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Abstract

:

The contamination of the water bodies by diesel oil (DO) and its water-soluble fraction (WSF) represents one of the most challenging tasks in the management of polluted water streams. This paper contains data related to the synthesis and characteristics of the plum stone biochar material (PmS-B), which was made from waste plum stones (PmS), along with its possible application in the sorption of the WSF of DO from contaminated water. Techniques applied in sample characterisation and comparisons were: Elemental Organic Analysis (EOA), Scanning Electron Microscopy−Energy Dispersive X-ray Spectroscopy (SEM-EDX), Fourier Transform Infrared Spectroscopy (FTIR), pH (pHsus) and point of zero charge (pHpzc). In order to increase the overall efficiency of the removal process, sorption and bioremediation were subsequently combined. Firstly, PmS-B was used as a sorbent of WSF, and then the remaining solution was additionally treated with a specific consortium of microorganisms. After the first treatment phase, the initial concentration of diesel WSF was reduced by more than 90%, where most of the aromatic components of DO were removed by sorption. The sorption equilibrium results were best fitted by the Sips isotherm model, where the maximum sorption capacity was found to be 40.72 mg/g. The rest of the hydrocarbon components that remained in the solution were further subjected to the biodegradation process by a consortium of microorganisms. Microbial degradation lasted 19 days and reduced the total diesel WSF concentration to 0.46 mg/L. In order to confirm the non-toxicity of the water sample after this two-stage treatment, eco-toxicity tests based on a microbial biosensor (Aliivibrio fischeri) were applied, confirming the high efficiency of the proposed method.
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1. Introduction


DO represents a complex mixture of aliphatic and aromatic hydrocarbons, such as multi-branched alkanes, polycyclic alkanes, polycyclic aromatic hydrocarbons (PAH), and cycloalkyl aromatic hydrocarbons [1]. Components of DO are difficult to degrade, and their persistence, possibility of bioaccumulation and toxicity pose a serious problem that needs urgent attention [2,3]. Many methods have been created for the removal of high concentrations of insoluble, floating DO fraction; unfortunately, they are often inadequate to remove the low concentrations of dissolved DO contamination [4]. The composition and the concentration of the “water soluble fraction” (WSF) of DO depend upon several factors, e.g., DO composition, properties of the water, temperature and the preparation method [5]. The WSF consists of several toxic components such as PAHs, mono-aromatic hydrocarbons (benzene, toluene, ethylbenzene and xylenes), phenols and heterocyclic compounds and heavy metals [6]. Wastewater contaminated with DO fractions should not be directly discharged, and the application of some purification is required. For this purpose, different techniques might be used, but sorption and biological remediation are often seen as the most environmentally and economically advantageous choices. These techniques are cost-effective, relatively simple to execute, demonstrate high removal efficiencies, require minimal energy or chemical usage, and reduce the potential for secondary contamination [5].



The development of efficient sorbents from cheap, abundant and renewable waste materials represents a possible sustainable solution for resolving DO pollution. This might promote the conversion of waste streams into useful resources using novel and sustainable methods and support the circular economy principles of reducing, reusing, and recycling waste materials [7]. Sorbents made of lignocellulosic waste biomass (LCW) originating from the food industry or agriculture hold particular significance because their application decreases the deposits of waste in landfills, diminishes greenhouse gas emissions, and offers a renewed value to the wasted products [5]. Unfortunately, direct application of raw biomass often suffers from its limited sorption capacity, low stability and associated secondary pollution generation, inducing the need for modification/conversion. The LCW properties improvement can be achieved by thermo-chemical conversion of the raw biomass; for this purpose, pyrolysis has been widely used. Pyrolysis represents thermal decomposition of the raw biomass material in a wide temperature range (starting from 300 to 900 °C) in an oxygen-free environment [8]. During the pyrolysis, the main LCW components (cellulose, hemicellulose and lignin) are thermally decomposed, generating gaseous, liquid, and solid products, whose yields depend on the properties of the raw biomass materials and the operational parameters of the pyrolysis process. Biochar (BC), a stable, carbon-rich material, created as a solid product of pyrolysis, has a characteristic surface morphology rich in specific functional groups, which makes it suitable for many purposes, including sorption (water/air/soil pollutants), catalysis (e.g., syngas upgrading, biodiesel production), soil conditioning, energy application, etc. [8,9,10]. In recent years, the application of BC in resolving DO contamination issues, either in the soil or water medium, has gained a lot of attention [3,4,11].



