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Abstract:



Schwertmannite, a kind of iron oxyhydrosulfate mineral, can removal arsenic(III) from arsenic(III)-bearing groundwater by the adsorption process. In this study, schwertmannite was bio-synthesized by Acidithiobacillus ferrooxidans LX5 in shaking flasks (160 rpm) containing a 0.16 mol/L FeSO4 liquid solution. After bio-synthesis, 25.5% of the bio-synthesized schwertmannite adhered to the reactor wall (designated as adhered-sch) and the remainder was suspended in the system (designated as suspended-sch). Particles of adhered-sch exhibited a fractured structure with a small specific surface area (4.36 m2/g) and total pore volume (3.13 × 10−2 cm3/g). In contrast, suspended-sch had a spiny structure (similar in appearance to a hedgehog), and a larger specific surface area (9.62 m2/g) and total pore volume (8.01 × 10−2 cm3/g). When 0.25 g/L of adhered-sch was used as an adsorbent for arsenic(III) removal from 1 mg/L arsenic(III)-bearing waters (at pH 7.5), the arsenic(III) removal efficiency was 43.2% after 4 h of adsorption. However, this efficiency could be increased by 50% by using suspended-sch as the adsorbent. Furthermore, by adding 13.3 g/L and 26.7 g/L additional schwertmannite into the reactor system prior to schwertmannite bio-synthesis, all synthesized schwertmannite remained suspended in the bio-synthesis systems, and the ferrous ions’ bio-oxidation efficiency was improved to a certain extent. Due to the friction effect between the introduced schwertmannite and the reactor wall, adhered-sch was eliminated. The outcomes of this study will provide the necessary data for schwertmannite bio-synthesis and arsenic(III) removal from arsenic(III)-bearing groundwater.
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1. Introduction


Arsenic is defined as a Category 1 and Group A human carcinogen by the International Association for Research on Cancer because of its high toxicity and carcinogenicity [1,2]. The predominant forms of arsenic are commonly present in two valence states as inorganic species arsenic(III) and arsenic(V), with the former being more poisonous than the latter [3]. In many cases, groundwater is frequently contaminated by arsenic due to natural geological processes and many anthropogenic activities [4], and arsenic(III) is the predominant arsenic species existing in anoxic groundwater [5]. High health risks caused by drinking high-arsenic groundwater is a significant problem in many parts of the world, including China [6]. In China, high arsenic-bearing groundwater mainly exists in Inner Mongolia, Shanxi, Xinjiang, etc., including 40 counties of eight provinces. For example, arsenic concentration in groundwater samples collected from the Hetao Plain in the Inner Mongolia Autonomous Region, Datong in Shanxi province, and Dzungaria district in Xinjiang province can be up to 1.09 mg/L [7], 1.82 mg/L [8], and 0.85 mg/L [9], respectively. It is obvious that the highest concentration of arsenic in arsenic-bearing groundwater in different regions in China can reach, or exceed, 1 mg/L. Except for China, the arsenic levels in groundwater from many other countries in the world often surpass 1 mg/L [10,11]. For example, 17 out of 52 districts of Bangladesh had a maximum level of arsenic in groundwater exceeding 1 mg/L [11]. Thus, it is highly desirable to develop approaches that can significantly remove arsenic(III) from arsenic-bearing groundwater and improve the quality of groundwater resources.



Numerous technologies have been presented for treating arsenic(III)-bearing water, such as membrane filtration [12], ion exchange [13], and electrolysis [14]. However, high cost, lack of selectivity, and poor performance restricts the practical application of these methods to a certain extent. Adsorption technology is an adopted technique for arsenic(III) removal from arsenic(III)-bearing water due to its easy operation, high capacity, fast kinetic reactions, and mild regeneration condition [15,16,17]. Schwertmannite, an amorphous iron oxyhydrosulfate mineral, is commonly synthesized in an iron sulfate-rich acidic environment, has proved to be a good scavenger of arsenic(III) [18,19,20]. Liao et al. [21] observed that arsenic(III) adsorption by schwertmannite improves with the increase of the solution pH in the range of 3–9 and the maximum removal efficiency of arsenic(III) occurs at solution pH 7–9. It is indicated that using schwertmannite as an adsorbent shows the great potential application in arsenic(III) removal from arsenic(III)-bearing groundwater because the pH of groundwater is often in the range of 6.5–9.0 [22,23]. The mechanism of arsenic(III) adsorption on schwertmannite involves either ligand exchange between arsenic(III) species and a hydroxyl group and sulfate [21], or the formation of arsenic(III)-Fe(III)-SO42− precipitates [24] on the schwertmannite surface. Paikaray et al. [24] found that an amount of SO42− can be released from schwertmannite into the solution during arsenic(III) adsorption. Therefore, schwertmannite, with a large specific surface area, exhibited a high removal efficiency for arsenic(III) from groundwaters [20,25].



