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Abstract

:

In view of the poisonous nature of Cr(VI), it is of great significance to explore an effective and environmentally friendly method to remove Cr(VI). The potential synergistic effects of Cr(VI) reduction by iron-rich biochar and Pseudomonas aeruginosa (PA) were systematically explored in this study. Significantly, in association with PA, the biochar produced by pyrolyzing iron-rich sludge at 300 °C (Fe-300) was more efficient at reducing Cr(VI) than that pyrolyzed at 800 °C (Fe-800), and the performance was always better than biochar or PA alone. For instance, upon an incubation for 20 days, the Cr(VI) removal efficiencies in the groups Cr + Fe-300 + PA, Cr + Fe-800 + PA, Cr + Fe-300, Cr + Fe-800 and Cr + PA were 80%, 19%, 51%, 0% and 35%, respectively. Through further analyses of phosphorus (P) and iron species as well as the cell extraction components of PA, the high Cr(VI) efficiency in Fe-300 + PA was mainly attributed to two aspects: (1) more P (mainly in the form of ortho phosphorus) was released from Fe-300 by PA compared to that from Fe-800, and the released P may react with Fe(II), Fe(III), Cr(VI) and Cr(III) ions to form precipitation; (2) cytoplasmic and periplasmic proteins as well as membrane proteins extracted from PA further helped to reduce Cr(VI). A novel approach for reducing Cr(VI) may be proposed by using the potential synergistic effects of iron-rich biochar and PA from this study.
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1. Introduction


Chromium is not only a ubiquitous environmental pollutant, but also damages human health and the growth of animals and plants [1,2]. Cr(III), a trace element closely related to the human body, is responsible for the human metabolism. However, Cr(VI), one of the most poisonous metals, shows carcinogenic and gene mutation-inducing effects. Cr(VI) is freely soluble in water, with toxicity as high as 100–1000 times that of Cr(III) [3,4]. Furthermore, various diseases have been linked to long-term exposure to Cr(VI) [5]. The leather, electroplating, printing, dyeing and metallurgy industries are the major sources of Cr(VI) [6]. The direct discharge of chromium-containing wastewater without any further treatment pollutes the ecosystem [7,8]. Consequently, more low-cost and specified methods should be investigated to reduce Cr(VI) to Cr(III) since conventional methods are either related to high expense or the use of chemical precipitants.



Currently, the proposed methods for Cr(VI) remediation include physical, chemical and biological methods [9,10,11,12]. Recently, sludge-based biochar has been widely used to alleviate Cr(VI) contamination by both physical adsorption and chemical reduction, with a superiority in adsorption properties, low cost and widely available sources [13,14]. Chen et al. found that the adsorption capacity of biochar towards Cr(III) was twice as high as that of Cr(VI) [15]. To enhance the efficiency of sludge-based biochar, Diao et al. firstly pyrolyzed biochar from sludge, and then immobilized nano zero valent iron on its surface to obtain a new adsorbent towards adsorbing and reducing Cr(VI) [16]. However, in this case, extra zero valent iron was needed. The iron-rich sludge, produced from sludge dewatering typically with Fenton’s reagents, was regarded as a promising source of iron by taking advantage of the indigenous iron present in waste sludge. The iron-rich sludge can be converted into a multifunctional biochar through pyrolysis to achieve resource recovery from sludge [17]. Pyrolysis temperatures increased substantially, causing the iron species to change significantly, which were namely from a high valent state to a low valent state, and finally even a zero valent state: Fe2O3 → Fe3O4 → FeO → Fe(0) [18,19]. Meanwhile, some studies showed that the pyrolysis temperature of biochar could affect Cr(VI) removal [20,21,22]. Despite this, the influence of iron-rich biochar in reducing Cr(VI) was not clearly identified, particularly at different pyrolysis temperatures when the species of indigenous iron in the iron-rich sludge changed accordingly. Therefore, a further investigation of the changes and mechanisms of biochar at different pyrolysis temperatures involved in Cr(VI) removal could provide a new method for efficient Cr(VI) treatment.



Besides biochar, bioremediation has also been widely used to detoxify Cr(VI). As one of multitudinous strains that can reduce Cr(VI), many studies have confirmed that Pseudomonas has a strong Cr(VI) reduction capability since chromium reductases were present in intracellular and extracellular cell membranes [23,24]. Sathishkumar et al. found that Pseudomonas stutzeri L1 showed the capability to reduce 97.0% of Cr(VI) at pH 8 and a temperature of 37 °C [25]. It was discovered that when the concentration of Pseudomonas aeruginosa (PA) rose from 0.5% (volume/volume, v/v) to 5% (v/v), the bioreduction of Cr(VI) increased from 46% to 83% at the initial Cr(VI) concentration of 20 mg/L upon an incubation for 12 h [26]. Cr(VI) was reduced efficiently with the carboxyl and amino functional groups in the cell wall of PA [27]. The enzymes secreted by PA, such as chromate reductases, were identified as the driving force for reducing Cr(VI) to Cr(III) through acting as cellular single-electron reductants [28]. However, currently most studies focus on the individual effects of either biochar or PA for reducing Cr(VI) and the potential synergistic effects of iron-rich biochar and PA remain unclear, particularly when the iron species on the iron-rich biochar vary, which presumably markedly improves the reduction efficiencies of Cr(VI). Previous studies have shown that PA, a representative phosphate solubilizing microorganism (PSM), is crucial in solubilizing phosphorus (P) in biochar [29]. Phosphate solubilizing microorganisms may promote the release of phosphorus on biochar in the aqueous phase, which could possibly form precipitation with co-existing chromium, phosphate and iron ions; however, this assumption also needs to be testified.



