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Abstract

:

The reuse of waste materials for water treatment purposes is an important approach for promoting the circular economy and achieving effective environmental remediation. This study examined the use of bone char/titanium dioxide nanoparticles (BC/nTiO2) composite and UV for As(III) and As(V) removal from water. The composite was produced via two ways: addition of nTiO2 to bone char during and after pyrolysis. In comparison to the uncoated bone char pyrolyzed at 900 °C (BC900), nTiO2 deposition onto bone char led to a decrease in the specific surface area and pore volume from 69 to 38 m2/g and 0.23 to 0.16 cm3/g, respectively. However, the pore size slightly increased from 14 to 17 nm upon the addition of nTiO2. The composite prepared during pyrolysis (BC/nTiO2)P had better As removal than that prepared after pyrolysis with the aid of ultrasound (BC/nTiO2)US (57.3% vs. 24.8%). The composite (BC/nTiO2)P had higher arsenate oxidation than (BC/nTiO2)US by about 3.5 times. Arsenite oxidation and consequent adsorption with UV power of 4, 8 and 12 W was examined and benchmarked against the composite with visible light and BC alone. The highest UV power was found to be the most effective treatment with adsorption capacity of 281 µg/g followed by BC alone (196 µg/g). This suggests that the effect of surface area and pore volume loss due to nTiO2 deposition can only be compensated by applying a high level of UV power.
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1. Introduction


Elevated arsenic concentration in ground water is a global concern that affects not only drinking water availability, but also food safety [1]. Arsenite (As(III)) is the most toxic form of inorganic arsenic. It is present as uncharged arsenious acid in the pH range of 6.5–8.5, which makes it less amenable to adsorption compared to arsenate (As(V)) at the same pH range [2,3]. Therefore, oxidizing As(III) to As(V) was introduced as a viable way of improving inorganic As removal from water. Recent studies have provided an extensive explanation for the mechanism of oxidizing organic and inorganic As(III) to As(V). The oxidation process may be chemically achieved using ozone or iron and manganese compounds, microbiologically using Herminiimonas arsenicoxydans (known as ULPAs1) [4], or photochemically by applying ultraviolet radiation (UV) with or without activating agents such as TiO2, H2O2 or sulfur [5].



With the predicted growth in the world’s population, there is a global concern regarding the expected accompanying rise in waste disposal. For instance, increasing demands on the meat industry lead to an increase in the bone waste, particularly in countries that invest in livestock, such as Australia [6,7]. Exploring ways of utilizing these waste materials for different environmental applications can have a significant impact on protecting the environment in an economic and sustainable fashion. Incinerating the bone waste simultaneously produces energy and useful products such as bone char (BC). Bone char has been reported to have great potential for removing different contaminants from water [8,9]. Despite the high performance of bone char to remove fluoride and dyes from water, limited studies have examined its ability to remove As species, especially As(III). Thus, applying chemical and/or physical modification is crucial to improve its performance in this application [10].



Modification with nanomaterials is considered to be a promising method for improving the sorption capacity of adsorbents for water treatment because of their special physical and chemical properties. Some of these characteristics are related to their particle size and surface area, and photoelectronic and photocatalytic properties [11]. Metal-containing nanoparticles, carbonaceous nanomaterials, zeolites and dendrimers have been found to enhance sorption capacities of various adsorbents [12].



Titanium dioxide (or titania) nanoparticles are versatile, durable, and thermodynamically stable photocatalysts [13,14]. It has been reported to be a promising oxidative and reductive catalyst that is widely explored for removing organic and inorganic contaminants [12]. TiO2 is mainly used as a semiconductor that can create a mobile electron by adsorbing the right amount of energy. Hence, it is commonly applied in combination with UV radiation. TiO2 absorbs UV radiation with wavelengths of ~380 nm with a band-gap larger than 3.2 eV where the electron can move from the valence band to the conduction band [13,14,15]. TiO2 is available in three different forms: anatase, rutile and brookite. Thermodynamically, rutile is the most stable form of TiO2 with a higher surface energy than anatase which has the same particle size [16].