However, biological agents such as microorganisms have been successfully used in the treatment of various types of pollution, from oil hydrocarbons to heavy metal pollution, up to long-lasting polluting substances. The use of microorganisms is constantly increasing due to their enormous biodiversity, unsurpassed catabolic potential, and degradation abilities through the process of reducing pollutant mass and toxicity in soil, water, and air, also known as bioremediation; although individual microorganisms pose the ability to partially break down the components of the polluting medium, microbial communities are capable for extensive degradation [12]. Due to its efficiency, cost-effectiveness, and ecologically friendly byproducts, bioremediation has been widely proposed to remove various organic contaminants from diverse environmental matrices, especially for huge amounts of low concentrated hazard pollutions [13]. Bioremediation does the least harm to the environment and is fully in line with the principles of sustainable development.



Plum (Prunus domestica L.) is a fruit that plays an important role in the economic and social development of the Republic of Serbia. According to the official data [14], the average production of plums in the Republic of Serbia in 2017 was 330,582 tons, which ranks Serbia at the top of the world’s plum producers. If we take into account the share of the stone mass in plum fruit mass, approximately 8–10% [15], it is easy to conclude that the stated amount of fruit officially generates more than 33,000 tons of waste material. Although the lignocellulose waste can be transformed into high-value-added products, and serve as a source of energy and chemicals [16], only a negligible amount is revalorized, and most of it is landfilled.



Considering the abovementioned, in this paper, we have produced the plum stone biochar and applied it as a renewable and efficient sorbent in the purification of the water contaminated by the WSF of DO. After this, the bioremediation technique was applied in order to increase process effectiveness. To the best of our knowledge, there are no papers published with plum stone biochar and its application in the sorption of DO, sole or in combination with any bioremediation technique. Thus, the objectives of this work were to (1) characterize the plum stone biochar and describe the structural changes induced by thermochemical conversion; (2) investigate plum stone biochar sorption ability toward the WSF of DO; (3) evaluate the contribution of the bioremediation in the overall pollutant removal and (4) demonstrate the synergy of biochar sorption and microbiological degradation with no secondary pollution generation.




2. Materials and Methods


2.1. Sorbent/Sorbate Preparation


Waste plum stones (Prunus domestica L.) from the local fruit processing company “Šljivko”, Šatornja, Serbia, were dried at room temperature and used for all experiments without additional washing. The sample was ground by the vibrating mill “Siebtechnik—TS250” (Siebtechnik GmbH, Mülheim, Germany) and sieved to obtain a particle size of less than 0.1 mm. Further, ground plum samples (PmS) were pyrolysed at 500 °C within an argon atmosphere (flow 100 mL/min, heating rate 10 °C/min) in a Nabertherm 1300 muffle furnace (Nabertherm, Lilienthal, Germany) for 90 min. The obtained plum stone biochar sample was labelled as PmS-B.



Diesel oil was acquired from the local commercial gasoline station (NIS Petrol, Belgrade, Serbia). WSF of the DO used in sorption experiments was prepared by dissolution of 10 mL of DO in 1 L of distilled water; the suspension was vigorously mixed in a horizontal shaker (24 h, 25 °C), after which it was left for 24 h in a glass separator funnel (for settling down the phases). For the sorption experiments, a saturated solution of WSFs gathered from the bottom of the separation bottle was used.




2.2. Sorbent Characterisation


For elemental analysis, “Vario-EL III CHNS-O Elementar Analyzer” (Elementar Analysensysteme, Langenselbold, Germany) was used in the following operating ranges: 0.03–20 mg for C; 0.03–3.0 mg for H; 0.03–2.0 mg for N and 0.03–6.0 mg for S. Oxygen content was obtained by subtracting the sum of the obtained elemental values from 100%.



The ASTM D6851-02 standard [17] was applied for the determination of the contact pH (pHsus). To determine it, 0.2 g of the sample was suspended in 30 mL of distilled water and stirred for 72 h at room temperature. After that, the suspension was filtered through filter paper, and the measured pH value was defined as the contact pHsus. The pH meter SensION3 (Hach, Loveland, Kolorado, CO, USA) was used to measure pH values in all experiments.



The point of zero charge (pHpzc) of sorbents was evaluated by Milonjić et al. [18].



The surface morphology of the PmS-B sample was analysed by Scanning Electron Microscopy–Energy Dispersive X-ray Spectroscopy (SEM-EDX). Dried samples were previously prepared by coating with a thin layer of gold under vacuum and then observed by using a JEOL JSM-6610 LV model (JEOL Ltd., Akishima, Tokyo, Japan).