This study was intended to: (1) probe the potential synergistic effects of iron-rich biochar and PA on the reduction efficiency of Cr(VI) through testing variations in total chromium, Cr(VI) and Cr(III) concentrations; (2) investigate the reduction mechanism of Cr(VI) to Cr(III) through testing the protein extracts from different cell fractions, the changes in both the concentration and species of phosphorus and iron and investigating the possible precipitation of chromium, phosphate and iron ions. Detailed schematics are provided in Figure S1 (Supporting Information). Collectively, the results gained from this study may propose a novel method for reducing Cr(VI) by using the potential synergistic effects of iron-rich biochar and PA.




2. Materials and Methods


2.1. Iron-Rich Biochar Preparation


Raw sludge was taken from the concentration tank in a local wastewater treatment plant in Wuhan, China and its physicochemical characteristics were analyzed (Table S1, Supplementary Materials). A detailed description of biochar preparation is given in Text S1 of Supplementary Materials [30]. In brief, Fenton’s reagents were firstly used in the raw sludge conditioning and then the sludge was dewatered [30]. After drying and sieving, pyrolysis was carried out at temperatures of 300 and 800 °C for the iron-rich sludge samples, which were labeled as Fe-300 biochar and Fe-800 biochar, respectively. In the preliminary study, the pyrolysis temperatures at 300, 500, 700, 800 and 900 °C were all tested for biochar synthesis. From the results present in the previous studies [17], the biochar characteristics at the relatively low temperature of 300 °C and the relatively high temperature of 800 °C showed a significant difference in terms of iron species. Therefore, in this study, two representative temperatures of 300 °C and 800 °C were chosen.




2.2. The Cultivation of PA


Pseudomonas aeruginosa (CCTCC AB91095) was obtained from China Center for Type Culture Collection (CCTCC) (Hubei, China). Since the optical density of the strain in the logarithmic phase was between 0.8 and 2.0, the optimum cultivation time was chosen as 12 h according to its growth curve in Luria-Bertani medium (Figure S2, Supplementary Materials).



The medium used in the experiment contained Luria-Bertani medium and mineral liquid medium [31]. The former was normally used to activate bacteria, while the latter was used to prepare the incubation solution. The detailed compositions of Luria-Bertani medium and mineral liquid medium are provided in Table S2 (Supplementary Materials).



Activated PA, 0.8 mL, was dosed into a conical flask filled with 20 mL of Luria-Bertani medium and then the mixture was placed in a constant temperature incubator (37 °C, 150 revolutions per minute (rpm)) until the optical density was steady at 0.8–1. The residual bacterial pellets were obtained through centrifuging the cultivated bacterial suspension (6000 rpm, 10 min). After rinsing twice with mineral liquid medium, the bacterial pellets were collected, followed by adding 20 mL of inorganic salt medium and mixing thoroughly to prepare a bacterial suspension.




2.3. Experimental Procedures for the Reduction of Cr(VI) to Cr(III)


To investigate the individual and the potential synergistic effects of iron-rich biochar (Fe-300 and Fe-800) and PA on reducing Cr(VI), different experimental groups were set (Table 1). Taking into account the results of Qian et al., the doses of biochar (1 g/L) and PA (2%, v/v) were chosen [31]. Moreover, the choice of the dose of Cr(VI) (10 mg/L) was based upon the preliminary results that this concentration had no obvious effect on the growth of PA within 12 h [26] (Figure S3 in Supporting Information).



Conical flasks of 250 mL were filled with the mineral liquid medium, Cr(VI), iron-rich biochar and PA, covered with vented sealing film (pore size of 0.22 µm) and then shaken at 150 rpm and 37 ± 1 °C. The total volume was 100 mL in each test. Besides, an experimental control group with only the addition of Cr(VI) solution (control group 1) or with only the addition of biochar samples (either Fe-300 biochar (control group 2) or Fe-800 biochar (control group 3)) was set up for comparison. Considering the main focus of this study was on reducing Cr(VI), instead of the phosphorus solubilization from biochar samples (which has previously been discussed throughout [17]), the experimental groups of PA, Fe-300 + PA and Fe-800 + PA were not investigated in this section. A longer incubation time beyond 20 days may further improve the Cr(VI) removal efficiency. However, to maintain a neutral pH of the incubation solution, an incubation time of 20 days was set herein. The aqueous phase of the mixture was determined for total chromium, Cr(VI) and Cr(III) concentrations on the 0th, 1st, 2nd, 5th, 7th, 10th, 15th and 20th day. The concentration of total chromium in the solid phase was investigated on the 20th day as well. The Cr(VI) reduction efficiency was calculated from Equation (1).


The Cr(VI) reduction efficiency = (C0 − Ct)/C0 × 100%



(1)







Noted: C0 means Cr(VI) concentration on the 0th day;



Ct means Cr(VI) concentration on the tth day.