The photocatalyst activity of TiO2 nanoparticles in oxidizing As(III) species was explored from different perspectives. For instance, Xu, et al. [15] reported that the methylated arsenic species were effectively oxidized by hydroxyl radicals formed in catalytic photolysis. Wei et al. [17] reported that high pH levels (11 and 12) are the optimum pH of the highest photocatalytic activity for three different facets of anatase. Guan et al. [18] reviewed the removal of As species using TiO2. Their study revealed that TiO2 had a low sorption capacity for As species at low concentrations. It is recommended that increasing the specific surface area and decreasing the degree of crystallinity may be applicable by supporting TiO2 onto porous materials. This can also reduce the need for separating nanoparticles after treatment. Several studies introduced new composites such as TiO2 with Ag2O [19] or Fe3O4 [20] for As oxidation and removal from water. The present study is designed to evaluate the effect of UV radiation on concurrent arsenic oxidation and adsorption on a composite of nTiO2 and bone char. To the knowledge of the authors, arsenic removal with simultaneous photocatalytic oxidation and adsorption with the composite has not been studied in previous research work, and this study attempts to provide some insight into this treatment process.



Based on the results achieved by our previous study that examined the effect of pyrolysis temperature in the range of 500–900 °C on As removal from water, BC pyrolyzed at 900 °C (BC900) was found to have the highest adsorption capacity for As species [10]. However, As(V) adsorption onto BC900 was more effective as opposed to As(III) under the same experimental conditions. Therefore, this bone char was selected to prepare the adsorptive catalytic composite to remove inorganic As from water without the need for pre-oxidation. The effectiveness of the composite for catalyzing the photo oxidation of As(III) was evaluated along with the overall adsorption capacity. The change in the absorbent structure with different treatment regimens was also tracked using a range of advanced analytical measurements.




2. Materials and Methods


2.1. Reagents and Equipment


Sheep bone samples (Ovis aries) were collected from local shop in Toowoomba, QLD, Australia. All reagents used were of analytical grade. Arsenite standard with a concentration of 1000 mg/L was purchased from Choice Analytical, New South Wales, Australia. Nitric acid (70%, RCI Labscan, NSW, Australia) and sodium hydroxide (Labscan Asia Co. Ltd., NSW, Australia) were used to control the pH of the solutions. TiO2 nanoparticles (anatase, 99.9%, 18 nm) were purchased from US Research Nanomaterials, Inc. Potassium bromide was purchased from BDH Chemicals Ltd., Poole, England.



Arsenic assays were performed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) from PerkinElmer NEXION 300 (PerkinElmer, Shelton, CT, USA). ICP-MS hyphenated to Ultra-High Performance Liquid Chromatography (UHPLC) was used for arsenic speciation applying the method reported in [21]. Throughout the study, pH measurements were made using TPS smart Chem-Lab pH meter. The point of zero charge of the char samples was measured applying dynamic light scattering topology using a Nano-S Zetasizer (Malvern Instruments Ltd., Malvern, UK). After mixing 20 mg of bone char and 20 mL of water, the pH of the solution was adjusted in the range 3–10 using NaOH and HCl solutions following the same procedures reported in Alkurdi et. al. [10]. Ultrasonic cleaner model FXP 14 provided by Unisonic Australia Cleaning Systems, NSW, Australia was used for the composite preparation.



Pyrolysis process of bone char and the composite were performed using Rio Grande kiln, model CS2, USA. Surface morphology and the porous structure visualization of the samples were conducted using Scanning Electron Microscopy (SEM) (JEOL Ltd., model JCM-6000 Plus, Tokyo, Japan). The elemental surface analyses were carried out using SEM-EDS (JEOL JSM-7500FA) with accelerating voltage of 10 kV and probe current of 7.475 nA to detect the presence of Ti on the specimen. Reporting on the exact amount of Ti can be a bit of a challenge from an analytical point of view, as common measurement methods used in the literature such as X-ray fluorescence, FTIR and XRD are similar to EDS as they all provide qualitative results for Ti in solid state. Hence, the use of EDS is regarded as acceptable, and it is commonly applied in similar studies on coating and impregnation of adsorbents [22,23,24]. The composition and the functional groups were analyzed based on the results obtained from Fourier Transform Infrared (FTIR) spectroscopy (IRAffinity-1S FTIR spectrometer, Shimadzu, Kyoto, Japan) following the same procedure for the characterization of the BC900 reported in our previous work [10]. UV light was applied using 4-W Mini Ultra-violet Fluoro Lights (λmax = 360 nm). The surface area, pore size and volume were performed by Particle and Surface Science Pty Limited. BET surface area was estimated from the results of N2 adsorption at 77.3 K using Brunauer-Emmer-Teller.




