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Abstract

:

In this study, a new method for economical utilization of coffee grounds was developed and tested. The resulting materials were characterized by proximate and elemental analyses, thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and N2 adsorption–desorption at 77 K. The experimental data show bio-oil yields reaching 42.3%. The optimal activated carbon was obtained under vacuum pyrolysis self-activation at an operating temperature of 450 °C, an activation temperature of 600 °C, an activation time of 30 min, and an impregnation ratio with phosphoric acid of 150 wt.%. Under these conditions, the yield of activated carbon reached 27.4% with a BET surface area of 1420 m2·g−1, an average pore size of 2.1 nm, a total pore volume of 0.747 cm3·g−1, and a t-Plot micropore volume of 0.428 cm3·g−1. In addition, the surface of activated carbon looked relatively rough, containing mesopores and micropores with large amounts of corrosion pits.
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1. Introduction


It is well-known that climate change is mainly caused by greenhouse gas emissions from natural systems and human activities. So far, human activities have caused about 1.0 °C of global warming above the pre-industrial level, and this is likely to reach 1.5 °C between 2030 and 2052 if the current emission rates persist [1]. In 2015, the Paris Agreement was introduced with the main objective of limiting the global temperature increase to 2 °C by 2100 and pursuing efforts to limit the increase to 1.5 °C, which implies significant changes in the global energy supply system [2,3]. To reach the milestone launched by the European Commission for the use of energy sources, by 2030, at least 20% of overall energy consumption should be satisfied with the use of renewable energy sources and, also, at least 10% of transportation fuel demand should be fulfilled with biofuels [4]. The biofuels can be referred to as the gaseous and liquid fuels for the transport sector that are generally produced from biomass [5]. The use of biomass in liquid biofuels production has attracted increasing interest worldwide due to its abundance, renewability, and low cost [6].



Coffee, with the spent coffee ground as waste, is known as one of the most-consumed beverages worldwide [7]. Between 2016 and 2019, world coffee consumption increased by 4.5% and reached 9.92 million tons [8]. Coffee consumption is projected to reach 12.24 million tons by 2030 [9]. Coffee grounds contain about 47.3% oil [10], mainly composed of 80~90 wt.% glycerides, like free fatty acids [11]. The high content of organic matter and low content of ash in coffee grounds make them potential biomass [12,13]. However, most coffee grounds end up disposed of in landfills, causing environmental and ecological problems [14]. Coffee grounds demand high oxygen during the decay process and release residual caffeine, tannin, and polyphenol into the environment [15]. Therefore, the development of new methods for the economical utilization of coffee grounds is highly desirable to produce energy and reduce the negative impact on the environment.



In this study, we aim to develop a novel economical route for utilization of coffee grounds (Figure 1). The currently used methods for manufacturing of activated carbon are mainly based on physical and chemical activations [16,17]. To the best of the authors’ knowledge, there is no study on producing activated carbon via the two-stage activation (pyrolyzation + chemical activation) method from coffee grounds. The two-stage activation method can improve the added value of coffee grounds, and the specific surface areas (BET) of the activated carbon can be favorably compared with other activated carbon produced from coffee grounds [18,19]. During the pyrolysis self-activation of coffee grounds, the self-activation temperature of vacuum pyrolysis was first determined by thermogravimetry. Both the bio-oil and carbon precursors were then obtained by vacuum pyrolysis of coffee grounds at the optimized activation temperature. Finally, activated carbon was prepared from carbon precursors impregnated by phosphoric acid aqueous solution under different activation conditions. The effects of the impregnation ratio with phosphoric acid, activation temperature, and activation time on the structure and morphology of activated carbon were investigated by various analytical methods.




2. Materials and Methods


2.1. Experimental Setup


The employed experimental apparatus is provided in Figure 2, mainly composed of a programmed furnace, a condensation collecting system, a non-condensable gas absorption system, and a vacuum chamber. The programmed furnace (SKG06123K, Tianjin, China) possessed a rated power of 2.5 kW, controllable temperatures ranging from ambient temperature to 1200 °C, and a heating rate from 10 to 40 °C·min−1. The length, inside, and outside diameters of the quartz tube were 1 m, 55 nm, and 60 mm, respectively. The condensation collecting system was composed of at least two condenser tubes, two conical flasks, and a coolant circulation pump (DLSB-5/20, Zhengzhou, China). The temperature of the condensation collecting system was maintained at 10 °C using a coolant circulation pump. The employed cooling medium was water, and the gas absorption system was composed of a conical flask and a strong oxidizing solution. The vacuum chamber contained quartz tube, a vacuum pump, and an air pressure valve. The vacuum chamber was equipped with a controllable vacuum from 10 kPa to 101.325 kPa, and alkaline water was used in the vacuum pump.