2.4. The Different Processes of the Potential Synergistic Reduction of Cr(VI) by Iron-Rich Biochar and PA


2.4.1. Preparations of Cell Components and Chromium Reductase Activity Assays


To extract different cell components of bacteria (cytoplasmic and periplasmic proteins and cell membrane proteins), 1× phosphate buffered saline (PBS) was used. Following the methods described in Zhang et al. [32], PA was cultivated in Luria-Bertani medium for 12 h. The supernatant after centrifugation was discarded by rinsing the bacteria twice with PBS. The washed bacteria were added into the inorganic salt medium by shaking at 35 °C for 24 h. A resuspension of the collected strain was performed in the PBS buffer before sonicating in an ice water bath for 30 min. The crude cell extract in the supernatant was obtained by high-speed centrifugation (10,000× g, 5 min). Afterwards, the supernatant was further centrifuged (150,000× g, 2 h) and labeled as cytoplasmic and periplasmic proteins, and the pellet was resuspended in PBS as cell membrane protein. To reduce Cr(VI), 1 mL of the reaction mixture contained 0.1 mL of protein extracts, 0.1 mM of nicotinamide adenine dinucleotide solution and 1 mg/L of Cr (VI) and then was incubated at 35 °C for 30 min. Upon completing the incubation, a determination of Cr(VI) remaining concentration was conducted.




2.4.2. The Changes of Phosphorus Concentration and Species


To investigate the reduction mechanism of Cr(VI), the total phosphorus (TP) concentration and different phosphorus species solubilized from biochar in the aqueous phase (Fe-300, Fe-800, Cr + Fe-300, Cr + Fe-800, Fe-300 + PA, Fe-800 + PA, Cr + Fe-300 + PA and Cr + Fe-800 + PA) were monitored on the 0th, 1st, 2nd, 5th, 7th, 10th, 15th and 20th day. Phosphorus species of biochar in the solid phase (Fe-300, Fe-800, Fe-300 + PA, Fe-800 + PA, Cr + Fe-300, Cr + Fe-800, Cr + Fe-300 + PA and Cr + Fe-800 + PA) were also tested on the 20th day. Phosphorus species in the aqueous and solid phases are shown in Table S3 (Supplementary Materials).




2.4.3. The Impacts of Different Iron Species on the Reduction of Cr(VI) to Cr(III)


Pure substances (Fe(II) in the form of FeSO4∙7H2O and Fe(0) in the form of zero valent iron) were adopted to investigate iron reduction on biochar surface with the same dose of biochar (1 g/L). The detailed doses in the groups Cr + Fe-300, Cr + Fe(II), Cr + Fe-800, Cr + Fe(0), Cr + Fe-300 + PA, Cr + Fe(II) + PA, Cr + Fe-800 + PA and Cr + Fe(0) + PA are shown in Table 1. The iron concentrations (total iron, Fe(II) as well as Fe(III)) in the aqueous phase were determined after 30 min.





2.5. Analytical Methods


The analyses for chromium concentration (total chromium, Cr(VI) and Cr(III)), interaction effects (E), phosphorus (total phosphorus and different species both in the aqueous and solid phase), iron and the binding states of iron by X-ray photoelectron spectroscopy (XPS) are described in Text S2 of Supplementary Materials.



The microscopic morphology of samples was performed using Nova Nano SEM 450 field emission scanning electron microscope produced by FEI Company in the Netherlands. Signal acquisition was performed on the target area of samples with energy-dispersive spectroscopy (EDS).




2.6. Statistical Analysis


Triplicates were conducted for each test. The comparisons among different groups were applied with least-significant difference (LSD) for one-way analysis of variance (ANOVA) at a significance level of 0.05 (p < 0.05). The results were also applied with t-test to perform statistical analysis by SPSS Statistics 18.0 (International Business Machines Corporation, Armonk, NY, USA). The error bars of all figures represent the standard deviation (SD).





3. Results and Discussion


3.1. Reduction of Cr (VI) to Cr(III) by Iron-Rich Biochar and PA


3.1.1. Changes of Total Chromium Concentration


During the 20 days’ incubation, changes of approximately 0%, 8%, 1% and 10% in the groups Cr, Cr + PA, Cr + Fe-800 and Cr + Fe-800 + PA, respectively, could be observed in the total chromium concentrations in the aqueous phase (Figure 1a,b,d,f). Total chromium concentrations remained almost unchanged in the aqueous phase, indicating that there might be soluble organo-Cr(III) complexes that would not precipitate [33,34]. However, the decreased concentrations of total chromium in the groups Cr + Fe-300 and Cr + Fe-300 + PA (9.1 to 6.2 mg/L and 9.1 to 4.3 mg/L) with time lapsing in the aqueous phase were clearly noted (Figure 1c,e), which was possible because the reduced Cr(III) precipitated on biochar [35].



To further confirm the above assumption, solid samples in 100 mL of the reaction mixture were collected for the analysis of total chromium concentration (Figure 2). The chromium in the biochar was almost unchanged in Cr + Fe-800 and Cr + Fe-800 + PA for 0.0325 mg and 0.0307 mg compared to the initial Fe-300 biochar (0.0237 mg) and Fe-800 biochar (0.0291 mg). In the solid phase of the groups Cr + Fe-300 and Cr + Fe-300 + PA, an obvious increase in chromium concentration was noted and about 0.0885 mg and 0.1347 mg of chromium shifted from the aqueous phase to the solid phase (Figure 2). Cr(VI) appeared to be reduced in the solid phase as well, which further proved the speculation surrounding precipitation in Fe-300 biochar with or without the presence of PA. The lost part may be due to the long-term shaking of the culture and repeated sampling (Figure 2).




