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Abstract:



Biochar can retain large amounts of protons and metals in the drainage water from acid sulfate soils and mine sites. Metal sorption can, however, be influenced by many factors, such as pH and metal composition. This study investigated proton, Al, and Fe retention capacity of eucalyptus biochar (1% w/v) at different pH and metal concentrations. In the absence of metals, the biochar had a high proton binding capacity, (up to 0.035 mmol of H+), whereas its capacity to retain hydroxide ions was limited. A batch experiment was carried out at pH 4 and pH 7 with 10−6, 10−5, 10−4, 10−3, and 10−2 M of added Fe or Al. Added metals precipitated considerably prior to addition of the biochar except that Al remained highly soluble at pH 4. The biochar had a high retention capacity for Al and Fe; at high (>1 mM) concentrations, over 80% of soluble metals were retained. Metal competition for binding sites of both Al and Fe at different ratios was investigated, but increasing concentrations of one metal did not reduce retention of the other. The results confirmed that biochar has high metal binding capacity under both acidic and neutral conditions.
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1. Introduction


Upon rewetting due to rainfall or flooding, sulfuric (pH < 4) material in acid sulfate soils (ASS) can release large amounts of acidity and soluble metals (particularly Al and Fe) to ground and surface water [1,2]. Some ASS have been drained for over hundred years and are still discharging acidity into streams or waterways [3]. White, et al. [4] predicted that ASS in floodplains containing iron sulfide rich materials may be continuously oxidised for thousands of years. It is estimated that one tonne of sulfide produces approximately one and a half tonnes of sulfuric acid [3]. ASS in floodplains of the Tweed river (New South Wales, Australia) discharged approximately 110 kg of sulfuric acid per hectare in a few days of rain [5]. Drainage water seeping from sulfuric material (pH < 4) in ASS also contains high amounts of metals that are released due to the low pH. Concentrations of Al, As, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn in pore and drainage water have been shown to exceed Australian Water Quality Guidelines [6], up to 100 fold [1,7].



We showed previously that organic materials, such as plant residues, composts, and biochar retained large amounts of protons and Al and Fe from ASS drainage water and released less than 1% of that retained when subsequently leached with pure water [8,9]. Among the materials that were tested, retention was greater in biochars and composts than in plant residues. Biochar has received considerable interest as a low cost and sustainable biosorbent to remove metal contamination such as As, Cd, Pb, Zn from waste water or acid mine drainage water [10,11,12,13,14,15]. Metal adsorption efficiency varied, however, and is affected by factors, such as functional groups, surface area, and environmental conditions [10,16,17]. Metal retention on organic materials is strongly pH dependent [18,19]. As pH increases, there is less competition for cation binding sites with protons [18]. Additionally, dissolved metals may precipitate as pH increases (e.g., [20]).



Acidity of ASS drainage water varies over time [21,22,23,24,25]. It is well-known that pH plays an important role in metal speciation, solubility, and complexation. For example, ferrous iron Fe(II) is often dominant in acidic reducing environments [26,27]. Under acidic oxidising conditions, ferric species [Fe(III)] in the form of iron oxyhdrosulfate (e.g., Schwertmannite, Jarosite) minerals are precipitated [26,28]. The effect of pH on aluminium speciation is quite complex [29,30]. At pH above 5, aluminium is predominantly present as mononuclear species AlOH2+, Al(OH)2+, Al(OH)3, and Al(OH)4−, or forms soluble complexes with e.g., sulfate or fluoride [29]. Between pH 3 and 5, such as commonly found in areas impacted by sulfuric material in ASS, Al3+ species are dominant [30]. At pH 7, insoluble Al(OH)3 or polynuclear aluminium species are formed [29].



pH is likely to influence metal binding to biochar, through its effect on cation exchange capacity, surface complexation, metal solubilisation, and precipitation. More systematic studies are needed to better understand proton, Al and Fe binding to biochar to optimise its use in semipermeable barriers for ASS drainage water. The main objective of this study was to evaluate the proton and Al and Fe retention capacity of eucalyptus biochar produced at 550 °C that had showed high Al and Fe retention in our earlier studies [8,9]. Proton sorption to biochar was tested by acid-base titration in the absence of metals. A series of batch experiments was conducted at either pH 4 or 7 to investigate individual binding of Al and Fe to biochar. Further, a competition experiment with Al and Fe was conducted at pH 7.