2.2. Preparation of Optimal Activated Carbon


2.2.1. Vacuum Pyrolysis Self-Activation


The coffee grounds used here were collected from an instant coffee factory in the city of Dongguan, China. The collected coffee grounds were first washed with distilled water to eliminate the impurities (dust and water-soluble substances), and dried at 105 °C for 48 h.



The dried coffee grounds were then subjected to vacuum pyrolysis self-activation. To this end, a 40 g dried coffee grounds sample was placed in the programmed furnace with quartz tube under vacuum conditions (10 kPa). Next, the material was heated to 450 °C at a 10 °C·min−1 heating rate, then held at this temperature for 1 h. After cooling down to ambient temperature, the carbon precursor and bio-oil were obtained.




2.2.2. Chemical Activation


To test the effects of activation temperature, 10 g of dried carbon precursor was impregnated with 50 g of phosphoric acid aqueous solution (30 wt.%) for 2 h to form slurries. The suspensions were sonicated for 1 h in an ultrasound bath (40 kHz) then dried at 105 °C for 24 h. Next, the specimens were heated to different temperatures (400, 500, 600, and 700 °C) under vacuum conditions (20 kPa) for 30 min at a 10 °C·min−1 heating rate.



To evaluate the influence of the impregnation ratio with phosphoric acid (Xp: phosphoric acid/dry carbon precursor, g/g, wt.%), 10 g of dried carbon precursor was impregnated for 2 h with different quantities (16.67, 33.33, 50, and 66.67 g) of phosphoric acid aqueous solutions (30 wt.%) to form slurries. The suspensions were then sonicated for 1 h in an ultrasound bath (40 kHz) and dried at 105 °C for 24 h. Next, the obtained specimens were heated to 600 °C under vacuum conditions (20 kPa) for 30 min at a 10 °C·min−1 heating rate.



To examine the effect of activation time, 10 g of dried carbon precursor was impregnated for 2 h with 50 g of phosphoric acid aqueous solution (30 wt.%) to form slurries. The suspension was then sonicated for 1 h in an ultrasound bath (40 kHz) and dried at 105 °C for 24 h. Next, it was heated to 600 °C under vacuum conditions (20 kPa) at 10 °C·min−1 for different activation times (20, 30, 40, and 50 min). After cooling to ambient temperature in the vacuum chamber, the obtained specimens were subjected to thorough washing with hot water until pH neutrality was reached, then dried at 105 °C for at least 24 h. The final materials were then ground and sieved to yield particles with diameters < 0.074 nm, then kept in closed containers for future experiments.





2.3. Yields of Carbon Precursor, Bio-Oil, Non-Condensable Gas, and Activated Carbon


The yields of carbon precursor, bio-oil, non-condensable gas, and activated carbon were estimated by means of Equations (1)–(4):


   Y  c p   =    m  c p      m 0    × 100 %  



(1)






   Y L  =    m L     m 0    × 100 %  



(2)






   Y G  =    m 0  −  m  c p   −  m L     m 0    × 100 %  



(3)






   Y  a c   =    m  a c      m 0    × 100 %  



(4)




where    Y  c p    ,    Y L   ,    Y G    and    Y  a c     are the yields (wt.%) of carbon precursor, bio-oil, non-condensable gas and activated carbon, respectively.    m 0   ,    m  c p    ,    m L    and    m  a c     represent the weight (g) of dried coffee grounds, carbon precursor, bio-oil and activated carbon, respectively.




2.4. Characterization


2.4.1. Thermogravimetry, Structural, and Morphological Analyses


The thermogravimetry analysis (TGA) was carried out under an N2 (30 mL·min−1) atmosphere using a NETZSCH STA409PC simultaneous analyzer (STA409PC, NETZSCH, Selb, Germany). The TGA tests were performed at a heating rate of 10 °C·min−1 from ambient temperature to 800 °C. About 9.5–10.5 mg specimens were loaded into the TGA unit for analysis.