Schwertmannite can be synthesized by biogenic oxidation of FeSO4 by Acidithiobacillus ferrooxidans (A. ferrooxidans) followed by subsequent ferric ion hydrolysis [21,26]. FeSO4 bio-oxidation by A. ferrooxidans is an attractive technology for schwertmannite production because the reaction time is less than 72 h and the reaction can be carried out at room temperature (20–30 °C). However, some bio-schwertmannite is adhered to the reactor wall (adhered-sch), while the rest of the bio-schwertmannite is suspended in the system (suspended-sch) during schwertmannite bio-synthesis by A. ferrooxidans when the hydraulic shear force in the schwertmannite bio-synthesis system is relatively weak. This adhesion phenomenon can cause certain problems for schwertmannite collection from a bio-reactor, but not enough attention has been given to it in previous studies. Moreover, the characteristic difference between adsorbed-sch and suspended-sch has not been reported.



This study was designed to (1) investigate the difference in structural characteristics, specific surface area, total pore volume, and arsenic(III) removal efficiency between adsorbed-sch and suspended-sch; and (2) examine the removal of adhered-sch from the bio-synthesis reactor wall by introducing additional schwertmannite prior to schwertmannite bio-synthesis.




2. Materials and Methods


Analytical grade reagents and chemicals were used for all the experiments. All solutions were prepared with deionized water immediately before use.



2.1. Preparation of A. ferrooxidans Cell Suspensions


The acidophilic chemoautotrophic bacterium A. ferrooxidans LX5 (CGMCC No. 0727) was obtained from the China General Microbiological Culture Collection Center (Beijing, China). Modified 9 K liquid medium [27] was used to culture A. ferrooxidans LX5. The pH of the liquid medium was then adjusted to pH 2.50 with sulfuric acid. The A. ferrooxidans LX5 was cultured in a rotary shaker (SHZ-82, Jintan city jieruier electric Co., Ltd., Jintan, China) at 28 °C and 180 rpm until the ferrous ions were completely bio-oxidized. After A. ferrooxidans LX5 culturing, the microbial density of the cultures was determined using the plate count method to be 3 × 107 cells/mL. The cultures were filtered through quantitative filter paper to remove iron-based precipitate, and then the filtrates were centrifuged using a high-speed centrifuge (Neofuge 23 R, Shanghai Lishen Scientific Equipment Co., Ltd., Shanghai, China) at 12,000 rpm for 15 min at 4 °C [28] to settle the A. ferrooxidans LX5 cells in the bottom of the centrifugation tube. The cells were washed twice with sulfuric acid and centrifuged again, after which the cells were re-suspended in pH 2.50 sulfuric acid. The volume ratio between filtrates and sulfuric acid used to suspend the A. ferrooxidans LX5 cells was 15:1. In other words, the bacterial density in A. ferrooxidans LX5 cell suspensions was 4.5 × 108 cells/mL. The A. ferrooxidans LX5 cell suspensions, which contained no ferric ions, were used in further studies.