For identification of the surface functional groups, Fourier Transform Infrared Spectroscopy (Thermo Nicolet 6700 International Equipment Trading Ltd., Waltham, MA, USA) was used.




2.3. Batch Sorption Experiments


For the purpose of kinetic investigations, batch sorption experiments were performed by mixing 1.5 g of PmS-B in 100 mL of the synthetic DO solution (the initial WSF concentration was 18 mg/L). Erlenmeyer flasks (250 mL) with saturated DO solutions were placed in an orbital shaker (Heidolph Unimax 1010, Schwbach, Germany) and shaken for different time intervals (2, 5, 10, 20, 30, 60, 90 and 120 min) at 25 °C at an agitation speed of 200 rpm; the pH value of the initial solution was 6.



The sorption isotherm experiments were conducted under the same operational parameters previously described, but the initial WSF concentration varied from 2 to 18 mg/L, and the equilibrium time was set to 2 h.



After the desired contact time, phases were separated by centrifuge (4000 rpm) and the WSF (liquid phase) was sent for analysis according to the SRPS EN method [19]. Gas chromatographic analyses were carried out on the Agilent 7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) with a flame ionization detector (FID). Obtained data were processed using ChemStation software, version LTS 01.11 (Agilent Technologies). The results are presented as the average values obtained from three replicated experiments.



The sorbent’s ability to bind the sorbate was expressed through the sorption capacity (q, mg/g) and the removal efficiency (R, %) and calculated according to the following equations:


qe = (Co − Ce)/m·V



(1)






R = (Co − Ce)/Co·100%



(2)




where Ce and Co are the equilibrium and the initial concentrations (mg/L), respectively; V (L) is the volume of the solution, and m (g) represents sorbent weight.




2.4. Microorganisms


The consortium used in the biodegradation process consisted of bacterial strains MT116986.1 (Bacillus sp.), MT117228.1 (Pseudomonas sp.), MT111836.1 (Rhodococcus sp.) and MT081361.1 (Pseudomonas sp.), which were isolated from the local underground water contaminated with oil hydrocarbons [20]. A few days before the biodegradation experiment, the mentioned strains were spread onto agar plates and incubated at 28 °C. The mineral salt medium [21] with 2000 ppm diesel fuel for hydrocarbon-degrading microorganisms (HD) was used. The incubation process lasted 10 days. The microbial population from the medium was used for inoculation.



After sorption and separation of the plum stone biochar, the consortium of hydrocarbon-degrading microorganisms from the agar plates was added to the aqueous solution. Nitrogen, phosphorus and potassium sources were not added to the solution. The initial number of microorganisms was 108 CFU/mL. The experiment lasted 19 days on a horizontal shaker at an average temperature of 28 °C.




2.5. Eco-Toxicity Test


For estimation of eco-toxicity of polluted water before and after cleaning treatment, Aliivibrio fischeri NRRL B-11177 (Macherey-Nagel GmbH & Co. KG, Düren, Germany) was used according to EN ISO 11348-3 Ref 1. Freeze-dried bacteria were suspended in the reconstitution solution BioFix® Lumi-10 (Macherey-Nagel GmbH & Co. KG, Düren, Germany). The sample’s pH value was adjusted at 6.5–7.5, while the concentration of NaCl was 20 g dm−3. Bacteria were incubated for 15 min at 15 °C with several dilutions of the samples (50%, 25%, 12.5%, 6.25% and 3.125%). The results were expressed as a per cent of inhibition and the effective concentrations causing 50% luminescence inhibition (EC50 values) were calculated. All tests were performed in triplicate, and the average values are presented.





3. Results and Discussion


3.1. Sorbent Characterisation


To observe changes that took place after the thermal treatment, the characterisation of the native PmS and obtained biochar, PmS-B were performed. The results of elemental composition, investigated element ratios, pHsus and pHpzc values are presented in Table 1.



