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Tomato waste biochar in the framework of circular economy
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Tomato pomaces were slowly pyrolyzed at 350 and 550 ℃ (under N 2 flow of 50 l/h) with a rate of 6 o C/min and a residence time of 1:30 h for producing two biochars named Bt/350 and Bt/550, respectively. Furthermore the two biochars were chemicaly activated with ΚΟΗ (1:10 ratio) at 800 o C (temp ratio 6 o C/min under Ν 2 flow) producing two new materals named Bt/350 o C/ΚΟΗ/800 and Bt/350 o C/ΚΟΗ/800, respectively. The 4 produced biochars were physico-chemically characterized (pH, yield, calorific value) and analysed using Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (B.E.T), Elemental Analysis (EA) (C, H, N, S), and Thermogravimetric analysis (TGA). The results showed that by increasing the pyrolysis temperature (350 to 550 °C), the specific surface area (SSA) increased while was also raised significantly by the activation process. EA showed a variation of the mineral content of the produced biochars which lead to different framework of the produced biochars after activation. The examined parameters highlighted that tomato processing waste biochars could be used as organic amendments/enhancers to improve agricultural soil fertility. Furthermore, because of their ability to absorb water, they could be used as a water reservoir in soils in arid areas.

Introduction

In the framework on the transition to circular economy strategy (D'Amato et al., 2017;[START_REF] Loizia | The concept of circular economy in food waste management for the optimization of energy production through UASB reactor[END_REF]Dadi et al., 2019;[START_REF] D'adamo | A new socio-economic indicator to measure the Performance of Bioeconomy sectors in Europe[END_REF]Loizia et al., 2021a;Loizia et al., 2021b;[START_REF] Voukkali | Evaluation of Urban Metabolism assessment methods through SWOT Analysis and Analytical Hierocracy Process Science of The Total Environment[END_REF][START_REF] Pappas | Modelling the Key Performance Indicators in a Unified Gamified Waste Management Tool, Modeling[END_REF], one of the most important areas under study is food-processing industry, due to the large volumes of organic waste produced [START_REF] Khedkar | Food Industry Waste: A Panacea or Pollution Hazard?[END_REF][START_REF] Jeguirim | Tomato Processing by -Products -Sustainable Applications[END_REF]. Population growth leads to the expansion of food processing industry in order to fulfil the increased nutritional needs of the population worldwide [START_REF] Parmar | Biochar production from agro-food industry residues: A sustainable approach for soil and environmental management[END_REF]. According to United Nations, (2019), [START_REF] Kookana | Urbanisation and emerging economies: Issues and potential solutions for water and food security[END_REF], [START_REF] Tang | A bibliometric review of urban energy metabolism: Evolutionary[END_REF] and [START_REF] Voukkali | Evaluation of Urban Metabolism assessment methods through SWOT Analysis and Analytical Hierocracy Process Science of The Total Environment[END_REF] the world total population is continually increasing and on 2019 more than 50% were living in urban areas.

Tomato is consider as the leading vegetable under processing around the world with an estimated amount of ~ 40 million tons of annual production [START_REF] Tomatonews | The global tomato processing industry[END_REF][START_REF] Jeguirim | Tomato Processing by -Products -Sustainable Applications[END_REF]. Tomato is used for the production of various products either fresh or processed (e.g., fried, canned, sauces, ketchup, paste, juice, etc.) which results to the generation of large volumes of solid waste. This waste is considered reach in lignin, cellulose and hemicellulose, which makes it suitable feedstock for the production of biochar in order to be applied in agricultural fields as a sorbent [START_REF] Sharma | Characterization of chars from pyrolysis of lignin[END_REF][START_REF] Lin | Water extractable organic carbon in untreated and chemical treated biochars[END_REF].

