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Abstract

:

This work demonstrates the potential of Fe-modified biochar for the treatment of arsenic (As) simulated wastewater and the monitoring of adsorption in real-time. Specifically, we propose the utilization of date-palm leaves for the production of biochar, further modified with Fe in order to improve its adsorption function against inorganic pollutants, such as As. Both the original biochar and the Fe-modified biochar were used for adsorption of As in laboratory batch and column experiments. The monitoring of the biochar(s) performance and As treatment was also enhanced by using the spectral induced polarization (SIP) method, offering real-time monitoring, in addition to standard chemical monitoring. Both the original and the Fe-modified biochar achieved high removal rates with Fe-modified biochar achieving up to 98% removal of As compared to the 17% by sand only (control). In addition, a correlation was found between post-adsorption measurements and SIP measurements.
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1. Introduction


In Saudi Arabia, freshwater sources are scarce. The supply of water largely depends on extraction from non-renewable groundwater aquifers and seawater desalination to meet the increasing demand for municipal, agricultural, and industrial uses [1,2]. Protecting these limited sources from contamination is of prime concern to the water authorities. Arsenic (As) is a hazardous contaminant regulated and monitored by local water authorities [3]. It is considered a significant threat to human health and is listed by the World Health Organization (WHO) as a Class-I carcinogen with the threshold limit in drinking water set at 10 μg L−1 [4]. Sources of As contamination in groundwater are diverse, and the majority of other contaminants can either be man-made or of natural origin. Several countries with elevated concentrations in their groundwater closely monitor As levels [5,6]. It is estimated that around 230 million people are affected by arsenic-contaminated drinking water [7].



Arsenic in water can be found mainly in two different redox forms, arsenate (As(V)) and arsenite (As(III)), which differ in mobilization and toxicity [8]. In anoxic environments, As is mainly present in the form of As(III); whereas in oxic environments, As(III) is oxidized to As(V) [9]. Ion exchange, adsorption, oxidation, coagulation-flocculation, and membrane separation to remove As from groundwater have been investigated [10]. Most of these technologies have several short comings related to efficiency and cost [11,12,13,14]. Studies have shown that biomass-based adsorbents can be easily and reproducibly prepared, show excellent adsorption performance, and can be recovered and reused in subsequent runs [15,16]. The mechanisms involved in As adsorption by porous materials have been thoroughly reviewed and established [15,17,18]. Conventional adsorbents such as carbonaceous materials and fly ash, have exhibited a positive adsorption behaviour, but this is towards As(V) rather than As(III), which is highly toxic and mobile compared to As(V) [19,20].



Biochar is a porous, solid residue of biomass pyrolysis generated at high temperatures, between 300 °C and 800 °C [21]. The production conditions, mainly temperature, heating rate and residence time, and the initial biomass composition, determine the physicochemical properties of the product [22]. The behavior and efficiency of biochar in various applications, such as soil nutrient enhancement, soil remediation [23], and wastewater treatment, are determined from those properties [24]. Biochar is utilized in wastewater treatment as a reusable adsorbent or a substrate to produce catalysts for the oxidative destruction of organic compounds. Its environmental applications are driven by the properties, which in turn are determined by the feedstock material utilized and the conditions under which it is pyrolyzed. Βiochar and biochar-based composite materials have demonstrated their adsorption performance in a wide range of organic and inorganic contaminants, such as As, Cd and organics such as PAHs [25]. Recently, Chen et al. demonstrated the efficiency of Fe/Mn-modified biochar to remove As (ΙΙΙ) [26]. At a starting concentration of 1 mg/L As, the group achieved removal of 81% at pH 3. Using Fe-modified biochar, Navarathna et al. [27] achieved As removal below WHO’s limit for wastewater discharge (0.2 mg/L) starting from an initial concentration of 10 mg/L at 25 °C and pH 8. Similarly, Park et al. deposited Zn on biochar and achieved a near-complete As removal (starting As concentration of 100 mg/L) at pH 6 and adsorbent dosage of 8 g/L [28]. Interestingly, the authors suggested that metal-impregnated biochars or biochar with a high naturally-occuring metal concentration show a better adsorption behaviour towards As. Most studies involving biochars and contaminants in aqueous solutions are laboratory-based, whereas results from pilot-scale remediation are limited [29]. Biochars immobilize contaminants by physical adsorption on their porous network, precipitation as insoluble carbonates/phosphates and/or electrostatic interactions (H-bonding, complexation) between the biochar surface functional groups and a charged part of the contaminant. Previous research has investigated the range of electrostatic interactions between biochar/biochar-based catalysts and pollutants [26,30,31,32]. Attraction between opposite charges, inherent chemical affinity with functional groups on the biochar surface, hydrogen bonding, and cation–cation interactions have all been conclusively demonstrated to play the most important roles [33,34].