2.2. Preparation of Additional Schwertmannite in a 25 L Bioreactor


Schwertmannite was obtained using A. ferrooxidans LX5 to bio-oxidize the ferrous ion solution. Ferrous ion oxidation by A. ferrooxidans LX5 cells was carried out in 15 L of solution containing 0.16 mol/L ferrous ions (added as FeSO4·7H2O), which was dispensed into a 25 L bioreactor fitted with an air compressor and temperature control device. The aeration rate and temperature were maintained at 0.055 m3/min and 28 °C, respectively. A 100 mL quantity of A. ferrooxidans LX5 cell suspension was added into the bio-reactor. After 72 h, the ferrous ions were completely bio-oxidized. Then, the cultures were filtered through quantitative filter paper to harvest the suspended iron-based precipitate. The precipitate was collected after washing it twice with distilled water. The rinsed precipitate was then dried at 55 °C to constant weight, passed through a 100 mesh screen, and characterized using X-ray diffraction (XRD) and field-emission scanning electron microscopy (SEM) technologies. The results of XRD and SEM of the rinsed precipitate certified that the collected precipitate was schwertmannite.




2.3. Schwertmannite Bio-Synthesis Experiment Introducing Additional Schwertmannite before Bio-Synthesis


The schwertmannite bio-synthesis experiments were carried out in 150 volumes of solution containing 0.16 mol/L ferrous ions (added as FeSO4·7H2O) and dispensed into 250 mL glass Erlenmeyer flasks. A 1 mL cell suspension of A. ferrooxidans LX5 was added to each Erlenmeyer flask. Then, either 0 g, 2 g, or 4 g of additional schwertmannite was added into each flask to yield concentrations of 0 g/L (CK treatment), 13.3 g/L, and 26.7 g/L, respectively. CK treatments was conducted in nine replicates, and other treatments were performed in triplicate. The initial pH of all systems was adjusted to pH 2.50 by adding 1 mol/L H2SO4 or NaOH. The systems were incubated at 28 °C while flasks were shaken at 160 rpm. During incubation, the pH in the systems was monitored. At 12 h intervals 0.5 mL of solution was withdrawn from each flask, filtered through a 0.22 μm membrane filter, and analyzed to determine ferrous ions’ bio-oxidation efficiency. After 60 h, the ferrous ions were nearly completely bio-oxidized (ferrous ion bio-oxidation efficiency above 99%) in all treatments. Then the solution in each flask was filtered, the schwertmannite washed twice with distilled water, and dried at 55 °C to constant weight. In the CK treatment, some amount of schwertmannite was observed to have adhered on the flask wall, while some remained suspended in the solution. The suspended schwertmannite was collected by filtration as just described, and the adhered schwertmannite was removed from the flask wall by manual force using a glass rod. The adhered and suspended schwertmannite were weighed separately, passed through a 100 mesh screen, and analyzed to determine the specific surface area, total pore volume, and pore size distribution. Samples were also examined using XRD and SEM. The schwertmannite biosynthesis pathway is shown in Figure 1.


Figure 1. The schwertmannite biosynthesis pathway.
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2.4. Effect of Adhered, Suspended-Schwertmannite on Arsenic(III) Adsorption


A 1000 mg/L arsenic(III) stock solution was prepared by dissolving 0.6595 g of the dried As2O3 in 20 mL of 40% NaOH solution; the mixture then was transferred to a 500 mL volumetric flask and the volume was completed with deionized water. The arsenic(III) stock solution was stored at 4 °C before use. Before each experiment, a solution with 1 mg/L arsenic(III) concentration was prepared by diluting the stock solution. The solution was adjusted to pH 7.50 by adding HCl or NaOH, drop-wise. Then, 40 mL of 1 mg/L arsenic(III) solution was placed in 100-mL capped plastic bottles (inner diameter 46 mm), and amended with either 0 g of schwertmannite (CK, treatment 1), 0.010 g of adhered-schwertmannite (treatment 2), or 0.010 g of suspended-schwertmannite (treatment 3). Each treatment was prepared in triplicate. All systems were shaken in a rotary shaker at 28 °C and 160 rpm for 4 h. Liao et al. [21] found that 4 h is enough time for arsenic(III) to adsorb in bio-schwertmannite and the bio-schwertmannite exhibits no mineralogy phase change under these adsorption conditions. After shaking for 4 h, the samples in different systems were filtered through a 0.45 µm membrane and determined for arsenic(III). Then the arsenic(III) removal efficiency was calculated according to the following formula:


The arsenic(III) removal efficiency = [Carsenic(III)/total arsenic(III) concentration] × 100%



 




where Carsenic(III) is the arsenic(III) concentration in the filtrate collected after 4 h of shaking.




