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4Abstract

5Biochar in soil is susceptible to natural aging along with soil minerals, which might

6alter its electrochemical properties and redox reactions with contaminants. In this

7study, soluble mineral salts (FeCls, MnCl,, AlCls;, CaCl,) and clay mineral (kaolinite)

8were selected to investigate the impact of co-aging with soil minerals on the redox

9activity of peanut-shell biochar for Cr(VI) reduction. Natural aging for 3-month
10induced oxidation of biochar with the decrease of reducing moieties, i.e., -C-OH from
1126.8-43.7% to 18.4-24.1%. Co-aging with minerals except for Mn(II) further
12decreased the proportion of -C-OH to 6.94-22.2% because of the interaction between
13mineral ions and biochar, resulting in the formation of mineral-biochar complex and
14new minerals, e.g. B-FeOOH. Due to its reductivity, Mn(II) presented the least
15decrease or even slight increase of-C-OH while itself was oxidized to Mn(III) and
16Mn(IV). The decline of -C-OH caused the decrease of Cr(VI) reduction rate constant
17from 2.18-2.47x10™ h' for original biochars to 0.71-1.95x10? h! for aged ones, of
18which co-aging with Fe(III) showed the lowest reduction rate constant among all
19minerals. The electron mediating capacity of biochar also decreased after aging alone
20o0r co-aging with Al, Ca, and kaolinite, while co-aging with Fe(III) and Mn(II)
21facilitated the electron transfer process, increasing the rate constant by 219.3-1237%
22due to electron mediation through valence transformation of Fe(III)-Fe(II) and
23Mn(II)-Mn(III). Given the abundance of soil minerals, it was essential to consider this
24crucial factor for redox reactions when applying biochar for soil remediation.
25
26Keywords: Biochar aging; Chromium; Electron transfer; Soil minerals; Sustainable

27remediation.
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301. Introduction

31 Biochar is a carbonaceous residue which comes from incomplete combustion of
32biomass in the absence of oxygen (Lehmann 2007, Zhao et al. 2013). It has been
33widely recognized that biochar in soil has multi-functions including carbon
34sequestration (Schmidt et al. 2019), nutrient availability enhancement (Rafique et al.
352020), plant growth facilitation (Hussain et al. 2017), and contaminant immobilization
36(Cao and Harris 2010, Qi et al. 2017). Recently, potential of biochar as a redox-active
37material for pollutant control has been unveiled. The electron donating, electron
38accepting, and electron mediating capacities of biochar could contribute to, or even
39determine, the degradation of organic pollutants and the reductive/oxidative-
40immobilization of metals/metalloids (Chen et al. 2019, Liu et al. 2020, Qiu et al.
412020, Sun et al. 2019, Tu et al. 2020).

42 A prerequisite for the successful application of biochar as a redox-active material

4



43for soil pollution control is that its redox activity maintains over a long period of time
44(Ren et al. 2018). However, it has been revealed that the physicochemical properties
450f biochar including alkalinity (Mukherjee et al. 2014), surface O-containing moieties
46(Ghaffar et al. 2015), mineral components (Xu et al. 2018b), and surface area (Zhao
47and Zhou 2019) would be altered during aging process. Therefore, many published
48studies reported the variation of the sorption capacity of aged biochar for
49metals/metalloids and organic pollutants (Deng et al. 2020, Huang et al. 2020, Tan et
50al. 2020, Wang et al. 2020). Since natural aging in soil was mostly similar to an
51oxidation process (Mia et al. 2017, Wang et al. 2020), the redox activity of biochar for
52pollutant immobilization might also be susceptible to aging. The alternation of O-
53containing moieties, surface properties, and carbon structures during aging process
54would affect the electron donating and accepting capacities of biochar (Li et al. 2020,
55Qin et al. 2020). Besides, the electron mediating capacity of biochar might also be
56influenced because the electron shuttling mainly depended on the cyclic
57transformation of surface O-containing moieties or conjugated carbon structures of
58biochar (Sun et al. 2017, Wan et al. 2020, Xu et al. 2020b). It can be speculated that
59the pollutant immobilization through both direct electron exchange (donating and
60accepting) and electron mediation by biochar would be changed during aging, while
61our understanding about the impact of aging on this process was still limited.