Depending on the pollutant of concern, the surface of biochar may be modified accordingly to increase its adsorption performance. In this framework, chemical and physical alterations such as steam activation, gas purging, and metal or oxide impregnation have been commonly applied [35,36]. Iron oxides such as Fe3O4 have been shown to form complexes with heavy metals (such as Fe-arsenate) and increase the surface electrostatic attraction, and surface precipitation [37,38]. Even with modest surface area biochars, Fe modification has been shown to considerably improve heavy metal wastewater cleanup, particularly As removal [39,40,41,42]. Furthermore, deposition of Fe3O4 renders the adsorbent magnetic and thus easily separable from the treated solution by using a magnet.



In wastewater treatment studies, the success of the adsorption process is measured by collecting aqueous samples at predetermined intervals and at the end of the procedure, it is followed by chromatographic or spectroscopic analysis to determine the residual concentration of the pollutants, such as arsenic and organic dyes [7,24]. In practice, this is typically time-consuming and costly, because it may necessitate many analyses for a single experimental run and extensive reagent use, in addition to the geographical and temporal limitations of point sampling. Furthermore, in field-scale remediation studies where several runs may be impractical, obtaining information during the process rather than after its conclusion would allow for treatment adjustment if and when it is needed. As a result, real-time pollutant concentration monitoring would be a significant methodological leap for wastewater treatment and soil remediation applications.



Geophysical technologies provide non-invasive, high-resolution (temporal and spatial) monitoring of a parameter directly linked to a physical property of interest. For example, electrical methods have been extensively used to characterize contaminated land, and monitor remediation efforts [43,44,45]. Another well-established exploration geophysical method, spectral induced polarization (SIP), is increasingly being employed as a remediation monitoring tool in lab and field applications [46,47,48,49] because of its sensitivity to the medium’s bulk and interfacial parameters and/or the pollutant under examination [50]. Kirmizakis et al. [51] presented the first-ever study of biochar, focused on environmental management, utilizing SIP as a characterization and monitoring tool. They used different fractions of biochar in inert porous media as a remediation agent for olive oil mill wastewater (OMW), a waste effluent with heavy organic load, in static laboratory columns, while monitoring the SIP responses over a period of ten days. The positive findings indicated that variations in SIP responsiveness were associated with OMW sorption on biochar, which affected its surface characteristics. These findings were very encouraging, both for the treatment of organic waste using biochar and SIP as a monitoring and characterization tool.



Therefore, the main objective of this study was to investigate the adsorption performance of Fe-modified biochar prepared from date palm leaves for the removal of As(V) from As(V)-containing simulated water, combined with real-time SIP monitoring. In this framework, the study was conducted in two phases. Phase (I) included the batch adsorption study in determining the optimum treatment conditions of As by biochar. The effect of pH, adsorbent dosage, and stirring rate were investigated. Phase (II) included the SIP monitoring of the adsorption process in pilot-scale columns under the optimum conditions determined in Phase (I).