2. Materials and Methods


2.1. Experimental Design


Eucalyptus biochar used in this study was produced by pyrolysis of raw plant material in a low-oxygen environment at 550 °C and ground and sieved to less than 0.5 mm. The biochar then was washed four times with reverse osmosis (RO) water at a 1:10 ratio (w/v) to remove salts until the conductivity of the leachate was low and stable (EC < 0.05 dS m−1). The washing protocol was amended from a pre-treatment method for measuring exchangeable cations [31]. The biochar was then dried at 40 °C.



For the experiment of proton binding to biochar, titration procedures were amended from the pH buffer capacity measurement protocol developed by Aitken and Moody [32]. The biochar (0.25 g) was added to 20 mL of 0.1 M KNO3 background pH electrolyte solution. The solutions were titrated to pH 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 9, and 10 with standardized 0.04 M HNO3/KOH. There were three replicates of each pH solution. Then, 0.1 M KNO3 solution was added to reach a final volume of 25 mL. The suspensions were equilibrated for 24 h on an end-over shaker at room temperature followed by further addition of standardized 0.04 M HNO3/KOH until the desired pH was reached. The volume of standardized 0.04 M HNO3/KOH added was recorded.



For the experiments of single metal binding to biochar, Al and Fe adsorption isotherms were determined at constant pH 4 or pH 7 in a batch approach in accordance with Weber, et al. [33]. These two pH values were chosen because we assumed that binding capacity of the biochar would be smaller at pH 4 than pH 7 due to protonation of potential metal binding sites. Biochar (0.25 g) was added to a 50 mL tube containing 20 mL of 0.1 M KNO3 background pH electrolyte solution. Different amounts of Al(NO3)3 and Fe(NO3)3 stock solutions were added to the tubes to give metal concentrations of 10−6, 10−5, 10−4, 10−3, and 10−2 M. The control was 0.25 g biochar in 25 mL of 0.1 M KNO3 solution. The pH of the suspensions was adjusted to 4 or 7 by standardised 0.04 M HNO3 or KOH. The suspensions were equilibrated for 24 h on a horizontal shaker after which the pH was again adjusted to either 4 or 7. After another 24 h on the shaker, the pH was again re-adjusted to the desired pH if necessary (total equilibration time 48 h). Then, 0.1 M KNO3 solution was added to reach the final volume of 25 mL. Concentrations of soluble Fe and Al were measured, as described below. There were three replicates per metal and pH combination.



For the Al/Fe competition experiment the pH was adjusted to 7, as described above. Iron concentrations (added as Fe(NO3)3) of 10 × 10−3, 5 × 10−3, and 1 × 10−3 M) were combined with Al concentrations (added as Al(NO3)3) of 10 × 10−3, 5 × 10−3, and 1 × 10−3 M). There were three replicates per combination.



In addition, to test the influence of metal precipitation on the concentration of soluble Al and Fe at pH 4 and 7, soluble metal (<0.025 µm filtered) concentrations in the absence of biochar were measured after 48 h equilibration using the same metal concentrations and procedures described above.




2.2. Analyses


The pH of the biochar was measured in RO water at a 1:1 ratio (w/w). Total organic C and total N of the biochar were measured by dry combustion using a LECO Trumac CN analyser (LECO Corporation, Saint Joseph, MI, USA).



Acid neutralising capacity (ANC) expressed as CaCO3 equivalent was determined by the rapid titration method, as described in Ahern, et al. [34]. Briefly, 1 g of finely ground biochar was placed into a 250 mL flask with 50 mL of deionised water and 25 mL of standardised 0.1 M HCl. The suspensions were boiled on a hotplate for 2 min and then allowed to cool to room temperature. The unreacted acid in the flask was titrated with standardised 0.1 M NaOH to pH 7.



Surface area was analysed by a nitrogen gas adsorption method and calculated, as described by Brunauer, et al. [35]. The biochar was degassed overnight at a vacuum of 10−5 kPa prior to measuring nitrogen adsorption. Biochar was degassed at 200 °C. Nitrogen gas adsorption was measured at 77K using a Belsorp-max gas adsorption apparatus. Ultra high purity (>99.999%) helium and nitrogen were used for dead space measurements and adsorption experiments, respectively.