The Fourier transform infrared (FT-IR) spectra were collected on a Thermo Fisher FTIR spectrometer (Nicolet 380, Thermo Fisher Scientific, Gloucester, UK). The mixtures containing specimen and KBr (1:100) were first ground in an agate mortar and then mixed uniformly and compressed using a hydraulic press machine. The FTIR spectra were recorded from 400 to 4000 cm−1.



The morphologies of the specimens were viewed by scanning electron microscopy (SEM) (S-3400N, Hitachi, Japan).




2.4.2. Proximate and Elemental Analyses


The proximate analyses were carried out according to GB/T 28731-2012 (National Standard, China). For moisture analysis, coffee grounds (1 ± 0.1 g) were dried at 105 ± 2 °C in air to obtain constant mass. For determination of ash content, coffee grounds (1 ± 0.1 g) were heated to constant mass in a muffle furnace, at a heating rate of 5 °C·min−1 up to 550 ± 10 °C. To estimate volatile content, coffee grounds (1 ± 0.1 g) were heated at 900 ± 10 °C in a muffle furnace for 7 min. The fixed carbon was calculated by means of Equation (5):


  FC = 100 % − V − A − M  



(5)




where FC, V, A, and M are the contents (wt.%) of fixed carbon, volatile ash, and moisture, respectively.



The C, H, N, S, and P contents (mass %) of coffee grounds, carbon precursor, and activated carbons were measured by elemental analysis (Perkin Elmer Series II 2400, Waltham, MA, USA). The O content was calculated according to Equation (6):


  O = 100 % − C − H − N − S − A − M  



(6)




where O, C, H, N, S, A, and M are the contents (wt.%) of O, C, H, N, S, ash, and moisture, respectively.




2.4.3. N2 Adsorption–Desorption Profiles at 77 K


The N2 adsorption–desorption isotherms of the carbon precursor and activated carbons were measured on an automatic adsorption instrument (ASAP 2020M, Micromeritics, Norcross, GA, USA) at 77 K [20]. The specific surface areas of the specimens were calculated by the BET equation, assuming the nitrogen molecule area of 0.162 nm2. The total pore volume was estimated as liquid volume of the adsorbate adsorbed at P/Po = 0.99 [21]. The average pore sizes were estimated by 4 V/A, where V is total pore volume and A is BET surface area. The micropore volume was determined by means of the t-Plot method. The pore size distributions were obtained by the BJH method [22].



The N2 adsorption–desorption isotherms of the carbon precursor and activated carbons were measured on an automatic adsorption instrument (ASAP 2020M, Micromeritics, Norcross, GA, USA) at 77 K [20]. The specific surface areas of the specimens were calculated by the BET equation, assuming the nitrogen molecule area of 0.162 nm2. The total pore volume was estimated as liquid volume of the adsorbate adsorbed at P/Po = 0.99 [21]. The average pore sizes were estimated by 4 V/A, where V is total pore volume and A is BET surface area. The micropore volume was determined by means of the t-Plot method. The pore size distributions were obtained by the BJH method [22].




2.4.4. Bio-Oil Composition Analysis


The bio-oil phase was analyzed following a previously reported method [23]. Briefly, predilution of the bio-oil (no moisture) was first performed in acetone then passed through the organic filter membrane (aperture size 0.22 µm) using an injector. Next, 0.2 µL sample solution was analyzed using gas chromatography/mass spectrometry (GC/MS) (7890A/5975C, Agilent, Santa Clara, CA, USA) at 250 °C, a split ratio of 10:1, and using helium as the carrier gas at a flow rate of 20 mL·min−1. An AHP-5MS GC column (30 m × 250 µm × 0.25 µm) was used to separate the components, and heated from 100 °C to 250 °C at 10 °C·min−1 for 5 min.






3. Results and Discussion


3.1. Thermal Properties of Coffee Grounds


Figure 3 shows the TG and derivative thermogravimetry (DTG) curves of coffee grounds under N2 (30 mL·min−1) at a heating rate of 10 °C·min−1 from ambient temperature to 800 °C. The mass loss of coffee grounds showed three stages. Below 150 °C, the mass loss was estimated to be 2.68% and attributed to loss of moisture from coffee grounds. In the range of 150 °C < T < 500 °C, the mass loss was calculated as 66.04% and related to evaporation of main volatile matters, tars elimination, and carbonization (primary and double-time carbonizations). In the third stage (500 °C < T < 800 °C), the coffee grounds were almost totally carbonized with a remaining mass of only 22.48%. The DTG profiles in the second step (150 °C < T < 500 °C) showed large and small mass losses. The large weight loss would correspond to elimination of volatile matters and tars, as well as complete primary and double-time carbonization. The second small mass loss observed at 450 °C could be associated with decomposition of oxygenated surface groups [18]. Therefore, the optimum vacuum pyrolysis self-activation temperature for high yield of bio-oil and microporous carbon precursors was selected as 450 °C.