The characteristics of the pyrolysis final product depend on feedstock composition and process parameters, especially applied temperatures. The decomposition process is followed by the release of volatile matter, and the obtained product plum stone biochar is presented with a decreased amount of H and O and with a higher C concentration [5]. As can be seen from Table 1, the content of C is higher in PmS-B obtained at 500 °C (71.78%) in comparison to the raw biomass (48.51%). The results are in accordance with Li et al. [22], who investigated biochar obtained from mulberry and cinnamon woodchips through the process of pyrolysis at 550 °C and obtained a C content of 72.40 and 75.08%, respectively. It is well known that slow pyrolysis can produce high-quality stabile biochar, which is presented with a low ratio of H/C [23]. The value of the H/C ratio is an indicator of the biochar aromaticity, and a lower value of H/C in PmS-B indicates the stabile and stronger aromatic structure [5]. The electron-rich aromatic π-system can increase existing H-bonds or it can act as a proton acceptor in sorption systems [24]. Also, the value of the O/C ratio is an indicator of hydrophilicity, as can be seen from Table 1, and this value in plum stone biochar is three times lower than in the raw sample due to the lower number of polar functional groups on the surface of PmS-B, which is in accordance with the FTIR results (later in the text). According to Yang et al. [25], in biochar generally, polar (oxygen-containing) groups are mostly distributed in meso or macropores, while oxygen-containing non-polar functional groups are mainly distributed on the surface of multilayer pores. The polarity of the carbonaceous sorbents (in this case biochar) is related to their aliphatic portion and is also important in the sorption of organic compounds [26]. The (oxygen + nitrogen/carbon) index content can be used to identify the amount of polar functional groups [27]. A higher amount of oxygen-containing functional groups raises the sorbent’s overall polarity, increasing the capacity for polar and ionic organic compounds and decreasing the affinity for hydrophobic compounds [26,27]. As can be seen from Table 1, thermo-chemical conversion led to a decrease in the raw material polarity from the initial value of 0.93 to 0.35. These findings are also confirmed by FTIR analyses.



In Table 1, the results of pHsus and pHpzc are also given. The pHsus can be considered as an indicator of the overall dominance of acidic or basic functional groups present on the surface of the solid sample. Based on the results shown in Table 1, it can be concluded that the presence of acidic functional groups is dominant in the PmS (4.72), while the surface of the PmS-B (7.09) is slightly alkaline. The increase in the pHsus in PmS-B can also be explained by the increased concentration of the inorganic elements in feedstock (alkali ions and carbonates formed by Na+, K+, Mg2+ and Ca2+ ions), which are not lost during pyrolysis [5,28].



The points of zero charge of the samples, pHpzc, represent the specific pH value of the solution at which the sum of the surface charges of the solid phase is equal to zero. This characteristic of the sorbent is particularly significant when considering the behaviour of sorbents in an aqueous solution because if the operating pH value of the suspension is lower than pHpzc, the surface of the solid phase is positively charged and corresponds to the binding of anions. Based on the results presented in Table 1, the value of the zero charge of the pyrolyzed sample (PmS-B) is slightly higher compared to the starting material (PmS), which is expected due to the known phenomenon in which the process of pyrolysis breaks down hemicellulose and cellulose—the main carriers of carboxyl groups—and because there is an increase in the content of the hydroxyl groups.



The SEM micrographs presented in Figure 1 indicate that the PmS surface (Figure 1a) is rough but lacks visible pores in comparison to the surface of the PmS-B (Figure 1b), which is evidently more porous, with pores of different shapes and sizes (1–30 µm). Keeping in mind that the plum stones are rich in lignin [29], the thermochemical conversion will result in the development of a macro-porous structure of the biochar. This phenomenon can be explained by the stability of lignin at higher temperatures, which will lead to the preservation of its pore structure. Also, the elimination of volatiles at higher temperatures leads to the formation of larger pores and the merging of micropores into mesopores [30]. These findings are in accordance with the study of Antanasković et al. [31], who compared the SEM of native peach stone and its biochar and obtained that the pyrolysis promotes highly developed porous structure with large cracks and micro/mesoporous channels.



EDX spectra of PmS and PmS-B, along with the detected composition, are presented in Figure S1. Gold can be observed due to the process of the sample preparation. The main proportion of the major elements confirmed the trend of EOA analysis.



To observe changes in surface functional groups that have occurred (after the process of pyrolysis and sorption of WSF), the samples were subjected to FTIR analysis, and the obtained spectra are presented in Figure 2. The FTIR spectrum of PmS showed characteristic absorption bands for lignocellulosic materials, as described in the author’s previous studies [31,32,33]. However, after pyrolysis, the PmS-B spectrum has been significantly changed in comparison to the starting sample, as can be seen in Figure 2.



The FTIR spectrum of PmS has a typical broadband at 3282 cm−1 that corresponds to –OH stretching vibrations originating from alcohols, phenols and carboxylic acids and a small band observed at 3007 cm−1, which can be assigned to the C=C-H stretching vibration due to the presence of fatty acids from plum kernels. Intense bands in the region 2900–2800 cm−1 are attributed to asymmetric and symmetric –CH2 and –CH3 stretching, originating from the aliphatic chains of organic acids. The sharp band at 1746 cm−1 is assigned to aromatic carbonyl or carboxyl -C=O stretching of carboxylic acids or their esters, while the band at 1640 cm−1 is assigned to C=N [34]. The bands at 1544, 1454 and 1417 cm−1 are assigned to the C=C stretching in the aromatic ring [35].