62 Soil minerals, which occupy almost half of soil constituent, might also
63participate in the aging process of biochar, especially over a long period of time
64(Wang et al. 2013), and their interaction could further change the electrochemical
65properties of biochar, thus affecting its redox activity (Xu et al. 2020a). It has been
66reported that mineral particles could interact with the surface of biochar in the first
67few months after the application of biochar in the field soil (Lin et al. 2012), resulting
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68in the formation of organo-mineral phases (Archanjo et al. 2017). Moreover, minerals
69with redox activity, e.g. Fe/Mn minerals, could not only change the properties of
70biochar by both physical attachment and chemical redox reaction (Mumme et al.
712018, Yang et al. 2016), but also take part in the electron transfer process of biochar
72for pollutant immobilization, e.g., Cr(VI) (Xu et al. 2018a, Xu et al. 2020a). Our
73previous research found that Fe(III) minerals could oxidize the surface functional
74groups and decrease the reduction capacity of biochar, while Fe(III) could also
75facilitate the electron shuttling process due to the valence transformation of Fe(II)-
76Fe(IIl) (Xu et al. 2020a). It remains unclear how co-aging with different soil minerals
77affects the redox activity of biochar as well as the electron transfer process for
78pollutant immobilization.

79 In this study, we chose the reduction of Cr(VI) by biochar to represent the redox
80activity of biochar for soil pollutant immobilization since biochar could effectively
81reduce the highly toxic Cr(VI) to Cr(IIl) of low toxicity through both electron
82donating and electron shuttling mechanisms. Two pyrolysis temperatures, 400°C and
83700°C, were selected to represent low and high temperature used for biochar
84production, respectively. Low temperature produced biochar mainly participate in the
85Cr(VI) reduction process with surface O-moiety while conjugated aromatic structure
860f high temperature biochar might play a key role during Cr(VI) reduction (Xu et al.
872020b, Sun et al. 2017). We hypothesized that the interactions between soil minerals
88and biochar would alter the redox activity of biochar during the aging process, and
89accordingly change the electron donating and electron shuttling capacities of biochar
90for Cr(VI) reduction. To test this hypothesis, this study was conducted (1) to
91determine changes in properties of peanut-shell biochar during the co-aging process
92with soluble mineral salts (FeCl;, MnCl,, AlCl;, and CaCl,) and clay mineral
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93(kaolinite); (2) to elucidate the changes of biochar’s reducing and shuttling capacities
94for Cr(VI) reduction after aging; and (3) to explore the mechanisms of biochar aging
95with soil minerals on electron transfer during Cr(VI) reduction. It is worth mentioning
96that the electron donating and mediating capacity of biochar was measured in ideal

97aqueous system to exclude the impact of other soil moieties in this study.

98
992. Materials and Methods
1002.1 Biochar and Minerals

101 The biochar used in this study was produced from peanut shell through a slow
102pyrolysis under N, atmosphere at 400°C or 700°C with heating rate of 10°C min™ and
103a holding time of 4 h. Peanut shell was selected as the feedstock for biochar
104preparation due to the highest reducing capacity of produced biochar according to our
105previous research (Xu et al. 2019a, Zhang et al. 2018). Detailed production procedure
106has been described previously (Zhao et al. 2013). The biochar produced at 400°C and
107700°C was referred to BC400 and BC700, respectively. The resulted biochars were
108then grounded by ball-milling (QM-3SP04, China) at 150rpm for 4h, and passed
109through a 200-mesh (0.074 mm) sieve. Basic properties of biochar including element
110content, carbon structure, electro-chemical properties, and surface functional group
111was characterized and presented in Table S1 (detailed procedures were described in
112Supporting Information). Electro-chemical properties of biochar (i.e. electron
113donating capacity and electron accepting capacity) were quantified by mediated
114electrochemical reduction (MER) and oxidation (MEQO) test (Zhang et al. 2018, Zhang

115et al. 2019) (detailed procedure could be found in Supporting Information).
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116 Four typical widespread soil soluble mineral salts including aluminum chloride
117(AICls), iron chloride (FeCls), manganese chloride (MnCl,), calcium chloride (CaCl,),
118and one clay mineral kaolinite (Al,03-2Si0,-2H,0) were selected for the incubation
119experiment (Yang et al. 2016). Kaolinite was one of the main clay minerals in soil and
120it might stimulate the Cr(VI) reduction with organic carbon and redox active metal
121ions (Kwak et al. 2018, Buerge and Hug 1999, Deng et al. 2003). Redox active Fe**
122and Mn*" as chlorides were chosen to simulate the metal ions dissolved from Fe/Mn
123(hydr)oxides or released from non-clay minerals in soil. Al** and Ca*" as chlorides
124were chosen as the commonly found non-redox active cations. Soluble mineral salts
125were selected in this study since they had higher impact on biochars’ redox activity

126than solid minerals (e.g. (hydr)oxide) (Xu et al. 2020a).
1272.2 Co-aging of biochar with minerals

128 Biochar samples were heated at 100°C to degas volatile organic carbons prior to
129aging (Xu et al. 2018b). Simulation of natural aging was performed by incubation
130with 70% MWHC (Maximum Water Holding Capacity) in dark for 15 days and 3
131months (Guo et al. 2014). The moisture content was selected according to the soil
132moisture content (Cao et al. 2011), and maintained by adding deionized water to
133compensate water loss every other day. The incubation experiment was conducted in
134glass containers (71 mm in internal diameter and 97 mm in height) with 10 different
135arrangements: (1) 10 g biochar alone; (2-5) 10 mM FeCls, MnCl,, AlCls;, or CaCl,
136mixed with 10 g biochar, respectively; (6) 10 g biochar mixed with 10 g kaolinite; and

