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[bookmark: _Hlk94971351]Coffee is one of the world’s most traded commodities grown in about 80 countries and widely consumed. Accordingly, a high quantity of spent coffee grounds (SCGs) produced from coffee beverage preparation is generated and disposed globally. The high availability and low cost of SCG allow its valorization to obtain a valuable product that could be used as an alternative adsorbent for water treatment applications. This study used dried SCG to produce biochar by pyrolyzing the biomass at three different temperatures: 300, 450, and 600 °C. Pyrolysis was conducted at a slow heating rate of 5 °C.min-1 for 30 min. SCG biomass and biochar were characterized for various properties that would describe the biomass changes during pyrolysis and the effectiveness of biochar for water treatment applications. The SCG biomass was acidic in nature with a pH of 5.54, whereas biochar was mildly alkaline with a pH of 7.5 to 10.6, increasing with pyrolysis temperature. The electrical conductivity of SCG biochar at 600 °C (2,278 µS.cm-1) was higher than that of biomass (550 µS.cm-1). This indicates SCG biochar could have promising ion-exchange capacity. SCG biochar produced at 450 °C has the most negative zeta potential of -57.33 mV, compared to the least negative measure of -30.73 mV for SCG biomass. A negative zeta potential has a strong affinity for positively charged cations and this was confirmed through cation exchange capacity (CEC) measurements. The highest CEC was 29 cmolc.kg-1 for 450 °C SCG biochar, a 58 % increase over that for the SCG biomass. SCG biochar contained 63 % to 88 % of C content for pyrolysis temperatures of 300 to 600 °C, respectively, whereas the SCG biomass had a C content of 43 %. With increasing temperature, the fixed carbon (FC) content of biochar increases and reached 69 % at 600 °C, while in biomass, the FC content was only 13 %. The large change in C content as SCG biomass is pyrolysed indicates large changes in structure and therefore tunability. SCG could be a promising carbonaceous adsorbent to remove organic and inorganic pollutants from polluted water.
Introduction
Household, agricultural, and industrial activities produce wastewaters containing high levels of various types of contaminants that can negatively affect the natural environment if discharged untreated. Due to the continual growth in global population and urban concentration, there are increased stresses on local water resources and environment promoting a need for greater levels of wastewater treatment and reuse. Different conventional methods are used to remove organics, inorganics, metals, heavy metals, and pathogens; unfortunately, most of the conventional techniques have large operational and initial expenses. Adsorption has been demonstrated as a highly effective and sustainable treatment process amongst various options (Vlasopoulos et al., 2006). Low-cost carbonaceous adsorbents, in particular, are effective and can be produced from agricultural, industrial, forest, and food waste, providing resource recovery and valorization (Huong et al., 2021). Biochar is a simple carbonaceous adsorbent formed through pyrolysis. It has received much attention as an adsorbent due to its desirable physicochemical properties, which provide high-rate adsorption. Biochar's adsorption capacity for removing wastewater pollutants is due to the presence of various functional groups on the surface of biochar. As a result, the removal efficiency of pollutants from wastewater is because of the surface polarity of various carbon compounds (Huong et al., 2021). 

Coffee is one of the world’s most traded commodities with over 9.2 million tons produced in 2021 (Huong et al., 2021). To prepare the beverage from 1 ton of coffee beans, about 0.65 tons of coffee grounds are discarded, in addition to roughly 0.5 tons of coffee husks (Liza et al., 2021). As a result, there is a need to utilize the by-products from the coffee beverage industry. While coffee husks are limited to areas of coffee cultivation, spent coffee grounds (SCG) is a waste biomass source available globally and with a high potential for segregation and collection.  SCG is an excellent organic matter to produce biochar, as it is composed of 10 to 13 % of cellulose, 32 to 42 % of hemicellulose, and up to 25 % of lignin. It also contains 10 to 18 % of protein, 2 to 24% lipids, 1 to 2 % of ash, 0 to 0.4 % of caffeine, and 1 to 3 % of chlorogenic acids (Pereira et al., 2019). Coffee biochar has previously been found efficient to remove a maximum of 51.52 mg.g-1 NH4+, and 12.1 mg.g-1 of nitrate (NO3-) (Konneh et al., 2021; Nguyen et al., 2021). Kim et al. (2014) achieved a very high removal efficiency of 99 % for Cd, 88 % for Cu, >99 % for Pb, and 99 % for Zn from acid mining drainage by using SCG biochar adsorbent produced at 400 °C for 16 h. In another study, Oladipo et al. (2016) reported SCG biochar produced at 300 °C for 2 h adsorbed 184.5 mg.g−1 tetracycline compound while Fe3O4- coated SCG biochar adsorbed maximum 285.6 mg.g−1 of tetracycline compound. Nguyen et al. (2021) reported the alkaline modified SCG biochar at 500 °C for 2 h could be able to adsorb 113.6 mg.g−1 tetracycline at a pH 7.45. Untreated SCG has also been used as an adsorbent to reasonable effect. Lavecchia et al. (2016) studied the performance of SCG to remove lead, achieving a moderate equilibrium capacity of 2.46 mg.g-1, while Pradhan et al. (2020) found SCG to be one of the most effective materials amongst various possible plant growth media for removal of organics from greywater.