After pyrolysis, some bands (3282, 2921 and 2851 cm−1) decreased, while others (1746, 1454, 1417, 1317 and 1236 cm−1) disappeared from the FTIR. According to Li et al. [22], the bands assigned to aliphatic CH2 and CH3 reduce with temperature increases up to 450 °C, indicating a reduction in the content of nonpolar groups. The disappearance of the band at 1746 cm−1 in PmS is related to the effect of hemicelluloses degradation, while the disappearance and reduction of bands from the fingerprint region are due to the effect of lignin depolymerisation during the process of pyrolysis [5]. For example, the disappearance of the band at 1236 cm−1 is attributed to C-O-C stretching from the aryl-alkyl ether linkage [36]. As we noticed in our previous paper [5] similar band shifts happened from 1544 to 1578 cm−1 (which is assigned to –COO− stretching) and from 1140 to 1160 cm−1 (assigned to asymmetric C–O–C stretching). Pronounced bands around 800 cm−1 originate from aromatic compounds and appear as a result of the decomposition of branched alkanes or aliphatic hydrocarbons after pyrolysis [37]. Presented FTIR spectra results showed the progression of aromatic functional groups in PmS-B compared to aliphatic groups of the PmS. This might be due to the strong volatilisation of aliphatic radicals rich in oxygen found in lignin and hemicellulose that occurs at 500 °C, where carbon chains are creating polycondensed aromatic structures [38].



After the sorption, the band at 1396 cm−1 was not present in the FTIR spectrum of PmS-B-D. According to Li et al. [22], this band might be assigned to the –OH bending vibration or COO– stretching vibration, and its vanishing indicates the involvement of this group in diesel sorption by plum stone biochar.




3.2. Sorption Kinetics Results


There is a variety of methods designed to describe the sorption kinetics of sorbates onto biochar sorbents, including reaction-based and diffusion-based models [39]. The first group, reaction-based models, focuses on interaction rates between the biochar and pollutants, while the diffusion-based models describe the diffusive transport of sorbate from aqueous solutions through the liquid film surrounding the sorbent particle into the sorbent pore networks (including active sites of the sorbate (biochar)). In order to investigate the mechanism of WSF sorption by PmS-B and potentially rate-controlling steps that include mass transport and chemical reaction processes, nonlinear forms of the following kinetic models were applied to the experimental data: pseudo-first-order (PFO), pseudo-second-order (PSO), the Elovich model and the Weber–Morris intraparticle diffusion model. Model equations are given in Supplementary Materials, Table S1. The correlation coefficients (R2) between experimental data and the model equation, along with the values of chi-factor (χ2) were used to choose the “best fit” model and distinguish between kinetic and diffusion rate control.



The kinetic profile of the WSF sorption onto the PmS-B sample is shown in Figure 3. As can be seen (Figure 3a), this sorption is very fast at the beginning; the pollutant concentration dropped from the initial 18 mg/L to 4.35 mg/L after 10 min, removing 75% of the initial concentration and accomplishing the equilibrium after 1 h, with the removal percentage of approximately 92%. The higher sorption rate during the first 30 min of the sorption was caused by the presence of free active sites on the surface of the PmS-B sample. The rapid kinetics observed for diesel removal by PmS-B facilitates smaller reactor volumes, ensuring the efficiency and economy of the practical applications of the PmS-B [40].



Experimental data were fitted by three reaction models and one diffusion model; fitting results are given in Table S2. The PFO kinetic model fits experimental data only in the first 30 min of the sorption, resulting in the lowest R2 equal to 0.9662 and the highest value of χ2 (0.3690). The application of the Elovich model better fitted the experimental data (Table S2), but the model equilibrium capacity value has been overestimated (11.33 mg/g) compared to the experimental value (10.80 mg/g). The correlation coefficient for the Elovich model was found to be 0.9917, while χ2 resulted in a value of 0.0712. However, the best fit of the data was achieved by using the PSO kinetic model, where the R2 is equal to 0.9943 and the χ2 is the lowest, 0.0611. Furthermore, the calculated qm value (10.72 mg/g) was the closest to the experimental qm value. The presented results indicate that the electron sharing between WSF and PmS-B might be involved in the removal of the sorbate species, similar to our previous investigations [5]. Investigations of the diesel oil sorption by crab shell biochar [2] or sorption of the PAH compounds by biochar from the waste Sterculia foetida [41] have also resulted in the best fit of the experimental kinetic data by the PSO model. These studies have also shown that the diesel oil sorption (as well as its components) is closely related to the functional groups (e.g., O–H, C=O, and C–O) that are present on the sorbent surfaces. The FTIR analysis confirmed that the PmS-B sample surface is rich in these functional groups. Although the PSO model operates on the assumption that the rate-limiting step in sorption kinetics might be chemical sorption [42], it has also been found that a diffusion-controlled process is better described by PSO than by PFO [43].