2.2. Adsorbent Preparation


Bone char samples used in this study were the same as those tested in our previous study [10]. Two different procedures were followed for the preparation of the composite. These are ultrasound-assisted method (composite denoted as (BC/nTiO2)US, where the US used to indicate the use of ultrasound technology) after the pyrolysis of the bone samples and during the pyrolysis of raw bone mixture with nTiO2 (composite denoted as (BC/nTiO2)P, where the P refers to “pyrolysis”).



For the preparation of (BC/nTiO2)US, nTiO2 slurry was prepared by adding 1 g of nTiO2 nanoparticles to 100 mL double distilled water. The slurry was then stirred for 4 h to disperse and suspend the particles in the solution [25]. Thereafter, nTiO2 slurry was shaken for 30 min in ultrasonic cleaner along with 5 g of BC900 (1–2 mm size) that was previously washed repeatedly using distilled water. The washing process was continued until the electrical conductivity was low and stable, indicating the removal of the mineralized ash. The composite was separated using filtration and then dried at 120 °C for 2 h. Afterward, the resultant solids were calcinated at 300 °C for 2 h [25] to obtain the final (BC/nTiO2)US composite. This temperature was selected to avoid any further changes in the structure of the calcinated bone char and the transformation of anatase to rutile.



The second composite ((BC/nTiO2)P) was prepared following a simplified one step method. Briefly, 1 g nTiO2 was added to 5 g of cleaned crushed bone pieces. Bone samples were crushed manually into about 1 cm2 and boiled in tap water repeatedly in pressure cooker until all the fats and marrows were completely removed. Then, the mixture was sprayed with 20 mL distilled water to instigate the adhesion of nTiO2 particles onto the cleaned bone. Next, the resultant product was placed in the kiln at 900 °C for 1 h. Later, the sample was grinded into 1–2 mm in diameter, washed with distilled water thoroughly to remove the excess nanoparticles on the surface and then dried at 60 °C for 24 h. The prepared two composite materials were sealed in plastic bags for later use in the adsorption experiments to avoid moisture entrapment into the composite.




2.3. Adsorbent Experiments


2.3.1. Experimental Setup


The setup used in this study for carrying out the experiments is illustrated in Figure 1. UV light was applied through three lamps with power of 4 W for each lamp [26]. The solution and the adsorbent were placed in a glass beaker (300 mL) and stirred using a magnetic stirrer. In order to avoid the breakage of the composite particles due to the friction between the magnetic bar and the bottom of the beaker, a vent cowl with metal mesh was used to cover the bar while conveying the stirring motion to the solution. Three power levels were tested in this study: 4, 8 and 12 W. For the 4 W test, the lamp was fixed on top of the beaker, whereas for the 8 and 12 W tests, the lamps were secured around the beaker at fixed distance between them.




2.3.2. Experimental Procedure


Adsorption experiments were performed to examine the ability of the composite to remove As species from water compared to that of the uncoated BC900. The oxidation of arsenite under the effect of photolysis and photo-catalytic treatments was also examined. Adsorption experiments were performed by adding 5 g/L of the adsorbent to 100 mL of As(III) solution (2.5 mg/L) and mixed for 4 h at pH 8. The experimental conditions were selected based on a thorough kinetic experimental work on arsenic adsorption with BC900. A summary of the kinetic study outcome is provided in Table 1. For UV treatment, a black box was used to cover the solution to prevent the interference of natural light effects. In order to compare the effect of coating with nTiO2 on BC900, the same experimental conditions were applied with both BC900 and the coated BC900. After the elapse of reaction time, stirring was halted and samples were filtrated and analyzed for the residual As in solution to calculate the removal capacity applying the following formula:


  q =    C 0  −  C f   D  ∗ V  



(1)




where q is the removal capacity in mg/g, C0 is the initial concentration in mg/L, Cf is the final concentration, V is the solution volume (L) and D is the adsorbent dose in g/L.