3.2. Proximate and Elemental Analyses


Table 1 lists the results of proximate and elemental analyses of coffee grounds and carbon precursors. The high content of volatiles (74.82%) in the coffee grounds demonstrated their relevance for the production of bio-oil. The content of volatiles (8.79%) in the carbon precursor was lower than in coffee grounds, indicating conversion of some volatiles into bio-oil in coffee grounds during vacuum pyrolysis at 450 °C. The bio-oil was collected by the condensation collecting system, and the yields of bio-oil, carbon precursors, and non-condensable gas were estimated to be 42.3%, 31.4%, and 26.3%, respectively. The bio-oil was analyzed by GC/MS (Figure 4), and determined to contain tetradecane, pentadecane, heptadecane, caffeine, hexadecanenitrile, methyl palmitate, palmitic acid, linoleic acid, oleic acid, and octadecanoic acid. Meanwhile, the carbon precursors containing high carbon content (86.85%) and low ash (2.05%) might be used as raw material in production of activated carbon [24].




3.3. Effect of Activation Conditions on Various Factors


3.3.1. Yield


Table 2, Table 3 and Table 4 gather the effect of different activation conditions on yield of activated carbon. The increase in activation temperature, activation time, and the impregnation ratio from 400 °C, 20 min, and 50 wt.% to 700 °C, 50 min, and 200 wt.% reduced the yield of activated carbon from 29.9%, 28.1%, and 28.5% to 24.6%, 26.3%, and 26.6%, respectively. The yield of activated carbon showed a common trend at different activation conditions, decreasing as the activation temperature, activation time, and impregnation ratio increased. This was associated with the chemical activation with H3PO4 impregnation, in which the increase in activation temperature, activation time, and the impregnation ratio led to the release of more volatile products due to intensified dehydration and elimination reactions [18].




3.3.2. Activation Temperature on BET Surface Area


Table 2 lists the activation conditions and effect of activation temperature on BET surface area of activated carbon. As the activation temperature rose from 400 to 600 °C, the BET surface area of activated carbon increased from 102 m2·g−1 to 1420 m2·g−1. This is related to the formation of pores due to increased devolatilization and a carbon–H2O reaction. At 700 °C, the BET surface area of activated carbon was recorded as 962 m2·g−1. A further increase in the activation temperature to 700 °C reduced the BET surface, mainly due to the excessive burn-off of carbon constituents at high temperatures. In addition, H3PO4 formed a linkage layer composed of phosphate and polyphosphate esters, leading to a decrease in BET surface area.




3.3.3. Activation Time on BET Surface Area


Table 3 displays the activation conditions and the influence of the activation time on the BET surface area of activated carbon. The increase in activation time from 20 to 30 min enhanced the BET surface area of activated carbon from 923 m2·g−1 to 1420 m2·g−1. However, from 30 to 50 min, the BET surface area of activated carbon decreased from 1420 m2·g−1 to 873 m2·g−1, which is attributed to intense apparent pore structure development during the initial activation time. Therefore, the BET surface areas reached maxima at 30 min. The increase in activation time from 30 to 50 min reduced the BET surface area because of enlargement in the pore structure after exposure to a continuous high temperature.




3.3.4. Impregnation Ratio on BET Surface Area


Table 4 provides the activation conditions and influence of the impregnation ratio on the BET surface area. The enhancement in the impregnation ratio from 50 to 150 wt.% increased the BET surface area of activated carbon from 628 m2·g−1 to 1420 m2·g−1. From 150 to 200 wt.%, the BET surface area of activated carbon decreased from 1420 m2·g−1 to 994 m2·g−1. In other words, the BET surface area rose to a maximum and then decreased with a further increase in the impregnation ratio, consistent with previous reports [25]. The addition of more acid was not beneficial as it did not induce further action, and probably formed an insulating layer (or skin) covering the particles. This, in turn, inhibited the activation process and contact with the surrounding atmosphere [26].