It is generally accepted that the sorption dynamics consists of three consecutive steps: (i) boundary film layer diffusion that includes transport of the sorbate from the bulk solution to the sorbent external surface; (ii) intraparticle diffusion of the sorbate from the external surface into the pores of the sorbent and (iii) the final sorption of the sorbate on the active sites on the internal surface of the sorbent [44].



The intraparticle-diffusion model represents a single-resistance model that assumes that the external resistance to mass transfer (film diffusion) is not significant (resulting in no intercept, C = 0), or it is significant for a very short period at the beginning of diffusion, where the intraparticle diffusivity (Kd) is constant and does not change with the time [45]. From the graph presented in Figure 3b, it can be seen that the dependence qt vs. t1/2 is not linear and that there are three steps, as previously described. This indicates that the boundary layer diffusion is dominant at the beginning of the sorption, approximately during the first 5 min of the initial DO uptake, where the constant “C” is equal to 4.8909 (Table S2), suggesting that at the beginning of the sorption process, film diffusion is significant; after this period of time, the sorption rate becomes controlled by the intraparticle-diffusion in the next 60 min. Finally, when the PmS-B surface becomes loaded with the DO, the sorption system enters the equilibrium very fast. The obtained trend confirmed the multistep sorption mechanism due to the surface morphology and various functional groups, as described by SEM and FTIR analysis.




3.3. Isotherm Results


Sorption isotherms describe the relationship between the amount of sorbate (that is bonded on the solid surface) and its equilibrium concentration in the fluid phase. The isotherm experiment results are presented in Figure 4, along with fitting curves of applied isotherm models.



As can be seen from this graph, the shape of the qe-Ce curve dependency most probably refers to the Type II isotherm, which is the most typical for non-porous or macroporous materials, where unrestricted monolayer-multilayer sorption might occur [46]. In the case of diesel sorption onto PmS-B, we assume the occurrence of the inflexion point at Ce close to 1 mg/L, which might indicate the stage where the monolayer is fulfilled and the multilayer sorption starts to occur.



In this paper, sorption isotherm experimental results were modelled using non-linear forms of three common isotherm types: Langmuir, Freundlich and Sips (Table S1). The correlation coefficient (R2) and chi-squared values (χ2) were used as criteria to determine the best suitable isotherm equation that can be used to describe the DO sorption onto the PmS-B sorbent. The results of the model parameters along with statistical indicators are given in Table S2. As can be seen from the results, the Freundlich model resulted in better fitting of the experimental data with higher R2 (0.9912) and lower χ2 (0.0636) values than those of the Langmuir model (0.9841 and 0.0818, respectively). This indicates that the PmS-B surface consists of a variety of sites with different binding energies; the stronger binding sites are occupied first, and the sorption energy is exponentially decreased upon the completion of the sorption process. This is also confirmed by the Freundlich heterogeneity factor (1/n), whose value of 0.7943 implies chemisorption [47] as one of the possible mechanisms contributing to overall diesel removal. Isotherm experimental data fitted by the Langmuir isotherm model resulted in the sorption capacity (qm) of 32.10 mg/g; the value of RL (calculated as 1/(1 + KLCo)) was found to be in the range from 0.1782 to 0.6612 for the highest and the lowest initial diesel concentrations, respectively, indicating favourable sorption in the investigated concentration range.