3.1.2. The Changes of Cr(VI) and Cr(III)


The concentration of Cr(VI) in Cr (control group 1) without adding iron-rich biochar and PA basically did not change since no reduction reaction occurred (Figure 1a). Comparing the experimental groups of Cr and Cr + PA, even when the total chromium concentration remained the same, the percentage of Cr(VI) in Cr + PA began to show a downward trend on the 2nd day, namely from 9.6 mg/L to 6.3 mg/L, revealing that Cr(VI) might be reduced to Cr(III) by PA. The results of Zhou and Chen supported the finding that, when the initial concentration of Cr (VI) was 1.2 mg/L, the Pseudomonas sp. strain JF122 could completely reduce Cr (VI) within 72 h [36]. Upon the completion of incubation for Cr + PA, the Cr(VI) and Cr(III) concentrations (6.2 and 3.0 mg/L, respectively) accounted for 68% and 32% of the total chromium, respectively (Figure 1b).



As for the Cr(VI) concentrations in the groups Cr (9.9 mg/L), Cr + Fe-800 (10.0 mg/L) and Cr + Fe-800 + PA (7.5 mg/L) on the 20th day, Cr + Fe-800 + PA showed the maximum Cr(VI) reduction effect of 25%, which could be the enzymatic reaction of PA or the reduction of iron on the Fe-800 biochar surface [37], and this is discussed in more detail in the subsequent section. However, as PA was absent, since the variation of Cr valence remained unchanged in Cr + Fe-800 within 20 days (Figure 1a,d,f), it was speculated that PA may have a stronger effect on Cr(VI) reduction than iron on the Fe-800 biochar surface. Similarly to the group Cr + PA, Cr(VI) started to be reduced in the group Cr + Fe-800 + PA on the 2nd day as Cr(III) concentration gradually rose to 1.5 from 0 mg/L. The reduced efficiency in the combination of Fe-800 and PA may be due to the fact that the corrosion of Fe0 produces OH− (Equation (2)), which raises the pH value in the reaction system beyond the optimum survival range of PA, thus resulting in the worse removal efficiency of Cr(VI).


Fe0 + 2H2O → Fe2+ + 2OH− + H2



(2)







In comparison to Cr (control group 1), the Cr(VI) concentrations in the groups Cr + Fe-300 and Cr + Fe-300 + PA trended downwards within the incubation time, namely from the 0th day (9.4 mg/L, 100% of the total chromium in Cr + Fe-300 and 9.5 mg/L, 100% of the total chromium in Cr + Fe-300 + PA) to the 20th day (4.6 mg/L, 74% of the total chromium in Cr + Fe-300 and 1.9 mg/L, 45% of the total chromium in Cr + Fe-300 + PA) (Figure 1a,c,e). Cr(VI) in Cr + Fe-300 was reduced on the 10th day with the Fe-300 biochar present, indicating that Fe-300 biochar was capable of reducing Cr(VI), and Zhang et al. [38] also noticed the Cr(VI) reduction extent by pristine biochar at the 200th h. Furthermore, the Cr(III) concentrations in Cr + Fe-300 + PA began to increase on the 1st day with the addition of PA, indicating the potential synergistic reduction by Fe-300 biochar and PA. After incubation, the Cr(VI) reduction efficiency (80%) in the group Cr + Fe-300 + PA was better than that in the group Cr + Fe-300 (51%) given the enzymatic reaction and the possible precipitation of chromium, phosphate and iron ions, which are discussed later.



In contrast, the Cr(VI) concentrations in the groups Cr + Fe-800 and Cr + Fe-300 were reduced from 10 and 9.4 mg/L initially to 9.9 (100% of the total chromium) and 4.6 mg/L (74% of the total chromium) on the 20th day, respectively. Accordingly, Cr + Fe-300 achieved the optimal Cr(VI) reduction of 51% at the 20th day (Figure 1c,d). In the groups Cr + Fe-800 + PA and Cr + Fe-300 + PA, there was a greater reduction effect on Cr(VI) for the former than the latter, which may be related to the different iron species in Fe-800 and Fe-300 biochars. As for the interaction effects of PA and biochar (Figure S4, Supporting Information), the values of E in the group Cr + Fe-800 + PA changed greatly and were positive (E > 0) only on the 2nd and 15th days. At the beginning of the process in the group Cr + Fe-800 + PA, possibly due to the strong adaptability and rapid growth of PA, the ability to reduce the Cr(VI) of PA was much stronger, resulting in a strong change in Cr(VI) reduction efficiency leading to a high value of interaction effects. On the other hand, there was small wave range in the values of E in the group Cr + Fe-300 + PA, which were all positive. It was indicated that PA and Fe-300 biochar exhibit an excellent synergistic effect on Cr(VI) reduction, consistent with the phenomenon in Figure 1.