2. Materials and Methods


2.1. Materials


As standard stock of As(V) was prepared using lab-grade As (1000 µg/mL, Ultra Scientific, North Kingstown, RI, USA) and followed by acidification with 0.1 N HNO3 (ACS Reagent Grade, 70%, Ricca Chemical, Arlington, TX, USA). Iron nitrate (Fisher Chemical, Hampton, NH, USA, 98% purity) was used for biochar modification. HCl (Fisher Chemical 36.5–38%) and NaOH (research products international—RPI pellets) were used for pH adjustments. Ultrapure water (Milli-Q Ultrapure Type 1 water) was used for preparing stock solutions. Clean sand was employed as the porous reference material in SIP monitoring tests. This sand was washed with HNO3, HCl, and ultrapure water (18.1 MΩ·cm) until the pH reached 7.



Dried date palm leaves (DPL) were obtained from a private farm in Khobar, Eastern Saudi Arabia, and utilized as biochar feedstock. Biochar production by DPLs has been increased in recent years due to their abundance in the Middle East and the high volume of waste produced from the cultivation of the palm trees [52]. The leaves were cleaned with distilled water, air-dried for 24 h, crushed, and sieved to a particle size of less than 1 mm. For pyrolysis, DPLs were transferred into iron column-rods (to minimize oxygen) and placed in a muffle furnace at desired temperatures (300, 500, and 800 °C) for 4 h [53]. The prepared biochars are referred to as BC300, BC500 and BC800. Following production, the biochar was sieved, and only the ≤300 µm fraction was utilized to conduct the experiments. The produced biochar was Fe-modified following the procedure of Din et al. [54]. Biochar was mixed with Fe(NO3)3 (High purityLab grade) and deionized water (Milli-Q) in the ratio 10 g:7 g:250 mL. The pH of the mixture was raised to 11 using 0.1 M NaOH. The mixture was stirred overnight on a hot plate at 40 °C. Multiple washing rounds were then conducted using DI water until the pH was neutral (7). The remaining liquid was decanted, and biochar was kept for oven drying at 105 °C. The raw biochar and the Fe-functionalized sample were characterized in accordance with the European Biochar Certificate requirements (EBC). Their surface morphology was captured using scanning electron microscopy (SEM) Tescan Lyra-3. The raw and modified biochar’s C, H, and N content was measured by an elemental analyzer (Perkin Elmer EA—2400). The crystalline structure was determined using XRD (Ultima IV), and reflection data was acquired as a survey scan using a Panalytical vertical diffractometer with copper Kα radiation. The surface functional groups in raw and modified biochar before and after As adsorption were identified using FTIR spectrophotometry (Smart iTR NICOLET iS10) in the range of 4000–550 cm−1.




2.2. Methods


2.2.1. Batch Adsorption Studies


Batch adsorption experiments were conducted in 50 mL conical flasks to determine the adsorption capacity of the biochar sample and highlight the influence of the most important process parameters (solution pH, adsorbent dosage) prior to the SIP-column adsorption monitoring. We used 4 g/L of biochar in all runs with varying As concentrations (0.5 to 30 mg/L). Experiments were conducted on an automatic shaker at 200 rpm under 23 °C temperature. After reaching equilibrium, the mixture was allowed to settle, and 2 mL of the sample was collected for further analysis. The samples were analyzed using ICP-OES (Plasma Quant 9000; Analytik Jena GmbH). The effect of pH on adsorption was studied at pH values of 3, 5, 7, 9, and 11. The pH of the solution (before biochar addition) was adjusted using either 0.1 M NaOH or 0.1 HNO3. The effect of stirring rate was investigated by repeating specific adsorption runs at various agitation speeds (i.e., 100, 150, 200, and 250 rpm). For the effect of the adsorbent dosage, 2, 4, 8, 12, 16, and 20 g/L of adsorbent was used.




