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Abstract

:

Orange peel (OP), the main residue of the citrus industry, is usually used for animal feeding and soil fertilisation if more advanced options are lacking. In areas with warm and dry climatic conditions, OP is land-spread for solar-drying on the fields, the leachate produced is a potential pollution factor for soil especially due to the release of organic matter; heavy rainfalls could even aggravate the hazard. Since literature does not report any quantitative evaluation of this risk, this study presents three OP drainage tests in lysimeters, where OP was left releasing leachate on a soil layer. A first test was carried out on raw OP naturally draining, while, in a second and a third test, a rainfall of 100 mm was applied on already drained and solar-dried OP, respectively. After drainage, raw OP reduced its initial volume by about 90% and the leachate production accounted only for about 20% of the initial volume. The simulated rainfall produced even lower volumes of leachate (2–3% of the initial biomass volume), in spite of the high rainfall volume and long drainage time after its application. The COD concentration in the leachate from the raw OP was significantly higher than those produced after simulated rainfall. However, the COD amount released to the soil was negligible. The lysimetric tests showed that the release of leachate occurs mainly during the first phase of drainage and that rainfall is absorbed and does not produce significant leaching. Overall, the risk of soil pollution due to the natural drainage of OP is negligible, due to both limited amounts of leachate and organic loading.
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1. Introduction


The orange, which is the most widely-cultivated fruit worldwide, is about 50–60% of total citrus species production (specifically orange, tangerines, lemons, limes and grapefruits) [1,2]. In Italy, orange production accounted for 64% of the citrus fruits in 2018 [2]. Part of the produced oranges are addressed to processing industry mainly for juice production, and for preparing other food products (such as jam, paste, marmalade) [2]. Other marketable by-products obtained from processing oranges consist of: essential oils (utilised as food and beverage flavours and preservation, in the perfume industry and for other applications) [3,4,5], which mainly contain d-limonene (used as feedstock for adhesives, degreasers, flavours, cleaners and solvents) [6,7,8,9], flavonoids and limonoids (required for pharmaceutical and medical applications) [1,10,11,12].



As a consequence, solid (“orange peel”, hereinafter OP, which accounts for 55 to 65% of the total weight of the processed fruits, according to the processing method) and liquid (“citrus wastewater”) residues of orange processing are produced in large amounts and their management is expensive. Moreover, their physico-chemical properties may induce heavy environmental damage to soil and water bodies, if these residues are not properly managed [13,14].



Innovative valorisation patterns for OP are mainly addressed to the recovery of energy in the forms of biomethane (by anaerobic digestion process) and bioethanol (by alcoholic fermentation of sugars [15]) as well as the production of added-value compounds (e.g., pectins, dietary fibres, flavonoids, flavouring agents, citric acid, etc.) under a biorefinery perspective. Although being promising, some economical and technical constraints still limit these uses [1,9]. In particular, the sensitivity of the microorganisms to the presence of essential oils limits the methane yields in biochemical processes of the full-scale anaerobic digesters. Similarly, the high concentrations of the essential oils in citrus residues limits the energy yields of alcoholic fermentation, which requires expensive pre-treatments to make fermentable sugars from pectin, cellulose and hemi-cellulosic polysaccharides fermentable [1,16]. Therefore, the use of OP as animal food or organic soil conditioner (directly or after composting) are traditional and common methods for its management.



Composting allows the complete bioconversion of the OP in a useful soil conditioner, but this process requires long time (many weeks or some months) and energy supply to keep an adequate level of oxygen. OP compost was found to be beneficial for plant growth in field crops, nursery [17] and potting at proper dosages, inducing larger increases in root length, surface area, root dry weight, fineness and tissue density of the tested plants [18,19]. When more advanced options lack, the traditional use of OP as food for animals (wet or ensiled [20,21] or dried [22,23]), thanks to its nutritional and beneficial properties, is advisable in areas with high livestock density, since the costs of its transportation to the farm may be too high [24].