To examine the effect of UV light power on the oxidation of arsenite in the presence of TiO2, a speciation procedure was carried out using HPLC/ICP-MS as mentioned earlier [20]. As(III) oxidation under the effect of UV light alone was not conducted as oxidation with the small UV power applied is insignificant especially in an unoptimized system configuration where UV losses could be high [27]. If oxidation occurred at all, the produced As(V) would very small and hard to detect. All the results are presented in mean values of three repeats for each experiment, except for the UHPLC analysis, where only two repeats were analyzed.






3. Results and Discussion


3.1. BC/nTiO2 Characteristics


The efficiency of the two composite preparation methods for improving As adsorption was investigated through preliminary tests. It was found that (BC/nTiO2)P was more effective than (BC/nTiO2)US. Hence, only (BC/nTiO2)P is characterized here using a range of analytical measurements. However, FTIR analysis is an exception where comparison between the spectra of (BC/nTiO2)US and (BC/nTiO2)P are presented due to the observed interesting shifts in the peaks for the two composites.



The adherence of nTiO2 onto bone char surface was confirmed using EDS analysis for BC900 and (BC/nTiO2)P as shown in Figure 2. It can clearly be seen that there is a fair amount of Ti detected on the (BC/nTiO2)P composite, indicating that this method was effective for preparing such a composite.



(BC/nTiO2)P was also characterized for the surface pH, surface area, pore volume and pore size as presented in Table 2. Compared to the bone char pyrolyzed under the same conditions, the BET surface area was about half of that of the BC900′s (69 m2/g). Similarly, the pore volume was reduced from 0.24 cm3/g to 0.16 cm3/g for (BC/nTiO2)P compared to BC900. However, the pore size was higher for (BC/nTiO2)P, 17 nm as opposed to 14 nm for BC900 [10]. The SEM images presented in Figure 3 show that the morphology of the char surface became rougher after the deposition of nTiO2 particles. The pores on (BC/nTiO2)P surface were larger but less dense in number compared to BC900 and this agrees with the results presented in Table 2. Similar results were observed by a recent study on coating activated carbon with copper where surface area and pore volume decreased while pore diameter increased with coating [28].



The surface charge of (BC/nTiO2)P was also examined and the results are depicted in Figure 4. The composite surface charge at its initial pH was −9.03 mV. This value increased after reducing the pH of the solution down to pH 5, and then dropped as pH decreased to provide two points of zero charge (pHpzc) at 3.82 and 8.79. Similar results were achieved by Deng et al. [29] after deposition of conductive polymers on TiO2 surface. These results are also comparable to the results reported by Kaya and Yukselen [30], as they showed that the zeta potential has two points of zero charge because they follow the diffuse electrical double-layer theory. Thus, in the case of the coated bone char, one is due to the bone char and the other is related to the nTiO2. It has been reported in the literature that the presence of divalent cations results in two points of zero charge when they exist at high concentrations [31]. However, this is unlikely applicable in the case of the coated bone char as it was not detected in the case of the uncoated char (BC900). In comparison, BC900 has only one pHpzc at a pH of ~8.3 [10]. This means that at the selected pH of 8 for the adsorption experiments, (BC/nTiO2)P is positively charged, while BC900′ surface carries a slight negative charge. This gives (BC/nTiO2)P the competitive edge over BC900 when it comes to electrostatic interaction between negatively charged As species and adsorbents.



FTIR analysis was carried out to detect the changes which resulted after depositing of nTiO2 particles onto the BC900. Figure 5 shows that the deposition of nTiO2 particles decreased the signal of functional groups present on the surface. The composite (BC/nTiO2)US exhibited a significant decrease in the peaks related to the presence of amide groups and the oxygen containing groups in the range 1585–1700 cm−1. It was established that these groups are likely to be related to bone protein decomposition during pyrolysis [10]. This indicates that TiO2 interacts with these groups during pyrolysis, and this led to the disappearance of their corresponding peaks. This is supported by the findings of Roguska et al. [32], who reported a high adsorption capacity of protein onto TiO2. However, these peaks changed only a little for the case of (BC/nTiO2)P. This may be related to the decomposition of the protein in the first stage of the pyrolysis process and less interaction of TiO2 at a lower temperature (300 °C).