However, there is a lack of detailed comparative study of various properties of SCG and SCG biochar produced at different pyrolysis temperatures towards the application of the adsorbent to remove pollutants. Therefore, this study aims to compare different properties of SCG biomass and biochar produced at varying temperatures to identify their characteristics and potential.
Material and Method
Collection of SCG biomass and biochar production
SCG was collected from a university canteen at Hamad Bin Khalifa University and oven dried (Fisher Scientific Isotemp oven) at a temperature of 105 °C for twenty-four hours. After drying, 50 g of SCG biomass was used to produce biochar by slow pyrolysis at three different temperatures: 300, 450, and 600 °C. A heating rate of 5 °C.min-1 was applied with a residence time at the set temperature of 30 min. After biochar production, the yield of biochar was determined by following the below Eq (1) (Abdelaal et al., 2021). 

	=    
	(1)


Physico-chemical characterization of SCG biomass and biochar
The detailed characterization of various physicochemical properties of SCG and SCG biochar were determined by following various standard procedures reported by Abdelaal et al. (2021). The carbon (C), nitrogen (N), and hydrogen (H) content of SCG, as well as SCG derived biochar was determined using a combustion-type elemental analyzer (EA 3000, Eurovector). Proximate analysis was conducted to measure volatile matter (VM), fixed carbon (FC), and ash content of biomass and biochar following the American Society for Testing and Materials (ASTM) D7582-15 method (ASTM, 2013).  Fixed carbon content was calculated by the following Eq (2).
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The oxygen (O) % was calculated by following Eq (3)

	
	(3)



The pH and electrical conductivity of the extract (ECE) of biochar were measured by using a calibrated pH meter and conductivity meter (Orion Star A121 and A329, Thermo Scientific). Media and water were mixed at a ratio of 1:10 in a shaker for 1 h at 150 rpm before measuring pH and ECE (Dai et al., 2013). The cation exchange capacity (CEC) of biochar was determined by measuring the degree of ammonium exchange (NH4+), following ASTM D7503-10 (2010). The concentration of ammonia was measured by segmented flow analyzer (Sans+, Skalar). The ζ-potential of SCG biomass and biochar was measured by Zetasizer Nano-ZS (Malvern Panalytical) following the procedure reported by Abdelaal et al. (2021). The oil holding capacity of the biomass and biochar samples were measured by following the procedure reported by Nguyen (2021). Nutrient content of the biomass and biochar samples were measured by inductively coupled plasma optical emission spectroscopy (ICP-OES) using an Agilent 5110 ICP-OES that enables synchronous radial and axial measurement. Before analysis, 500 mg of sample was digested with 8 mL nitric acid and 2 mL hydrogen peroxide with a microwave digestion system (Ethos UP, Milestone). After digestion, samples were diluted with deionized water and filtered with 0.45 µm filter paper.
Results and Discussion
Impact of pyrolysis temperature on yield and bulk density of biochar
Temperature is one of the most important factors that affect the process of biomass pyrolysis and biochar yield (Figure 1a). With increasing temperature the yield of biochar decreased. A reduction of 70 % in yield was noticed from 300 to 600 ˚C. This was due to greater primary decomposition of the biomass samples or through the secondary decomposition of the biochar itself, since more volatile materials were being forced out of the char at higher temperatures (Abdelaal et al., 2021). Conversion of biochar at 300 ˚C reduced the bulk density of the material by 62 % compared to the SCG biomass, with only a minor reduction at the higher temperatures. This indicates any form of pyrolysis is highly influential on the physical form of the material and decomposition of SCG biomass (Figure 1b). Bulk density is an indicator of porosity, which plays a major role in absorption of pollutants, as well as aeration of the packed media, microbial movement and colonization. All these factors influence bioremediation potential for biofilter applications. 
	[image: Chart, bar chart, histogram

