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Abstract

:

BTX stands for Benzene, Toluene, and Xylenes, which are volatile organic compounds contained in petroleum products such as gasoline. They have negative health effects and are sadly known for soil, air, and water contamination. This paper provides an investigation on BTX removal from open water systems like those represented by natural water bodies. In such systems, the evaporation process takes place, stealing the pollutants from the aqueous matrix by transferring them into the air, resulting in a secondary pollution. To prevent this situation, adsorption of these organic compounds on cellulose fibers, extracted from Spanish Broom vegetable, was studied. Raw and surface modified cellulose fibers were used for this purpose. The second ones were hydrophobized by two different green and low-cost functionalization systems (no solvent urethane functionalization and low pressure plasma treatments). Batch experiments were performed in an open system where BTX underwent two competing removing mechanisms: volatilization, and adsorption/desorption on/from the fibers dispersed in the water system. A mathematical model was implemented for the interpretation of the observed time-varying pollutant concentrations and the estimation of the kinetic constants for adsorption, desorption, and evaporation. The developed model, provided with the aforementioned parameters calibrated for each type of fibers, was then used for the prediction of their adsorption capacities both into open and closed systems.
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1. Introduction


Approximately 71% of the planet is covered by water. Most of this water (>97%) is stored in the oceans, while the rest lies in the polar ice-caps and glaciers. Continental freshwaters represent less than 1% of the total volume, and most of them are groundwater [1].



Therefore, only a very small amount of water is accessible to humans, which is used for domestic, agricultural, and industrial purposes [2]. In the last hundred years, water consumption has dramatically increased compared to the available resources and, at the same time, environmental pollution has contributed to worsen its quality [3].



Nowadays, one of the major environmental problems is the remediation of the polluted water bodies, by hazardous chemicals such as Hydrophobic and Volatile Organic Compounds (HOCs and VOCs) [4].



BTX indicates a group of mono-aromatic volatile organic compounds (VOCs), such as Benzene, Toluene, and Xylenes.



The application of BTX is strictly related to their characteristics and properties, which are very similar among such classes of compounds. In particular, the high evaporation rate, the poor reactivity, the absence of corrosion phenomena against metals, and the ability to quickly dissolve a wide range of organic compounds have led to a widespread use of these products, since the beginning of the last century, in various industrial sectors.



The physical-chemical properties of the aforementioned VOCs are shown in Table 1 [5].



Today, most of the produced Benzene, Toluene, and Xylenes are used in the chemical sector as starting compounds to obtain several secondary products, such as plastics, resins, detergents, pesticides, intermediates for the pharmaceutical industry, paints, adhesives, and inks [6].



The major sources of water contamination, caused by mono-aromatic chemicals belonging to the BTX class, are wastewater discharge from industrial processes and chemical industries, release of petroleum products from the storage tanks, accidents associated with oil and gas spill activities and petroleum transportation, road pavement operations, tobacco smoke and solvents use, and vehicular, air, and maritime traffic [7,8,9].



Their high volatility indicates that the main route of exposure for humans is inhalation. These compounds are considered priority contaminants by different national and international institutions due to the high risk of exposure and the consequent dangerous effects on human health. In particular, exposure to BTX can cause irritation of skin, eyes, and mucous membranes, as well as serious and potentially fatal nervous system deficiencies, myelo-suppression, leukemia, and cancer [10,11].



According to the World Health Organization (WHO), Benzene is the most toxic and powerful carcinogen among BTX; indeed, it occupies the sixth place in the list of the most dangerous substances worldwide. Its dangerousness is related to the carcinogenic effects resulting from chronic exposure. In particular, it has been classified as a class A1 substance (substances for which there is a confirmed evidence of relation to cancer induction in humans) by the most important international agencies, including EPA (Environmental Protection Agency), I.A.R.C. (International Agency for Research on Cancer), WHO (World Health Organization), N.I.O.S.H. (National Institute for Occupational Safety and Health), and A.C.G.I.H. (American Conference of Governmental Industrial Hygienists) [10,11,12].



When BTX are released into the environment, evaporation processes generate dispersion into air, though high concentrations are also found in groundwater and surface water. Despite the high risk of contact and the consequent negative effects on human health, BTX compounds remain neglected and untreated in municipal water systems, thus increasing the risk of diseases related to their ingestion [4,9].



Recent studies, carried out on drinking water in the USA, have found maximum concentrations of benzene, toluene, and xylene of 0.005, 1, and 10 mg/L, respectively [13,14]. Additionally, BTX are most often found in municipal wastewater in the range of 0 to 933 μg/L (85.5 μg/L for toluene) [15]. The presence of these pollutants in municipal treatment plants may originate from small factories, utilities, and domestic wastewater [16,17]. A significant BTX concentration (around 3–4 μg/L) has been also found, during fermentation processes, in the liquor of the digested sludge treated inside primary settling tanks. It has been observed that, in the acidophilic phase of the fermentation, the concentration of toluene could increase up to 42,000 μg/L [18].



Due to the increase in the concentration of these mono-aromatic compounds in the environment, the scientific community is constantly looking for efficient and sustainable methodologies to mitigate this pollution.



Several technologies have been developed to remove BTX from polluted water bodies such as chemical degradation/oxidation processes including AOPs (advanced oxidation processes) [19], and heterogeneous photocatalysis with TiO2 mediated systems [20], which ensure almost the total degradation (>90%) of BTX concentration ranging from 1 to 20 mg/L and, in some cases, the removal of more than 80% of the phenolic intermediates in about 30 min [19]. Homogeneous photocatalysis studies, based on the Fenton reaction (photo-Fenton type: H2O2/UV) [21], show that initial concentrations of monoaromatic hydrocarbons of about 10 mg/L can be reduced, in the best cases, by about 80% after 150 min. Other methods like ozonation and electrochemical processes achieve removal efficiencies of over 90%, for BTEX concentrations from 1 to 10 mg/L [22,23,24,25], and biological demolition processes such as bioremediation and bioleaching [26,27] allow us to remove/degrade over 90% of the initial concentration (up to 50 mg/L of BTX) in 25 h. Physical methods such as air stripping [28,29] achieve a removal efficiency of more than 90% at a temperature of 50 °C and an air-water ratio of 100, while adsorption methods on activated carbon and zeolites [30,31] have an average removal efficiency higher than 90% for contact times of 72 h and an initial BTEX concentration of 100 mg/L. Unfortunately, these processes have limitations in terms of applicability, solid waste production and high costs.