Cation exchange capacity (CEC) was determined after Rayment and Lysons [31]. The biochar was extracted with 0.1 M NH4Cl at a 1:30 w/w ratio in an end-over-end shaker for 1 h. The extracts were centrifuged at 3000 rpm for 10 min, the supernatant filtered through Whatman #42 filter paper. The solution was analysed by inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent, Mulgrave, Australia).



Acid extractable Al and Fe in the biochar were determined after aquaregia (1:3 concentrated HNO3:HCl) acid dissolution [36]. The extracts were filtered through Whatman #42 filter paper and were analysed for Al and Fe by ICP-OES.



Chemical groups of biochar were measured by solid-sate 13C nuclear magnetic resonance (NMR) spectroscopy, as described in McBeath, et al. [37]. 13C NMR detects carbon atoms and groups such as alkenes, aldehydes through the specific shift in magnetic resonance of each structure.



The amount of standardised HNO3 and KOH added to the solution containing 1% (w/v) of eucalyptus biochar were expressed as mmol of acid and base to obtain the titration curve.



The solutions from the precipitation experiment (no biochar present) were filtered onto 0.025 µm nitrocellulose membrane filters, the soluble Al and Fe in the filtrates were then measured by ICP-MS (Agilent, Mulgrave, Australia). The soluble metal concentrations were expressed as µg per tube.



The solutions of single metal binding or metal binding competition experiments were centrifuged at 4000 rpm for 30 min. The supernatants were then removed and filtered through 0.025 µm nitrocellulose membrane filters before measuring metal concentrations by ICP-MS. Binding of Al and Fe to biochar (µg metal/g biochar) was calculated, as follows: [added soluble metal per tube (µg) − (concentration of metal in filtrate (µg/L) × volume (L) of filtrate solution per tube)]/amount of biochar (g) per tube.



Data was analysed by one way ANOVA. Differences between means were compared by Duncan analysis (p ≤ 0.05) using GenStat 15th edition (GenStat 2013).





3. Results


The properties of eucalyptus biochar produced at 550 °C are presented in Table 1. The biochar had a pH of 7.5, a high organic C concentration (552 mg g−1), low total N concentration (5.6 mg g−1) and therefore high C/N ratio (approx. 100). The ANC (3.8% CaCO3), CEC (39 cmol kg−1) and surface area (2.5 m2 g−1) of the biochar were moderate compared to other biochars (for details see Dang et al. [8]), whilst the extractable Al and Fe concentrations were high. The dominant functional groups were Alkyl, Aryl, and O-Aryl C.



Table 1. Properties of eucalyptus biochar 550 °C.







	
pHw

	

	
7.5






	
TOC

	
mg g−1

	
551.6




	
Total N

	
mg g−1

	
5.6




	
C/N

	

	
98




	
ANC

	
% CaCO3

	
3.8




	
CEC

	
cmol(+) kg−1

	
39.3




	
Surface area

	
m2 g−1

	
2.5




	
Acid extractable Al

	
mg g−1

	
3.8




	
Acid extractable Fe

	
mg g−1

	
19.8




	
Chemical functional groups

	
% C detected

	




	
Alkyl

	

	
10.3




	
N-Alkyl/Methoxyl

	

	
3.1




	
O-Alkyl

	

	
4.5




	
Di-O-Alkyl

	

	
3.6




	
Aryl

	

	
57.5




	
O-Aryl

	

	
13.6




	
Amide/Carboxyl

	

	
4.3




	
Ketone

	

	
3.2










The biochar had a high proton binding capacity, whereas its capacity to bind OH− was limited as pH increased rapidly when base was added (Figure 1).


Figure 1. Effect of addition of acid(−ve)/base(+ve) to 1% (w/v) mallee biochar on pH.
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In the absence of biochar at pH 4, all of the added Al remained soluble up to an Al concentration of 0.1 mM. At higher concentrations, about two-thirds of the added Al remained soluble (Table 2). At pH 7 on the other hand, only about one third of the added Al was soluble up to Al concentrations of 0.1 mM. At higher concentrations, less than 10% of the added Al was soluble. Less than 1% of added Fe remained soluble at pH 4 and pH 7 except at the lowest addition rate (Table 3). Soluble Fe concentrations were lower at pH 7 than pH 4.



Table 2. Soluble Al in solution (no biochar present) at different concentrations after adjustment to pH 4 and pH 7.