3.4. Properties of Optimal Activated Carbon


3.4.1. Morphology


The SEM images of coffee grounds (CGs), carbon precursors (CPs), and activated carbons (ACs) are shown in Figure 5. The surface structure of CG looked compact and nonporous (Figure 5a), unfavorable for phosphoric acid penetration. Here, CP was issued from the CG vacuum pyrolysis used to collect bio-oil and open a transmission channel for phosphoric acid. In Figure 5b, the CP surface exhibits a certain number of micropores, beneficial to phosphoric acid penetration. The wide opening of transmission channels for phosphoric acid induced its facile penetration, improving the activation efficiency of phosphate ions. Both activations of vacuum pyrolysis and phosphoric acid promoted the transformation of CG into AC. In Figure 5c, the AC surface looks relatively rough with large amounts of corrosion pits.




3.4.2. Structure


The FTIR spectra of coffee grounds (CGs), carbon precursor (CP), and activated carbon (AC) are shown in Figure 6. The peak at 3400 cm−1 obviously appeared in the absorption profile of CG, ascribed to O–H stretching vibration [27] that issued mainly from long-chain carboxylic acids. The absorption peaks at 2700–3000 cm−1 were ascribed to C–H vibrations, indicating the presence of alkyl groups in CG [10]. The complex absorption peaks between 1000 cm−1 and 1700 cm−1 were related to C–H bending of cellulose and hemicelluloses [28], as well as C=O stretching from carboxylic acids and ester groups [10,29]. In particular, the broad band between 600 cm−1 and 1000 cm−1 was ascribed to C–H (Ar) bending [30,31], corresponding to aromatic ring compounds. During preparation of activated carbon, the absorption peaks at 1000–1750 cm−1, 2700–3000 cm−1, and 3400 cm−1 reduced significantly or even vanished, meaning breaking of the functional groups of C=O, C–H, and O–H.




3.4.3. Pore Size


Figure 7 depicts the N2 adsorption–desorption isotherms and differential pore size of activated carbons prepared under the optimum conditions of vacuum pyrolysis self-activation at an operating temperature of 450 °C, an activation temperature of 600 °C, an activation time of 30 min, and an impregnation ratio of 150 wt.%. The BET surface area of activated carbons was estimated to be 1420 m2·g−1, with an average pore size of 2.1 nm, a total pore volume of 0.747 cm3·g−1, and a t-Plot micropore volume of 0.428 cm3·g−1. The N2 adsorption isotherm of activated carbon exhibited a Type I hysteresis with an almost horizontal plateau at higher relative pressures, indicating highly microporous materials with a narrow pore size distribution. The desorption branch revealed a small hysteresis loop of type H4, suggesting elevated microporosity with slit-like pores [32,33,34]. The activated carbon was obviously microporous. The differential pore size distribution illustrated that activated carbons mainly exhibited a three-peak curve at 0.67, 1.17, and 1.84 nm, with pore diameter below 2.91 nm. Hence, the pore size distribution of prepared activated carbons was narrow.






4. Conclusions


A novel method for economical utilization of coffee grounds was developed for production of bio-oil and activated carbon. Vacuum pyrolysis self-activation and chemical activation with H3PO4 were found to be important steps in carbon activation. Yields reaching 42.3% of bio-oil and 31.4% of carbon precursors were obtained by vacuum pyrolysis self-activation of coffee grounds. The carbon precursor surface exhibited a certain number of micropores, beneficial to phosphoric acid penetration. The wide opening in transmission channels of phosphoric acid induced its facile penetration, hence improving the activation efficiency of phosphate ions. Under the optimal chemical activation conditions, in amounts reaching 27.4%, coffee grounds were transformed into high-performance activated carbon with a BET surface area of 1420 m2·g−1, a total pore volume of 0.747 cm3·g−1, and a t-Plot micropore volume of 0.428 cm3·g−1. The optimal activated carbon surface looked relatively rough with large amounts of corrosion pits and a narrow pore size. Our approach opens doors for the preparation of activated carbon from coffee grounds by the two-stage activation method, which could be of great interest for much biomass. It is anticipated that this method will increase the economic value of biomass.







Author Contributions


Conceptualization, J.R., N.C., L.W., G.L., T.C., F.Y., and S.S.; methodology, J.R., S.S.; sample preparation, J.R. and N.C.; Validation and visualization, N.C., L.W., G.L., T.C., and F.Y.; writing—original draft preparation, J.R. and S.S.; writing—review and editing, N.C., L.W., G.L., T.C., and F.Y.; funding acquisition, J.R., N.C., F.Y., and S.S.; supervision, J.R., and S.S.; resources, J.R., and S.S.; data curation, L.W. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financially supported by the Guangdong Natural Science Foundation (2017A030313266), the Key Platform and Major Scientific Research Project from the Education Department of Guangdong Province (2017GkQNCX047), the Key Platform and Major Scientific Research Project from the Education Department of Guangdong Province (2017GKCXTD004), and the Key Platform and Scientific Research Project from the Education Department of Guangdong Province (2020KQNCX182).