137(7-10) 10 mM FeCl;, MnCl,, AlCls, or CaCl, mixed with 10 g biochar and 10 g



138kaolinite. Concentration of soluble metal ions was set according to the appropriate
139proportion of biochar and the range of metal contents in soil (Yu et al. 2020, Zhao et
140al. 2007). The dosages of the metal chlorides were about 2.7-5.6% (w/w) of kaolinite
141on the basis of metal elements, which could represent real environmental conditions
142(Li et al. 2013, Yang et al. 2016). Experimental setting 1 was used to identify the
143effect of aging process alone, and experimental settings 2-5 were used to clarify the
144role of soluble mineral ions during the aging process. Kaolinite was added into
145experimental settings 6-10 in order to simulate the existence of clay mineral in natural
146s0il. All these samples were collected after 15 days and 3 months aging, then air-dried

147and stored in an airtight container.
1482.3 Characterization of biochar-mineral interaction during aging process

149 In order to determine the possible mineral formation on the biochar during the
150aging process, the aged biochar particles were characterized by X-ray diffraction
151(XRD) (D/max-2200/PC, Japan Rigaku Corporation) and the data was collected over
152the 26 range from 10° to 70° with a scan speed of 3° min™. X-ray photoelectron
153spectroscopy (XPS, PHI 5000, ULVAC-PHI) was conducted to provide semi-
154quantification analysis for the changes of surface functional groups on biochar upon
155the aging process (Arrigo et al. 2010, Singh et al.2014, Zhao et al. 2021). Transition
1560f surface functional groups is also complemented by Fourier transform infrared
157spectroscopy (FTIR) (IR Prestige 21 FTIR, Shimadzu, Japan). Besides, the species of
158mineral on selected group of aged biochar was also measured by XPS in order to

159determine the change of valence state on biochar during the aging process and



160detailed XPS peak position were shown in Supporting Information. Scanning electron
161microscope (SEM) with energy dispersive spectrometer (EDS) was used to determine
162the morphology and chemical composition of any attached minerals and biochar

163particles.
1642.4 Direct electron donating capacity for Cr(VI) reduction by aged biochar

165 The kinetics experiment was conducted to determine the direct reduction kinetics
1660f Cr(VI) by aged biochar. Specifically, 2 g (dry weight) fresh or aged biochar
167particles were added into 1 L of 50 mg L™ Cr(VI) solution. The stock solution of 50
168mg L Cr(VI) was prepared by dissolving an appropriate amount of K,CrO,4in 0.1 M
169KClI solution. High ionic strength was used to keep the ionic strength during the
170reduction process. The pH values were kept at 3 by potassium hydrogen phthalate
171(CsHgKOy) buffer solution (Kwak et al. 2018). Low pH was selected to achieve
172relatively high Cr(VI) reduction rate, thus shortening the reaction time (Kwak et al
1732018, Wan et al. 2019). The buffering agent will not participate in the Cr(VI)
174reduction process with biochar (Xu et al. 2020a). The mixtures were mechanically
175agitated at 140 rpm on a reciprocating shaker at 25°C for 48 h and sampled at selected
176time intervals. Total Cr concentration and Cr(VI) concentration were determined by
177ICP-OES (Agilent 5110, USA) and diphenyl-carbohydrazide spectrophotometric
178method, respectively. Cr(IIT) concentration was calculated by the difference between
179the total Cr and Cr(VI) concentrations. Detailed sampling and characterization
180methods including Cr(VI), Cr(III), total Cr (Cr(Total)) concentration, and other metals

181concentrations for the filtrates were described in Supporting Information. Pseudo
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182first-order model was used to fit the rate constant of Cr(VI) reduction by aged biochar
183and detailed calculation methods were described in Supporting Information. The aged
184biochar (3-month aging with Fe(III) or Mn(II)) were characterized for C, O, Fe/Mn,
185and Cr species by XPS after Cr(VI) reduction, and detailed peak positions could be
186found in Supporting Information. SEM-EDS was also used to determine the Cr

187distribution on the biochar-mineral complex after reduction.
1882.5 Electron mediating capacity for Cr(VI) reduction by aged biochar

189 The mediating capacity of biochar and aged biochar was determined in the
190reduction of Cr(VI) with lactate, which was a weak electron donor and representative
191naturally occurring organic acids in the soil environment (Xu et al. 2019b, Xu et al.
1922020b). Specifically, 5 mM lactate and 2 g (dry weight) fresh or aged biochar particles
193were mixed with 1 L of 50 mg L™ Cr(VI) stock solution. Lactate concentration (5
194mM) was set on the basis of possible concentration in natural soil solution (Jones
1951998, Krishnamurti et al. 1997, Xu et al. 2019b). Details of sampling and
196characterization methods were similar to the Section 2.4 and described in Supporting
197Information. Mediated reduction rate for aged biochar was also calculated using

198pseudo first-order model (Supporting Information).