It was observed that the Cr(VI) removal efficiency of biochar and microorganisms was lower than the results reported in some previous studies with the addition of lactic acid at the same reaction time (Table S4, Supporting Information). Apart from the reason for the acid condition in the original systems, lactic acid, a weak electron donor, could lead to a marked enhancement of Cr(VI) reduction at lower pH levels [39]. Since there were many different and complex reaction systems in the Cr(VI) reduction process (such as the preparation and dose of biochar, the initial Cr(VI) concentration, pH value, the amounts of inocula, the incubation time, etc.), the Cr(VI) reduction efficiency would obviously differ for every study.





3.2. Different Processes of Iron-Rich Biochar and PA Synergistic Reduction of Cr(VI)


3.2.1. The Cr(VI) Reduction Effect of Protein Extracts from Different Cellular Components


Pseudomonas aeruginosa was separated into cytoplasmic and periplasmic proteins as well as membrane proteins by centrifugation [32]. The percentages of reduced Cr(VI) by cytoplasmic and periplasmic proteins as well as membrane proteins were 64% and 78%, respectively (Figure S5, Supplementary Materials), showing that there might be some intracellular and membrane proteins in the bacterium that were capable of reducing Cr(VI). This is because the cytoplasmic, periplasmic and membrane proteins of bacteria possess some Cr(VI) reductase activities [40]. Additionally, it is obvious that membrane proteins have higher Cr(VI) reductase activity than cytoplasmic and periplasmic proteins.




3.2.2. Phosphorus Release from Biochar by PA


In the case of the change of total phosphorus for the aqueous phase, the TP concentrations of the four groups without Cr(VI) increased significantly with time, i.e., Fe-300 (from 0.08 to 1.26 mg/L), Fe-800 (from 0.12 to 1.98 mg/L), Fe-300 + PA (from 0.04 to 2.46 mg/L) and Fe-800 + PA (from 0.16 to 1.65 mg/L) (Figure 3a,b,e,f). This might be explained by water leaching a fraction of available phosphorus from biochar [41]. The results of the released TP were applied to the paired sample t-test to perform statistical analysis. During 20 days’ incubation, compared with control groups, Fe-300 + PA was more effective in solubilizing phosphorus than Fe-300, while Fe-800 + PA showed little difference to Fe-800, which agreed with the previous research [29]. It is inferred that both Fe-300 and PA might provide more benefits for reducing Cr(VI). The concentrations of TP in the groups with Cr(VI) (e.g., Cr + Fe-300, Cr + Fe-800, Cr + Fe-300 + PA, Cr + Fe-800 + PA) were at a lower level of about 0.44–0.73 mg/L on the 20th day (Figure 3c,d,g,h). It is highly possible that a certain part of the phosphorus in the aqueous phase may react with Cr(III) or Cr(VI).



For those groups without the addition of PA, the species of phosphorus in the aqueous phase did not change significantly in the two control groups (Fe-800 and Fe-300), but the proportion of orthophosphate (ortho-P) in the groups with Cr(VI) gradually increased over time (e.g., 41% on the 1st day versus 81% on the 20th day in the group Cr + Fe-800, and 38% on the 1st day versus 89% on the 20th day in the group Cr + Fe-300), showing that there was a transformation of the released pyrophosphates from the biochar (pyro-P) to ortho-P (Figure 3a–d).



As for the groups with PSM, the proportion of phosphorus sorbed by PA (microbe-P) reached the maximum on the 5th or 7th day, showing the phosphorus-solubilizing effect of PA (e.g., 32% of total P in the group Fe-800 + PA, 54% of total P in Cr + Fe-800 + PA on the 7th day, 43% of total P in the group Cr + Fe-300 + PA on the 5th day and 34% of total P in Fe-300 + PA). Yu et al. found that the maximum phosphorus solubilization produced by the strain Pseudomonas sp. YLYLP29 occurred on the 6th day, which was consistent with the findings in this study [42]. The proportion of pyro-P gradually decreased and even disappeared (e.g., Cr + Fe-800 + PA and Cr + Fe-300 + PA on the 20th day) during the incubation process, which was presumed to be related to the transformation of ortho-P (Figure 3e–h), since PSM mainly transformed phosphorus from insoluble forms into monobasic and dibasic phosphate (HPO42− and H2PO4−) [29,43]. With the decrease in pyro-P release and the conversion from pyro-P to ortho-P, Cr(III) or Cr(VI) is more likely to react with ortho-P and then to form various Cr-P precipitates [44].



Compared with the initial values of Fe-800 biochar (36.3 mg/g) and Fe-300 biochar (22.0 mg/g), the total phosphorus concentration of biochar decreased in all groups after 20 days’ incubation. Concerning the four groups with Fe-800 biochar on the 20th day (Fe-800, Cr + Fe-800, Fe-800 + PA and Cr + Fe-800 + PA), it can be seen that there was an indiscernible change in the total phosphorus concentration of biochar (21.9–23.0 mg/g). In regard to the groups with the addition of Fe-300 biochar, the decline sequence in the total phosphorus concentration of biochar was Fe-300 ≈ Cr + Fe-300 < Cr + Fe-300 + PA < Fe-300 + PA; the concentrations of total phosphorus on the 20th day were 19.9, 20.3, 17.0 and 14.4 mg/g, respectively. The total phosphorus concentration on biochar fell from 22.0 to 19.88 mg/g for Fe-300 and 14.38 mg/g for Fe-300 + PA, while the residual phosphorus concentration on biochar was Fe-300 + PA > Cr + Fe-300 + PA (14.38 mg/g and 17.00 mg/g) (Figure 4a), presumably because a certain part of the released phosphorus reacted with iron, Cr(III) or Cr(VI) to form iron, chromium and phosphorus precipitation [45,46].