Data Availability Statement


Data of present study, will be available on request from corresponding author.




Acknowledgments


We are thankful to the anonymous reviewers for their valuable comments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fawzy, S.; Osman, A.I.; Doran, J.; Rooney, D.W. Strategies for mitigation of climate change: A review. Environ. Chem. Lett. 2020, 18, 2069–2094. [Google Scholar] [CrossRef]

	



Ferella, F.; Puca, A.; Taglieri, G.; Rossi, L.; Gallucci, K. Separation of carbon dioxide for biogas upgrading to biomethane. J. Clean. Prod. 2017, 164, 1205–1218. [Google Scholar] [CrossRef]

	



Co2noworg. 2017. Available online: https://www.co2.earth/ (accessed on 4 November 2016).

	



Kaya, M.; Atelge, M.; Bekirogullari, M.; Eskicioglu, C.; Atabani, A.; Kumar, G.; Yildiz, Y.; Unalan, S. Carbon molecular sieve production from defatted spent coffee ground using ZnCl2 and benzene for gas purification. Fuel 2020, 277, 118183. [Google Scholar] [CrossRef]

	



Kumar, A.; Anand, R. Progress in biofuel generation and its application in fuel cell. Adv. Biofuels 2019, 371–403. [Google Scholar]

	



Peterson, A.A.; Vogel, F.; Lachance, R.P.; Fröling, M.; Antal, J.M.J.; Tester, J.W. Thermochemical biofuel production in hydrothermal media: A review of sub- and supercritical water technologies. Energy Environ. Sci. 2008, 1, 32–65. [Google Scholar] [CrossRef]

	



Pagalan, E., Jr.; Sebron, M.; Gomez, S.; Salva, S.J.; Ampusta, R.; Macarayo, A.J.; Joyno, C.; Ido, A.; Arazo, R. Activated carbon from spent coffee grounds as an adsorbent for treatment of water contaminated by aniline yellow dye. Ind. Crop. Prod. 2019, 145, 111953. [Google Scholar] [CrossRef]

	



International Coffee Organization. The Current State of the Global Coffee Trade | #CoffeeTradeStats; International Coffee Organization: London, UK, 2019; Volume 2020. [Google Scholar]

	



Atelge, M.; Atabani, A.; Abut, S.; Kaya, M.; Eskicioglu, C.; Semaan, G.; Lee, C.; Yildiz, Y.; Unalan, S.; Mohanasundaram, R.; et al. Anaerobic co-digestion of oilextracted spent coffee grounds with various wastes: Experimental and kinetic modeling studies. Bioresour. Technol. 2020, 322, 124470. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Nazari, L.; Yuan, Z.; Corscadden, K.; Xu, C.; He, Q. Hydrothermal liquefaction of spent coffee grounds in water medium for bio-oil production. Biomass Bioenergy 2016, 86, 191–198. [Google Scholar] [CrossRef]

	



Jenkins, R.W.; Stageman, N.E.; Fortune, C.M.; Chuck, C.J. Effect of the Type of Bean, Processing, and Geographical Location on the Biodiesel Produced from Waste Coffee Grounds. Energy Fuels 2014, 28, 1166–1174. [Google Scholar] [CrossRef]

	



Skreiberg, A.; Skreiberg, J.S.; Sørum, L. TGA and macro-TGA characterisation of biomass fuels and fuel mixtures. Fuel 2011, 90, 2182–2197. [Google Scholar] [CrossRef]

	



Kelkar, S.; Saffron, C.M.; Chai, L.; Bovee, J.; Stuecken, T.R.; Garedew, M.; Li, Z.; Kriegel, R.M. Pyrolysis of spent coffee grounds using a screw-conveyor reactor. Fuel Process. Technol. 2015, 137, 170–178. [Google Scholar] [CrossRef]

	



Arulrajah, A.; Maghoolpilehrood, F.; Disfani, M.M.; Horpibulsuk, S. Spent coffee grounds as a non-structural embankment fill material: Engineering and environmental considerations. J. Clean. Prod. 2014, 72, 181–186. [Google Scholar] [CrossRef]