	
Added Al

	
Amount of Soluble Al after Adjusted pH (µg per tube)




	
(mM)

	
(µg per tube)

	
pH 4

	
pH 7






	
0.001

	
0.7

	
0.7

	
0.7




	
0.01

	
6.7

	
6.7

	
2.3




	
0.1

	
67.5

	
67.5

	
15.9




	
1

	
674.5

	
562.6

	
21.3




	
5

	
3372.5

	
2177.8

	
29.8




	
10

	
6745.0

	
4302.5

	
36.7










Table 3. Soluble Fe in solution (no biochar present) at different concentrations after adjustment to pH 4 and pH 7.







	
Added Fe

	
Amount of Soluble Fe after Adjusted pH (µg per tube)




	
(mM)

	
(µg per tube)

	
pH 4

	
pH 7






	
0.001

	
1.4

	
1.3

	
1.3




	
0.01

	
14.0

	
2.1

	
1.6




	
0.1

	
139.6

	
9.1

	
6.7




	
1

	
1396.3

	
43.5

	
47.7




	
5

	
6981.3

	
229.0

	
339.9




	
10

	
13,962.5

	
685.2

	
415.8










With biochar at pH 4 and 7 and the three highest Al addition rates (270–17,210 µg Al/g biochar), more than 90% of added soluble Al was bound to the biochar. At pH 7 and lower Al addition rates (3–27 µg Al/g biochar), between 60 and 75% of added soluble Al was bound to the biochar. At pH 4, 50% of the 27 µg Al/g biochar was bound, whereas no binding was measured in the 3 µg Al/g biochar treatment. Because of the release of native Al from the biochar, no binding could be detected at the lowest Al addition (0.001 mM) rate at pH 4 (Table 4).



Table 4. Al binding to biochar at pH 4 and pH 7.







	
pH 4

	
pH 7




	
Soluble Added (µg/g)

	
Binding (µg/g)

	
Binding (%)

	
Soluble Added (µg/g)

	
Binding (µg/g)

	
Binding (%)






	
0

	
−20

	
0

	
0

	
−1

	
0




	
3

	
−9

	
0

	
3

	
2

	
60.5




	
27

	
14

	
51.0

	
9

	
7

	
74.7




	
270

	
243

	
90.1

	
64

	
61

	
95.9




	
2250

	
2096

	
93.1

	
85

	
80

	
93.9




	
17,210

	
16,990

	
98.7

	
147

	
140

	
95.4










At higher Fe addition rates, 83–91% of added soluble Fe was bound to the biochar at pH 4 and 7. At pH 7 and 5–6 µg Fe/g biochar addition, about 70% of added soluble Fe was bound to biochar. At higher Fe addition rates (27–1663 µg Fe/g biochar), 87–99% of added soluble Fe was bound. No Fe binding was detected at pH 4 at the three lower addition rates due to release of native Fe (Table 5).



Table 5. Fe binding to biochar at pH 4 and pH 7.







	
pH 4

	
pH 7




	
Soluble Added (µg/g)

	
Binding (µg/g)

	
Binding (%)

	
Soluble Added (µg/g)

	
Binding (µg/g)

	
Binding (%)






	
0

	
−18

	
0

	
0

	
−1

	
0




	
5

	
−13

	
0

	
5

	
4

	
74.6




	
8

	
−13

	
0

	
6

	
4

	
64.2




	
37

	
31

	
83.7

	
27

	
25

	
93.3




	
174

	
153

	
88.0

	
191

	
189

	
98.8




	
2741

	
2489

	
90.8

	
1663

	
1438

	
86.5










In the Fe/Al competition experiment, 99% of the added soluble Fe was bound to the biochar (Table 6). Iron reduced the percentage of bound Al only at the lowest Al addition rate (85 µg soluble Al g−1), combined with the lowest Fe addition rate (191 µg soluble Fe g−1). At the higher Al addition rates, more than 95% of added soluble Al was bound to the biochar.



Table 6. Al and Fe binding to biochar at pH 7 in mixtures of different metal concentrations.







