducted for biochar and hydrochar fabrication. The products from each trial were then mixed together and used for various property tests, and the testing errors were within 5%.




2.3. Biocarbon Materials Characterization


Proximate analysis of the original SCGs and SCG-based biochar/hydrochar was conducted using the thermogravimetric analysis (TGA) method. The moisture content and volatile matter were determined using a PerkinElmer Pyris 1 Thermogravimetric Analyzer (Waltham, MA, USA) by heating the biomass sample in a nitrogen flow at 50 mL/min from 25 °C to 800 °C at a heating rate of 10 °C/min, followed by 20 min in 30 mL/min of air flow for ashing. The mass loss at 100 °C was taken as the moisture content, and the mass loss between 100 °C and 600 °C was taken as the mass loss of volatile matter. The ash content was determined according to ASTM D482 specifications.



Elemental analyses were conducted using a CHNS/O analyzer (PerkinElmer Series II 2400, USA), where the O content was determined by difference. Higher heating value (HHV) of the chars was measured using a Parr 6100 Calorimeter. In terms of the trace metals analysis, samples (~0.5 g) were firstly digested in HNO3 by microwave-assisted digestion (CEM MARS5, USA) based on EPA Method 3051. The trace metals content was then obtained using ICP-MS (Thermo Icap, Waltham, MA, USA) based on EPA Method 200.8. To determine the mercury content, a portion of the trace metals digestion solution was further digested with H2SO4 and K2S2O8 and then analyzed using CVAAS (M-7600, Teledyne Leeman Labs, Hudson, NH, USA) based on EPA 245.1, 245.5, and 245.6. For the polyaromatic hydrocarbon (PAH) analysis, the sample was analyzed on an Agilent 6890 series GC coupled with an Agilent 5973 mass Spectrometer detector. The PAH calibration curve was prepared using 6 levels of standards, 0.01 ppm, 0.05 ppm, 0.10 ppm, 0.50 ppm, 1.0 ppm, and 2.0 ppm. The polychlorinated biphenyl (PCB) analysis was carried out on an Agilent 7890A with an electron capture detector. The standard concentrations in the calibration curve for the PCB analysis were 0.1 ppm, 0.5 ppm, and 1 ppm.



As for the morphology, the sample was initially degassed at 150 °C until a stable static vacuum of less than 10−4 psi was achieved. Then, the surface area and porosity of SCGs and biochar/hydrochar were analyzed by N2 isothermal adsorption (77 K) using a Micrometrics ASAP 2010 instrument. For scanning electron microscopy (SEM), the samples were sprinkled into a carbon paste on an aluminum stub. After drying, the samples were imaged using secondary electrons in a Hitachi S4700 cold field emission instrument. The accelerating voltage was 1 kV, and the emission current was 20 uA. The functional groups were characterized using a Fourier transform infrared (FTIR) spectrometer (PerkinElmer Spectrum Two). The scanning range of 400–4000 cm−1 with a resolution of 4 cm−1 was employed.



The pH and point of zero charge (pHPZC) were determined using a multi-purpose pH meter (EC 500 ExStik II S/N 252957, EXTECH Instrument, Nashua, NH, USA). Briefly, 5 g of dried sample was mixed with 100 mL of distilled water, resulting in a 1:20 biomass/water mass ratio. The mixture was then stirred for 1 h using a DLM1886X1 Isotemp stirring plate (Fisher Scientific Inc., Markham, ON, Canada) and the liquid phase was recovered/obtained by vacuum filtration for pH measurement. Each determination was replicated three times. pHPZC was assessed by the pH drift method [6]. Specifically, gas bubbling was carried out to remove the dissolved carbon dioxide in a 0.01 M NaCl solution, where either HCl or NaOH was utilized to keep the solution pH value between 3 and 11. Around 0.5 g of tested samples was loaded into the-prepared solutions (50 mL) which had different pH values, and the final pH of the sample-containing solutions was measured after 24 h. pHPZC of the sample was identified where the initial and final pH values were equal.