199

2003. Results and Discussion

2013.1 Evolution of O-moieties on the surface of biochar during the aging process

202 Significant change of the surface functional groups on biochar was found during

203the aging process. The surface O/C ratio measured by XPS increased from 0.13-0.14
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204to 0.15-0.20 after biochar aging alone (Table S1 and S2), indicating the oxidization of
205biochar and formation of surface O-containing functional groups. According to the
206XPS spectra of Ols, the O-containing functional groups were divided into four
207species, including —C-OH, —C-0O-C, —O-C=0, and quinonyl -C=0 (Arrigo et al.
2082010). Before aging, 43.7% and 26.8% of O-moieties on the biochar surface was —C-
2090H for BC400 and BC700, respectively (Fig. 1, Table S2, and Fig. S1&2). The high —
210C-OH content was proved to be responsible for the high reducing ability of biochar
211(Mandal et al. 2017, Zhang et al. 2018). The 3-month aging process decreased the —C-
2120H content to 17.0-24.1% and accordingly increased the contents of —C-O-C and —O-
213C=0 (Fig. 1 and Fig. S1&2). The reductive —C-OH was transformed to the oxidative
214-0-C=0 through the oxidation by O, during the aging process (Equation 1).

215 4(—C-OH) +30, - 4(-0-C=0) +2H,0 Equation 1
216 Soil mineral ions altered the O-moieties on biochar surface in distinctive ways
217during the aging process. Co-aging with Fe(III) facilitated the oxidization of biochar,
218which further decreased the —C-OH content to 6.94-12.5% (Fig. 1). Besides, quinonyl
219-C=0 was newly formed after co-aging with Fe(III) (Fig. 1). The decrease of —-C-OH
220and formation of quinonyl —C=0 might be attributed to the oxidization of biochar by
221Fe(IIT) as shown in the equations 2-3. This redox process was further confirmed by
222the FTIR analysis which showed an increase of -COO with decrease of C-OH after
223reaction with Fe(III) (Fig.S3). Notably, 39.3-59.8% of Fe(Il) was detected on the
224biochar surface by XPS (Fig. 2), confirming the reduction of Fe(III) by biochar during

225the aging process.
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226 H,O + —-C-OH + 3Fe* - —O-C=0 + 3Fe*" +3H" Equation 2
227 —~C-OH + Fe** - —C=0 + Fe*" + H" Equation 3
228 By contrast, the addition of Mn(II) caused a slight rise of —C-OH content
229compared to the biochar aging alone, which increased from 17.0-18.4% to 21.2-22.2%
230after 3-month aging (Fig.1 and detailed data could be found in Table S2). Reduction
231ability of Mn(II) might be the main reason for the increase of reductive O-moieties as
232shown in the equations 4-5. This was verified by the appearance of both Mn(III)

233(25.3-29.7%) and Mn(IV) (11.9-20.2%) on the biochar surface after the aging process

234(Fig. 2).

235 2H" +-0-C=0 + 2 Mn* - —C-OH + 2 Mn*" + H,O Equation 4
236 2H +-0-C=0 + 2 Mn*" - —C-OH + 2 Mn* + H,O Equation 5
237 Calcium without redox activity showed less change on the surface O-moieties of

238biochar (Fig. 1, Table S2, and Fig. S1-S2), with —C-OH content changing from 17.0-
23918.4% for biochar aged alone to 14.4-16.5% after 3-month aging. Interestingly, we
240found that Al caused a decline of —C-OH content to 15.9% and 9.17% for BC400 and
241BC700 after 3-month aging, respectively, meanwhile 8.49-8.96% of quinonyl -C=0
242was newly formed (Fig.1, Table S2, and Fig.S1-S2). Acidity from the hydrolysis of
243AI*" might facilitate the oxidation process during the aging process (Equation 6).
244Rechberger et al. (2017) demonstrated that the oxidation of biochar incubated in
245acidic soil was more pronounced in comparison to that in mild soil. Similarly, Fe**
246could also be hydrolyzed with the formation of H" and its hydrolysis might be even

247stronger than Al with a higher induced acidity (Yu et al. 2016), which also contribute
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248to the strong oxidation of biochar with Fe(III) (Equation 7).