2.5. Analytical Procedures


Solution pH was determined using a pH meter (pHS-3C, Shanghai Yueping Scientific Instruments Co., Ltd., Shanghai, China) with a resolution of 0.01. The 1,10-phenanthroline method was used to analyze ferrous ion concentration. The ferrous ions’ bio-oxidation efficiency was calculated based on the difference between the initial ferrous ions and the ferrous ion concentration at different sampling times [27]. The weight of solid precipitates was measured using an electronic balance (BS 124S, Beijing Sartorius Instrument Co., Beijing, China) with a precision of 0.0001 g. The mineral morphology or phase of precipitates was determined through field-emission scanning electron microscopy (SEM, JSM-7001F, JEOL, Tokyo, Japan) or power X-ray diffraction (XRD, MiniFlex II, Rigaku, Tokyo, Japan) [29]. Total pore volume was determined using a surface area and porosimetry analyzer (Quantachrome, Boynton Beach, FL, USA). The specific surface area of minerals was determined using the same porosimetry analyzer with the multi-point Brunauer–Emmett–Teller (BET) method, and the Barrett-Joyner-Halenda (BJH) pore size distribution was calculated from the adsorption isotherm [30,31]. Within the arsenic(III) removal systems in this study, there were no other arsenic forms existing in the arsenic(III)-bearing solution, just arsenic(III). Therefore, the arsenic(III) concentration was equal to the total arsenic concentration in arsenic(III)-bearing solutions used here. Arsenic(III) concentration, or total arsenic concentration, in solution was analyzed through a dual-channel atomic fluorescence photometer (AFS-2100, Beijing Haiguang Instrument Co., Ltd., Beijing, China) [32] with a detection limit of 0.01 μg/L.





3. Results and Discussion


3.1. Schwertmannite Bio-Synthesized in 25 L Bioreactor


The scanning electron microscopy (SEM) images and X-ray diffraction (XRD) patterns of schwertmannite bio-synthesized in the 25-L bio-reactor are illustrated in Figure 2. No single, sharp, intense, and well-recognizable peaks could be observed on the XRD patterns (Figure 1a), indicating that the mineral harvested from the reactor is an amorphous body consistent with the schwertmannite feature. In addition, the mineral harvested from the bio-reactor has the obvious characteristic peaks at 2θ = 26.32°, 35.12°, 55.32°, and 63.74°. In addition, Figure 2b confirms that an amorphous mineral was the sole mineral phase detectable in the synthesized product. According to PDF 47-1775 [33] and the results of XRD and SEM investigated here, schwertmannite is the only mineral synthesized in this system that has a typical spiny spheroidal structure similar in appearance to a hedgehog. This structure of schwertmannite has also been reported in previous studies [20,21].


Figure 2. (a) X-ray diffraction patterns and (b) scanning electron microscopy images of schwertmannite bio-synthesized in a 25-L bio-reactor.
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3.2. The pH and Ferrous Ions’ Efficiency Variations during Schwertmannite Bio-Synthesis with the Introduction of Additional Schwertmannite