However, the data presented in Table S2 indicate that the experimental data obtained for the WSF of DO sorption onto PmS-B are best described by the Sips model—the three-parameter hybrid model of the Langmuir and Freundlich isotherm models. It is well known that the Sips model, at low sorbate concentrations, approaches the Freundlich model, while at higher concentrations, it is closer to the Langmuir model [48]. The surface heterogeneity is described by the Sips model exponent s: a value lower than one indicates a highly heterogeneous system. The value of s was found to be 0.9444, indicating the slightly heterogeneous surface nature of the investigated sorbent. The sorption capacity (qm), predicted by this model, was found to be 40.72 mg/g, which falls in range with other sorbents found in the literature applied at a similar initial concentration range [2,5,41]. For example, Barman et al. [41] investigated the sorption of water-soluble PAH fractions of diesel oil-acenaphthene (ACA) and naphthalene (NAP) by biochar made from Indian almond nutshells. Isotherm data, best fitted by Langmuir and Temkin models, indicated that the qm values were in the range of 18.55–22.18 mg/g and 19.07–22.55 mg/g for ACA and NAP, respectively, suggesting homogeneous, monolayer sorption with strong chemical interaction among biochar and PAH molecules. Comparing sorption properties of toluene onto biochar and commercial activated carbon, Silvani et al. [4] obtained results that also indicated the dual behaviour of the investigated sorbents: isotherm data were well fitted both by the Langmuir model and Freundlich model. Although the specific surface area of the AC was almost two times higher than that of BC, the sorption capacity of BC was higher, which indicated that the occurrence of π–π interactions between hydrophobic organic compounds and the surface of carbonaceous materials play a role in the establishment of stronger sorption interactions.




3.4. Bioremediation


Bioremediation is a technology in which microorganisms transform organic pollutants through reactions that are part of their metabolic processes into less toxic compounds or carbon dioxide and water. The usage of microorganisms as agents for bioremediation is on the rise due to their biodiversity and remarkable catabolic potential. Microorganism’s capabilities are conditioned by different adaptation mechanisms, such as modification of cell membranes, production of surface-active substances or usage of an efflux pump to reduce the concentration of toxic components. Some microorganisms have the ability to degrade only a certain number of complex contaminant components, but mixed cultures such as microbial consortiums have a greater degree of degradation. Some of the contaminant’s components can only be decomposed co-metabolically—by the joint action of several microorganisms [12]. According to different studies, the species of Pseudomonas, Rhodococcus, and Bacillus, utilized crude oil and its component [49,50]. These microorganisms have been widely used to break down aliphatic hydrocarbons [51].



This part of the study was to investigate the supporting action of bioremediation in the process of purification of water contaminated with diesel (WSF) after achieving a certain degree of removal by plum stone biochar sorption. The purpose of this two-stage process was to reach a certain degree of effluent quality suitable for safe disposal. Both processes support the concept of sustainable development, which is imperative to renewability, efficiency and environmental friendliness.



Gas chromatograms of the three samples are shown in Figure 5. This figure contains three chromatograms related to the starting sample contaminated by diesel (a), the remaining solution after the sorption onto the PmS-B (b) and the solution at the end of the sorption–bioremediation process (c).



Results have shown that most of the DO components are removed by the plum stone biochar sorption, but some portion remains present in the solution (Figure 5b), causing a potential problem. The application of PmS-B decreased the DO concentration from the initial value of 18 mg/L to the final concentration of 1.71 mg/L. The remaining solution was further subjected to the biodegradation process by microorganisms for 19 days, and the number of HD bacteria was greatly dropped to 104 CFU/mL, probably as a consequence of nutrients running out [52]. The concentration of the DO solution was measured and recorded as 0.46 mg/L.




3.5. Eco-Toxicity Tests


The diesel oil application increases the possibility of water pollution due to various accidents throughout the product chain [53]. The negative impact of diesel oil on living organisms indicates the necessity of biological monitoring [53,54]. On the other hand, toxic substances, generated during the pyrolysis that remain in the biochar, might raise a potential environmental risk of biochar application [3]. This is because substances such as organic fractions (VOC, PAHs, dioxins) or heavy metals and persistent free radicals can be leached out from the biochar, causing secondary pollution that can impact plants and microorganisms in water and soil [55]. Keeping this in mind, it is of particular interest to perform some bioassay for an evaluation of the efficiency of the planned remediation process.



An Aliivibrio fischeri bioluminescence inhibition bioassay has been widely applied for toxicity monitoring. This test is sensitive, rapid and easy to perform [56]. Eco-toxicity tests were conducted on initial WSF solutions, before (control—C) and after treatment (AT). The results of the acute eco-toxicity test are presented in Figure 6, where different bars represent different dilutions of the starting solutions. The initial WSF concentration was 18 mg/L.