In this regard, the adsorption of water-dissolved pollutants by means of natural fibers represent an effective alternative to the aforementioned methods. Cellulosic and lignocellulosic fibers [4,32,33,34,35,36,37,38] are cost-effective reagents resulting from the use of low-cost or waste materials. The high adsorbing capacity of these natural fibers is attributable to the presence of interfiber capillaries and a considerable specific surface area (SSA). Cellulosic fibers such as hemp, cotton, and flax have SSA in the range of 0.3 to 27.1 m2/g [39,40]. Cellulosic fibers, extracted from Spanish broom and used in this adsorption study, have a specific surface area of 1.3 m2/g, for what concerns raw fibers, and 1.4 m2/g for functionalized ones (the values were determined by the Brunauer–Emmett–Teller (BET-SSA) analysis). Such fibers exhibit a maximum adsorption capacity, towards Total Petroleum Hydrocarbons (TPH), higher than 200 mg/g. [4,36]. The absence of secondary products during their application and the possibility for their re-use several times imply a low environmental impact. Nevertheless, the biggest advantage lies in the possibility of fiber surface functionalization using sustainable methods: the presence of reactive hydroxyl groups emerging from the fiber surface [41] allows us to add specific functional sites (which correspond to the pollutant absorption sites), with the aim of increasing the affinity and/or selectivity of the adsorbent material for the contaminant to be removed from water [36,37,38,39,40,41].



Based on these considerations, this study presents the possibility to employ raw cellulose fibers and hydrophobized cellulose fibers (extracted from Spanish Broom (SB), a spontaneously growing shrub of the Mediterranean flora, largely diffuse even in other continents) [42,43], as sorbent materials to remove Benzene, Toluene, and Xylenes (BTX) from polluted water. The hydrophobic properties are obtained by two different green and low-cost functionalization processes: a urethane functionalization by a home-made still reactor and a low pressure plasma system.



The aim of the study is therefore to ascertain the possibility to use cellulose fibers for BTX removal from water. In particular, one of the most important aspects has been the study of the effect of fibers surface hydrophobization with respect to their adsorbing capabilities towards BTX. The estimation of the kinetic and thermodynamic parameters of the involved phenomena bringing to BTX remediation has been an objective as well. For these purposes, batch experiments were performed in an open system where BTX underwent two competing removing mechanisms: volatilization, and adsorption/desorption on/from the fibers dispersed in the aqueous system. A mathematical model was implemented for the interpretation of the measured time-varying pollutant concentrations, and the estimation of the kinetic constants for adsorption, desorption, and evaporation. The developed model, provided with the aforementioned parameters calibrated for each type of adopted fibers, was then used for the clear prediction of their adsorption capacities both into open and closed systems.




2. Materials and Methods


2.1. Raw Cellulose Fiber Extraction


The raw cellulose fibers (RF) were extracted from SB by using a pulping process of the vegetable in a 5% w/w NaOH solution. The vegetable was macerated for 20 min at a temperature of 80 °C. After this treatment, the cellulose fiber could be easily separated from the inner woody skeleton. Lignin impurities were removed by further washing the cellulose fibers with a 5% w/w NaOH solution at a temperature of 80 °C.



All chemicals used in this study were of analytical grade and without further modification. Benzene was purchased from Fluka Chemika (density d = 0.88 g/mL, purity = 99.5%, MW = 78.11 g/mol), toluene from Sigma-Aldrich (density d = 0.865 g/mL, purity = 99.7%, MW = 92.14 g/mol), xylenes from Riedel-de Haën (density d = 0.866 g/mL, purity = 99.6%, MW = 106.16 g/mol), and methanol from Sigma-Aldrich.




2.2. Hydrophobized Cellulose Fibers


The surface hydrophobization of the cellulosic fibers was carried out by using two different functionalization processes, as already reported previously [4,36].



The following adsorbent materials were prepared:




	
4,4′-diphenylmethane diisocyanate functionalized fiber (MDI-FF);



	
Plasma Functionalized Fiber with low-pressure plasma technique (PFF).








The first functionalization method exploited the high reactivity of the isocyanate groups of the 4,4′-diphenylmethane diisocyanate molecule (4,4′-MDI), with the hydroxyl groups emerging from the surface of the fiber (Figure 1) [4].



Spectroscopic characterization analysis (such as X-ray photoelectron spectroscopy (XPS) and FT-IR) confirmed the presence of the urethane bond in the functionalized fiber. XPS analyses were performed with a Scanning XPS Microprobe (PHI 5000 Versa Probe II, Physical Electronics), equipped with a monochromatic Al Kα X-ray source (1486.6 eV), operated at 15 kV and 24.8 W, with a spot of 100 μm. FT-IR analysis was carried out with a Bruker ALPHA FT-IR spectrometer, provided with a A241/D reflection module, in the spectral range 375–4000 cm−1. The surface characterization analysis (such as SEM and water contact angle (WCA)) indicated the modification of the fiber surface, with an increase in the water contact angle from 75° (RF) to 148° for the functionalized fiber (MDI-FF), confirming the high hydrophobic character of the latter [4]. A LEO 420 scanning electron microscope (LEO Electron Microscopy Inc., New York, NY, USA), operating 15 kV, was used to observe the fibers, after metallization with sputtered gold–palladium. The EDS module was an INCAx–Sight Oxford Instruments (Vacuum conditions: 8 × 10−6 Torr, iProbe = 650 pA, Current = 15 kV). The water contact angle was measured through a manual goniometer Model 210 (Ramé-Hart Instrument Co., Succasunna, NJ, USA), utilizing 2 μL bi-distilled water drops deposited on stretched fibers.