249 3H,0 + AI’* - 3H" + Al(OH), Equation 6
250 3H,O + Fe** - 3H" + Fe(OH); Equation 7
2513.2 Formation of new minerals and biochar-mineral complexes during the aging

252process

253 Interactions with soil minerals might not only change O-moieties of biochar,
254but also induce the formation of new minerals and biochar-mineral complexes.
255Crystalline quartz (SiO>) and sylvite (KCl) could be detected in all aged biochars by
256XRD analysis. Quartz and sylvite were the inherent minerals of peanut-shell biochar
257which kept stable during the aging process (Xu et al. 2019b). Co-aging with different
258soluble mineral salts caused the formation of corresponding minerals (Fig. 3). Co-
259aging with Fe(IIT) formed poor crystalline akaganeite (f-FeOOH) due to the presence
2600f CI in the system (Sigg and Stumm 1981). In addition to the crystal iron mineral,
261amorphous iron mineral and sorbed iron ions might also be formed on the biochar
262surface due to the higher proportion of Fe(II) (39.3-59.8%) as detected by XPS
263analysis (Fig.2). More Fe(II) was formed on BC400 (45.2-59.8%) compared to
264BC700 (39.3-39.6%), due to the higher electron donating capacity (EDC, 1.55 mmol
265e+g " BC400 > 0.98 mmol eg " BC700) caused by the higher reductive surface
266functionality (e.g. hydroxyl) at low pyrolysis temperature (Zhang et al. 2018). A series
2670f new Mn minerals, including scacchite (MnCl,), rhodochrosite (MnCO3), potassium
268manganese oxide (K:MnQO3), and groutite (MnOOH) with different valence states

269from +2 to +4 were formed on the biochar surface after co-aging with Mn(II).
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270Transition of Mn valence state was confirmed by XPS analysis (Fig. 2) that 25.3-
27129.7% of Mn(III) and 11.9-20.2% of Mn(IV) was formed on biochar surface after co-
272aging with Mn(II). It has been reported that Mn(II) oxidation with oxygen or other
273electron accepting moieties can be catalyzed on the surface of particles (e.g. biochar)
274and then precipitated as (oxyhydr)oxides of Mn(III) and Mn(IV) (Luo et al. 2020,
275Inoué et al. 2019). Higher content of Mn(IV) was found on BC700 (15.3-20.2%)
276compared with BC400 (11.8-17.8%) which might be attributed to the relatively higher
277alkalinity (Xiao et al. 2018) and higher oxidating capacity (i.e. electron accepting
278capacity, 1.07 mmol e-g * BC700 > 0.73 mmol e-g * BC400) (Table S1) caused by
279the surface carboxyl and quinolyl functional group (Zhang et al. 2019). Boehmite
280(AIO0H) and calcite (CaCOs3) were detected on the BC700 aged with Al and Ca,
281respectively, while limited Al minerals can be found on BC400 after aging with Al.
282Moreover, similar new minerals of Fe, Al, Ca, or Mn were formed on the
283corresponding aged biochars in experimental setting 6-10 with the presence of

284kaolinite (Fig. S4).

285 SEM elemental mapping revealed the attachment of minerals on the aged
286biochar. As shown in Fig. S5&86, all mineral ions could be adsorbed on the biochar
287surface and possibly formed the biochar-mineral complexes after 3-month incubation
288with assistance of the carboxylic functional groups on biochar (Lin et al. 2012). Some
289crystal minerals were found tightly attached on the biochar surface in Fig. S5b, which
290confirmed the formation of new minerals and the association of minerals with biochar.

291This phenomenon might be common in soil after the biochar application (Zhao and
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292Zhou 2019).

293 In conclusion, both alteration of O-moieties and formation of new minerals as
294well as biochar-mineral complexes were observed during the biochar aging with soil
295minerals, which would affect the redox activities of biochar for the direct or mediated

296Cr(VI) reduction.

2973.3 Changes in the reducing capacity of biochar for Cr(VI) reduction after the aging

298process

299 Fresh BC400 and BC700 decreased the solution Cr(VI) concentrations from
30050.0 mg L' to 10.1-12.3 mg L™ after 48-h reaction, and the Cr(III) concentration
301lincreased to 28.4-35.8 mg L! (Fig. S7) in the meantime. Aging process compromised
302the Cr(VI) reduction efficiency of biochar and up to 32.7 mg L™ Cr(VI) was still left
303in the solution (Fig. S8-S16). Over 78.2% of total Cr on the aged biochar was Cr(III)
304after Cr(VI) reduction (Fig. S17) and spherical particles were formed on the biochar
305surface (Fig. S18), which indicated possible formation of Cr(III) crystal minerals.
306Previous study reported the formation of CrOOH after the reduction of Cr(VI) by
307peanut-shell biochar (Xu et al. 2019a). All these results confirmed that reduction was
308the main mechanism for the immobilization of Cr(VI) by biochar even after the 3-

309month aging with minerals.