2.2.2. SIP Monitoring


A preliminary geophysical investigation was done by Siddiq et al. [3] in order to correlate SIP parameters (real and imaginary conductivity) to the interactions (and therefore removal) of As(V) with biochar. Recent published work can provide detailed discussion on SIP and the used experimental set-up [3,51]. In brief, three laboratory columns of 240 mm length and 38 mm diameter, were prepared in accordance with previous work [51]. One column was filled with sand and served as a control, while the other two were filled with BC-500 adjusted sand at 5% and 10% by weight, respectively. The biochar:sand ratio was 7.4:140 and 14.8:132.6 mL respectively for 5% and 10% amended columns. To ensure complete saturation of the columns and avoid flow channeling, the solutions were pumped from the bottom to the top of the columns at a constant flow of 0.16 mL·min−1 for 16 h. Due to the higher colume required, the concentration of As(V) was kept to 1 mg/L. The SIP technique includes measuring the phase shift (φ) and conductivity magnitude (|σ|) of an injected current, typically across a wide frequency range, to estimate the real (σ’) and imaginary component (σ”) of complex conductivity (σ*).


   σ *  =  σ ′  + i  σ  ″   ,  
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The real part (  σ ′  ) is an electromigration term describing energy loss (conduction), while the imaginary part (  σ ″  ) is a charge term, describing energy storage (polarization) [50,55,56].



ICP-OES was used to assess the residual As(V) concentration in eluates collected from the outflow at certain time periods (Plasma Quant 9000). All investigations were carried out in a controlled laboratory setting at a temperature of 23.5 ± 2 °C. Following the 16-h monitoring experiment, the porous media from all columns was collected, and the biochar samples were separated from the sand by sifting due to pore size differences, air-dried, and kept at 4 °C until representative samples were submitted for further investigation.






3. Results and Discussion


3.1. Biochar Characterization


Preliminary screening of the As(V) removal rates for the DPL and the raw biochars after 120 min showed that BC-300 was not effective in removing As(V), whereas BC-500 and BC-800 demonstrated the ability to adsorb As(V) by 15% and 22%, respectively. This can be expected due to greater porous structure formed in biochar produced at higher temperatures, as reviewed by other similar research studies [57]. Therefore, these biochars were then selected for further characterization work by conducting the proximate analysis, while BC-300 was not used due to the low adsorption performance. Table 1 shows the ash content and elemental composition of the feedstock, BC-500 and BC-800 biochars. The ash content and carbon % increased as pyrolysis temperatures were raised. A similar trend was observed in other studies that produced biochar from date-palm waste and generally other studies involving the production of biochar [22,36,58]. However, it is important to highlight that the yield obtained in this study was higher compared to that reported in earlier studies. Usman et al. [59] prepared biochars from date palm leaves and reported a yield of 32.38% at 500 °C and 27.4% at 800 °C. This discrepancy may be due to the additional compaction of feedstock carried out in iron-rods, eliminating voids that can contribute to oxidation and subsequent loss of yield. The organic O content increased at 500 °C; however, it was reduced to 800 °C. This indicates that BC-500 contained a higher concentration of oxygenated functional groups compared to BC-800. The O/C and (N+O)/C ratios are closely connected to the polarity and hydrophobicity of biochar [60]. As these ratios increase, biochar becomes more polar and therefore less hydrophobic. Therefore, BC-500 appears to be more polar and hydrophilic than the original biomass, whereas BC-800 considerably more hydrophobic. This may be due to the stripping of the oxygenated functional groups from the BC-800 surface, as is also indicated by the organic O content values.