Description automatically generated]
	[image: ]


Figure 1: Impact of pyrolysis temperature on (a) yield and (b) bulk density of biochar. BM: biomass; BC: biochar
Impact of pyrolysis temperature on elemental and proximate analysis 
Pyrolysis of SCG biomass to biochar at 300 °C increased C from 45 % to 67 % and N from 1.77 % N to 1.83 %. O reduced from 46 % to 23 % and H from 6 % to 5 %, signifying loss of certain oxygen rich functional groups and compounds. An increase of 67 % to 78 % of C, 2 % to 3 % of N, a reduction of 5 % to 2 % of H, and 23 % to 10 % of O, was observed when comparing the composition of the biochar produced at the pyrolysis temperature of 300 °C and 600 °C (Figure 2a). The biochar production from SCG biomass at 300 °C increased FC by 35 %, ash by 1 % ash, and VM by 29 %. The increase in pyrolysis temperature from 300 to 450 °C caused a further increase in FC of 21 % FC, ash of 5 %, and reduction of VM by 25 % (Figure 2c). Wang et al. (2020) reported biochar produced from various feedstocks such as bamboo, lotus stalk, orange peel, peanut shell, potato stem, leaf, etc. by pyrolysis with a temperature range of 300 to 900 °C. These materials were capable of removing 15 to 325 mg.g-1 of heavy metals, 130 to 1218 mg.g-1 of dyes, 82 to 1066 mg.g-1 of phenolic compounds and PAHs, 243 to 1158 mg.g-1 of pesticides, and 8.4 to 11.5 mg.g-1 of antibiotics. These adsorbents had C contents from 58 to 85 %, where higher C content was generally beneficial. Therefore, the higher C and FC value of SCG biochar produced at these temperatures could create a more efficient carbonaceous adsorbent to treat wastewater. The increasing ash content at higher temperatures indicates the increasing mineral content, such as potassium, calcium, magnesium, and phosphorus in the biochar. 

A van Krevelen plot was constructed with reference to atomic ratios of H/C and O/C to show the changes as SCG biomass is transformed to biochar (Figure 2c). The O/C ratio varies with temperature and gives a reliable indicator of biochar stability (Rangabhashiyam and Balasubramanian, 2019). The H/C ratio of all biochars displayed a decreasing trend with increasing temperature. The reduction of the H/C ratio indicates an increase of condensed aromatic structure of biochars, implying that the release of volatile matter and pore development are enhanced and the stability is improved (Rangabhashiyam and Balasubramanian, 2019). The lower atomic ratio of H/C and O/C at the higher pyrolysis temperature is attributed to demethanation, decarboxylation, decarbonylation, dehydration, and depolymerisation, leading to a decrease in functional groups like hydroxyl, amino, and carboxylic groups, respectively. The low value of the atomic ratio O/C at the higher temperature corresponds to biochar with more aromatic and lesser hydrophilic surfaces because of the loss of polar functional groups and increased carbonization. As the pyrolysis temperature increased the ECE also increased due to the concentration of minerals in the remaining carbonaceous material. The initial drop in ECE may have been due to a loss of hydroxyl and acidic functional groups that act in an ion exchange (Figure 2d). 
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Figure 2: (a) Elemental analysis, (b) proximate analysis, (c) van Krevelen plot of the correlation between H/C to O/C ratio, and (d) ECE of SCG biochar and biomass. BM: biomass; BC: biochar
Impact of pyrolysis temperature on chemical properties 
[bookmark: bbib0027]The SCG biochar formed at all three pyrolysis temperatures was alkaline in nature while the native SCG biomass was acidic (Figure 3a). The pH plays a critical role in controlling the charge on the adsorbent surface, the magnitude of adsorbate ionization and dissociation of different functional groups on the adsorbent (Konneh et al., 2021). The alkaline biochar maintains negatively charged surface sites across a wide range of acidic and neutral aqueous conditions making it particularly effective for cation removal. Meiirkhanuly et al. (2019) reported the biochar produced from maple wood, food waste, bark, pine wood chip, etc. with a pH ranges from 6.7 to 10.6 has a good adsorption capacity of NH4+ (solution pH of 3.7 to 8.13), phenols (solution pH  of 2 to 12), and heavy metals (solution pH of 6.7 to 9.93). In contrast, the acidic SCG biomass contains a majority of positively charged surface groups and may be more effective for anion removal. At 300 °C, the biochar produced was relatively neutral and may show all round capabilities, which also correlated with its lower ECE. 