310 Aging process of biochar alone lowered the Cr(VI) reduction rate constants from
3112.18 x 10*h™ to 0.96-1.22 x 10*h™ for BC400 and from 2.47 x 10”h™ to 1.28-1.95 x
31210°h" for BC700 (Fig. 5 and Table S3-S4). This was probably due to the decrease of

313reductive C-OH (Rajapaksha et al. 2018, Xu et al. 2019b, Xu et al. 2020b). Besides,
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314fast decay of the persistent free radicals with interaction with oxygen (Gehling and
315Dellinger 2013, Odinga et al. 2020) might also contribute to the decrease of reduction
316rate since it could directly participated in Cr(VI) reduction (e.g. O-centered radicals
317and C-centered radicals) (Xu et al. 2019a, Zhong et al. 2018). With the participation
318of mineral ions, the change of Cr(VI) reduction rate varied with the types of both
319mineral ions and biochar. For BC400, aging with Fe(III) further lowered the reduction
320rate constant from 1.22 x 10”h™ for biochar aged alone to 1.02 x 10*h™ after 15-day
321incubation. The reduction rate of biochar aged with Fe(III) barely changed with the
322increasing time from 15-day to 3-month incubation (Fig. 4 and Table S3), which was
323similarly observed for the other minerals, indicating fast interactions between mineral
324ions and biochar within 15 days. Compared to biochar aged alone, other mineral ions
325increased the reduction rate constants of aged biochar from 0.96 x 10*h™ to 1.18-1.23
326x10”h™ after 3-month aging (Fig. 4 and Fig. S7-9). However, for BC700, all mineral
327ions caused an obvious decrease of reduction rate constants from 1.28-1.95 x 10h™
328t0 0.71-1.13 x 10 h™' compared to the aging process without mineral ions (Fig. 4 and
329Table S4). Similar to BC400 system, Fe(III) showed the most significant decrease of
330reduction rate constants from 1.28 x102h™ of BC700 aged alone to 0.71 x10h™ after
3313-month aging. The change in reduction rates of BC700 was much more significant
332than that of BC400 during the aging process, probably because the higher surface area

333offered the reaction interface with mineral cations (Xu et al. 2020a).

334 The most decrease of reduction rates in biochar aged with Fe(III) might be

335explained by two main reasons. First one was the highest decrease of -C-OH during
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336the aging process (Fig. 1). A linear correlation (Fig. 5a, b) between the —C-OH content
337and reduction rate constants was found on both BC400 and BC700 (R*=0.62-0.72),
338indicating that —-C-OH was the key reducing moiety on the biochar surface for Cr(VI)
339reduction. The decrease of —C-OH content from 12.4-21.2% to 10.3-18.3% and from
3408.08-22.1% to 4.62-15.4% after Cr(VI) reduction by 3-month aged BC400+Fe(III)
341and BC700+Fe(III), respectively (Fig. 6¢, d, S19 and Table S5), confirming the
342importance of —C-OH in the redox activity of biochar. Another reason might be the
343formation of Fe(IT) during the aging process. As shown in Fig. 2, 39.3-59.8% of Fe(II)
344was formed on biochar surface after aging, and 38.1-35.7% of Fe(II) still remained
345after Cr(VI) reduction. Electrons from the biochar could be captured by Fe(III) to
346form Fe(Il) and rendered unavailable for Cr(VI) reduction. Reduction of Cr(VI) by
347the Fe(II) sorbed on the biochar surface would be blocked due to the cover of new
348formed precipitates (e.g. Fe(III) precipitates or Fe(III)-Cr(IIT) co-precipitate) on
349biochar surface (Bishop et al. 2019, Nelson et al. 2019). The decrease of electron
350donating amount of biochar for Cr(VI) reduction would be associated with the

351decrease of reduction rate (Xu et al. 2020a).

352 The smaller decrease of Cr(VI) reduction rates for BC400 co-aged with other
353mineral ions (Ca, Al, Mn), compared to BC400 aged alone, was partly related to the
354less significant decrease of —C-OH content during the aging process, especially for
355biochar co-aged with Mn (Fig. 1). More importantly, free mineral ions with positive
356charge might bind with negative surface functional groups (e.g. —C-O") to form —C-

3570M™ (e.g. —C-OCa") on BC400, and thus facilitate the electron transfer from the
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358negatively-charged biochar surface to the Cr(VI) via cation bridging (Han et al. 2016,
359Yang et al. 2018). As shown in Fig. S20, the distribution of Cr was overlapped with
360so0il mineral ions (Al and Ca) on the biochar surface, probably due to the
361complexation of chromate with mineral ions, immobilization of Cr on newly formed
362minerals (Shi et al. 2020), or co-precipitation into new minerals (Mullet et al. 2007).
363This may serve as circumstantial evidence for the participation of mineral ions in the
364interactions between biochar and Cr(VI). However, it is worth noting that the negative
365effect of a greater decrease of —C-OH content after co-aging with Fe(IIT) might
3660verwhelm the positive effect of cation bridging, thus lowering the Cr(VI) reduction
367rate as compared to BC400 aged alone (Fig. 4c). For BC700 with much less surface
3680-containing functional groups (Table S1), the positive effect of cation bridging
369might be too limited to increase the reduction rate for BC700 co-aged with mineral
370ions (Fig. 5b). Therefore, the negative effect of more significant -C-OH decrease
371determined the higher decrease of reduction rates of BC700 co-aged with mineral ions

372than BC700 aged alone (Fig.5b).