The XRD profile (Figure 1) reveals information about the structure of the raw biochar and the Fe-modified derivative. When a substance is crystalline, well-defined peaks can be observed, whereas non-crystalline or amorphous materials exhibit hollow peaks [61]. The broad reflection at 2θ = 20–25° is indicative of amorphous biochar and is consistent with other unmodified biochars of poor crystallinity reported in the literature [61,62]. In the pattern corresponding to Fe-BC-500, the intense peak at 2θ = 23.3° corresponds to the (110) plane of α-FeOOH, whereas the peak at 2θ = 25.5° is attributed to the (012) plane of α-Fe2O3 [63]. The major peak at 2θ = 35.45° corresponds to the crystalline plane with a Miller index of (311). Other peaks of lower intensity include 2θ = 30.10° (220), 43.10° (400), 53.45° (422), 56.98° (511), and 62.57° (440), matching the standard diffraction patterns of Fe3O4 [27]. Therefore, it appears that the preparation methodology deposited various forms of Fe on the biochar surface.



As shown in Figure 2, the SEM images confirmed the porous structure for biochar. Figure 2a,b indicate uniform morphology, and horizontally stretched pores for both BC- 500 and BC-800. This trend is generally observed in other studies that produced biochars from biomasses at temperatures exceeding 500 °C [58,64,65]. The post-adsorption image of Fe-BC-500 shows coverage of the surface in a form of a smooth layer that may inhibit adsorption, as active sites are saturated. The structure after adsorption is amorphous and morphologically less favorable for further interaction with As ions. The surface covering may alter biochar’s surface properties, which in turn could impact the electrical double layer (EDL) leading to measurable SIP changes, expressed primarily as changes in the imaginary component.




3.2. Adsorption Study


Fe-modified biochars (Fe-BC-500 and Fe-BC-800) demonstrated significant sorption capacity towards arsenic. The comparison between the raw and modified biochar samples can be seen in Figure 3. Modification with Fe played a critical role in adsorption, resulting in considerably higher As removal by the Fe-modified biochars. After 30 min, Fe-BC-800 achieved the highest As(V) removal of 77.8%. However, after 120 min, both Fe-BC-800 and Fe-BC-500 removed 74.1% and 75.8% of As, respectively. Since the performance of these samples was comparable at this time, Fe-BC-500 was considered as the optimum sample due to the lower preparation temperature in pyrolysis and higher yield achieved. Subsequent tests (effect of dosage and pH) were performed with Fe-BC-500 only. The interactions of Fe-functionalized carbonaceous materials with As have been widely researched and described in the literature [66,67]. Although a two-step sorption process of As(V) oxyanion on iron oxide hydroxide based on the production of monodentate and bidentate complexes has been proposed; electrostatic interactions such as H-bonding and pH-dependence also play a role in the adsorption process.



It could be considered that the adsorption rate would be proportional to the biochar dosage. However, the adsorption rate (Figure 4a) shows a rapid increase from 2 to 4 g/L dosage, followed by an almost stable rate to 8–12 g/L and a slight increase after that. Considering the efficient use of biochar and that a higher biochar dosage could lead to agglomeration of biochar particles beyond a threshold value, 4 g/L was selected as the optimal dosage for adsorption experiments.



Variation in pH influences the presence of surface charge on the adsorbent, which in turn determines the degree of electrostatic attraction. Figure 4b presents the removal of 5 mg/L As(V) at various pH (3, 5, 7, 9 and 11) values using Fe-BC-500. The optimal pH value for arsenic sorption was 5, satisfying the regulation limit of 0.2 mg/L with a residual concentration of 0.1 mg/L. Beyond this value, the efficiency drops below 90%. Similar results have been reported in other research studies [26,43]. It is known that As is classified into various species such as H3AsO4, H2AsO4−, HAsO42−, and AsO43− depending on the initial pH. Considering the distribution of As species according to pH, H2AsO4− is the main species at pH 3–6, whereas HAsO42− and AsO43− are the main species at pH 6–8 [68]. At lower pH values, the surface of the adsorbent is protonated by sufficient hydrogen ions [69]. Although the point of zero charge (pHpzc) was not measured for Fe-BC-500, it can be suggested that the surface of Fe-BC-500 is positively charged in the pH region of 4.5–5.5, therefore electrostatic interaction occurs between the positively charged surface of Fe-BC-500 and anionic As species. At the optimum pH 5, 98% of arsenic was removed and further experiments for determining adsorption isotherms were conducted, by adjusting the initial pH to 5.