3. Results


3.1. Properties Related to Energy Application


The potential of biochar/hydrochar for heating purposes is commonly evaluated by proximate analysis, ultimate analysis, and HHV. The results of proximate analysis for the original SCGs and obtained biochar/hydrochar are presented in Table 1. Original SCGs contained 75.37% volatile matter and 20.58% fixed carbon along with a limited amount of moisture and ash, which were consistent with the results reported by Setter et al. [20]. The biochar derived from the torrefaction of SCGs comprised 61.54% volatile matter and 36.37% fixed carbon, indicating that the torrefaction process increased the content of fixed carbon at the expense of volatile matter. HTC of SCGs resulted in hydrochar with comparable proximate components as torrefied SCGs. This is understandable, as both torrefaction and HTC were performed at a relatively low temperature and, as a result, a considerable amount of volatile matter was retained in the char. Afolabi et al. utilized SCGs to produce hydrochar through HTC at 220 °C for 1 h and reported the presence of analogous volatile matter and fixed carbon at 66.09% and 32.83%, respectively [21]. The hydrochar derived from HTL of SCGs contained low volatile matter, but more fixed carbon than HTC hydrochar as illustrated in Table 1, suggesting a higher processing temperature reduced hydrochar’s volatile matter content, and thus the percentage of fixed carbon increased. As for slow pyrolysis biochar, it only had 10.91% volatile matter along with a high fixed carbon (85.85%) and ash content (2.27%). Similar results were claimed by Pacioni et al. [22] who conducted slow pyrolysis of SCGs at 500 °C. These results show that temperature significantly impacted the proximate analysis results. To obtain char materials with low volatile matter, a high temperature should be applied.



The proximate analysis of char materials has significant implications in energy applications, for example, for pelletizing biochar/hydrochar into solid biofuels. A high volatile matter content in biomass usually results in rapid combustion. In addition, a large-volume reactor is needed to prevent the high rate of emissions, such as NOx, and the formation of polycyclic aromatic hydrocarbons (PAHs) during the combustion of biomass with high volatile matter content. Therefore, it is important to reduce the content of volatile matter in biochar/hydrochar when used as solid fuel [23]. The fuel ratio is another important indicator of solid fuel quality which can be determined using Equation (1) [24]. Lower fuel ratios usually result in faster burnout, reduced char combustion, and more flaming combustion.


Fuel ratio = Fixed carbon (%)/volatile matter (%)



(1)







As evidenced in Table 1, the fuel ratio of biochar/hydrochar was higher than that for feedstock. The biochar obtained from slow pyrolysis had the highest fuel ratio, which was due to the highest temperature applied in the study. A similar result has been reported by Lu et al. [24], where the mixture of sewage sludge and lignocellulose was used as the feedstock to prepare solid fuel. To compare with differently ranked coals, such as anthracite (fuel ratio > 10), semianthracite (fuel ratio of 6–10), semibituminous coal (fuel ratio of 3–6), and bituminous coal (fuel ratio of ~3) [25], the fuel ratio of slow pyrolysis biochar (7.87, Table 1) is within the range of semianthracite coal, rendering it a promising solid fuel with a property close to coal. However, except for slow pyrolysis biochar, the fuel ratio of other biocarbon materials was lower than coal.



The elemental analysis results and HHV for SCGs and the resultant biochar and hydrochar are presented in Table 2. The original SCGs contained 53.04% C and 37.71% O, and its HHV was 22.23 MJ/kg. Torrefaction and HTC slightly improved the C content to ~66% and lowered O content to ~21% and the HHV was ~29 MJ/kg. Similar observations were noted by Massaya et al. [26] in a study that aimed to produce solid fuel from SCGs. HTL of SCGs further increased the hydrochar’s C content to 72.81% and decreased the O content to 14.44%. An even greater increment in C content and decline in O content was observed for slow pyrolysis biochar as shown in Table 2. However, the HHV of slow pyrolysis biochar was slightly lower than HTL hydrochar (30.44 MJ/kg vs. 32.33 MJ/kg), even though slow pyrolysis had a higher C content. This was presumably because the high carbonization degree of biochar made it harder to fully combust, which subsequently led to a lower HHV. Overall, thermochemical treatment profoundly improved the energy density of SCGs.