373  After 3-month co-aging with kaolinite, the reduction rate constants increased
374from 0.96 x 102h™to 1.33 x 10 h™ for BC400 and from 1.28 x 10°h™to 1.58 x 10°h’
375" for BC700, respectively, compared with biochar aged alone (Fig. 5 and Table S3-S4).
376Although kaolinite showed marginal redox activity, interaction happened on the
377interface between biochar and kaolinite might preserve the redox activity of biochar,
378because the formed biochar-kaolinite complex (as shown in Fig. S21) had relatively

379higher stability (Yang et al. 2018, Yang et al. 2016). However, in the presence of
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380mineral ions, the reduction rate constants decreased to 0.99-1.10 x102h™ for BC400
381and 0.67-1.13 x102h™ for BC700, respectively, compared with biochar aged with
382kaolinite alone (experimental setting 6-10) (Fig. 5c, d and Table S3-S4). This might be
383related to the more significant decrease in —C-OH content during the aging process.
384Besides, mineral ions could be sorbed by kaolinite (Turan et al. 2007, Zhu et al.
3852018), which resulted in the decline of metal concentrations in solution (Fig. S8-S11

386vs Fig. S13-S16) and hindered the positive effect of cation bridging.

3873.4 Alteration of the mediating capacity of biochar for Cr(VI) reduction after the

388aging process

389 Lactate, a weak electron donor, could hardly reduce the Cr(VI) in solution
390according to the previous study (Xu et al. 2020b). However, the reduction amount of
391Cr(VI) by biochar with lactate (Fig.S22) was much higher than the one by biochar
392alone (Fig.4), which probably suggested the shuttling effect of biochar (Table S3-S4).
393The gap between the rate constants of biochar alone and biochar with lactate was

394considered as the mediated reduction rate constants as shown in Fig. 6.

395 The aging process inhibited the electron mediation of biochar for Cr(VI)
396reduction and significantly decreased the mediated reduction rate constants from 3.91-
3975.82 x10°h™ to 1.46-2.13 x10°h™ (Fig. 6, and Table S3-S4). Surface functional
398groups (e.g. —C-OH) are considered as the main electron mediating moieties of
399biochar for Cr(VI) reduction (Xu et al. 2019a, Xu et al. 2020b), thus the decrease of
400the surface —C-OH group during the aging process might be the major reason for the

401decline of mediated reduction rate. Interestingly, the aging process with mineral ions
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402showed different effects on the mediating capacity of biochar. Compared with fresh
403biochar, co-aging with Fe(III) increased the mediated reduction rate constants from
4043.91 x10°h™ to 22.3 x10°h™ and from 5.82 x10°h™to 6.67x10°h! for BC400 and
405BC700 after 15-day aging, respectively, and the reduction rate constants remained
406high after 3-month aging with Fe(III), as 20.4 x10°h™ and 6.80 x10°h™ for BC400
407and BC700, respectively (Fig.6). Co-aging with Mn(II) similarly caused a significant
408increase of mediated reduction rate constants to 11.8-14.9 x10°h™ and 7.63-8.01 x107
409h™ for BC400 and BC700, respectively. Compared with the biochar aged alone, aging
410with Fe(IIT) and Mn(II) apparently increased the rate constants by approximately 487-
4111237% and 219-449% for BC400 and BC700, respectively, whereas aging with Ca
412and Al had almost no effect on the mediating capacity (Fig. 6a & b) with similar
413mediated reduction rates of 0.82-1.73 x10°h™ and 2.11-3.58 x10”h™ for BC400 and
414BC700, respectively. It is noteworthy that BC400 had higher mediated reduction rate

415than BC700 after co-aging with either Fe(III) or Mn(II).

416 The increase of mediated reduction rate of aged biochar with Fe(III) and
417Mn(II) might be attributed to the valence transformation. As detected by XPS (Fig. 2),
418Fe(II), Mn(IIT) and Mn(IV) were formed on the biochar surface after the aging
419process, which would affect the electron mediation process. Fe(II) can mediate the
420lactate for Cr(VI) reduction through the formation of intermediate of Cr(V) during the
421electron transfer (Joe-Wong et al. 2017, Liu et al. 2019, Xu et al. 2020a), especially
422with the existence of organic acids due to the formation of Cr(V)-ligand complexes