Tests at different stirring rates were also performed. As shown in Figure 5, a stirring rate of 100 rpm was insufficient to achieve effective As adsorption, whereas gradually increasing the stirring rate to 250 rpm, increased As(V) removal by more than 20% (from 72.6 to 93.2%). Higher stirring rates increase the frequency of contact between adsorbate molecules and the surface groups of carbonaceous materials and therefore reduce the required time to achieve equilibrium. However, it has been reported that stirring rates beyond 250 rpm do not affect the removal efficiency of As sorption [70].



The FTIR spectra of BC-500, Fe-BC-500 (before sorption) and Fe-BC-500 (after sorption) are presented in Figure 6. In the single bond region (2500–4000 cm−1), the broad band at 3375 cm−1 corresponding to the stretching vibration of the –OH group, was increased, an observation also made by other researchers. This is due to the formation of As(OH)3, which adsorbs weakly at the water–magnetite interface through a network of hydrogen-bonded interactions with water molecules on the surface of the adsorbent [71,72]. The band at 2978 cm−1 is due to the asymmetric/symmetric stretch of the methyl C-H bond. In the double bond region (1500–2000 cm−1), the band at 1578 cm−1 is attributed to the carboxylate anion (RCOO−), whereas the band at 1377 cm−1 is attributed to the asymmetric/symmetric bend of the methyl C-H bond. The band at 1111 cm−1 corresponds to the C-O stretch of secondary alcohols [73]. The band at 787 cm−1—observed at the Fe-BC-500 after As adsorption—may be attributed to the As-O bond, thus confirming the presence of As on the Fe-BC-500 surface [74]. The sharp band at 565 cm−1 is characteristic of the vibration of the Fe-O bond [42].



Adsorption isotherms describe the equilibrium performance of adsorbents and are usually used for characterization of the porous solids as well as designing the adsorption process at a larger scale. The experimental data were fitted into the Langmuir and Freundlich model isotherms and the results are shown in Table 2. Both the Langmuir and Freundlich isotherms model described the adsorption process satisfactorily. Therefore, it can be suggested that adsorption of As on Fe-BC-500 was a combination of monolayer (Langmuir) and heterogeneous multi-layer (Freundlich) processes. Taking into account the SEM observations, it may be suggested that As interacted with the inhomogeneously deposited clusters of Fe3O4 in addition to any interactions with functional groups on the Fe-BC-500 surface [75]. A comparison to other adsorbents highlights the dependency of As adsorption on the solution pH and leads to the conclusion that additional parameters should be taken into account before scale-up, such as the cost of adsorbent production and recyclability. Kinetic analysis of the adsorption of As on Fe-BC-500 revealed that the process follows the pseudo-2nd order model (K2 = 0.8·10−5, qe(mg/g) = 4.3, R2 = 0.96), rather than the pseudo-1st order model (K1 = 0.0107, qe(mg/g) = 4.02, R2 = 0.80). This observation agrees well with earlier studies of As adsorption on various carbonaceous adsorbents [27,76].




3.3. SIP Monitoring


Both 5% and 10% Fe-BC-500 modified columns successfully removed As(V) from wastewater of initial concentration 1 mg/L and residual concentrations 0.0129 and 0.0187 mg/L respectively. When compared to the reference column, both biochar-amended columns obtained high removal up to 98%, while the reference column removed 17%. The control column showed a shallow decrease in the first 4 h and a slight increase afterward, compared with the biochar amended columns, followed by no change over the duration of the experiment probably related with required saturation of the not conductive sand used. The biochar-amended columns showed no discernible change. As a result, the 5% Fe-BC-500 is the most efficient under our testing conditions. Although a higher biochar concentration would imply a greater number of active sites and functional groups accessible to interact with As(V), particle aggregation in the column might cancel out any more adsorption sites, even lowering the overall number of available sites [33,51].