Table 2 also summarizes the O/C and H/C atomic ratios of biomass, biochar, and hydrochar. By plotting O/C and H/C in a van Krevelen diagram, a comparison of biomass, biocarbon materials, and coal at different ranks can be developed [27], as depicted in Figure 1. Clearly, slow pyrolysis biochar falls within the region of coal and can be considered as a solid biofuel with comparable quality to coal. Examining O/C and H/C ratios, it was found that the carbonization degree of biochar/hydrochar was affected by demethanation, dehydration, and decarboxylation. For example, the decreased H/C ratio could be due to the formation of CH4 via demethanation, while a drop in the O/C ratio could be caused by the formation of CO2, carboxylic acids, and carbonyls by decarboxylation. Based on the O/C ratio, the carbonization degree of the four char materials is in the order of slow pyrolysis > HTL > torrefaction ≈ HTC.




3.2. Properties Related to Agricultural Application


3.2.1. pH and pHPCZ Values


The pH and pHPCZ of biocarbon materials are important characteristics to assess their suitability for applications in agriculture. The values for the original SCGs, biochar, and hydrochar are presented in Table 3. The details of pH and pHpcz testing are provided in the Supplementary Materials (Figure S1). The pH of the original SCGs was 4.89, indicating the generation of acidic compounds during the coffee brewing process. The pH value of slow pyrolysis biochar was the highest at 7.01 among the four biocarbon materials investigated in this study at the highest temperature of 500 °C. Torrefaction is another dry process that produced biochar with a slightly acidic pH value of 6.5. Chin-Pampillo et al. carried out torrefaction of coffee husks and the pH of the resultant biochar was 6.9, which was comparable to the results in the current study [28]. In another study, Sun et al. observed that the pH values of biochar obtained from pyrolysis of hickory wood (Carya ovata), bagasse, and bamboo (Bambusa vulgaris) were between 7.1 and 9.2 [29].



As for hydrochar, the pH value was 3.93 and 3.89, respectively, for HTC and HTL, which was lower than that of the original SCGs (4.89). This observation aligns with the results of the study reported by Xue et al. [30]. The lower pH value of the hydrochar was presumably because cellulose, hemicellulose, and lignin in SCGs started to hydrolyze and decompose during heating, i.e., hemicellulose first at a relatively low temperature, followed by cellulose and lignin. Consequently, HTC of SCGs at 210 °C and HTC of SCGs at 270 °C resulted in a high amount of organic acid and more likely some of these acidic compounds stayed within the solid phase, leading to the low pH of the hydrochar. In general, biochar is known to moderate soil acidity and, thus, enhance soil fertility and crop productivity, and is ideal as most crops perform well at a soil pH range of 6.5 and 7.5 [31]. In the present study, the pH values of the biochar obtained from torrefaction and slow pyrolysis were 6.5 and 7.0, respectively (Table 3), which can be used to ameliorate acidic soils and increase cation exchange capacity (CEC) and plant nutrient availability. In contrast, the pH of the hydrochars obtained from HTC and HTL were relatively low and, thus, can be used for lowering the pH of alkali soils such as clay soils.



pHPZC is the pH at which the surface of a material is neutral. The surface of a material is positively charged when the pH is lower than pHPZC and vice versa [32]. Overall, there was no significant difference between pH and pHPZC of torrefied SCGs, HTC hydrochar, and HTL hydrochar. Meanwhile, the pH and pHPZC of slow pyrolysis biochar were approximately 7.0 and 8.4, respectively. This implies that the surface of the slow pyrolysis biochar was positively charged, likely due to the existence of various metals on the surface of slow pyrolysis biochar. Positively charged biochar might help soils retain essential nutrients that might otherwise leach away [33]. This is particularly valuable in highly weathered soils where nutrient leaching can be a significant problem.