With changes in five phosphorus species of biochar, phosphorus release from biochar by PA was investigated (Figure 4b). The summation of water-soluble phosphorus (H2O-P) and exchangeable phosphorus (NaHCO3-P) in Fe-800 biochar was lower than in Fe-300 biochar, revealing that Fe-300 biochar contained more bio-available phosphorus than Fe-800 biochar [47]. Iron aluminum bound phosphorus (NaOH-P) in Fe-800 groups (Fe-800, Cr + Fe-800, Fe-800 + PA and Cr + Fe-800 + PA) accounted for 47–52%, taking up a majority of phosphorus species, and calcium magnesium bound phosphorus (HCl-P) and residual phosphorus (residual-P) occupied about 50–55% (Figure 4b). This was the same as the Fe-800 groups: NaOH-P in the Fe-300 groups (Fe-300, Cr + Fe-300, Fe-300 + PA and Cr + Fe-300 + PA) was the majority (accounting for around 85%), while HCl-P and residual-P represented only a fraction, about 13%. From the proportion of more steady state P (HCl-P and Residual-P), it is apparent that the phosphorus species in Fe-800 biochar were more stable than in Fe-300 biochar. The polymerization degree of phosphorus minerals on biochar prepared by low-temperature pyrolysis was relatively low, so the stability of Fe-300 biochar was lower than that of Fe-800 biochar [48,49]. Comparing the Fe-300 biochar group and the Fe-800 biochar group, there were unobservable changes of phosphorus species, showing that PA only increased the total concentration of solubilized phosphorous from biochar rather than affecting phosphorus species within the tested conditions in this experiment [31].




3.2.3. The Impacts of Different Iron Species on the Reduction of Cr(VI) to Cr(III)


As the pyrolysis temperature increased, part of the iron species shifted from Fe(II) and Fe(III) to Fe(0) in the Fe-800 biochar (Figure S6, Supporting Information). Various iron species responsible for Cr(VI) reduction were investigated with pure substances (Fe(II), ions and Fe(0)) during 30 min incubation (Table 2). Differently from Fe(II), which was easily soluble in water, Fe-300 biochar, Fe-800 biochar and Fe(0) were nearly insoluble in water, so the initial iron concentrations in these groups were almost zero.



The concentrations of Fe(II) or Fe(III) were maintained at a low and almost constant level in the Fe(0)-dominated experimental groups without PA (e.g., 0.21 and 1.65 mg/L for Fe(II), 0.49 and 0.29 mg/L for Fe(III) in Cr + Fe-800 and Cr + Fe(0), respectively). Much past work has examined an acid environment facilitating Cr(VI) reduction to Cr(III) and increased iron dissolution in biochars with Fe(0) [50,51]. It is probably demonstrated that the Cr(VI) reduction effect of iron on Fe-800 biochar was weak at neutral pH, since the iron surface might be in a passive state, thus decreasing the quantity of Fe species reducing Cr(VI). Even the addition of PA insignificantly affected the concentrations of Fe(II) and Fe(III) in Cr + Fe-800 + PA (0.41 mg/L for Fe(II) and 0.04 mg/L for Fe(III)) and Cr + Fe(0) + PA (0.52 mg/L for Fe(II) and 0.37 mg/L for Fe(III)). The iron-rich biochar prepared by pyrolysis at 800 °C was mainly Fe(0), which had difficulty reacting with Cr(VI) in a neutral condition; hence, there was no accumulation of Cr(III).



Comparing the Fe-300 group with the Fe-800 group, Fe-300 biochar could dissolve partial Fe(II) and Fe(III) from its surface, which may be because Fe(II) and Fe(III) predominated in Fe-300 biochar. The Fe(II) concentration in Cr + Fe-300 was low (0.69 mg/L), since an interaction between Cr(VI) and Fe(II) dissolved from Fe-300 biochar might convert Cr(VI) to Cr(III) (Equation (3)), as indicated in the significant decrease for Fe(II) concentration. Similar phenomena were also observed by using Fe(II) pure substance: the Fe(II) concentrations of the groups Cr + Fe(II) and Cr + Fe(II) + PA decreased from the initial 1000 to 302.61 and 268.30 mg/L, respectively (Figure S7a, Supplementary Materials). This may be because of the reaction between Cr(VI) and Fe(II) resulting in Cr(III) and Fe(III) (Equation (3)). When Fe-300 biochar was present, Fe(III) could be removed from the aqueous phase by adsorbing Fe(III) onto Fe-300 biochar and precipitating Fe(OH)3 [52]. Furthermore, the concentration of Fe(II) in Cr + Fe-300 + PA (0.45 mg/L) was as low as that in the group Cr + Fe-300, indicating that Cr(VI) could react with Fe(II), and the addition of PA had an unobservable influence on the iron concentration but showed a great influence on phosphorus concentration.