	
Soluble Added

	
Binding




	
Al (µg/g)

	
%

	
Fe (µg/g)

	
%




	
Fe (µg/g)

	
Al (µg/g)

	

	

	

	






	
191

	
85

	
82.5

	
89.5

	
190.3

	
99.7




	
119

	
113.1

	
96.7

	
188.3

	
98.7




	
147

	
140.7

	
99.5

	
188.4

	
98.7




	
1360

	
85

	
83.2

	
97.8

	
1358.2

	
99.9




	
119

	
113.4

	
95.3

	
1356.2

	
99.8




	
147

	
120.6

	
97.5

	
1355.5

	
99.7




	
1663

	
85

	
84.9

	
95.7

	
1662.6

	
100




	
119

	
115.4

	
94.8

	
1660.7

	
99.9




	
147

	
131.5

	
96.8

	
1658.8

	
99.7











4. Discussion


This study showed that the eucalyptus biochar had a high proton, Al and Fe binding capacity. Biochar can contain humification products (fulvic acid- and humic acid-like materials), which contribute to their proton binding capacity [38,39]. Humic acids are important components of decomposed organic matter which have high proton affinity and metal binding [39]. Models (e.g., NICA-Donnan) of proton and metal binding to carboxylic acid functional groups (and phenolic groups at higher pH) on humic acids [39,40] suggest that metal binding should greatly reduce at pH 4. But, the biochar-metal binding behaviour in this study did not show a strong pH dependence. This was unexpected based on a prior assumption of a lack of negatively charged binding sites found on humic acid at pH 4 [18,19]. However, the reverse was true; more Al and Fe were bound at pH 4 than at pH 7, with higher soluble metal concentrations present in added solution at the lower pH. These results suggest that other functional groups and/or properties contributed more to proton and metal binding. Carboxylic acid groups comprised only a minor proportion (4.3%) of the eucalyptus biochar functional groups based on our 13C NMR analysis (Table 1). Our results suggest the models developed for metal binding to natural organic matter in water and soils are not readily applicable to biochar. Other potential binding mechanisms for metals include ion exchange, surface complexation, electrostatic attraction, or physical adsorption [18,41]. It is clearly an advantage, however, if biochar can bind metals under acidic conditions, as these are the conditions in the drainage water from acid sulfate soils and mine sites. The lack of competition between Fe and Al when both metals were added may also be due to their being sufficient binding sites for both metals and protons at the concentrations used in the experiment. Alternatively, there may be different binding sites for these two metals. Again, these findings appear to differ from those found for the NICA-Donnan model of metal binding to organic matter [42]. There was some release of native Al and Fe from the biochar, which resulted in no apparent binding at low Al and Fe addition rates.



Speciation of Al and Fe in solution is complex and controlled by pH [29,30]. In this study, a large proportion of added Al and Fe precipitated prior to adding biochar, even at pH 4, possibly due to hydrolysing and oxidizing conditions during shaking of the suspension. However, at low pH (pH 4) and highest addition rate (10 mM), residual soluble Al (172 mg L−1) and Fe (28 mg L−1) concentrations were higher than have been found in drainage water from oxidised ASS (Al: 2 mg L−1; Fe: 28 mg L−1) [26]. As 90% or more of the dissolved Al and Fe were bound, even at high concentrations, the maximum binding capacity of biochar is greater than 17,000 µg Al and 2700 µg Fe per g of biochar. Based on the above drainage ASS concentrations, this equates to each tonne of biochar being able to treat Al and Fe in approximately 8.5 ML and 0.1 ML of drainage water, respectively. Given that dissolved Al is much more toxic to aquatic organisms than Fe, which is considered non-toxic [6], the reduction in retention capacity for Fe is not of major concern. However, the hydrolysis of dissolved Fe can consume protons and potentially acidify water downstream [43], so Fe removal capacity is still beneficial. Once acid was applied to the biochar, solid phase carbonate in the biochar may have dissolved, increased pH (due to formation of HCO3−), and induced metal precipitation within the solution and to the biochar. The eucalyptus biochar had 4% CaCO3 (Table 1), therefore some protons will also be neutralised by carbonates [44,45], although we adjusted to a set pH in the experiments.



In summary, the results suggest that biochar has potential for metal and proton removal over a wide range of soluble metal concentrations, as they may occur in drainage channels of acidic ASS, which is in agreement with our previous studies [8,9]. Pilot scale field trials are required to confirm this. Potential limitations of using biochar in drainage channels could be saturation of the binding capacity and disposal of the biochar after use. Further laboratory-based investigations and modelling of metal-binding sites on biochar would also be beneficial.
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