Some studies have also shown the improvement in the organic matter and nutrient contents of soil after the direct use of OP as organic conditioner; for this use, also the maximum benefit is obtained with the spreading on agricultural land in proximity to citrus processing industries. Moreover, the use of OP as soil conditioner was found to improve the resistance to raindrop impacts and erosion [1,9,25]. The impacts of erosion are increasing in several countries, due to society socio-economic transformation, which has mostly focused on improving living conditions, while not considering the inevitable negative effects of spatial changes in rural areas [26,27]. This form of land degradation, although being diffused worldwide, constitutes a major issue in Mediterranean countries [28]. On the other hand, the utilisation of OP as soil conditioner is strongly limited by the high water content of the fresh by-product (about 86% in weight), which increases the costs of biomass management, conservation and transport [29] from the production to the land-spreading sites. For the same reason, the OP is not suitable for the energy conversion by thermal treatments (such as pyrolysis) or for uses as fuel for heat and power plants [1,30,31].



Some investigations have shown the opportunity to dry OP in open air in those environments with hot and dry climate. This makes the OP use in agriculture and animal breeding easier and cheaper [32,33]. After land spreading, the external layers of OP naturally dry-up due to solar energy with a crust slowly developing in depth. The crust can be removed by agricultural machines, in order to make the drying process faster and then the removed material can be used as animal feed [20,23]. The biomass underlying the crust is subject to physical and biochemical processes (pectin degradation, acid lactic fermentation) as for ensiled OP [34,35]. However, the natural drying of OP in open air releases leachate with a high content of organic matter. This leachate is thought to be a potential cause of pollution for soil, water bodies and groundwater [9,36]. Leachate produced from citrus fruit has, indeed, an acidic pH, high turbidity and high contents of chemical oxygen demand (COD) and total suspended solids [37]. The occurrence of heavy rainfalls in the Mediterranean environments may aggravate (by increasing the leachate volume) or reduce (by diluting the concentration of polluting compounds released by the OP) the pollution potential of naturally drying OP. To the best of the authors’ knowledge, although the process is common in farming in the Mediterranean area, no experiences evaluating this risk due to OP drainage in open air are available in literature.



To fill this gap, this paper proposes a first series of tests evaluating the natural drainage of land-disposed OP in lysimeters, where the drying biomass was left releasing leachate on a soil layer. Heavy rainfall simulations have been carried out to evaluate the concentration or dilution effects due to precipitation. This study proposes first indications about the possible pollution risks due to the leachate release of drying-up biomass exposed or not to rainfalls.




2. Materials and Methods


2.1. Description of the Experimental Tests


The OP tested in this study was obtained in a large citrus industry of Sicily (Southern Italy) by mechanical pressing.



The OP drainage tests were carried out using home-made cylinder-shaped lysimeters (0.7 m in diameter and 1.15 m in height), each one with a volume of 442 L (Figure 1).



Three drainage tests were carried out:




	
Raw OP (“R” test);



	
Already naturally-drained OP (“ND” test), then exposed on day 39 to a simulated rainfall of 100 mm (equivalent to about 38.5 L and to 20% v/v of the OP volume);



	
Already solar-dried OP (“SD” test), then exposed to the same simulated rainfall.








More specifically, “R” test simulates OP natural drainage due to land-spreading immediately after the OP production, while “ND” and “SD” tests explore the effect of rainfall on previously drained or solar-dried OP in terms of quantity and quality of leachate produced.



Before the test, fresh OP was treated with 0.5% w/w of calcium oxide (Merck, Darmstadt, Germany), which is the commonly used dose [1], to reduce the water content of OP. CaO reacts with pectin and limits their hygroscopicity, thus increasing water loss [1,12].



The lysimeter was first filled with two layers of gravel (0.1 m, D50 = 2 mm) and sand (0.5 m, D50 = 0.5 mm), to easily collect the leachate. Sandy loam soil (0.5 m) was then put on these layers, and finally the remaining volume (0.5 m) of the lysimeter was filled with OP as described above. Due to the relatively high hydraulic conductivity of this soil, almost all the leachate produced by the overlaying OP drained without being retained.



During the OP drainage, the biomass depth and the leachate volume (collected in a tank below the lysimeter) were monitored twice a week.