Overall, whether for Fe-800 biochar or Fe-300 biochar, the addition of PA did not affect iron concentration, but more affected phosphorus concentration as well as the secretion of Cr(VI) reductase. The results depicted in Figure S7b (Supplementary Materials) were the further proof of the different Cr(VI) reduction effects of Fe-800 and Fe-300 biochars. Fe-300 biochar with Fe(II)/Fe(III) on its surface had a higher tendency to undergo a reaction for reducing Cr(VI) at neutral pH, while iron on the surface of Fe-800 biochar barely reacted with Cr(VI). Besides, upon making contact with Fe-300 biochar, the generated Cr(III) combined with Fe(II)/Fe(III), allowing precipitation because of the depletion of protons as the reaction proceeded (Equations (4)–(6)) [53]. It is therefore deduced that both iron and the existence of redox-active metal played important roles in the biochar redox mediation properties [54]. The precipitation of Cr and Fe usually occurred at alkaline pH values, OH− and Cr(VI) anions would compete for adsorption sites and hydroxides would be deposited on the biochar surface, resulting in reduced Cr(VI) removal efficiency [55]. Besides, the precipitation could block the adsorption of Cr(VI) in the solution onto the pores or on the biochar surface [56]. Therefore, the precipitation of Cr and Fe may to some extent affect the adsorption efficiency of the biochar.




3.2.4. Morphology Characteristics of Biochar and PA


The individual morphology of PA was a short rod with a rough and uneven surface (Figure 5a). It has been observed that the spherical structure of iron oxides is gradually broken into smaller cubical fragments with the increase in pyrolysis temperature, indicating a phase transition of iron that could also be found in the Fe-300 and Fe-800 biochars (Figure 5b,c) [57]. Possibly due to the release of Fe(II) from Fe-300 biochar and its reaction with Cr(VI), the independently stacked flakes were linked into sheets, since Cr(VI) might co-precipitate with Fe(II) as well as Fe(III) on the biochar surface (Figure 5e) compared with the independently stacked flakes on the Fe-300 biochar surface (Figure 5b) [58]. The rod-shaped PA was present on the biochar surface, possibly due to the interaction of Fe-300 with PA (Figure 5d). As for Fe-800 biochar groups, the morphologies with rough surfaces and plenty of pores showed unobservable changes in the groups Fe-800, Fe-800 + PA and Cr + Fe-800 (Figure 5c,g,h). As a result of the potential reaction between PA, biochar (Fe-300 and Fe-800 biochar) and chromium (Figure 5d,g), the biochar and bacteria were closely linked considering the physical and chemical interactions. However, the shape and structure of bacteria were not noticeable in Cr + Fe-300 + PA, which might be due to the fact that Fe(II) on the biochar surface consumed H+ during the redox reaction, accompanied with the increased pH of the entire reaction system (Equation (3)). While the respective pH values were alkaline at 8.71 and 8.61 in Cr + Fe-300 + PA and Cr + Fe-800 + PA on the 20th day, PA would suffer from autolysis [59], resulting in the inconspicuous morphology of PA.


6Fe2+ + Cr2O72− + 14H+ → 6Fe3+ + 2Cr3+ + 7H2O



(3)






aFe3+ + bCr3+ + 3H2O → CrbFea(OH)3 + 3H+



(4)






aFe3+ + bCr3+ + 2H2O → CrbFeaOOH + 3H+



(5)






2Cr3+ + Fe2+ + 4H2O → FeCr2O4 + 8H+



(6)







Noted: a + b = 1.
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Figure 5. The SEM of (a) PA, (b) Fe-300, (c) Fe-800, (d) Fe-300 + PA, (e) Cr + Fe-300, (f) Cr + Fe-300 + PA, (g) Fe-800 + PA, (h) Cr + Fe-800 and (i) Cr + Fe-800 + PA. 
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For the EDS analysis of PA, the P (mass percentage of 3.14%) may be derived from the cell wall, which possessed phosphoryl functional groups at the surface [60], while Fe and Cr were not detected (Figure S8a, Supplementary Materials). Fe-300 biochar groups with the obvious reduction on Cr(VI) were selected and characterized to further explore the mechanism of biochar and PA synergistic reduction. Fe (mass percentages of 16.40% and 18.19%) and P (mass percentages of 7.48% and 3.92%) were detected, respectively, in Fe-300 and Fe-300 + PA, but chromium was not found, probably because the chromium concentration on the biochar was below the detection limit (Figure S8b,c, Supplementary Materials). For the groups with Cr(VI), the mass percentages of Cr in Cr + Fe-300 (0.55%) and Cr + Fe-300 + PA (1.00%) increased obviously, which proved that the chromium originally in the aqueous phase was precipitated on the biochar by comparing the concentration of chromium between Fe-300 and Fe-300 + PA (Figure S8d,e, Supplementary Materials).






4. Conclusions


This systematic study of the potential synergistic effects of Cr(VI) reduction by iron-rich biochar and PA was conducted herein. It was demonstrated that the reduction efficiency of Cr(VI) reached a maximum of 80% after 20 days’ cultivation upon the combined effects of Fe-300 biochar and PA. The cytoplasmic and periplasmic proteins as well as membrane proteins extracted from PA were active with Cr(VI) reductase. The addition of PA promoted more P release from Fe-300 biochar than that from Fe-800 biochar, and the total phosphorus concentration of Fe-300 biochar decreased from 19.88 to 14.38 mg/g. However, the phosphorus concentration on Fe-800 biochar did not change significantly. Moreover, the released phosphate precipitated with Cr(VI) and Cr(III) on the biochar surface, reducing the total chromium concentration in the aqueous phase. Within neutral conditions, Fe-300 biochar alone was more efficient at Cr(VI) reduction than Fe-800 biochar due to the different predominant iron species present therein. Besides the bench-scale tests performed in this study, more scale-up studies are needed in future work to further indicate the synergistic effects of biochar and PA in Cr(VI) removal, while considering more complex factors such as the impacts of organic matter and minerals.
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Figure 1. Total chromium, Cr(VI) and Cr(III) concentrations in different experimental groups during 20 days’ incubation: (a) Cr, (b) Cr + PA, (c) Cr + Fe-300, (d) Cr + Fe-800, (e) Cr + Fe-300 + PA and (f) Cr + Fe-800 + PA. 