The SIP response (real and imaginary conductivity) appeared to be heavily influenced by As(V) adsorption (Figure 7). The higher real conductivity of 10% Fe-BC-500, compared to 5% Fe-BC-500, is explained by the contribution of the higher concentration of biochar itself. The real conductivity dropped significantly after 4 h, attributed to the fast removal of As(V) ions (lowering bulk conductivity) due to adsorption on biochar surface, followed by a smaller drop after 5 h, until the end of the experiment. The imaginary conductivity of 10% Fe-BC-500 during the first hour is also slightly higher than the 5% Fe-BC-500 amended column, possibly associated with higher surface area [82], suggesting that SIP can be used to quantify biochar content in porous media. Similarly, the imaginary conductivity appears to follow a similar pattern. Increased imaginary conductivity for 10% Fe-BC-500 may also be attributed to membrane polarization, which is prevalent in porous media with pore constrictions and high cation exchange capacity (CEC) [83,84,85]. SIP measurements were taken in the 0.01–10 kHz frequency range. We focused on the 10 Hz frequency (Figure 7) to better comprehend the temporal nature of SIP because it appeared as a first moderated peak in both data, although other frequencies (up to 100 Hz) revealed comparable tendencies. The actual conductivity data corroborated the As effluent monitoring.



SIP could offer a long-term monitoring solution, providing real-time information on the biochar-based adsorption process. The correlation of the SIP parameters (real and imaginary conductivity) to the interactions (and therefore removal) of the As(V) with biochar, can advance current efforts for quantitative interpretation of geophysical signals, along with developing new research opportunities for remediation approaches. For example, the findings of this work can be translated to real-time monitoring advancements of other environmental processes, such as soil remediation and/or anaerobic digestion of bio-waste. In the environmental engineering field, assessing the efficiency of a natural adsorbent (biochar) for the removal of harmful contaminants from the environment is critical. The proposed SIP technology is expected to provide a fast, economic and efficient technology to do so.



Although our results show that SIP responses follow the general trend in the interactions between As and the Fe-functionalized biochar; further investigation of experimental parameters, such as pH dependency, H-bonding, and particle size distribution ash content, is required to explore the links between the SIP responses and the sorption processes to provide insight on which mechanism is dominant.