Compared to BC900, the peaks associated with     PO  4  3 −     shifted slightly from 1032 to 1041 cm−1, 962 to 956 cm−1 and 563 to 570 cm−1 after TiO2 deposition. Similarly, the peaks at 1408 and 880 cm−1 that are related to     CO  3  2 −     shifted to 1420 and 887 cm−1. In addition, the peak of the hydroxyl group shifted from 3443 to 3448 cm−1 due to the deposition of nTiO2 particles. The shifting in the position of the main peaks of the composite compared to BC900 highlights the change in the BC structure due to nTiO2 particles deposition onto the char surface. Furthermore, the reduction in the BET surface area and pore volume is further evidence of the incorporation of the nanoparticles into the bone char structure. FTIR spectrum of (BC/nTiO2)US showed the formation of a small peak at 1342 cm−1, due to the formation of a Ti-O-Ti bond [33,34]. Depositing nTiO2 particles after pyrolysis resulted in a broader peak of     PO  4  3 −     at 1033 cm−1 and a higher intensity for the peaks related to the presence of     PO  4  3 −     at 570 and 601 cm−1. This may be related to the formation of new complexes between     PO  4  3 −     and the nanoparticles.



The difference in the properties of the composites prepared during or after pyrolysis conditions can be attributed to the effect of temperature on nTiO2. For the case of (BC/nTiO2)P, TiO2 was exposed to a temperature of 900 °C, which probably resulted in the transformation of the photocatalyst from anatase to rutile as such a transformation was reported to occur at 600 °C [35]. In comparison, the anatase in the composite (BC/nTiO2)US was exposed only to 300 °C, and hence TiO2 remained in its original polymorph. The transformation of nTiO2 from anatase to rutile form was confirmed by taking the FTIR spectra for the nTiO2 before and after exposure to 900 °C and compare it with the spectra of previous studies as demonstrated in Figure 6. The analogy between the spectra obtained for nTiO2 before and after pyrolysis at 900 °C in this study and those reported by Kalaivani and Anilkumar [36] is clear. It seems that anatase form has a few characteristic peaks that contracted to one characteristic peak as it transformed to rutile.




3.2. Arsenic Adsorption


The initial As(III) concentration was measured to check for any oxidation that might have happened due to solution mixing. The first step of the adsorption experiments involved comparing the two composites’ efficiency in removing As in the presence of 12 W UV light source. Figure 7 shows arsenic speciation for untreated and treated samples with the two composites. It can be seen that the arsenite adsorption capacity (indicated by the total concentration) and oxidation with (BC/nTiO2)P was higher than that of (BC/nTiO2)US. The adsorption capacity of the former was 57.3% compared to 24.8% for the latter. Recent studies compared the removal of As(III) and As(V) on the two phases of nTiO2 (namely anatase and rutile) and reported that anatase had a higher removal capacity compared to rutile [37,38]. However, in our study, the reverse action was observed, as the TiO2 exposed to 900 °C (rutile form) was more efficient than that exposed to 300 °C (anatase form). This suggests that TiO2 behaves differently when interacting with bone char. The composite of rutile with bone char creates a more effective adsorbent than the composite of anatase with bone char. Based on the measured residual arsenate after adsorption, the oxidation with (BC/nTiO2)P was about 3.5 times higher than that of (BC/nTiO2)US.