The second functionalization method was conducted using a low-pressure plasma technique [36]. The process allowed the grafting of fluorinated groups on the fiber surface, by replacing the hydroxyl ones and/or the formation of new functional groups such as -OCF3, -OCF2, and -OCF2CF2 (Figure 2).



Additionally in this case, the spectroscopic and surface characterization analysis showed considerable differences between raw (RF) and functionalized fibers (PFF), with the latter displaying signals related to the presence of new functional groups on the fiber surface [36]. In particular, the high alkyl-fluorination level of the fiber surface led to a superhydrophobic PFF fiber (WCA >160).




2.3. BTX Analytical Determination


Benzene, toluene, and xylenes concentrations in aqueous solutions were measured according to the method by Bahrami et al., (2011) [44], by means of a high-performance liquid chromatography (HPLC) system (LC-20AD, Pump, Detector, Oven, Autosampler, Shimadzu, Tokyo, Japan) coupled with a diode array detector (Shimadzu). Samples were separated by reverse phase (RP) chromatography using a Discovery C18 Supelco column (5 μm, 15 cm × 3.0 mm). Briefly, BTX were eluted by a methanol/water (60/40, v/v) mobile phase at a flow rate of 1 mL/min, with an injection volume of 10 μL, and detected by a UV spectrophotometer at a wavelength of 254 nm. The calibration curve was prepared using the external standard method (BTX in MeOH), using solutions with different concentrations: 1, 2, 10, 50, and 150 ppm for each component.



Table 2 shows the analytical parameters of the calibration curves adopted for the quantification of BTX.




2.4. BTX Evaporation Experiments


BTX evaporation kinetics from the aqueous phase was evaluated in BTX aqueous solutions with an initial concentration set around 50 mg/L for each component. These solutions were shaken for 6 h to reach a complete mixing state, and then left to rest for 2 h in a closed flask. Finally, the solutions were poured into a glass beaker with 15.0 cm diameter and with 20.0 cm height. The liquid height from the beaker bottom was 7.5 cm. Solutions were constantly stirred at 100 rpm. BTX evaporation rates at room temperature were determined by analyzing their residual concentrations in solution at different times.




2.5. Batch Experiments for Water Purification


Analogous BTX solutions were used to study the competitive adsorption and volatilization mechanisms. In each experiment, 0.5 g of fiber was added to 200 mL of polluted aqueous solution, prepared as described above and maintained in continuous agitation under magnetic stirring at 100 rpm (Analog magnetic stirrer M2-A ArgoLab—Giorgio Bormac srl, Italy), in a beaker having the same dimensions as the one used in the volatilization experiment, in order to have constant evaporation conditions. Current concentrations of the pollutants were measured by sampling the solution at different contact times: 0, 3, 5, 10, 15, 30, 45, 60, and 120 min. Each time 1 mL of the solution was collected from the batch in a sealed HPLC vial and rapidly analyzed.




2.6. Mathematical Modeling


The contaminants taken into consideration in this study have rather high evaporation Henry constants (adimensional and expressed as the distribution ratio between the gas phase concentration and the liquid phase concentration: H’ Benzene = 2.27 × 10−1; H’ Toluene = 2.71 × 10−1; H’ Xylene = 2.12 × 10−1) [45]. Therefore, the BTXs are volatile enough to be removed from the aqueous solution by the evaporation process. The release of these contaminants, from water to the surrounding environment, is facilitated precisely by this phenomenon. Studies have been directed toward the development of theoretical models with the aim of predicting the fate of volatile organic pollutants present in industrial wastewater [46]. Our experiments were performed in an open system where two phenomena are in competition with respect to the BTX removal from the aqueous phase: the evaporation into the air and the adsorption on the cellulose fibers. The system can be schematized as shown in Figure 3,  C  and    C  a d     being the pollutants concentration into the aqueous phase and absorbed onto the fibers, respectively, while    C  e v     is the concentration lost by evaporation. In order to give a quantitative interpretation of the relative importance of the two mechanisms, a theoretical model taking both of them into account needs to be developed (Appendix A).



This model can be represented by the following differential equations:


   {        d C   d t   = −  K  e v    [ C ]  −  K 1   [ C ]  +  K 2   [   C  a d    ]          d  C  a d     d t   =  K 1   [ C ]  −  K 2   [   C  a d    ]         



(1)




under the constraints    C 0  = C +  C  a d   +  C  e v    , where    K 1   ,    K 2   , and    K  e v     are the adsorption, desorption, and evaporation kinetic constants, and    C 0    is the pollutant concentration at time = 0.



The model is valid as long as the surface adsorbing sites of the fibers are in excess of the pollutant molecules in such a way that their number can be considered constant and can be included in    K 1   .