4. Conclusions


This work demonstrated the utilization of date palm leaves for the production of biochar and its subsequent application as adsorbent of As(V) in aqueous solutions. Given the large quantities of date palm tree residues that end up in landfills in Middle Eastern countries, alternative exploitation strategies are important. The Fe-modified biochar derivative, prepared at the temperature of 500 °C, exhibited the highest adsorption performance at pH 5. The Fe-BC dosage of 4 g/L was determined as the optimum, whereas stirring rates higher than 200 rpm were necessary to achieve a reduction in As concentration from 5 to 0.1 mg/L at pH 5. The real-time monitoring indicated that even over a relative short experimental time (16 h) the SIP signal (real and imaginary component) was consistent with As(V) removal as confirmed by chemical analysis. The SIP signal showed a continuous gradual decrease, that almost reached a plateau at the end of the experiment. However, the imaginary component of 10% showed a different behaviour, with a dramatic drop early on (influenced by the real component changes), followed by an increasing trend with a reducing rate of increase. This dominant signal, after 5 h, was probably related to the higher availability of As sorption sites that resulted in larger changes in the BC surface properties. Such a multi-disciplinary approach has not been applied on As wastewater treatment before, and although more research is needed to establish colnclusive links, we hope that we will contribute to discovering a complete, consistent unified model, which will include all the individual theories and will not contain arbitrarily selected parameters that regulate its ex-post agreement with the data of the observations. Combining the use of the SIP method’s sensitivity to the interfacial conductivity and adsorption characteristics of biochar opens up new avenues for cost-effective and efficient wastewater treatment monitoring. SIP is a promising method that could address most of the shortcomings that prevent biochar’s wide application in environmental management. In contrast to all existing biochar characterization methods, SIP does not require physical sampling, is rapid, and provides information about the investigated volume (in contrast to point sampling and analysis).
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Figure 1. X-ray diffraction (XRD) patterns of BC-500, Fe-BC-500 before As(V) adsorption. 
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Figure 2. Scanning electron microscopic images of (a) BC-500, (b) BC-800, (c) Fe-BC-500 before adsorption and (d) Fe-BC-500 after adsorption. Fe-BCimages show the formation of inhomogeneous Fe layers that are not present in the initial biochar. 
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Figure 3. Arsenic sorption of raw and Fe-modified biochar produced at 500 °C and 800 °C through an ICP-OES spectrometer. The tests were conducted on an automatic shaker at 200 rpm under 23 °C temperature for two hours. 0.2 g adsorbent was added in 50 mL volume for an initial concentration of As of 5 mg/L and pH 7. 
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Figure 4. Effect of (a) Fe-BC-500 dosage and (b) pH on As(V) adsorption. Initial As(V) concentration was 5 mg/L, pH 7 (for the effect of dosage) and biochar dosage 4 g/L (for the effect of pH). 
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Figure 5. Effect of stirring rate using Fe-BC-500. 
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Figure 6. FTIR adsorption spectrum of BC-500, Fe-BC-500 before As(V) adsorption and Fe-BC-500 after As(V) adsorption. 
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Figure 7. (a) Real and (b) imaginary conductivity of 5% and 10% Fe-BC-500 amended columns for the duration of the experiment (10 Hz) compared with As concentrations (mg/L) are shown. Control As concentration (mg/L) is also presented, while the SIP response of the control column is truncated in order to increase the scale contrast between 5% and 10% Fe-BC-500 results. Initial As(V) concentration was 1 mg/L and pH 5. 
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Table 1. Basic elemental composition of the biochar produced.
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	Sample
	Yield (%)
	Ash (%)
	C

(wt. %)
	H

(wt. %)
	N

(wt. %)
	S

(wt. %)
	O 1

(wt. %)
	Atomic

H/C
	Atomic

O/C
	Atomic

(N+O)/C





	Date palm leaves
	-
	8
	48.97
	5.28
	2.89
	0.56
	31.16
	1.29
	0.47
	0.52



	BC-500
	79
	11.7
	50.19
	2.80
	1.80
	0.26
	33.51
	0.66
	0.49
	0.53



	BC-800
	48
	26
	55.40
	1.12
	1.12
	0.0
	30.95
	0.24
	0.41
	0.43







1 Calculated as the difference of 100—(C + H + N + S + ash).
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Table 2. Parameters of the Langmuir and Freundlich isotherm models and comparison of the Qmax value with the published literature are presented.
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Adsorbent

	
Langmuir

	
Freundlich






	

	
Qm (mg/g)

	
KL (Lg−1)

	
R2

	
n

	
KF (mg1-ng−1Ln)

	
R2




	
Fe-BC-500

	
0.962

	
3.42

	
0.85

	
54.3

	
6.91

	
0.89




	
Qm (mg/g) values of other adsorbents




	
Fe-bamboo biochar, pH 7, 25 °C [76]

	
49

	
Magnetic pinewood biochar, pH 7 [77]

	
0.3




	
Fe-hickory biochar, pH 5.8 [78]

	
22

	
Zero valent iron switchgrass biochar, pH 7–7.5 [79]

	
7.9




	
Tea waste magnetic porous carbonaceous, pH 5 [80]

	
38

	
Iron impregnated biochar, pH 3 [81]

	
14.7
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