The worldwide tomato processing waste quantities in 2010 were estimated to be between 4.3 and 10.2 million metric tons. Based on this, it is beneficial to develop a processing technology for the best possible utilization of this resource and to improve economic sustainability of tomato production [START_REF] Løvdal | Valorization of tomato surplus and waste fractions: A case study using Norway, Belgium, Poland, and Turkey as examples[END_REF].

The production of biochar from the waste produced by the food processing industry is a subject under study by many researchers, due to the need of waste minimization under the circular economy concept. In this framework, the tomato processing industry produces large volumes of pomaces which contain valuable ingredients such as pectins, hemicellulose and cellulose, which can be extracted and used by the non-food sector [START_REF] Szymanska-Chargot | Isolation and characterization of cellulose from different fruit and vegetable pomaces[END_REF]). The remaining part can be transformed to another valuable product such as biochar, in order to cover the circular economy needs of new feedstocks and products.

Biochar is a carbon-rich product that can be produced from materials with a high organic content (biomass) through pyrolysis (200-1000 o C) in oxygen-limited or anoxic conditions. Drying, grinding, pyrolysis, and separation of raw biomass are all steps in the process of converting biomass into biochar. Fast, medium-speed, and slow pyrolysis are the technologies used for biomass thermochemical conversion. Biochar properties are determined by the feedstock materials and pyrolysis conditions such as temperature and reaction time. Aside from process conditions, the basic properties of the feedstock such as lignin, cellulose, and hemicellulose content, have an impact on the product properties.

Because these organic compounds behave differently during heat treatment, the composition of the biomass has a direct impact on biochar yield [START_REF] Belhachemi | Chapter 3 -Characterization of biomass-derived chars[END_REF]. Hemicellulose decomposes from 220 to 315 °C, whereas cellulose decomposes at temperatures ranging from 280 to 400 °C. The lower structural stabilities of hemicelluloses and cellulose result in earlier thermal degradation and contribute significantly to the yield of condensable gases, whereas lignin, which is more stable, contributes to the yield of biochar. Furthermore, because of the large number of functional groups with different thermal stabilities, lignin decomposes over a wide temperature range; it begins at 200 °C and may require temperatures as high as 900 °C to complete, depending on the residence time [START_REF] Ronsse | Biomass pyrolysis and biochar characterization[END_REF][START_REF] Weber | Properties of biochar[END_REF] [START_REF] Zhu | A critical review on VOCs adsorption by different porous materials: Species, mechanisms and modification methods[END_REF].

The current trends of sustainable agricultural practices [START_REF] Tsangas | Life cycle analysis in the framework of agricultural strategic development planning in the Balkan region Sustainability[END_REF], including the adoption of circular economy and close-loop recycling concepts, entail the use of biochar as a soil amendment for open-field cropping systems or cultivation substrate for hydroponics.

In this regard, two interconnected benefits are sought by the agricultural reuse of biochars namely, soil improvement and crop growth/productivity [START_REF] Parmar | Biochar production from agro-food industry residues: A sustainable approach for soil and environmental management[END_REF]. The high carbon content, adsorption capacity, and porous structure of biochar are the most important properties of biochars for their reuse in agriculture, as they may improve structural stability, water retention, and fertility of amended soils (Jha et al. 2010;Hadroug et al. 2019). As a result, biochars have been identified as one of the environmentally friendly fertilizers (EFFs) for modern and sustainable agriculture. [START_REF] Chen | Impacts of biochar and oyster shells waste on the immobilization of arsenic in highly contaminated soils[END_REF]. In this context, extensive data on the reuse of biochars for agricultural purposes have been published. [START_REF] Brassard | Chapter 4 -Biochar for soil amendment[END_REF][START_REF] Kamran | Ameliorative Effects of Biochar on Rapeseed (Brassica napus L.) Growth and Heavy Metal Immobilization in Soil Irrigated with Untreated Wastewater[END_REF][START_REF] Li | Engineered biochar production and its potential benefits in a closed-loop water-reuse agriculture system[END_REF].