Diesel-polluted water causes 81.5% of bioluminescence inhibition at the highest tested concentration, with an EC50 value of 9.9 ± 1.7% (1.8 ± 0.03 mg/L). In our previous paper [5], the treatment of polluted water only by the sorption onto peach stone biochar reduced the bioluminescence inhibition from an initial 80% to around 30–40%, regardless of the concentration of the contaminant. Here, the two-stage treatment with PmS-B and microorganisms decreased bioluminescence inhibition to around 5–22%. These results show a significant toxicity decrease after a combined process of sorption and bioremediation treatment.





4. Conclusions


Increased ecological and economic challenges that are rapidly growing worldwide indicate the necessity for the employment of renewable waste materials as valuable resources. Biochar, a stable, solid multipurpose material, has many benefits whose proper applications have the potential to solve these challenges, supporting the principles of the circular economy. Therefore, lignocellulosic waste streams and plum stones were restored from landfills in order to minimize waste disposal, decrease greenhouse gas emissions (by carbon sequestering), and give them a new value.



Pyrolysed waste plum stones were fully characterised and used as an efficient sorbent of WSF—a toxic fraction that is, in most cases, difficult to remove. The obtained results indicate that PmS-B possesses a highly porous surface with plenty of functional groups, increased aromaticity and decreased polarity in comparison to the feedstock, PmS, which is approved by comparing the FTIR spectra of the investigated samples. The elemental organic analysis confirmed that high-quality stabile plum stone biochar with a stronger aromatic structure was obtained after slow pyrolysis. Also, thermo-chemical treatment decreased the polarity of the raw material from the initial value of 0.93 to 0.35, which is in accordance with FTIR analyses. PmS-B has a 50% higher value of pHpzc which indicates an increase in the content of hydroxyl groups, confirmed by FTIR analyses.



The sorption kinetics of the WSF of DO removal follows the pseudo-second-order model, suggesting that the sorption mechanism is limited by bonding forces through electron sharing between the WSF of DO and the PmS-B. Isotherm studies indicated a monolayer–multilayer sorption process, with maximum sorption capacity obtained from the Sips model as 40.72 mg/L, where the diesel sorption might take place primarily by π–π stacking and electrostatic and hydrophobic interactions, which was also confirmed by other researchers. Gas chromatographic analyses showed that after diesel sorption by PmS-B, the initial concentration was reduced by more than 90%, where most of the present aromatic components were removed, but a portion of aliphatic components still remained in the solution. That was the reason for the second treatment phase, bioremediation, after which the total diesel content was reduced by 97.5%. Finally, the toxicity of the purified water sample was tested by applying an Aliivibrio fischeri bioluminescence inhibition bioassay. This study also demonstrates that the application of PmS-B sorbent in contaminated water decreases the water toxicity of Aliivibrio fischeri, without posing an additional environmental threat.



In conclusion, the described combined process of sorption/bioremediation could be green and cost-effective support for the removal of diesel oil compounds from contaminated waters, with high efficiency and environmental friendliness.
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Figure 1. SEM micrograph (scale bar, 10 µm, magnification ×500) of the (a) PmS and (b) PmS-B. 
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Figure 2. FTIR spectra of the plum stones (PmS), plum stone biochar (PmS-B) and plum stone biochar after sorption of the diesel fraction (PmS-B-D). 
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Figure 3. (a) Sorbed WSF per mass of PmS-B (qt) as a function of time: experimental data (symbols) and reaction model predictions (lines), (b) Weber–Morris model applied on experimental kinetic data. 






Figure 3. (a) Sorbed WSF per mass of PmS-B (qt) as a function of time: experimental data (symbols) and reaction model predictions (lines), (b) Weber–Morris model applied on experimental kinetic data.



[image: Processes 12 00964 g003]







[image: Processes 12 00964 g004] 





Figure 4. Isotherm model fitting of WSF sorption onto PmS-B. 
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Figure 5. Gas chromatograms of the (a) starting solution sample, (b) solution sample after the first stage removal and (c) final solution sample after the second stage. 
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Figure 6. Ecotoxicity of diesel-polluted water before (C) and after treatment (AT). 
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Table 1. Elemental composition of PmS and PmS-B, together with pHsus and pHpzc.
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	N, %
	C, %
	H, %
	S, %
	O 1, %
	H/C
	O/C
	(O + N)/C
	pHsus
	pHpzc





	PmS
	1.48
	48.51
	6.28
	0.15
	43.57
	0.13
	0.90
	0.93
	4.72
	4.70



	PmS-B
	1.62
	71.78
	2.91
	0.00
	23.70
	0.04
	0.33
	0.35
	7.09
	7.01







1 Calculated as difference from 100%.
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