2.2. Soil, OP and Leachate Characterisation


A sandy loam soil was used, since this texture is very common in agricultural lands of Southern Italy [38,39]. Table 1 reports the main properties of this soil (USDA soil classification), determined over the air-dried fraction finer than 2 mm. In samples of this soil, pH, organic matter, total nitrogen, available phosphorous, exchangeable potassium, calcium, sodium and magnesium, were measured before the tests.



The following parameters were evaluated on OP samples: pH, electrical conductivity and dry matter. The results of physico-chemical characterisation of the OP are reported in Table 2. At the end of the test on the leachate released by OP, COD [42], pH and electrical conductivity were determined.





3. Results and Discussion


In about 14 weeks, the volume of the OP in lysimeters decreased by about 90% of the initial value in all tests with extremely similar trends (Figure 2). The high reduction in OP volume is mainly due to the evaporation of a high volume of water [34] accompanied by the compaction of the biomass. In contrast, the leachate amounts noticeably varied between the raw OP and the other two biomasses subjected to rainfall (Figure 3). In more detail, in the “R” test, the OP naturally draining released a leachate volume of 37.7 L (Figure 3), which is 21% of the total volume reduction and 19% of the initial volume of OP.



In the other two tests, the cumulated volumes of leachate in the lysimeters after the simulated rainfall were 12.7 mm (about 4.9 L) for “ND” OP and 11.4 mm (about 4.4 L) for “SD” OP. These volumes were significantly lower than that produced by raw OP (“R” test) and, in both cases, about 10% of the simulated rainfall, even despite the long time elapsed from rainfall simulation (which allowed a total drainage of OP through the soil layer) (Figure 3). According to our tests, the leachate volume from OP exposed to a heavy storm is therefore negligible compared to that produced by the drainage of raw OP.



This is most probably due to the high water absorption capacity of OP linked also to the presence of pectin. During rainfall, water is therefore not released but held by the biomass and then evaporated. This is an important issue when dealing with a potential organic pollution of the soil since the risk is limited to the period immediately following the land spreading.



Table 3 reports the mean values of the physico-chemical characteristics of the OP leachate monitored during the experiments. In more detail, in all tests pH and electrical conductivity showed a small variability over time. The pH increased on average from 7.6 to 8.2 (ND test) and from 7.9 to 8 (SD) in more than 60 days. A higher pH variation (from 7.0 to 8.5) was observed on the leachate from the R test. The mean electrical conductivity decreased from 2.6 to 1.4 mS cm−1 for the ND test, and was practically constant for the SD (1.1–1.2 mS cm−1) and the R (equal to 1.4 mS cm−1) tests.



The values of the COD were noticeably different among the three tests, and also for this parameter small temporal variations were measured. Specifically, the mean COD concentration decreased from 4.6 to 4.2 g L−1 for R test and from 0.8 to 0.5 g L−1 for SD test. In contrast, ND test showed an increase of the leachate COD from 1.5 to 2.0 g L−1. The lower COD measured for the ND and SD tests compared to the R test may be due to both the fact that most of the soluble organic matter was lost during drainage/drying and to the water added with the simulated rainfall, which diluted the residual dissolved organic matter in the leachate. The lower COD in leachate of the SD test compared to the ND test was presumably due to the lower re-hydration capacity of the previously dried biomass to re-hydrate and release of organic substances.



Shortly, the leachate analysis showed (Table 3):




	
A slight increase in pH in naturally-drained (“ND” test, pH = 7.8) and solar-dried (“SD”, 7.9) OP compared to the raw biomass (“R”, 7.3);



	
A noticeably higher concentration of COD in the leachate released from raw OP (“R” test, COD = 4.4 g L−1) compared to the OP exposed to the rainfall (“ND”, 1.8 g L−1 and “SD”, 0.7 g L−1);



	
A total COD amount in the leachate from the raw OP (“R” test) of 166 g, that is about 20-fold and 50-fold higher than that released from the biomass subjected to rainfall simulation (“ND”, 8.8 g and “SD”, 3.1 g).