2.6.1. Kinetic Model in Absence of the Adsorbing Fibers


In order to estimate the contribution of the evaporation process, on the kinetics of BTX removal in the blank experiments made in absence of adsorbing fibers, Equation (1) can be used under the condition    K 1  = 0   and    K 2  = 0  , that is to say, in the form of the single Equation (2):


    d C   d t   = −  K  e v    [ C ]   



(2)




which gives for   C  ( t )    a simple exponential trend:


  C  ( t )  =  C 0   e  −  K  e v   t    



(3)








2.6.2. Kinetic Interpretation in the Presence of Absorbing Fibers


In this case, the solution of the equation system 1, as it is shown in Appendix A, brings to the following relations:


  C  ( t )  =  C 0   [   (   1 2  +    K s    2 β   −    K 3   β   )   e    −  K s  + β  2  t   +  (   1 2  −    K s    2 β   +    K 3   β   )   e    −  K s  − β  2  t    ]  ,  



(4)






   C  a d    ( t )  =  C 0   [   (   1 2  +    K s    2 β   −    K 3   β   )   (     K 3     K 2    −    K s  − β   2  K 2     )   e    −  K s  + β  2  t   +  (   1 2  −    K s    2 β   +    K 3   β   )   (     K 3     K 2    −    K s  + β   2  K 2     )   e    −  K s  − β  2  t    ]   



(5)






   K s  =  K 1  +  K 2  +  K  e v    



(6)






   K 3  =  K 1  +  K  e v    



(7)






   K p  =  K 2   K  e v    



(8)






  β =    K s 2  − 4  K p    ,  



(9)










3. Results and Discussion


Data collected during the evaporation experiments are displayed in Figure 4, which shows the trend of the normalized concentration    C t  /  C 0    of the BTX as a function of time, as well as their fit by the exponential function (Equation (3)). Table 3 shows the estimated values of the evaporation kinetic constants.



It can be seen that the experimental data agree quite well with the exponential trend predicted by Equation (3) (R2 ranges from 0.945 to 0.963), even if some systematic deviations can be observed at short sampling times. We believe that they are due to the evaporation process occurring during the time elapsed from sampling to pollutant concentration measurement. Despite any precaution taken to avoid evaporation phenomena, after sampling, some small amounts of the pollutants may indeed get lost during the required sample manipulations before measurements, thus leading to the measurement of slightly smaller concentrations than those actually expected at the time of sampling. This effect is particularly important at short sampling times, where evaporation is more effective due to the higher pollutant concentration. On the other hand, this effect is less visible in the case of samples containing the fibers (Figure 5) due to their competition in reducing the pollutants concentration in the solution: the faster this competition is, the lower the influence of this systematic error. In Figure 5, it can be seen that the deviation at short time is still present in the experiment related to the raw fibers (RF), even if to a lesser extent, but it is almost absent in the case of the functionalized ones (MDI-FF and PFF), where fiber adsorption is faster. Our kinetic model agrees with those of Mackay and Leinonen (1975) [47] and Chao et al. (2008) [48]. The evaporation constants are equal for the different BTX hydrocarbons, in the limit of the experimental error.



Fitting by Equation (4) of the experimental data measured during the adsorption tests for the three pollutants and the three different fibers, is illustrated in Figure 5, while the values of    K 1   ,    K 2   , and    K  e v    , corresponding to best fits, are reported in Table 4.



The R2 of fitted data ranges from 0.97 to 0.99, indicating that Equation (4) gives a good representation of the experimental data (Figure 5).



It can be underlined that the    K  e v     values, estimated for the experiments in which the raw fibers (RF) was used as BTX adsorbent, are equal to those obtained in the blank experiment, the one in which only the evaporation process was at play. This gives good evidence that the kinetic model works quite well for the raw fibers. A discrepancy of the order of 20% is instead found between the evaporation kinetic constants obtained by fitting the data relative to the functionalized fibers (MDI-FF and PFF) experiments, with respect to that obtained from the blank experiment. In these cases, the model represented by Equation (1) does not work equally well. A straightforward way to explain the above discrepancies in    K  e v     is to consider that the surface hydrophobization does not preclude the possibility for BTX pollutants to be adsorbed on the sites already present on the raw fibers (RF) before functionalization. The model should be then modified to consider this second “cluster” of adsorption site. Of course, even maintaining the hypothesis of a first order kinetic, the new group of adsorption sites would introduce another equation, depending on two additional kinetic constants (adsorption and desorption), into the kinetic system (Equation (1)). This would lead to a complex model that could be solved only numerically, with eight experimental values of time-dependent pollutant concentrations that would not allow a reliable estimation of five independent kinetic parameters. An approximation, which can solve these issues in a very simple way, would be to consider only the adsorption process for these new sites, neglecting the desorption one. This approximation appears to be reasonable when considering that the desorption kinetic constant for the raw fibers is much smaller than the adsorption one (only about 4%; see Table 4). On the other hand, it seems reasonable to assume that the equilibrium constant for the above process is not affected by the functionalization. Raw fibers adsorption sites seem to be located below the outer surface, as will be discussed later. In this case, the kinetic model remains equal to that given by Equation (1), except for the introduction of the new term,   −  K a   [ C ]   , into the second member of the upper equation and related subsequent definitions,


    d C   d t   = − (  K  e v   +  K a  )  [ C ]  −  K 1   [ C ]  +  K 2   [   C  a d    ]   



(10)




   K a    being the adsorption kinetic constant for the second group of sites. All calculus equations remain the same as those shown above except for the substitution of    K  e v     with   (  K  e v   +  K a  )  .



This means that the values of    K  e v     reported in Table 4, in the case of functionalized fibers (MDI-FF and PFF), represents the sum of the evaporation kinetic constant and the adsorption kinetic constant of the second group of sites. A fairly constant value (0.006–0.007 min−1) for this last parameter would explain the deviation of the calculated evaporation constants. One would expect that the value of this adsorption kinetic constant should be equal to that observed for    K 1    in the row fiber experiments, but the reduced value can be attributed to the influence of the modified fiber surface. Work is in progress to investigate BTX behavior on the same fibers in closed systems, taking bigger amounts of data to confirm the applied model. We exclude, for the moment, failures of the model due to a restricted number of absorbing sites, which would bring to second order kinetic equations, due to the fact that data from raw fibers are very well interpreted in terms of a first order kinetics (the evaporation constant is equal to that derived for the blank experiment). Therefore, the hypothesis formulated to explain the discrepancies observed in the results obtained for the functionalized fibers, appears to be quite logic and consistent. Even if we have introduced the idea that a second cluster of adsorption site is present on the functionalized fibers, we will neglect the role of this site in the following discussion due to the smaller value of its absorption kinetic constants.