The literature on the production and reuse in agriculture of biochars derived from tomato waste is limited and serves a variety of purposes. When compared to biochars derived from animal wastes [START_REF] Qin | Cow manure-derived biochar: Its catalytic properties and influential factors[END_REF] or urban sludge, tomato wastes and subsequent biochars have a higher C fraction and lower N content as ligno-cellulosic materials [START_REF] Dunlop | Closing the loop: Use of biochar produced from tomato crop green waste as a substrate for soilless, hydroponic tomato production[END_REF]) [START_REF] Yuan | Sewage sludge biochar: Nutrient composition and its effect on the leaching of soil nutrients[END_REF].

For example, CO 2 emissions from soil plots amended with different biochars of tomato harvest wastes added at 30 t ha -1 were measured [START_REF] Memici | Pyrolysis of tomato harvest waste as a function of temperature and duration: Characteristics, production energy, and carbon dioxide emission in field conditions[END_REF]. Biochar application resulted in lower cumulative soil CO 2 emissions when produced at 600 and 700°C rather than 300, 400, and 500 °C with a holding time of 40 minutes. Furthermore, biochars produced at 500 °C for a holding time of 240 minutes had the lowest cumulative CO 2 emission over a total period of 130 days (533 g m -2 ). [START_REF] Llorach-Massana | Technical feasibility and carbon footprint of biochar co-production with tomato plant residue[END_REF] investigated the technical feasibility and carbon footprint of co-producing biochar with tomato plant residue. Under urban pilot scale conditions, biomass conversion yields of more than 40 %, carbon stabilization of 50 %, and low pyrolysis temperature conditions (350-400 °C) would be required for biochar production to sequester carbon. In another experiment, [START_REF] Dunlop | Closing the loop: Use of biochar produced from tomato crop green waste as a substrate for soilless, hydroponic tomato production[END_REF] used a closed-loop recycling system to assess the suitability of biochar produced from tomato green waste (440-550 °C) as a substrate in a hydroponic experiment.

The results showed that many of the relevant properties of substrates containing or entirely composed of tomato biochar are potentially valuable characteristics of a typical hydroponic substrate. As a result, tomatoes grown in this biochar did not differ significantly from those grown in pine sawdust, a substrate currently used for commercial tomato production, in terms of growth, yield, or fruit quality. It was also assumed that producing biochar at 550°C would convert 10-60 t ha -1 of tomato green waste and succeed 13 % to 50 % of the grower's substrate requirements per hectare. Another significant challenge is tomato production in arid climates. When compared to fertilizers, the beneficial effects of using biochar (e.g. wood-derived, cow manure and coamendment) and manure as soil amendments on tomato biomass and yield (e.g. yield, heavy metal, soil nutrients) were investigated [START_REF] Hameeda | Biochar and manure influences tomato fruit yield, heavy metal accumulation and concentration of soil nutrients under wastewater irrigation in arid climatic conditions[END_REF]. Another modern challenge is saline water irrigation; to address this, tomato growth was implemented using wheat straw biochar soil amendment. Tomatoes are able to survive despite being subjected to salt stress [START_REF] She | Benefits of soil biochar amendments to tomato growth under saline water irrigation[END_REF].

Tomato is a widespread food commodity with recognised nutritional value, affected however by climate change. According to our knowledge, this is the first time that a tomato waste biochar is produced. The high content of minerals in tomato, constitute the respective biochar a hybrid biochar.

Materials and Methods

Biochar production and activation

Tomato pomaces were collected from a fruit market and initially oven dried at 100 o C for 2:30 h in order to remove water content. Pomaces were then pyrolysed in a laboratory kiln (Nabertherm GmbH, Lilienthal, Germany), at two different temperatures in order to compare their properties. The applied conditions were: 350 o C and 550 o C with a rate of 6 o C/min and residence time of 1:30 h with a nitrogen flow of 50 l/h [START_REF] Sial | Evaluation of orange peel waste and its biochar on greenhouse gas emissions and soil biochemical properties within a loess soil[END_REF].