The electrical conductivity in the leachate ranged from 1.2 (solar-dried OP) to 2.2 (naturally drained OP + rainfall) mS cm−1. The increase in pH (on average by about 8%) in the “ND” and “SD” tests could be due to the leaching by the simulated rainfall of residual alkali used in the preliminary liming and then dried.



The OP natural drainage was most probably not able to noticeably increase the organic content of soil, given that the COD of leachate collected in the lysimeters in the worst case (166 g in the raw OP, “R” test) was lower by two orders of magnitude than the organic matter content in the natural soil. Since the COD contents in the leachate produced in “ND” and “SD” are even lower, the organic matter released after a heavy storm is negligible compared to the amount released by raw OP. Furthermore, the organic matter leached to soil is subject to prompt humification and is then beneficial for soil fertility.



The pollution risk due to the release of leachate during OP drainage seems to be very limited and not worsened by heavy storms.




4. Conclusions


The lysimetric tests of this study have shown that the drainage of raw orange peel produces a leachate that is only 20% of initial biomass volume, while the by-product exposed to heavy rainfalls (naturally drained or solar-dried) releases less than 2–3% of the simulated rainfall volume as leachate. The leachate from natural drainage of raw orange peel has a higher COD concentration compared to the biomass subjected to rainfall simulations. In all cases, the COD released on soil is very low and negligible compared to the natural organic content of soil. Therefore, the study demonstrates that the natural drainage of orange processing residues is not hazardous for soil health, while, in contrast, it provides a beneficial addition of organic matter for the soil fertility. Heavy storms are not able to aggravate the pollutions risk for soil. Nevertheless, suitable countermeasures should be adopted when orange peel is placed in open air on steep slopes, to avoid the possible runoff of leachate towards surface water bodies.



Overall, although these preliminary results are encouraging to promote a cheap and environmentally sound valorisation of citrus residues, further tests have to be planned on soils of different types and under variable climatic conditions.
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Figure 1. Layout of the orange peel/soil column at the start-up of each lysimetric test. 
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Figure 2. Temporal variation of OP volumes in the lysimetric tests (R, raw OP; ND, naturally drained OP + rainfall; SD, solar-dried OP + rainfall). 
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Figure 3. Temporal variation of leachate volumes in the lysimetric tests (R, raw OP; ND, naturally drained OP + rainfall; SD, solar-dried OP + rainfall). 
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Table 1. Main physico-chemical properties of the sandy loam soil used in the lysimetric tests.






Table 1. Main physico-chemical properties of the sandy loam soil used in the lysimetric tests.





	
Parameter

	
Method

	
Measuring

Unit

	
Value






	
pH

	
-

	
-

	
9.0




	
Organic matter

	
Walkey and Black method, 1934 [40]

	
% weight

	
1.5




	
Total nitrogen

	
Bremmer and Mulvaney method, 1982 [41]

	
1.4
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Table 2. Main physico-chemical properties of the raw OP used in the lysimetric tests.






Table 2. Main physico-chemical properties of the raw OP used in the lysimetric tests.





	Parameter
	Instrument or Method
	Measuring

Unit
	Value





	pH
	pH-meter, Hanna Instruments HI98230
	-
	7.3



	Dry matter *
	Oven drying at 105 °C until weight stabilisation
	%
	15.6



	Electrical conductivity
	Portable conductivimeter, Hanna Instruments HI933000
	mS cm−1
	1.7







* weight percentage on fresh orange peel.
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Table 3. Main average physico-chemical properties of the leachate produced by the orange peel (OP) in the lysimetric tests.
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Parameter

	
Measuring

Unit

	
OP Test




	
R

	
ND

	
SD






	
pH

	
-

	
7.3

	
7.8

	
7.9




	
Electrical conductivity

	
mS cm−1

	
1.4

	
2.2

	
1.2




	
Cumulated volume

	
L

	
37.7

	
4.9

	
4.4




	
Chemical Oxygen Demand (COD)

	
g L−1

	
4.4

	
1.8

	
0.7




	
Total COD

	
g

	
166

	
8.8

	
3.1








Notes: R, raw OP; ND, naturally drained OP + rainfall; SD, solar-dried OP + rainfall.
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