Figure 1. Total chromium, Cr(VI) and Cr(III) concentrations in different experimental groups during 20 days’ incubation: (a) Cr, (b) Cr + PA, (c) Cr + Fe-300, (d) Cr + Fe-800, (e) Cr + Fe-300 + PA and (f) Cr + Fe-800 + PA.



[image: Water 15 01159 g001]







[image: Water 15 01159 g002 550] 





Figure 2. The mass balance of chromium (total volume of 100 mL). Noted: “Loss” means the loss of chromium compared to initial total chromium. 
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Figure 3. The concentrations of total P and different P species in the aqueous phase during 20 days’ incubation: (a) Fe-300, (b) Fe-800, (c) Cr + Fe-300, (d) Cr + Fe-800, (e) Fe-300 + PA, (f) Fe-800 + PA, (g) Cr + Fe-300 + PA and (h) Cr + Fe-800 + PA. 
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Figure 4. Changes in (a) total phosphorus concentration and (b) different phosphorus species on the 20th day. 
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Table 1. The experimental design for the potential synergistic effects of iron-rich biochar and PA.
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Experimental Objectives

	
Test Groups

	
Cr(VI) (mg/L)

	
Fe-300

(g/L)

	
Fe-800

(g/L)

	
Fe(II) (g/L)

	
Fe(0) (g/L)

	
PA

(%, v/v)

	
The Determination Parameters






	
Section 2.3. Reduction of Cr(VI) to Cr(III) by Iron-Rich Biochar and PA

	
Cr (control group 1)

	
10

	
-

	
-

	
-

	
-

	
-

	
Cr




	
Cr + PA

	
10

	
-

	
-

	
-

	
-

	
2




	
Cr + Fe-300

	
10

	
1

	
-

	
-

	
-

	
-




	
Cr + Fe-800

	
10

	
-

	
1

	
-

	
-

	
-




	
Cr + Fe-300 + PA

	
10

	
1

	
-

	
-

	
-

	
2




	
Cr + Fe-800 + PA

	
10

	
-

	
1

	
-

	
-

	
2




	
Section 2.4.2. Phosphorus Release from Biochar by PA

	
Fe-300 (control group 2)

	
-

	
1

	
-

	
-

	
-

	
-

	
P




	
Fe-800 (control group 3)

	
-

	
-

	
1

	
-

	
-

	
-




	
Cr + Fe-300

	
10

	
1

	
-

	
-

	
-

	
-




	
Cr + Fe-800

	
10

	
-

	
1

	
-

	
-

	
-




	
Fe-300 + PA

	
-

	
1

	
-

	
-

	
-

	
2




	
Fe-800 + PA

	
-

	
-

	
1

	
-

	
-

	
2




	
Cr + Fe-300 + PA

	
10

	
1

	
-

	
-

	
-

	
2




	
Cr + Fe-800 + PA

	
10

	
-

	
1

	
-

	
-

	
2




	
Section 2.4.3. The Impacts of Different Iron Species on the Reduction of Cr(VI) to Cr(III)

	
Cr + Fe-300

	
10

	
1

	
-

	
-

	
-

	
-

	
Fe




	
Cr + Fe(II)

	
10

	
-

	
-

	
1

	
-

	
-




	
Cr + Fe-800

	
10

	
-

	
1

	
-

	
-

	
-




	
Cr + Fe(0)

	
10

	
-

	
-

	
-

	
1

	
-




	
Cr + Fe-300 + PA

	
10

	
1

	
-

	
-

	
-

	
2




	
Cr + Fe(II) + PA

	
10

	
-

	
-

	
1

	
-

	
2




	
Cr + Fe-800 + PA

	
10

	
-

	
1

	
-

	
-

	
2




	
Cr + Fe(0) + PA

	
10

	
-

	
-

	
-

	
1

	
2








Note: “-” means that nothing was added to the mixture.
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Table 2. The iron concentrations of experimental groups after incubation for 30 min (mg/L).
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	Test Groups
	Fe(II)
	Fe(III)
	Total Fe





	Cr + Fe-300
	0.69
	0.12
	0.81



	Cr + Fe(II)
	302.61
	4.81
	307.42



	Cr + Fe-800
	0.21
	0.49
	0.70



	Cr + Fe(0)
	1.65
	0.29
	1.94



	Cr + Fe-300 + PA
	0.45
	0.15
	0.60



	Cr + Fe(II) + PA
	268.30
	12.75
	281.05



	Cr + Fe-800 + PA
	0.41
	0.04
	0.45



	Cr + Fe(0) + PA
	0.52
	0.37
	0.89
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