3.2.2. Nutrient Content


In the context of being used as a soil amendment, nutrients such as N, P, and K in biochar/hydrochar are of value for soil fertility. SCGs originally contained 2.1% N, and thermochemical treatment of SCGs resulted in biochar/hydrochar with higher N contents as shown in Table 4. Unlike other lignocellulosic biomasses such as woody biomass, the biochar/hydrochar derived from SCGs contained a fairly high content of N (close to 3%), most probably due to the presence of protein and lipids in the parent biomass [29]. As such, SCG biochar/hydrochar showed promising potential of being used to improve the nutrient status of agricultural soils. The levels of P and K in the biochar/hydrochar were <1%, which were consistent with a previous study of producing biochar from coffee husks, pine bark, and sugarcane bagasse [34]. N, P, and K are primary macronutrients that plants require for their growth and development. When biochar/hydrochar is enriched with these nutrients, it can be particularly beneficial in agricultural applications, such as improved plant nutrients, soil fertility, and microbial activity [35].




3.2.3. Inorganics and Potentially Toxic Components


For agricultural application, consideration of possible hazardous heavy metal content and contaminant levels in char materials is crucial. The contents of metals in SCGs and the resultant biochars/hydrochars are presented in Table 5. The contents of K (3200 mg/kg), Mg (1340 mg/kg), and Ca (1250 mg/kg) in the original SCGs were much higher compared to other elements, which were well in agreement with the findings by Evaristo et al. [36]. Regarding the four types of biochar/hydrochar produced, the content of K, Mg, and Ca ranged from 604–11,400 mg/kg, 555–4410 mg/kg, and 960–4200 mg/kg, respectively. Specifically, torrefaction of SCGs at 210 °C led to a moderate increment in the content of K (4780 mg/kg), Mg (1950 mg/kg), and Ca (1860 mg/kg), and further increasing temperature (slow pyrolysis at 500 °C) highly increased K, Mg, and Ca among the four chars. Hussain et al. studied biochar from SCGs via pyrolysis at 400 °C and reported that the contents of K, Mg, and Ca were 18,500 mg/kg, 2000 mg/kg, and 1900 mg/kg, respectively [37], which were in the same order of magnitude as in this study.



Unlike biochar, hydrochar contained much lower K and Mg content compared to the original SCGs, indicating that a part of K and Mg was released into the aqueous phase during the hydrothermal process. In terms of Ca, although HTC also decreased its content from 1250 mg/kg (in SCGs) to 960 mg/kg (Table 5), the HTL hydrochar contained 2370 mg/kg Ca, which was higher than HTC hydrochar. Notably, the concentration of heavy metals (e.g., Zn) in SCG-derived chars (<27 mg/kg) was much lower than that from sludge (over 1300 mg/kg) [34]. In the case of metals of environmental and food safety concern such as arsenic, cadmium, chromium, cobalt, copper, lead, mercury, molybdenum, nickel, selenium, and zinc, their content was found to be either not detectable or much lower than the maximum levels regulated by the Canadian Food Inspection Agency (CFIA). In terms of contaminants, polycyclic aromatic hydrocarbon (PAH) content is lower than the reporting limit of 0.01 mg/kg, while polychlorinated biphenyl content is lower than the reporting limit of 0.05 mg/kg in this study. It is notable that the formation of PAH during biochar fabrication is also dependent on the type of feedstock used. For instance, Krzyszczak et al. utilized sewage sludge and plant material to fabricate biochar through pyrolysis and observed a higher PAH content for sewage sludge biochar than that of plant material [38]. Overall, SCGs and the derived chars are environmentally friendly and safe to use as soil amendments.