In order to increase the porosity and specific surface area (SSA) of the produced biochars, activation of both materials was performed. In general, activation can be achieved either by treating the material with gases such as CO 2 or stream (physical activation) or by using different agents such as KOH, H 3 PO 4 , ZnCl 2 , etc. (chemical activation) [START_REF] Jeguirim | Adsorption/reduction of nitrogen dioxide on activated carbons: Textural properties versus surface chemistry -A review[END_REF]). Thus, the chemical activation process included mixing into a solution of 20 g of biochar with 200 ml 3Μ ΚΟΗ (1:10 ratio) for 1 h at 65 o C. Then, the solution was filtrated (DP 400 125) and the solid material washed with deionized water until reaching a constant pH. Furthermore, it was dried at 100 o C. The dried material was then pyrolysed at 800 o C (temp rate 6 o C/min) under Ν 2 flow [START_REF] Oginni | Influence of one-step and two-step KOH activation on activated carbon characteristics[END_REF][START_REF] Sial | Evaluation of orange peel waste and its biochar on greenhouse gas emissions and soil biochemical properties within a loess soil[END_REF].

The yield of each biochar was calculated as follows:

Yield (%) = [(biomass -biochar mass (350 or 550 ℃) / biomass] × 100

(1)

Characterization of biochars

The produced biochars were analysed for their physicochemical properties for the determination of various parameters such as SSA (using Brunauer-Emmett-Teller, BET method), surface morphology (by scanning electron microscope, SEM) and Energy Dispersive X-Ray analysis (EDX), mass lose (by thermogravimetric analysis, TGA), elemental synthesis (C, H, N, S), and calorific value.

Elemental analysis

The elemental analysis (C, N, H) of the newly developed biochars was performed using the EA 3000 analyzer (EuroVector, Italy).

Scanning electron microscopy (SEM)

The microstructure of biochars was analyzed using the Vega TS5136LS-Tescan SEM (Brno, Czech Republic) with a voltage of 20 kV. The biochars were coated with a thin layer of gold using the sputtering system (K575X Turbo Sputter Coater-Emitech, Quorum Technologies Ltd., West-Sussex, UK) at 40 mA for 4 min.

Brunauer-Emmett-Teller (BET)

Initially, the biochars were degassed at 200 ℃ for 12 h at a heating rate of 10 ℃ min -1 to remove any moisture that may have been present in the biochar. The values of SSA (m 2 g -1 ), pore size (dp, nm), and PV (cm 3 g -1 ) were determined using the Brunauer-Emmett-Teller (BET) adsorption method with N 2 (Quantochrome autosorb iQ 3 Boynton Beach, FL, USA) at 77 K.

Thermogravimetric analysis (TGA)

The biochars were first dried at 110 ℃ before their analysis. A 70 μL alumina crucible was used and the analyzed amounts of biochars were 8-14 mg. They were then heated from 25 ℃

to 1000 ℃ at a temperature rate of 10 ℃ min -1 , and under the flow of N 2 with a flow rate of 100 mL min -1 using the TGA/SDTA 851 e (Mettler Toledo, Switzerland).

Results and Discussion

The circular economy principles must be applied to the global modern challenges of climate change, natural resource scarcity, waste overproduction, management, and processing, and so on. As a result, biochar is regarded as a plentiful, cost-effective, and universal organic amendment that is widely used in agriculture. Biomass waste is the primary feedstock for thermo-chemical conversion to produce biochar. To that end, the tomato, a popular food commodity that is widely cultivated and consumed all over the world, is being examined as a case study for biochar production in the current research.