The values of    K 1   ,    K 2   , and their ratio    K 1  /  K 2   , representing the adsorption equilibrium constant, reported in Table 4 lead to some interesting considerations. It is somewhat surprising that the raw fiber (RF) shows the largest adsorption equilibrium constant for BTX. In the case of Benzene, it is one order of magnitude larger than that of the functionalized fibers (Table 4). The adsorption capacity of the raw fibers gradually decreases moving from Benzene to Toluene and Xylenes. The trend is reversed when looking at the adsorption equilibrium constant of the functionalized fibers.



This result is also surprising because the RF shows an adsorption equilibrium constant for total petroleum hydrocarbons, at least one order of magnitude smaller than that of the MDI-FF fiber [4]. In that paper, we showed that the raw fiber extracted from Spanish broom by the alkaline treatment is more hydrophobic (contact angle 75°) than pure cellulose (contact angle 40°) [49]. This is probably due to small percentages of lignin (2–3%) remaining trapped onto cellulose fibers during the alkaline digestion of vegetable, and subsequent washing processes [43,50,51]. The above residues could increase the affinity of the raw fiber, especially toward hydrophobic aromatic compounds like BTX, potentially explaining the above result. However, this issue needs support from experiments and will be the subject of further investigation.



Anyway, it cannot be concluded that the raw fiber (RF) is a better adsorbent for BTX, at least in open systems where evaporation is a concomitant playing factor. Indeed, even if BTX adsorption on the raw fiber is thermodynamically favored, it loses importance when time competition between the adsorption and evaporation phenomena is taken into consideration. This competition is graphically illustrated in Figure 6, where the time variation of  C ,    C  a d     (calculated by Equations (4) and (5)), and    C  e v     are reported. Of course, in an open system, all pollutants will evaporate from both the water and the fibers, but there will be a certain time at which the amount of the pollutants adsorbed on the fiber will have a maximum value (it is clearly seen in the graphs of Figure 6).



The time at which the maximum amount of adsorbed concentration is reached for each pollutant and each fiber is reported in Table 5, where the corresponding percentages of adsorbed, evaporated, and residual BTX concentration in solution are also shown.



MDI-FF is the fiber that has the best adsorption performances. It removes, if pulled out from the aqueous phase after only 13–16 min of contact time, 54.4%, 60.6%, and 69.1% of Benzene, Toluene, and Xylenes, respectively. After this time, the desorption process comes into play, returning the previously trapped pollutants to the aqueous phase. PFF is even faster than the MDI-FF (tmax = 13–14 min), but has much lower adsorption maxima. The RF is the last placed since the adsorption maxima are the lowest and their occurrence requires much more time.



As already mentioned, the experiments described in this paper deal with an open system, where the final fate of the pollutants dissolved in water is their complete extinction by evaporation. However, once the kinetic constants of the involved cellulose fibers have been estimated, it is possible to predict what would be the adsorption capacity of the same fibers, with respect to the three investigated pollutants, in a closed system where an equilibrium between the adsorbed species and those still dissolved in water would be reached after a certain time. These assumptions are certainly valid if referred to systems where the ratios between the amount of fibers and pollutant concentrations are maintained similar to those used in this work. In a closed system, where the volume filled by the gas phase is similar or lower with respect to that involved by the liquid phase, the amount of pollutants present in the gas phase can be neglected due to Raoult’s vapor tension law. Equation (1) can be then written as:


    d C   d t   = −  K 1   [ C ]  +  K 2   [   C  a d    ]  ,  



(11)




under the constraint:    C 0  = C +  C  a d    



Simple calculation shows that the pollutant concentration adsorbed by the fibers at equilibrium   (  C  a d   e q   )   can be calculated by the equation:


   C  a d   e q   =  C 0       K 1     K 1  +  K 2    ,  



(12)




while the time required to reach the equilibrium is given by:


   t  e q   =  1   K 1  +  K 2    l n    (   K 1  +  K 2   )   C 0  −  K 2   C 0     (   K 1  +  K 2   )   C  e q   −  K 2   C 0    ,  



(13)







The maximum percentages of pollutants that can be adsorbed at the equilibrium stage (%adseq), and the corresponding equilibrium time, in a closed polluted water system, can be calculated by using the two above Equations (12) and (13) (Table 6).



It is worth underlining that RF can absorb on average 91% of BTX, which corresponds, in the present case, to 54.6 milligrams of pollutants per gram of fiber, with an adsorption time of about 3.5 h. The MDI-FF shows an average adsorption of about 77%, which corresponds to 46.2 milligrams of BTX per gram of fiber, with an adsorption time no longer than 25 min. PFF adsorbs on average 67% of the pollutants, corresponding to an adsorption capacity of 40.2 milligrams of BTX per gram of fiber, for an adsorption time of 36 min.



This study shows that the functionalized fibers adsorb BTX with a fast kinetic. However, in an open system, fibers release the adsorbed BTX (Figure 5), so it can be thought that they can be more suitably applied in water remediation processes where they are cyclically purified from the adsorbed pollutants by some vacuum extraction and subsequently reused. In other words, they do not generate a waste after their employment. Furthermore, cellulosic fibers are very long living in water systems and their costs are relatively cheap (order of 1–2 euros/kg).