3.2.4. Surface and Morphological Properties


Scanning electron microscopy (SEM) was carried out for SCGs and the resultant biocarbon materials, as illustrated in Figure 2. This type of analysis can help examine and compare the microstructural changes to different biocarbon materials obtained using different fabrication methods. Raw materials (Figure 2A,B) exhibited an irregular and rough surface morphology, which is in good agreement with the past research literature [21]. SCGs exhibited a dense morphology, mainly due to the presence of large amounts of organic compounds [39]. Figure 2C–F show the 100 µm SEM images for torrefied SCGs, slow pyrolysis biochar, HTC hydrochar, and HTL hydrochar, respectively. The differences in the patterns among biochar and hydrochar samples can be attributed to differences in the fabrication methods and the processing temperature. In comparison, biochar obtained from slow pyrolysis had a more obvious porous and cracked structure compared to that obtained from torrefaction, as indicated in Figure 2C,D. This observation is attributed to volatilization and mass conversion during slow pyrolysis compared to torrefaction. In addition, although the porous structure of obtained hydrochars was less pronounced than slow pyrolysis biochar, hydrochars exhibited better pores and a loose structure. This is attributed to the fact that the dielectric constant of water reduces with increasing temperature which, in turn, makes the water behave like an organic solvent [36]. In the case of hydrothermal treatment, this results in more organic compounds that can be dissolved in the water solvent, thereby promoting the dissolution of organics from feedstock and forming better pores and a more loose structure [40].



BET analysis was conducted to further understand the morphological properties of biocarbon materials and support the observations derived from the SEM images. The surface area and porosity (i.e., pore volume/size) of the chars obtained were determined and are presented in Table 6. The adsorption details for obtained biochars/hydrochars are provided in the Supplementary Materials (Figure S2). Original SCGs had a surface area of 8.05 m2/g, which was larger than the values reported in previous studies. Surface areas of 2.5 m2/g and 0.4 m2/g were reported for SCGs by [41,42], respectively. The biochar derived from SCG torrefaction had a slightly larger surface area (8.53 m2/g) and pore size (0.86 nm) compared to the original SCGs. However, the increase in temperature (slow pyrolysis at 500 °C) led to a decline in biochar surface area (4.17 m2/g) but an increase in pore size (2.24 nm) compared to other treatments. Zhang et al. characterized the SCG biochar obtained under different temperatures and observed that a higher temperature (>400 °C) caused the small pores to be destroyed, resulting in a decrease in the surface area [43]. These observations are consistent with the current results.



Surprisingly, the porosities of the hydrochars were different from those of the biochars, with hydrochars having greater pore volume and pore size. In particular, the hydrochar obtained from HTC showed the largest specific surface area of 15.15 m2/g, which was much larger than the HTL biochar of 7.74 m2/g (Table 6). This trend was similar to that of biochar, i.e., a higher temperature was less favorable for specific surface area. A high processing temperature might induce more extensive breakdown of biomass to form highly viscous liquid, which might stay within the pores and lead to a smaller surface area. HTC hydrochar obtained from this study had a similar specific surface area to that obtained from HTC of rice husks (13.09 m2/g) at 175 °C, both of which are much smaller than that of the activated carbon (i.e., 950–2000 m2/g) [44,45]. Amendment of agricultural soils with the highly porous biochar/hydrochar could improve soil structure and increase soil water-holding capacity, nutrient retention and release, and microbial diversity as previously observed by Zhang et al. [46].




3.2.5. Functional Groups


FTIR analysis was carried out to characterize the functional groups on the surface of the original SCGs, biochar, and hydrochar, as shown in Figure 3. The original SCGs were characterized by -OH (3335 cm−1), C-H (2920 cm−1 and 2850 cm−1), C=O (~1700 cm−1), C=C (1605 cm−1), C-O-C (1161 cm−1), C-N (1097 cm−1), and C-O (1027 cm−1) bonds, which were comparable with the SCGs used in previous studies [38]. Torrefied SCGs, HTC hydrochar, and HTL hydrochar shared some functional groups with the original SCGs such as -OH, C-H, C=O, and C-O-C bonds. The functional groups in torrefied SCGs were very comparable with those of the HTC hydrochar. However, HTL hydrochar exhibited more complete carbonization compared to torrefied SCGs and HTC hydrochar, as evidenced by its weaker peak of the -OH group, absence of the C-O bond, and the presence of the C=C bond. As for slow pyrolysis biochar, its characteristic peaks were significantly less abundant than the others, which implied that the carbonization during SCG slow pyrolysis was extremely thorough. Mukherjee et al. pyrolyzed SCGs under different temperatures and found that the characteristic peaks gradually disappeared as the temperature increased from 400 °C to 600 °C [41].