The variations in pH and ferrous ion bio-oxidation efficiency that occurred during schwertmannite bio-synthesis when additional schwertmannite was introduced into the reactors are shown in Figure 3. As shown, the pH slightly increased, initially, from 2.50 to 2.55–2.58 regardless of the addition of schwertmannite (Figure 3a). During 12–60 h, pH in all treatments significantly decreased, but the rate of pH decline in the treatment with 13.3 g/L of added schwertmannite was relatively rapid than in the CK treatment (no added schwertmannite). For example, after 60 h, the pH in CK treatment was 2.21, while that in the treatment consisting of an added 13.3 g/L of schwertmannite was 2.16. However, when the amount of added schwertmannite was 26.7 g/L, the pH decreased more slowly than in the treatment consisting of 13.3 g/L of added schwertmannite, reaching 2.19 after 60 h incubation. The pH changes in different treatments were governed by ferrous ion oxidation and ferric ion hydrolysis processes [20,34]. Ferrous ion bio-oxidation efficiency in the presence of added schwertmannite increased sharply during 0–36 h and, thereafter, increased gradually to 100% at 60 h in the CK treatment (Figure 2b). However, the addition of either 13.3 g/L or 26.7 g/L schwertmannite enhanced the ferrous ion bio-oxidation efficiency beyond that achieved in the CK treatment over a short duration. For instance, the ferrous ion bio-oxidation efficiency was 40.2% in the CK treatment after 24 h, but 53.5% and 46.3% in treatments with 13.3 g/L and 26.7 g/L of added schwertmannite, respectively. It is interesting that the ferrous ion bio-oxidation efficiency in the treatment that added 13.3 g/L of schwertmannite increased quicker than in the treatment that added 26.7 g/L of schwertmannite. The data in Figure 3a,b lead to the conclusion that a lower pH promotes higher ferrous ion bio-oxidation efficiency or ferric ion hydrolysis efficiency than does a high pH. Therefore, both the pH and the ferrous ion bio-oxidation efficiency can be used as indicators for A. ferrooxidans activity during schwertmannite bio-synthesis. It is interesting that in the CK treatment (no added schwertmannite prior to bio-synthesis), 25.5% of the weight of bio-synthesized schwertmannite adhered to the flask walls (designated as adhered-sch), leaving 74.5% suspended in the reactor system (designated as suspended-sch). However, due to the friction effect between the added schwertmannite and the reactor wall, all synthesized schwertmannite remained suspended in systems to which an additional 13.3 g/L or 26.7 g/L schwertmannite was introduced prior to bio-synthesis. Previous research showed that the A. ferrooxidans cells can be covered with, or absorbed by, iron oxyhydroxysulfate minerals during iron oxyhydroxysulfate minerals bio-synthesis by A. ferrooxidans [35,36]. Adhered-sch formation caused a large quantity of A. ferrooxidans cells to be fixed onto the flask wall, thereby removing them from the liquid phase in the reactor system. Hence, the ferrous ion bio-oxidation efficiency in the CK treatment was lower than in treatments consisting of 13.3 g/L and 26.7 g/L of added schwertmannite. Compared with the systems containing 13.3 g/L or 26.7 g/L added schwertmannite, the pH in the CK treatment was relatively higher because the ferric ion hydrolysis process was weakened under the lower ferrous ion bio-oxidation conditions. Furthermore, ferrous ion bio-oxidation was obviously inhibited when the amount of added schwertmannite increased from 13.3 g/L to 26.7 g/L. In other words, when too much schwertmannite was introduced into a bio-synthesis system, some A. ferrooxidans cells were absorbed on the schwertmannite surface [37], thus decreasing the ferrous ion bio-oxidation efficiency (by reduced mass transfer between A. ferrooxidans cells and oxygen, ferrous ions, carbon dioxide, and other environmental components). Nevertheless, there was no significant difference in the net weight of newly-bio-synthesized schwertmannite (4.20–4.28 g/L) among the treatments.


Figure 3. Changes in pH (a) and ferrous ion bio-oxidation efficiency (b) during schwertmannite bio-synthesis without (CK) and with additional schwertmannite. Photographs are of the actual flasks used in different treatments taken at the conclusion of schwertmannite bio-synthesis.
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3.3. The Structural Characteristics of Adhered-Sch and Suspended-Sch


The X-ray diffraction patterns, scanning electron microscopy images, and specific surface area of adhered-sch and suspended-sch collected from the CK treatments are shown in Figure 4. As in the X-ray diffraction patterns (XRD) shown in Figure 1a, it is obvious that the mineral phase of both adhered-sch and suspended-sch was indeed schwertmannite (Figure 4a,b). The color of schwertmannite was ochre-yellow. Figure 3c,d show the difference that existed in the morphology of adhered-sch and suspended-sch. The suspended-sch has an aggregated spiny spheroidal structure that resembles that of a hedgehog and a particle size of approximately 1 μm (Figure 4c), and was similar to the structure of suspended schwertmannite collected from the 25 L bio-reactor (Figure 2b). However, the structure of adhered-sch was smooth and spheroidal, and approximately 4 μm in diameter, with many cracks embedded in the particles (Figure 4d). In fact, bio-synthesized schwertmannite that had a fractured structure was also observed in a previous study [38], although the reason for this phenomenon was not given. Furthermore, the specific surface areas of adhered-sch and suspended-sch were 4.36 m2/g and 9.62 m2/g, respectively. The suspended-sch in the present study had a relatively low specific surface area compared to that observed by Bigham et al. [39] but was comparable to values recently reported by Liao et al. [28] (3.42–23.45 m2/g) and Liu et al. [20] (10.66 m2/g). Overall, the bio-synthesized schwertmannite that adhered to the reactor wall exhibited a significantly different structure with a much smaller specific surface area to that of the spiny spheroidal structure exhibited by bio-synthesized schwertmannite that remained suspended in the reactor system. The spines on the suspended-sch appeared to deteriorate and form larger, smoother particles of adhered-sch.