4. Conclusions


This work shows the first application of cellulosic fibers, extracted from Spartium Junceum vegetable species, for the purification of water polluted by BTX. Experiments were carried out in an open system where BTX would have the possibility to gradually leave the polluted water by evaporation. The development of an “ad hoc” mathematical model for the interpretation of the time-varying observed pollutants concentration allowed the estimation of the adsorption, desorption, and evaporation kinetic constants with respect to the cellulose fibers, as well as the prediction of their adsorption capacities both into open and closed systems. The adsorption behavior of the raw fiber was compared with that of the surface modified fibers, thus defined for the insertion of a hydrophobic surface. Surprisingly, the unmodified cellulose fiber showed the highest adsorption capacity for the BTX pollutants. This has been interpreted with the existence of a hydrophobic core under the surface of the fibers. This conclusion is based on the fact that the kinetic constants for adsorption and desorption of the raw fiber are much smaller than those of the functionalized ones. This observation seems to have a straightforward interpretation because the surface of the raw fiber is very hydrophilic and should provide a high activation barrier to the penetration of BTX hydrophobic molecules. The fiber functionalized by means of 4,4′-MDI (MDI-FF), appears to be the most convenient BTX adsorbent, since it has a slightly smaller adsorption capacity than the raw fibers, but a much faster adsorption kinetics (25 min instead of more than 3.5 h to reach the maximum adsorption). The plasma modified fiber, though superhydrophobic, shows the lowest affinity with BTX, probably because it does not have aromatic moieties. The results show that the 4,4′ MDI functionalized cellulosic fiber has efficient adsorbing properties against dissolved BTX in aqueous matrices. From an application point of view, it is possible that these functionalized fibers may find wide use in the purification of waste water deriving from petrochemical industrial activities, in which the concentration of the monitored contaminants is high and persistent.
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Appendix A


Reversible kinetic model of the adsorption and evaporation processes of VOCs dissolved into open aqueous systems



Using the annotations presented in the scheme of Figure 3 (see the article), it can be stated that:


   C 0  = C +  C  a d   +  C  e v       →      C  a d   =  C 0  − C −  C  e v   ,  



(A1)




where  C  and    C  a d     are the water dissolved and the adsorbed pollutants concentrations, respectively,    C  e v     is the concentration lost by evaporation and    C 0    is the pollutant concentration at time = 0.



The developed theoretical model giving a quantitative interpretation of the relative importance of both the adsorption and evaporation mechanisms is:


   {        d C   d t   = −  K  e v    [ C ]  −  K 1   [ C ]  +  K 2   [   C  a d    ]          d  C  a d     d t   =  K 1   [ C ]  −  K 2   [   C  a d    ]        ,  



(A2)




where    K 1   ,    K 2    and    K  e v     are the adsorption, desorption and evaporation kinetic constants.



By setting   C =  x 1    and    C  a d   =  x 2   , Equation (A2) becomes:


   {        d  x 1    d t   = −  (   K  e v   +  K 1   )   x 1  +  K 2   x 2          d  x 2    d t   =  K 1   x 1  −  K 2   x 2        ,  



(A3)




using the following substitution:


   K 3  =  K  e v   +  K 1  ,  



(A4)




the first order differential equations system turns into:


   {        d  x 1    d t   = −  K 3   x 1  +  K 2   x 2          d  x 2    d t   =  K 1   x 1  −  K 2   x 2        ,  



(A5)




this system can be written in a matrix form:


   [       x 1 ′   ( t )         x 2 ′   ( t )       ]  =  [      −  K 3       K 2         K 1      −  K 2       ]   [       x 1   ( t )         x 2   ( t )       ]  ,  



(A6)




in a vector form it becomes:


   x ′   ( t )  = A x  ( t )      w i t h     A =  [      −  K 3       K 2         K 1      −  K 2       ]  ,  



(A7)




the solution for this kind of problems has the typical form:


  x  ( t )  = v  e  λ t   ,  



(A8)




the substitution of Equations (A8) into (A7) leads to:


  λ v  e  λ t   = A v  e  λ t       →     A v = λ v ,  



(A9)




where  λ  are the eigenvalues of matrix  A  and  v  are the associated eigenvectors. Equation (A9) can be written as follows:


   (  A − λ I  )  v = 0 ,  



(A10)




Equation (A10) gives a solution only for those  λ  satisfying the following relation:


   |  A − λ I  |  = 0 ,  



(A11)




that is:


   |      −  K 3  − λ      K 2         K 1      −  K 2  − λ      |  = 0 ,  



(A12)




the determinant calculation leads to:


   (   K 2  + λ  )   (   K 3  + λ  )  −  K 1   K 2  = 0 ,  



(A13)






   λ 2  +  (   K 2  +  K 3   )  λ +  K 2   K 3  −  K 1   K 2  = 0 ,  



(A14)






   λ 2  +  (   K 2  +  K 3   )  λ +  K 2   (   K 3  −  K 1   )  = 0 ,  



(A15)




being    K 3  =  K  e v   +  K 1    (Equation (A4)), it gets to    K  e v   =  K 3  −  K 1   


   λ 2  +  (   K 2  +  K  e v   +  K 1   )  λ +  K 2   K  e v   = 0 ,  



(A16)




the sum of the kinetic constants of the three processes at play becomes:


   K 2  +  K  e v   +  K 1  =  K s  ,  



(A17)




while the product


   K 2   K  e v   =  K p   



(A18)




Equation (A16), therefore, becomes a second order  λ  equation with two solutions:


   λ 2  +  K s  λ +  K p  = 0  



(A19)






  λ =   −  K s  ±    K s 2  − 4  K p     2      w i t h      K s 2  − 4  K p    = β   →    {       λ 1  =   −  K s  + β  2         λ 2  =   −  K s  − β  2         



(A20)







Once the eigenvalues are known, the eigenvectors can be determined using the solution of the differential equations system represented by Equation (A13). Using solution    λ 1    you get:


   (  A − λ I  )  v = 0   →    [      −  K 3  −  λ 1       K 2         K 1      −  K 2  −  λ 1       ]   [       v  11          v  21        ]  = 0  