It can be summarized that surface functionality may have critical impact on nutrient retention and soil microbial communities as reviewed by Zhao et al. [47]. The functional groups of SCG-based char materials generated from wet and dry routes are different as noted above. However, it is challenging to identify what functional groups could best enhance the performance of soil without specifying soil and crop types.





3.3. Discussions on the Applications of SCG Biocarbon Materials


Compared to hydrochar, biochar is a more stable carbon sink for carbon sequestration as the higher fixed carbon content is less susceptible to biological decomposition and more stable in the environment [40]. This can also be evidenced by the lowest O/C and H/C ratios of biochar compared to other char samples as shown in Table 2. Low O/C and H/C ratios would imply a higher level of aromatic compounds [48].



Aside from carbon sequestration, biocarbon materials can be used as adsorbents for wastewater remediation. pH values, porosity, surface morphology, and the functional groups as discussed in Section 3.2 are the most important properties in the context of environmental applications. For wastewater treatment, the removal efficiency of a bioadsorbent is highly related to the characteristics of the contaminants. SCG-derived hydrochars had lower pH values than that of slow pyrolysis char (Table 3), which are thus more suitable for the removal of contaminants that are basic. The pHpzc of adsorbents is an important parameter that can identify the potential of the interaction between the functional groups at the interface of the adsorbent/adsorbate in an aqueous solution. Generally, the surface of char materials is positively charged when pH values are lower than those of pHpzc and vice versa [49]. The adsorption capacity of hydrochar and biochar can be optimized based on the nature of the contaminants in wastewater and the pHpzc of the bioadsorbents.



The surface area and porous structure are key factors that affect the ability of a bioadsorbent to remove contaminants as a large surface area suggests a more porous structure within the material. For instance, the literature has suggested that biocarbon materials with a large specific surface area often show a better adsorption capacity towards aromatics such as toluene [50]. Additionally, the surface area is critical for enhancing the transport and interaction between biocarbon materials with the surrounding medium. Hydrochar derived from HTC has a loose structure as shown in the SEM image (Figure 2E), and a relatively larger specific surface, larger pore volume, and pore sizes compared to the other three chars as evident in Table 6, rendering it the best adsorbent candidate for wastewater treatment. The specific surface areas of the four char materials are in the range of 7.74–15.5 m2/g, which are generally smaller than that of commercial adsorbents, implying that further physical/chemical activation treatment is necessary to achieve efficient treatment of wastewater [51,52]. Past studies have noted that the type of feedstock and activation conditions played a significant role in influencing the specific surface area of the activated hydrochar which, in turn, influences the adsorption capability for contaminants [50]. Based on the standard developed by the International Union of Pure and Applied Chemistry (IUPAC), hydrochar obtained from HTC belongs to the mesopore group (the average pore size of the mesopore group is 2–50 nm) [53]. As recommended in the research literature, the mesopores present in the bioadsorbent are favorable for removing carcinogenic herbicides such as atrazine, which is commonly used to control broadleaf weeds and grasses [54,55].



Hydrophilicity/hydrophobicity of the char materials also has an impact on their adsorption capacity. O/C ratio can partially indicate the surface hydrophilicity of the char materials. Comparing the four char materials, hydrochar obtained from HTC had the highest O/C ratio (Table 2), indicating a high level of polar groups on its surface that can act as water adsorption centers, thereby leading to high surface hydrophilicity. Based on the O/C ratio, the hydrophobicity of the four char materials is in the order of slow pyrolysis > HTL > torrefaction ≈ HTC. In terms of surface functional groups, hydrochars derived from wet methods are rich in functional groups compared to those from slow pyrolysis as shown in Figure 3, which would benefit contaminant removal through surface complexation between the adsorbent and adsorbate. However, this would differ based on the nature of the targeted wastewater characteristics.