	



Vardon, D.R.; Moser, B.R.; Zheng, W.; Witkin, K.; Evangelista, R.L.; Strathmann, T.J.; Rajagopalan, K.; Sharma, B. Complete Utilization of Spent Coffee Grounds to Produce Biodiesel, Bio-Oil, and Biochar. ACS Sustain. Chem. Eng. 2013, 1, 1286–1294. [Google Scholar] [CrossRef]

	



Wang, D.; Li, B.; Yang, H.; Zhao, C.; Yao, D.; Chen, H. Influence ofbiochar on the steam reforming of biomass volatiles: Effects of activationtemperature and atmosphere. Energy Fuel 2019, 33, 2328–2334. [Google Scholar] [CrossRef]

	



Dhir, A.; Sharma, H. Capture of carbon dioxide using solid carbonaceous and non-carbonaceous adsorbents: A review. Environ. Chem. Lett. 2020, 48, 1–23. [Google Scholar]

	



Reffas, A.; Bernardet, V.; David, B.; Reinert, L.; Lehocine, M.B.; Dubois, M.; Batisse, N.; Duclaux, L. Carbons prepared from coffee grounds by H3PO4, activation: Characterization and adsorption of methylene blue and Nylosan Red N-2RBL. J. Hazard. Mater. 2009, 175, 779–788. [Google Scholar] [CrossRef]

	



Ma, X.; Ouyang, F. Adsorption properties of biomass-based activated carbon prepared with spent coffee grounds and pomelo skin by phosphoric acid activation. Appl. Surf. Sci. 2013, 268, 566–570. [Google Scholar] [CrossRef]

	



Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 1938, 60, 309–319. [Google Scholar] [CrossRef]

	



Lopez-Ramon, M.V.; Stoeckli, F.; Moreno-Castilla, C.; Carrasco-Marin, F. On the characterization of acidic and basic surface sites on carbons by various techniques. Carbon 1999, 37, 1215–1221. [Google Scholar] [CrossRef]

	



Barrett, E.P.; Joyner, L.G.; Halenda, P.P. The Determination of Pore Volume and Area Distributions in Porous Substances. I. Computations from Nitrogen Isotherms. J. Am. Chem. Soc. 1951, 73, 373–380. [Google Scholar] [CrossRef]

	



Chen, N.; Ren, J.; Ye, Z.; Xu, Q.; Liu, J.; Sun, S. Kinetics of coffee industrial residue pyrolysis using distributed activation energy model and components separation of bio-oil by sequencing temperature-raising pyrolysis. Bioresour. Technol. 2016, 221, 534. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, W.T.; Chang, C.Y.; Lee, S.L. Preparation and characterization of activated carbons from corn cob. Carbon 1997, 35, 1198–1200. [Google Scholar] [CrossRef]

	



Guo, J.; Lua, A.C. Textural and chemical properties of adsorbent prepared from palm shell by phosphoric acid activation. Mater. Chem. Phys. 2003, 80, 114–119. [Google Scholar] [CrossRef]

	



Girgis, B.S.; El-Hendawy, A.N.A. Porosity development in activated carbons obtained from date pits under chemical activation with phosphoric acid. Microporous Mesoporous Mater. 2002, 52, 105–117. [Google Scholar] [CrossRef]

	



Ballesteros, L.F.; José ATeixeira Mussatto, S.I. Extraction of polysaccharides by autohydrolysis of spent coffee grounds and evaluation of their antioxidant activity. Carbohydr. Polym. 2017, 157, 258–266. [Google Scholar] [CrossRef]

	



Pandey, K.K.; Theagarajan, K.S. Analysis of wood surfaces and ground wood by diffuse reflectance (DRIFT) and photoacoustic (PAS) Fourier transform infrared spectroscopic techniques. Eur. J. Wood Wood Prod. 1997, 55, 383–390. [Google Scholar] [CrossRef]

	



Ren, L.; Hemar, Y.; Perera, C.O.; Lewis, G.; Krissansen, G.W.; Buchanan, P.K. Antibacterial and antioxidant activities of aqueous extracts of eight edible mushrooms. Bioact. Carbohydr. Diet. Fibre 2014, 3, 41–51. [Google Scholar] [CrossRef]

	