(A21)




and then:


   [      −  K 3  +    K s  − β  2       K 2         K 1      −  K 2  +    K s  − β  2       ]   [       v  11          v  21        ]  = 0  



(A22)







By multiplying the first row of the matrix by the column vector    v 1   , which is the first solution associated with the first eigenvalue, one component of the vector can be expressed as a function of the other:


   (  −  K 3  +    K s  − β  2   )   v  11   +  K 2   v  21   = 0  



(A23)






   v  21   =  (     K 3     K 2    −    K s  − β   2  K 2     )   v  11    



(A24)






   v 1  =  [       v  11          v  21        ]  =  [       v  11          (     K 3     K 2    −    K s  − β   2  K 2     )   v  11        ]  =  v  11    [     1       (     K 3     K 2    −    K s  − β   2  K 2     )       ]   



(A25)







The component    v  11     is a scalar whose value can be set equal to 1 without losing generality, since this last will be recovered when the solutions will be chosen as a linear combination of terms associated with the different calculated lambda values. The coefficients of this linear combination will be determined on the basis of the boundary conditions which will be specified below. Equation (A25) then becomes:


   v 1  =  [       v  11          v  21        ]  =  [     1       (     K 3     K 2    −    K s  − β   2  K 2     )       ]   



(A26)




the second eigenvector can be obtained in a similar way using the solution    λ 2   :


   [      −  K 3  −  λ 2       K 2         K 1      −  K 2  −  λ 2       ]   [       v  12          v  22        ]  = 0  



(A27)






   [      −  K 3  +    K s  + β  2       K 2         K 1      −  K 2  +    K s  + β  2       ]   [       v  12          v  22        ]  = 0  



(A28)




by multiplying again the first row of the matrix by the column vector, you have:


   (  −  K 3  +    K s  + β  2   )   v  12   +  K 2   v  22   = 0  



(A29)




and then:


   v  22   =  (     K 3     K 2    −    K s  + β   2  K 2     )   v  12    



(A30)






   v 2  =  [       v  12          v  22        ]  =  [       v  12          (     K 3     K 2    −    K s  + β   2  K 2     )   v  12        ]  =  v  12    [     1       (     K 3     K 2    −    K s  + β   2  K 2     )       ]   



(A31)




similarly to what was done for the first solution, it arises    v  21   = 1  


   v 2  =  [       v  12          v  22        ]  =  [     1       (     K 3     K 2    −    K s  + β   2  K 2     )       ]   



(A32)




As previously said, the solutions of the of differential equations system will have the form of Equation (A8) and will be expressed by the following linear combination:


  x  ( t )  =  c 1   v 1   e   λ 1  t   +  c 2   v 2   e   λ 2  t    



(A33)




where    c 1    and    c 2    are the coefficients of the linear combination to be determined through the application of specific boundary conditions, relating to the system in which the processes take place. By substituting the terms obtained so far in Equation (A33) you have:


   [       x 1   ( t )         x 2   ( t )       ]  =  c 1   [     1       (     K 3     K 2    −    K s  − β   2  K 2     )       ]   e    −  K s  + β  2  t   +  c 2   [     1       (     K 3     K 2    −    K s  + β   2  K 2     )       ]   e    −  K s  − β  2  t    



(A34)






   x 1   ( t )  =  c 1   e    −  K s  + β  2  t   +  c 2   e    −  K s  − β  2  t    



(A35)






   x 2   ( t )  =  c 1   (     K 3     K 2    −    K s  − β   2  K 2     )   e    −  K s  + β  2  t   +  c 2   (     K 3     K 2    −    K s  + β   2  K 2     )   e    −  K s  − β  2  t    



(A36)




Equations (A35) and (A36) express the time variation laws of the water dissolved (  C =  x 1   ) and adsorbed (   C  a b   =  x 2   ) concentrations, respectively. By assigning the following boundary conditions:


   {      t = 0        x 1  =  C 0        ,     {      t = 0        x 2  = 0        











Equations (A35) and (A36) become:


   C 0  =  c 1  +  c 2   



(A37)






  0 =  c 1   (     K 3     K 2    −    K s  − β   2  K 2     )  +  c 2   (     K 3     K 2    −    K s  + β   2  K 2     )   



(A38)




by developing this latter equation, you obtain:


     K 3     K 2     (   c 1  +  c 2   )  −    K s    2  K 2     (   c 1  +  c 2   )  +  β  2  K 2     (   c 1  −  c 2   )  = 0  



(A39)




by substituting Equation (A37) into the Equation (A39) you get:


     K 3     K 2     C 0  −    K s    2  K 2     C 0  +  β  2  K 2     (  2  c 1  −  C 0   )  = 0  



(A40)






   (     K 3     K 2    −    K s    2  K 2    −  β  2  K 2     )   C 0  +  β   K 2     c 1  = 0  



(A41)






   (   K 3  −    K s   2  −  β 2   )   C 0  + β  c 1  = 0  



(A42)






   c 1  =  (   1 2  +    K s    2 β   −    K 3   β   )   C 0   



(A43)




   c 2    can be determined using Equation (A37):


   c 2  =  C 0  −  c 1  =  C 0  −  (   1 2  +    K s    2 β   −    K 3   β   )   C 0  =  (   1 2  −    K s    2 β   +    K 3   β   )   C 0   



(A44)







Finally, Equations (A35) and (A36) can be expressed as:


  C  ( t )  =  C 0   [   (   1 2  +    K s    2 β   −    K 3   β   )   e    −  K s  + β  2  t   +  (   1 2  −    K s    2 β   +    K 3   β   )   e    −  K s  − β  2  t    ]   



(A45)