4. Conclusions


In this study, a readily available food processing waste, namely, SCGs, was converted to biochar and hydrochar using dry and wet methods, respectively. The influence of the production methods on the properties and the associated applications of various biocarbon materials was evaluated. The results obtained indicated that the biochar generated through slow pyrolysis was preferable to be used for energy applications due to its similar fuel ratio and HHV to semianthracite coal. For agricultural application, biochar obtained from torrefaction or slow pyrolysis was able to ameliorate acidic soils because of its basic nature. HTC hydrochar is the best candidate as a soil amendment because its larger specific surface area, porous structure, and rich surface functional groups are beneficial to water and nutrient retention/release. In terms of environmental application, HTC hydrochar was more favorable for wastewater remediation due to its textural properties and surface functional groups. The study outcomes presented provide baseline knowledge for decision making for the selection of the most suitable production methods to convert waste SCGs into valuable biocarbon materials.
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Figure 1. The van Krevelen diagram for biomass, biochar, and hydrochar. 
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Figure 2. Scanning electron microscopy (SEM) for (A,B) spent coffee grounds, (C) torrefied SCGs, (D) pyrolysis biochar, (E) HTC hydrochar, and (F) HTL hydrochar. 
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Figure 3. Fourier transform infrared spectroscopy (FTIR) spectra of spent coffee grounds (SCGs), torrefied SCGs, slow pyrolysis biochar, hydrothermal carbonization (HTC) hydrochar, and hydrothermal liquefaction (HTL) hydrochar. 
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Table 1. Proximate analysis of spent coffee grounds (SCGs) and resultant biochar and hydrochar.
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	Sample
	Moisture (%)
	Volatile Matter (%)
	Fixed Carbon (%)
	Ash (%)
	Fuel Ratio





	Original SCGs
	1.63
	75.37
	20.58
	2.42
	0.27



	Torrefied SCGs
	0.59
	61.54
	36.37
	1.51
	0.59



	Slow pyrolysis biochar
	0.97
	10.91
	85.85
	2.27
	7.87



	HTC hydrochar
	0.42
	64.19
	33.14
	2.25
	0.52



	HTL hydrochar
	0.3
	48.77
	49.21
	1.72
	1.01
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Table 2. The elemental analysis and higher heating values (HHVs) for spent coffee grounds (SCGs) and resultant biochar and hydrochar.
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	Sample
	C (%)
	H (%)
	N (%)
	S (%)
	O (%)
	HHV (MJ/kg)
	O/C Atomic

Ratio
	H/C Atomic Ratio





	Original SCGs
	53.58
	7.27
	2.41
	2.00
	32.32
	22.23
	0.49
	1.63



	Torrefied SCGs
	65.18
	7.25
	3.00
	1.98
	21.08
	27.56
	0.26
	1.33



	Slow pyrolysis biochar
	78.05
	3.96
	4.26
	1.02
	10.44
	30.44
	0.12
	0.61



	HTC hydrochar
	67.24
	7.74
	2.49
	1.93
	18.35
	30.70
	0.23
	1.38



	HTL hydrochar
	72.81
	7.50
	3.23
	2.02
	12.72
	32.33
	0.15
	1.24







Note: HTC and HTL denote hydrothermal carbonization and hydrothermal liquefaction, respectively.
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Table 3. pH and pHpzc of spent coffee grounds (SCGs) and resultant biochars and hydrochars.
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	pH
	pHPZC





	Original SCGs
	4.89
	5.53



	Torrefied SCGs
	6.50
	6.53



	Slow pyrolysis biochar
	7.01
	8.35



	HTC hydrochar
	3.93
	3.85



	HTL hydrochar
	3.98
	4.05
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Table 4. Nitrogen (N), phosphorus (P), and potassium (K) content of spent coffee grounds (SCGs) and resultant biochar and hydrochar.
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	N (%)
	P (%)
	K (%)





	Original SCGs
	2.1
	0.1
	0.278



	Torrefied SCGs
	2.9
	0.155
	0.424



	Slow pyrolysis biochar
	4.14
	0.343
	0.962



	HTC hydrochar
	2.68
	0.062
	0.118



	HTL hydrochar
	3.01
	0.131
	0.08
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Table 5. The trace metal content in spent coffee grounds (SCGs) and resultant biochar and hydrochar.