Considering the abovementioned results, (BC/nTiO2)P was used to further investigate the effect of UV power level on arsenic adsorption capacity. These tests were compared with treatments of BC900 alone and (BC/nTiO2)P with visible light to evaluate UV effect on arsenic adsorption. Figure 8 compares the removal capacity of As species using the same composite at different power levels with UV light (4, 8, and 12 W). In addition, As removal capacity of UV light treatments were compared to that of the uncoated bone char and those of the coated bone char in the absence of UV light to gauge the impact of UV light addition to the removal process. Increasing UV power from 4 to 8 increased the As adsorption capacity of the solution from 117 to 123 µg/g. Further increase of UV power to 12 W resulted in the highest adsorption capacity of 281 µg/g. Surprisingly, the adsorption capacity of the (BC/nTiO2)P with visible light was slightly higher than those of 4 and 8 W of UV light. This indicates that the minimum UV light required to enhance the adsorption capacity was 12 W per 100 mL for water with arsenic concentration of 2.5 mg/L. BC900 adsorption capacity in Figure 8 represents the contribution of adsorption to the removal while other treatments represent the combined effects of oxidation and adsorption. It can be noticed that BC900 had better adsorption capacity than (BC/nTiO2)P with low UV power and visible light. This could be ascribed to the loss of surface area and pore volume due to TiO2 deposition. In order to make up for the loss of these traits, high UV power needs to be applied to obtain better removal outcome. It should be noted that even with the chemical modification of bone char and UV application, the maximum removal (281.4 µg As/g of (BC/nTiO2)P) could not bring down the concentration of arsenic to the acceptable limit for human consumption (i.e., 10 µg/L based on WHO recommendation). This can probably be achieved by increasing the adsorbent dosage and the contact time and with lower As initial concentration. Bone char alone (BC900) achieved arsenic adsorption capacity of 196 µg/g. Although the increase in the adsorption capacity with nTiO2 modification and UV application is little considering the cost associated with these additions, thorough investigation for the removal mechanisms and kinetics of (BC/nTiO2)P + UV is required to draw a firm conclusion regarding the feasibility of this process for arsenic removal. In comparison to commercially available adsorbents such as GHE and Bayoxide and their high arsenic removal capacity [39,40], bone char might score low. However, bone char has the advantage of being sourced from waste and as a by-product of energy producing processes (i.e., gasification [6]) as well as its ability to be regenerated and reused. These traits make it worth investigation for future potential use for arsenic removal under different environmental conditions.



The changes in bone char and (BC/nTiO2)P structure after As loading and exposure to UV radiation was studied using FTIR analysis and the results are presented in Figure 9. The most prominent peak in Figure 9a is the peak at 1381 cm−1. This peak is assigned to the presence of nitro compounds [41]. The formation of this peak is accompanied by the reduction of the peak at 2013 cm−1, which is assigned to the cyanate compounds that were formed due to the decomposition of the protein in the bone structure at high pyrolysis temperature [10]. The peak at 1647 cm−1 was found to be linked to sodium arsenate [42] and this suggests that an interaction between arsenate and the sodium in the bone char structure might have occurred. Sometimes peaks in the 1600 cm−1 region are ascribed to adsorbed water [43]. However, in the case of this study, a prominent peak only appeared for the loaded composite, confirming that it is related to As interaction with the composite structure. The increased intensity of the broad OH peak at 3425 cm−1 is due to the high potency of TiO2 to attract OH. The reduction in the intensity of the peak related to the presence of     PO  4  3 −     at 1033 cm−1 suggests the possibility of ion contribution to the removal process. The change in the peak’s intensity and width in the region 400–1000 cm−1 is believed to be due to As interaction with oxygen-containing moieties on the char surface [44,45].



Figure 9b shows the differences in the adsorbents’ composition after they were loaded with As species in different treatment scenarios. It appears that UV improves the decomposition of cyanate and promotes the formation of nitro compounds represented by the diminishing peak at 2013 cm−1 and the rise of the peak at 1380 cm−1. The other obvious effect of UV is the change in the spectra for wavenumber less than 1000 cm−1, and this could be due to the formation of hydroxyl radicals in the photocatalytic decomposition of water molecules and the reaction of the latter with arsenic forming As-O compounds on the char.