From the results obtained (Table 1), as the pyrolysis temperature rises (350 to 550 o C), the biochar yield is decreased. The yield for tomato-derived biochar was 7.99 % at 350 o C and 4.91 % at 550 o C, respectively. The pH of tomato pomace was acidic (pH=4.4) (initial moisture content of 94 %), but the produced biochars were alkaline. At 350 o C, it was estimated to be 10.61, and at 550 o C, it was 10.85. The pH of biochar has major impacts on its environmental applications. The differences in the pH of biochar can make differences in the migration of different heavy metal ions. The biochars produced by pyrolysis and activation were alkaline, which is consistent with the experimental results of [START_REF] Fan | Biochar derived from corn stalk and polyethylene copyrolysis: Characterization and Pb(ii) removal potential[END_REF]. Furthermore, the density of the produced biochars was measured at 350 o C to be 1.51 g/cm 3 and at 550 o C 1.45 g/cm 3 .

According to Table 1, the increase of pyrolysis temperature from 350 to 550 °C raised significantly the SSA. This may be attributed to incomplete carbonization at lower temperatures and the full degradation of cellulose at higher pyrolysis temperatures which leads to the formation of pores, due to the release of the respective volatile matter [START_REF] Kaikiti | Development of food-origin biochars for the adsorption of selected volatile organic compounds (VOCs) for environmental matrices[END_REF] The results derived from the elemental analysis show that the mineral framework of the produced biochars is not the same; it appears that the activation process is strongly affecting initial content. It can be observed that the SSA of activated biochar from Bt/350 o C is bigger than the biochar derived from Bt/550 o C. This can be attributed to the mineral content which may block the pores in the activation process. [START_REF] Fan | Biochar derived from corn stalk and polyethylene copyrolysis: Characterization and Pb(ii) removal potential[END_REF] mentioned that the usage of potassium hydroxide to activate biochar resulted in the formation of K 2 O and water vapor.

CO was produced by K 2 O and carbon, and CO 2 was produced by water vapor and carbon.

The two gases diffused inside the carbon, resulting in the formation of pore structures.

Simultaneously, potassium reached its boiling point and diffused as potassium vapor (eq. 1-4). As a result, the potassium hydroxide modification can significantly improve the pore structure of the biochar [START_REF] Fan | Biochar derived from corn stalk and polyethylene copyrolysis: Characterization and Pb(ii) removal potential[END_REF]. [START_REF] Zhu | Structural and adsorption characteristics of potassium carbonate activated biochar[END_REF] reported that about 700 o C, eq. ( 5) occurs. The metallic K could increase porosity by intercalating through carbon sheets, thereby enlarging the pores. Microporous and mesoporous structures could be formed at temperatures above 600 o C due to the removal of tarry material within the pores. Under high temperature conditions, potassium carbonate catalyzed cellulose gasification, and the small amount of potassium carbonate attached to the biomass surface reacted with the surrounding cellulose molecules, resulting in nonpenetrating pits. If there was enough potassium carbonate attached to the surface, it would continuously react with cellulose and form penetrating pores. The potassium carbonate inside the cellulose would leave pores and cross-link with one another. The higher the temperature, the more complete the gasification reaction, and the greater the density of the pores [START_REF] Zhu | Structural and adsorption characteristics of potassium carbonate activated biochar[END_REF].

Sintering phenomena reveal that as more minerals are found in the composition of the initial materials, then crystals may be formed such as KCl, KOH, phosphate, etc, affecting the texture response of the produced material such as its porosity. According to Chen et al.

(2020), as the final temperature and pyrolysis time increase, the activator molecules react with the initial material and gradually etch a porous structure on its surface. Small micropores with large specific surface areas are formed at the beginning, which is conducive to adsorption. The etching reaction accelerates as the final temperature and pyrolysis time are increased. Long-term activation causes the existing pores to expand and collapse, further eroding the initial micropores into mesopores. If the time is too long, a portion of the pores will be sintered, and the sintering may destroy the pore wall between the adjacent pores in biochar, causing the framework to collapse. Some micropores and mesopores will be destroyed and transformed into mesopores and macropores, while others will be created. As a result, the SSA and degree of porosity will gradually decrease [START_REF] Chen | Preparation of porous biochars by the co-pyrolysis of municipal sewage sludge and hazelnut shells and the mechanism of the nano-zinc oxide composite and Cu(II) adsorption kinetics[END_REF] decreasing C content, macroporosity is decreased and more mesoporous are formed. This is not observed with conventional biomass materials; this is a characteristic of hybrid biochars (~25 % mineral content). After potassium hydroxide activation, the oxygen content of biochar also decreased. This is not in agreement with the results from [START_REF] Fan | Biochar derived from corn stalk and polyethylene copyrolysis: Characterization and Pb(ii) removal potential[END_REF],