Figure 4. X-ray diffraction patterns (a,b); scanning electron microscopy images (c,d); and specific surface area of suspended-sch (a,c) and adhered-sch (b,d).
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3.4. The Pore Volume and Pore Size Distribution of Adhered-Sch and Suspended-Sch


The surface of schwertmannite particles is porous [14]. A pore system from the perspective of material adsorption is classified into three categories based on pore size: macropore (>50 nm), mesopore (2–50 nm), and micropore (<2 nm) [40,41]. Total pore volume is defined as the sum of micropore, mesopore, and macropore volume [42]. The various types of pore volume of adhered-sch and suspended-sch are shown in Figure 5. The total pore volume of adhered-sch was 3.13 × 10−2 cm3/g, of which 1.9% was contributed by the micropore volume, 29.4% was contributed by the mesopore volume, and 68.7% was contributed by the macropore volume. The total pore volume of suspended-sch was 8.01 × 10−2 cm3/g, of which 1.8% was contributed by the micropore volume, 27.4% was contributed by the mesopore volume, and 70.8% was contributed by the macropore volume. In other words, compared with adhered-sch, the total pore volume, micropore volume, mesopore volume, and macropore volume of suspended-sch were increased by 1.56, 1.46, 1.38, and 1.64 times, respectively. The pore volume distributions of adhered-sch and suspended-sch lead to the conclusion that macropores and mesopores occupied approximately 70% and 30%, respectively, of the total pore volume in schwertmannite, and that the micropore volume can be ignored. Dou et al. [18], using FeCl3 and Na2SO4 as reactants, allowed approximately 35 days for schwertmannite chemical synthesis and determined that the specific surface area and the total pore volume of the synthesized schwertmannite reached 206.1 m2/g and 2.2 × 10−1 cm3/g, respectively. Results from the present study combined with those from previous studies indicate that the specific surface area of schwertmannite is significantly correlated with the total pore volume. It is worth mentioning that the specific surface area of bio-synthesized schwertmannite is relatively lower than that of schwertmannite chemically synthesized using the FeCl3 and Na2SO4 reaction method [18], but close to that of schwertmannite chemically synthesized through oxidation of FeSO4 by H2O2 (specific surface area of schwertmannite: 2.06–16.30 m2/g) [20]. Regardless of the process used, improving the specific surface area of schwertmannite is another vital task for schwertmannite bio-synthesis during the engineering process.


Figure 5. Micropore, mesopore, and macropore volumes of schwertmannite adhered to the flask wall during bio-synthesis (adhered-sch) and schwertmannite suspended in the liquid system during bio-synthesis (suspended-sch).
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As mentioned earlier, schwertmannite is a potential adsorption material for removing arsenic(III) from wastewater [21,22,23,24]. Mesopore distribution has a profound influence on the adsorption capacity of adsorption materials [43]. In the current study, the pore volume attributed to mesopores accounted for 29.4% and 27.3% of total pore volume in adhered-sch and suspended-sch, respectively. However, the specific surface area represented by mesopores accounted for 67.7% and 62.9% of the total specific surface area in adhered-sch and suspended-sch, respectively. The accumulated pore volume and specific surface area for different mesopore sizes in adhered-sch and suspended-sch are presented in Figure 6. The mesopore size in adhered-sch and suspended-sch materials varied from ~3 nm to 30 nm, but was not significantly different in the two materials. Pore volume contributed by pores with diameters ~3–20 nm accounted for 55.1% and 47.6% of total mesopore volume in adhered-sch and suspended-sch, respectively (Figure 5 and Figure 6a). However, the specific surface area from pores with diameters between ~3 nm and 20 nm accounted for 81.4% and 71.9% of the total mesopore-specific surface area in adhered-sch and suspended-sch, respectively (Figure 6b). Thus, although the mesopores in schwertmannite account for only a modest pore volume, these pores (and especially the mesopores of ~3–20 nm diameter) make a significant contribution to the specific surface area of this material.