Bustin, R.M.; Guo, Y. Abrupt changes (jumps) in reflectance values and chemical compositions of artificial charcoals and inertinite in coals. Int. J. Coal Geol. 1999, 38, 237–260. [Google Scholar] [CrossRef]

	



Arauzo, P.J.; Maziarka, P.; Olszewski, M.; Isemin, R.; Muratova, N.; Ronsse, F.; Kruse, A. Valorization of the poultry litter through wet torrefaction and different activation treatments. Sci. Total Environ. 2020, 732, 139288. [Google Scholar] [CrossRef]

	



Zhonghua, H.U.; Srinivasan, M.P.; Yaming, N.I. A simple method for developing mesoporosity in activated carbon. Sep. Purif. Technol. 2003, 31, 47–52. [Google Scholar]

	



Sing, K.S.; Everett, D.H.; Haul, R.A.W.; Moscou, L.; Pierotti, R.A.; Rouquerol, J.; Siemieniewska, T. Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity. In Handbook of Heterogeneous Catalysis; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 1985; pp. 603–619. [Google Scholar]

	



Osman, A.I.; Blewitt, J.; Abu-Dahrieh, J.K.; Farrell, C.; Al-Muhtaseb, A.H.; Harrison, J.; Rooney, D.W. Production and characterisation of activated carbon and carbon nanotubes from potato peel waste and their application in heavy metal removal. Environ. Sci. Pollut. Res. 2019, 26, 37228–37241. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 26 00257 g001 550] 





Figure 1. Refining scheme. 






Figure 1. Refining scheme.
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Figure 2. Schematic diagram of two-stage activation. 
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Figure 3. Thermogravimetric graph from coffee grounds under the heating rate of 10 °C·min−1 and 30 mL·min−1 nitrogen flow. 
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Figure 4. GC/MS chromatograms of bio-oil. 
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Figure 5. The SEM images of (a) coffee grounds, (b) carbon precursor, and (c) activated carbons. 
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Figure 6. FTIR spectra of coffee grounds (CG), carbon precursors (CP), and activated carbons (AC). 
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Figure 7. N2 adsorption–desorption isotherms at 77 K and differential pore size of the optimum activated carbons. 
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Table 1. Proximate analysis and elemental analysis of the samples.






Table 1. Proximate analysis and elemental analysis of the samples.





	
Samples

	
Proximate Analysis

	
Elemental Analysis




	
M

	
V

	
A

	
FC

	
C

	
H

	
O

	
N

	
S






	
Coffee Grounds

	
2.69%

	
74.82%

	
0.56%

	
21.93%

	
56.94%

	
15.23%

	
20.88%

	
2.76%

	
0.98%




	
Carbon Precursors

	
2.31%

	
8.79%

	
2.05%

	
86.85%

	
72.08%

	
8.77%

	
9.40%

	
4.75%

	
0.64%
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Table 2. Activation conditions, yield, and BET surface area of activated carbon.
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Activation Conditions

	
Yield

(%)

	
BET Surface Area

SBET (m2·g−1)




	
Other Conditions

	
T (°C)






	
T = 30 min

	
400

	
29.9

	
102




	
Xp = 150 wt.%

	
500

	
28.3

	
651




	
Pressure: 20 kPa

	
600

	
27.4

	
1420




	
Heating Rate: 10 °C·min−1

	
700

	
24.6

	
962
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Table 3. Activation conditions, yield, and BET surface area of activated carbon.






Table 3. Activation conditions, yield, and BET surface area of activated carbon.





	
Activation Conditions

	
Yield

(%)

	
BET Surface Area

SBET (m2·g−1)




	
Other Conditions

	
t (min)






	
T = 600 °C

	
20

	
28.1

	
923




	
Xp = 150 wt.%

	
30

	
27.4

	
1420




	
Pressure: 20 kPa

	
40

	
26.7

	
1080




	
Heating Rate: 10 °C·min−1

	
50

	
26.3

	
873
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Table 4. Activation conditions, yield, and BET surface area of activated carbon.






Table 4. Activation conditions, yield, and BET surface area of activated carbon.





	
Activation Conditions

	
Yield

(%)

	
BET Surface Area

SBET (m2·g−1)




	
Other Conditions

	
Xp (wt.%)






	
T = 600 °C

	
50

	
28.5

	
628




	
T = 30 min

	
100

	
27.7

	
887




	
Pressure: 20 kPa

	
150

	
27.4

	
1420




	
Heating Rate: 10 °C·min−1

	
200

	
26.6

	
994
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