where they report a decrease of O content after activation with KOH by an average of 3 wt%, due the oxidation of the surfaces of biochar and increase oxygen-containing functional groups. The produced biochars showed high % of Cl content. It can be seen that activation process with KOH is decreasing this content in the produced activated biochars.

Table 3 shows the increasing order of main elements (>0.15 %) found in biochar composition. It can be seen that there are significant differences which can be attributed to the variation of feedstock composition and to different parameters used through pyrolysis procedure. These variations offer different properties to the produced biochars. For example, the produced biochars with high SSA, contain elevated amounts of P and Mg which constitute them promising materials for their use as fertilizers and CO 2 absorption. According to the SEM images of Table 4, the PB 350 °C and 550 °C have a honeycomb-like structure with pores/cylindrical channels. In addition, some channels appear on the surface [START_REF] Kaikiti | Development of food-origin biochars for the adsorption of selected volatile organic compounds (VOCs) for environmental matrices[END_REF]. Also, smaller pore volumes can be observed on the activated samples.

The SEM images showed that the surface of biochars had distinct tubular structures and a small amount of pore-like structures [START_REF] Fan | Biochar derived from corn stalk and polyethylene copyrolysis: Characterization and Pb(ii) removal potential[END_REF]. It is observed that the surface structure of biochar changed after activation treatment. After KOH-activation treatment, pores were generated on the surface, that can be linked with the increase of the SSA [START_REF] Liu | Preparation of Acid-And Alkali-Modified Biochar for Removal of Methylene Blue Pigment[END_REF]. 
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 1 ). BET results along with pore size, calorific value, yield, and pH of biochars derived According to Table2, the content of C was the highest followed by O. Activation of biochars showed a decrease of C content. It is generally observed through activation that by

	KOH → K 2 O + H 2 O↑		Eq. 1 (Fan et al. 2020)		
	C + H 2 O↑ → CO 2 ↑ + else		Eq. 2 (Fan et al. 2020)		
	CO 2 + K 2 O → K 2 CO 3		Eq. 3 (Fan et al. 2020)		
	K 2 O + C	CO + else		Eq. 4 (Fan et al. 2020)		
	K 2 CO 3 + 2C	2K + 3CO		Eq. 5(Zhu et al. 2018)		
	Insert last reaction….							
	from tomato waste biomass							
	Biochar (Βt=Biochar tomato)	pH Yiel d (%)	Calorifi c value (J/g)	BET (SSA) ) (m 2 /g	Pore size (nm)	Pore volume (cm 3 /g)	BET (SSA) (m 2 /g)	Pore size (nm)	Pore volume (cm 3 /g)

Table 2 .

 2 Elemental analysis of produced biochars

	Element Bt 350 Bt 350 °C	Bt 550 Bt 550 °C

Table 3 .

 3 Composition analysis of Biochar elements

Conclusions

Tomato processing waste biochars could be used as organic amendments/enhancers to improve agricultural soil fertility, as climate change and intensive agriculture may cause soil physicochemical degradation and fertility losses. Biochar soil amendments could absorb large amounts of organic waste to be converted. As a result, agricultural valorization may be a viable option for managing these valuable organic wastes.

Produced biochars could be used for agricultural purposes as fertilizers and CO 2 adsorption.

Furthermore, in arid areas such as Cyprus, due to their ability to absorb water, they could be used as water reservoir in soils.