Figure 6. Accumulated pore volume (a) and accumulated specific surface area (b) of different mesopore sizes in schwertmannite adhered to the flask wall during bio-synthesis (adhered-sch) and schwertmannite suspended in the liquid system during bio-synthesis (suspended-sch).
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3.5. Arsenic(III) Removal Efficiency of Adhered-Sch and Suspended-Sch


The arsenic(III) removal efficiency of adhered-sch and suspended-sch is shown in Figure 7. No arsenic(III) removal was obvious when no schwertmannite was added to the arsenic(III)-bearing solution system.


Figure 7. Arsenic(III) removal efficiency by schwertmannite adhered to the flask wall during bio-synthesis (adhered-sch) and by schwertmannite suspended in the liquid during bio-synthesis (suspended-sch).
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In contrast, when 0.25 g/L of either adhered-sch or suspended-sch were added and adsorbed arsenic(III) under 28 °C and 160 rpm, the arsenic(III) removal efficiency sharply increased at 4 h. For water with an initial 1 mg/L arsenic(III) concentration at pH 7.5, the addition of 0.25 g/L adhered-sch as an adsorbent resulted in an arsenic(III) removal efficiency of 43.2% after 4 h adsorption. However, the arsenic(III) removal efficiency could be increased by 50% over the same adsorption period by adding 0.25 g/L suspended-sch as the adsorbent. Liao et al. [21] observed that the arsenic(III) removal efficiency can reach 99.1% at 4 h under 25 °C and 180 rpm reaction conditions with the addition of 0.25 g/L bio-schwertmannite as the adsorbent in a similar arsenic(III)-bearing solution system. It is indicated that the arsenic(III) removal efficiency has a close relationship with the reaction conditions, which will be focused on in a further study.





4. Conclusions


During schwertmannite bio-synthesis by A. ferrooxidans LX5, some of the synthesized schwertmannite adheres to the reactor wall (designated as adhered-sch), while the rest remains suspended in the system (designated as suspended-sch). The morphology of adhered-sch and suspended-sch differs significantly, with the former consisting of relatively large spheres having fractured surfaces and the latter exhibiting a relatively less compact spiny structure reminiscent of a hedgehog. Consequently, the total pore volume, specific surface area, and arsenic(III) removal efficiency of adhered-sch are smaller than for the suspended-sch. In both adhered-sch and suspended-sch, mesopores in the synthesized schwertmannite represent a modest pore volume (~30% of total pore volume), but make a great contribution to the specific surface area (~65% of total specific surface area); this relationship is especially true for mesopores with a ~3–20 nm diameter. Additional schwertmannite introduced into a bio-synthesis systems can reduce the amount of adhered-sch due to the friction effect between the introduced schwertmannite and the reactor wall. The addition of 13.3–26.7 g/L of schwertmannite can eliminate schwertmannite adherence on the reactor wall and improve the ferrous ion efficiency to a certain extent. However, ferrous ion bio-oxidation can be inhibited when the amount of introduced schwertmannite exceeds some threshold (in this study, when the added schwertmannite increased from 13.3 g/L to 26.7 g/L). The outcomes of this study provide the necessary data for schwertmannite bio-synthesis and provide a scientific basis for enhancing arsenic(III) removal from arsenic(III)-bearing groundwater. In a word, some additional schwertmannite introduced into a schwertmannite bio-synthesis systems before ferrous ion bio-oxidation can increase the suspended-sch harvested quantity when ferrous ions completely bio-oxidized. Effective bio-synthesis of suspended-sch is more beneficial to the removal of arsenic(III) from arsenic(III)-bearing groundwater in practical application.
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