Table 5. The trace metal content in spent coffee grounds (SCGs) and resultant biochar and hydrochar.














	Analytes (mg/kg)
	SCGs
	Torrefied SCGs
	Slow Pyrolysis Biochar
	HTC

Hydrochar
	HTL Hydrochar
	CFIA *

Max

Level





	Aluminum
	7.3
	16.4
	29.2
	14.9
	17.6
	



	Antimony
	0.06
	0.07
	0.09
	0.03
	0.05
	



	Arsenic
	-
	-
	-
	-
	-
	75



	Barium
	6.3
	9.3
	21.8
	4.1
	8.4
	



	Beryllium
	-
	-
	
	
	
	



	Bismuth
	-
	-
	
	
	
	



	Boron
	3.4
	5.3
	12.1
	4.4
	5.0
	



	Cadmium
	0.011
	0.021
	0.017
	0.014
	0.022
	20



	Calcium
	1250
	1860
	4200
	960
	2370
	



	Chromium
	0.4
	0.3
	1.2
	0.4
	1.8
	1100



	Cobalt
	0.13
	0.20
	0.43
	0.17
	0.47
	150



	Copper
	17.8
	26.9
	57.4
	29.6
	40.1
	850



	Iron
	91
	87
	157
	59
	78
	



	Lead
	0.02
	0.06
	0.09
	21.7
	164.
	



	Lithium
	-
	-
	-
	-
	-
	



	Magnesium
	1340
	1950
	4410
	563
	555
	



	Manganese
	39.1
	57.5
	133.
	27.2
	59.7
	



	Mercury
	-
	-
	-
	-
	-
	5



	Molybdenum
	0.12
	0.17
	0.42
	0.57
	3.23
	20



	Nickel
	0.7
	1.3
	3.2
	4.2
	30.4
	180



	Potassium
	3200
	4780
	11,400
	1170
	604
	



	Rubidium
	4.53
	6.61
	14.8
	1.67
	0.86
	



	Selenium
	-
	-
	-
	-
	-
	14



	Silver
	-
	-
	-
	0.03
	0.10
	



	Sodium
	90
	130
	270
	40
	20
	



	Strontium
	7.6
	11.0
	25.3
	5.4
	13.1
	



	Tellurium
	-
	-
	-
	-
	-
	



	Thallium
	-
	-
	-
	-
	-
	



	Tin
	0.20
	0.25
	0.31
	0.19
	0.44
	



	Uranium
	-
	-
	-
	0.02
	0.10
	



	Vanadium
	-
	-
	-
	0.2
	0.2
	



	Zinc
	7.2
	11.6
	26.4
	10.0
	12.6
	1850







Note: HTC and HTL denote hydrothermal carbonization and hydrothermal liquefaction, respectively. “-” denotes not detectable within the reporting limit. “*” represents the maximum levels of metal content regulated by the Canadian Food Inspection Agency (CFIA).
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Table 6. Surface area and porosity (pore volume/size) of spent coffee grounds (SCGs), biochar obtained from torrefaction and slow pyrolysis, and hydrochar obtained from HTC and HTL.
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	Samples
	Specific Surface Area

(m2/g)
	Total Pore Volume

(cm3/g)
	Average Pore Size

(nm)





	Original SCGs
	8.05
	0.008
	0.56



	Torrefied SCGs
	8.53
	0.007
	0.86



	Slow pyrolysis biochar
	4.17
	0.006
	2.24



	HTC hydrochar
	15.15
	0.067
	7.82



	HTL hydrochar
	7.74
	0.022
	4.91
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