As removal in BC/nTiO2 may be explained based on the removal mechanism of bone char itself and those for the nano TiO2 particles. Based on our earlier work on bone char, we found that the removal of As species is mainly governed by surface complexation as the predominate mechanism of the removal. Precipitation is also expected to participate in the removal [10]. On the other hand, arsenic removal on TiO2 may follow two different mechanisms. TiO2 may act as an adsorbent for As(III) and As(V) following surface to complexation mechanism due to the formation of     Ti  2    AsO  4 −    and     Ti  2    AsO  3 −   , respectively [46]. The second mechanism is the photocatalytic activity of TiO2, which was found effectively contribute to As(III) oxidation. This process is likely to be the main removal mechanism in the presence of UV radiation [18]. By adsorbing UV light with a band-gap larger than 3.2 eV, the electrons can move from the valence band to the conduction band [15]. As a result, bone char engineered by nTiO2 is likely to provide enhanced sorption photocatalytic capabilities associated with Ti-C, Ti-O and Ti-O-Ti groups on the surface.





4. Conclusions and Recommendations for Future Actions


A composite of bone char and TiO2 nanoparticles was prepared following two different procedures: nTiO2 addition during and after pyrolysis. The two composites were compared for their effectiveness in removing inorganic As from the aqueous solution with the aid of UV. The composite (BC/nTiO2)P proved to be more effective in arsenite removal (57.3% vs. 24.8%) and photocatalytic oxidation (3.5 times higher arsenate produced). Arsenic removal using (BC/nTiO2)P and UV power of 4, 8 and 12 W was tested and compared to the treatment with visible light and BC900. It was found that power levels of 4 and 8 W had a lower As adsorption capacity than that of (BC/nTiO2)P with visible light and BC900. It was concluded that the loss of bone char surface area and pore volume due to nTiO2 deposition can only be compensated by applying high UV power. FTIR analysis of the loaded (BC/nTiO2)P composite with As suggested that removal occurred due to interaction with sodium, hydroxyl radicals and possibly PO4. This study showed that depositing nTiO2 onto bone char and applying UV radiation was successful in achieving simultaneous dual effects of oxidation and adsorption. Further studies for identifying arsenic removal mechanisms and kinetics and isotherms with (BC/nTiO2)P and UV are recommended for future research work. Testing different parameters to achieve low As concentrations that meet regulatory limits is a valuable goal for developing this work further.
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Figure 1. Experimental setup. 
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Figure 2. EDS analyses for (a) BC900 and (b) (BC/nTiO2)P. 
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Figure 3. SEM images for (a) BC900 and (b) (BC/nTiO2)P. 
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Figure 4. (BC/nTiO2)P surface charge at various pH levels. 
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Figure 5. FTIR spectra of BC900 and its composites prepared following two different procedures. 
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Figure 6. FTIR spectra for (a) nTiO2 before and after exposure to 300 °C and 900 °C in this study and (b) TiO2 transformation with temperature from anatase to rutile. Adapted from Ref. [36]. 
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Figure 7. Arsenic speciation for (a) untreated sample, (b) treated sample with UV and (BC/nTiO2)US, (c) treated sample with UV and (BC/nTiO2)P. 
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Figure 8. As removal capacity with different treatment scenarios. Experimental conditions: pH = 8, As(III) initial concentration = 2.5 mg/L, adsorbent dose = 5 g/L. 
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Figure 9. FTIR analysis for (a) As loading effect on (BC/TiO2)P structure and (b) UV and nTiO2 effect on BC900 structure. 
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Table 1. Optimum operating conditions for As species removal with BC900.
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Experimental Condition

	
Range

	
As Species




	
As(III) Optimum

	
As(V) Optimum






	
Initial concentration (mg/L)

	
0.5–50

	
Maximum removal of 45.99% at 2.5 mg/L

	
Maximum removal of 55.29% at 1 mg/L




	
pH

	
4–10

	
8.6

	
7.5




	
Contact time (h)

	
0–12

	
4

	
4




	
Bone char dose (g/L)

	
2.5, 5 and 7.5

	
5

	
5
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Table 2. (BC/nTiO2)P characteristics.
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	Pyrolysis Temperature (°C)
	900



	Surface pH
	9.9



	pHpzc
	3.82 and 8.79



	BET Surface Area (m2/g)
	38



	Pore Volume (cm3/g)
	0.16



	Pore Size (nm)
	17
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