CEC is an important property of biochar indicating the capacity of a biochar to adsorb organic and inorganic pollutants with positive charge (Nguyen et al., 2021). Biochar produced at 300 °C had a CEC value similar to SCG biomass, concomitant with the relatively neutral biochar pH. In contrast, biochar at 450 °C had the highest CEC of the tested conditions (Figure 3b). In another study, biochar produced at 450 °C from chicken manure, eucalyptus sawdust, coffee husk, and sugarcane bagasse showed maximum CEC which reduced at higher temperature (Domingues et al., 2020). The highest ζ-potential was also recorded in this study for 450 °C, though 600 °C was very similar (Figure 3c). Higher ζ-potential of biochar is found efficient for adsorbed maximum removal of heavy metals (Samsuri et al., 2014). Biochar produced at 450 °C also showed higher oil holding capacity which indicates potential as an adsorbent to remove oil products from various industrial wastewater (Figure 3d). Oil pollution is a major issue due to large quantities of crude oil and petroleum product discharges to waterbodies via spills and stormwater runoff (Kponee et al., 2015). Based on these results, 450 °C biochar has the most promise as a water treatment material due to its better suitability for dissolved inorganic salts, positive cations and hydrocarbons.
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Figure 3: (a) pH, (b) CEC, (c) ζ- potential, and (d) oil holding capacity of SCG biochar and biomass. BM: biomass; BC: biochar
Impact of pyrolysis temperature on metals and salts 
Pyrolysis temperature strongly influenced the metal and salt concentration present in biochar (Table 1). With increasing temperature, the metal and salt concentrations increased. The most notable changes were observed for potassium, manganese, and iron concentration between 300 and 450 °C. While this is not preferential in most water treatment systems, it may be beneficial for nature based treatment systems that must support plant growth (Pradhan et al., 2018). A small variation was noticed for copper and zinc concentration between biomass and biochar, which suggests a reduced chance of leaching from biochar during the wastewater treatment process. 
Table 1: Analysis of various metals present in SCG biomass and biochar

	
	BM
	BC 300 °C
	BC 450 °C
	BC 600 °C

	K (mg/g)
	0.345±0.016
	0.464±0.029
	0.646±0.046
	0.791±0.008

	Fe (mg/g)
	0.25±0.002
	0.38±0.02
	1.05±0.07
	1.08±0.02

	Mn (mg/g)
	0.010±0.001
	0.018±0.002
	0.031±0.001
	0.035±0.002

	Zn (mg/g)
	0.01±0.003
	0.015±0.002
	0.02±0.002
	0.014±0.004

	Al (mg/g)
	0.023±0.0009
	0.020±0.003
	0.017±0.014
	0.116±0.007

	Cu (mg/g)
	0.009±0.002
	0.010±0.002
	0.015±0.0009
	0.017±0.0009


K: potassium; Fe: iron; Mn: manganese; Zn: zinc; Al: aluminium; Cu: cupper
Conclusion
Biochar has received a lot of attention due to its unique structure and properties, coupled with its cost-effectiveness and environmentally friendly attributes. This study characterized biochar produced from SCG biomass at three different temperatures and analysed its potential of use as an adsorbent. The high availability and low cost of SCG allow its valorization to obtain a carbonaceous adsorbent that can be applied for water and wastewater treatment. Desirable adsorbent properties of biochar demonstrate the potential for slow pyrolysis as a sustainable approach in waste valorization. The high C content, optimal CEC, and ζ-potential in biochar produced at 450 °C signifies a suitable carbonaceous adsorbent to treat water and wastewater. At the same time, the biochar produced at 600 °C also showed comparable properties with biochar at 450 °C. Based on the outcomes, this study plans to evaluate biochars produced at 450 and 600 °C on wastewater treatment performance in the future in comparison with SCG biomass.
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