   C  a d    ( t )  =  C 0   [   (   1 2  +    K s    2 β   −    K 3   β   )   (     K 3     K 2    −    K s  − β   2  K 2     )   e    −  K s  + β  2  t   +  (   1 2  −    K s    2 β   +    K 3   β   )   (     K 3     K 2    −    K s  + β   2  K 2     )   e    −  K s  − β  2  t    ]   



(A46)




where:


   K s  =  K 1  +  K 2  +  K  e v    



(A47)






   K 3  =  K 1  +  K  e v    



(A48)






   K p  =  K 2   K  e v    



(A49)






  β =    K s 2  − 4  K p     



(A50)
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Figure 1. Scheme of the cellulose functionalization reaction with the 4,4′-MDI reagent. 
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Figure 2. Scheme of the cellulose functionalization reaction by means of low-pressure plasma technique. 
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Figure 3. Schematization of BTX evaporation and adsorption mechanisms. 
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Figure 4. Time variation of the normalized concentration of BTX in the evaporation experiment. 
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Figure 5. Curve fitting between observed and calculated BTX concentrations for batch tests carried out with: (a) raw fibers [RF], (b) 4,4′-diphenylmethane diisocyanate functionalized fibers [MDI-FF] and (c) plasma functionalized fibers [PFF]. 
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Figure 6. Trend of the dissolved (C), adsorbed (Cad) and evaporated (Cev) BTX concentration with time, calculated by the model using Table 3 results. 
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Table 1. Physico-chemical properties of BTX.
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	Parameters
	Benzene
	Toluene
	Xylenes





	Formula
	C6H6
	C6H5CH3
	C8H10



	Molar Weight
	78.12
	92.15
	106.18



	Density (g/mL)
	0.8765
	0.8669
	0.8685



	Polarity
	Non-polar
	Non-polar
	Non-polar



	Solubility in water (mg/L)
	1780
	500
	175–198



	Octanol-water partition coeff. (20 °C) (logKow)
	2.13
	2.89
	2.77–3.15



	Henry’s law costant (25 °C) (kPa m3/mole)
	0.55
	0.67
	0.50–0.71
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Table 2. Calibration curves analytical parameters.
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	Pollutant
	Retention Time (min)
	Concentration Range (mg/L)
	R2
	LOD (mg/L)
	LOQ (mg/L)





	Benzene
	2.070
	1.56–155.44
	0.9997502
	0.52
	1.56



	Toluene
	3.143
	1.84–184.00
	0.9999607
	0.61
	1.84



	Xylenes
	5.212
	2.04–203.80
	0.9996763
	0.68
	2.03
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Table 3. Values of the evaporation kinetic constants determined by the evaporation experiment.
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	Pollutants
	     K  e v     (  min  − 1   )    





	Benzene
	0.029 (±0.003)



	Toluene
	0.030 (±0.010)



	Xylenes
	0.031 (±0.004)
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Table 4. Fitting results of the kinetic model (Equation (4)).
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RF

	
MDI-FF

	
PFF




	

	
Benzene

	
Toluene

	
Xylenes

	
Benzene

	
Toluene

	
Xylenes

	
Benzene

	
Toluene

	
Xylenes






	
   K 1    (min−1)

	
3.0 × 10−2

	
3.6 × 10−2

	
4.9 × 10−2

	
1.3 × 10−1

	
1.85 × 10−1

	
2.5 × 10−1

	
1.4 × 10−1

	
1.47 × 10−1

	
1.57 × 10−1




	
   K 2    (min−1)

	
1.3 × 10−3

	
2.5 × 10−3

	
9.2 × 10−3

	
5.2 × 10−2

	
5.8 × 10−2

	
5.1 × 10−2

	
7.9 × 10−2

	
7.6 × 10−2

	
6.1 × 10−2




	
   K  e v     (min−1)

	
3.0 × 10−2

	
3.0 × 10−2

	
3.0 × 10−2

	
3.6 × 10−2

	
3.7 × 10−2

	
3.7 × 10−2

	
3.7 × 10−2

	
3.7 × 10−2

	
3.7 × 10−2




	
    K 1  /  K 2    

	
22.52

	
14.32

	
5.34

	
2.53

	
3.19

	
4.84

	
1.81

	
1.94

	
2.58




	
R2

	
0.985

	
0.976

	
0.966

	
0.985

	
0.982

	
0.988

	
0.984

	
0.983

	
0.987
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Table 5. Maximum BTX adsorption percentages (%ads) and related time of occurrence (tmax) in the water polluted open system. Evaporation (%ev) and residual dissolved concentration (%rdc) percentages taking place at the same aforementioned time.
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Benzene

	
Toluene

	
Xylenes




	

	
tmax

(min)

	
%ads

	
%ev

	
%rdc

	
tmax

(min)

	
%ads

	
%ev

	
%rdc

	
tmax

(min)

	
%ads

	
%ev

	
%rdc






	
RF

	
99

	
48.3

	
51.0

	
0.7

	
62

	
50.0

	
46.5

	
3.5

	
40

	
50.4

	
40.1

	
9.5




	
MDI-FF

	
16

	
54.4

	
24.5

	
21.1

	
13

	
60.6

	
20.2

	
19.2

	
16

	
69.1

	
16.4

	
14.5




	
PFF

	
13

	
49.0

	
24.1

	
26.9

	
13

	
50.6

	
23.6

	
25.8

	
14

	
55.7

	
23.0

	
21.3
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Table 6. Maximum BTX adsorption percentages (%adseq) and related time of occurrence (teq) in the water polluted closed system.
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Benzene

	
Toluene

	
Xylenes




	
teq (min)

	
%adseq

	
teq (min)

	
%adseq

	
teq (min)

	
%adseq






	
RF

	
207

	
96

	
174

	
93

	
101

	
84




	
MDI-FF

	
25

	
71

	
22

	
76

	
23

	
83




	
PFF

	
19

	
64

	
19

	
66

	
36

	
72
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