423(e.g. Cr(V)-lactate) (Fendorf and Li 1996, Joe-Wong et al. 2017, Liu et al. 2019)
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424(Equations 8 and 9). As Cr(V) was unstable and had higher oxidation capacity, it
425would react easily with lactate and form Cr(III) (Equation 10). The increase of Fe(II)
426from 45.2% to 56.8% and from 39.6% to 40.4% was found after mediated reduction
4270of Cr(VI) by 3-month aging of BC400 + Fe(III) and BC700 + Fe(III), respectively
428(Fig. 2), corroborating that Fe(II) on the mineral-biochar complexes assisted the
429electron mediation process. The amount of Fe(II) formation was the key to the
430mediated reduction rate of biochar aged with iron. BC400 produced more Fe(II) than
431BC700 (45.2-59.8% vs 39.3-39.6%, Fig. 2) after the aging process, and it also
432contained larger amount of Fe(II) after the mediated Cr(VI) reduction (56.8% >
43340.4%), because of the higher electron donating capacity of BC400 (Table
434S1).Therefore, BC400 aged with Fe(III) gave higher mediated reduction rate than

435BC700 aged with Fe(III).

436 Biochar(e’) + Fe** — Biochar + Fe** Equation 8
437 H' + CrO*(Cr(VI))+Fe** - HCrO,* (Cr(V))+ Fe** Equation 9
438 7H* + HCrO,*(Cr(V)) + 2Lactate(e’) — Cr*" + 2Lactate + 4H,0  Equation 10
439 Similarly, Mn(III) formed on the aged biochar might reduce the Cr(VI) to

440Cr(V) through the valence transformation to Mn(IV) (Equations 11) and thus
441facilitated the Cr(VI) reduction with lactate (Equation 10). Besides, Mn(III) and
442Mn(1V) chelated with organic ligands often had a high oxidation capacity (Sun et al.
4432015, Tian et al. 2019, Zhang et al. 2020, Zhong and Zhang 2020), which could
444directly act as an electron acceptor and generate radicals. The formation of free

445radicals (e.g. O,-7) (Wu et al. 2021) or persistent radicals on the biochar (e.g. semi-
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446quinonyle-type radicals) (Xu et al. 2016) might act as an electron mediator, promoting
447the electron transfer process (Xu et al. 2019a). After the aging process, BC400
448possessed more Mn(III) on the biochar surface than BC700 (28.3-29.7% > 25.3-
44926.1%, Fig. 2), while more Mn(IV) was formed on BC700 surface (15.3-20.2% >
45011.9-17.8%, Fig. 2), due to the relatively lower electron accepting capacity of BC400
451(Table S1). Meanwhile, BC400 showed a higher mediated reduction rates than BC700
452after co-aging with Mn (11.8-14.9 x10°h™ > 7.63-8.01 x10°h™ Fig. 7), indicating the
453more important role of Mn(III) than Mn(IV) for the mediated reduction of Cr(VI).
454 H* + CrO4* + Mn(IlI) - HCrO,* + Mn(IV) Equation 11
455 Compared with biochar aged alone, the presence of kaolinite caused no
456significant change of the mediated reduction rate (Table S3 and S4), while the
457increase of mediated reduction rate was found in the biochar aged with kaolinite +
458Fe(I1T) /Mn(II) (experimental setting 7-8) (Fig. 6¢c & 6d). Aging with kaolinite +
459Fe(1I1)/Mn(II) showed the mediated reduction rate constants of 4.15-12.5 x10°h™ and
4601.59-3.56 x10h™ for BC400 and BC700, respectively, which were far lower than the
461corresponding aging processes without kaolinite (11.8-20.3 x10>h™ for BC400 and
4626.67-8.01x107h* for BC700). This might be attributed to lower concentrations of
463soluble Fe or Mn in the presence of kaolinite (Fig. S29-30 vs Fig. S24-25). Taking Fe
464as an example, only 19.8 mg L™ total Fe was released into the solution from the
465biochar co-aged with kaolinite+ Fe(III) (Fig. S29), while the release amount of total
466Fe from the biochar co-aged with Fe(III) without kaolinite reached up to 43.9 mg L™

467(Fig. S24). Kaolinite can sorb mineral ions (Turan et al. 2007, Zhu et al. 2018) and
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468thus inhibit the mediating electron transfer process.

469

4704. Conclusions and environmental implications

471 Our study demonstrated that, during the aging process, interactions with soil
472soluble mineral salts could reduce the surface —C-OH content, generate new minerals,
473and form biochar-mineral complexes on the biochar. Aging with soluble iron
474accelerated the oxidation of biochar to the maximum extent, while manganese
475inhibited this process due to the oxidation of Mn(II) to Mn(III) and Mn(IV).
476Interactions between mineral cations and biochar altered the redox activity of biochar
477for Cr(VI) reduction. The decrease of surface —C-OH after aging process was mainly
478responsible for the decline of biochars’ direct electron donating capacity for Cr(VI).
479Meanwhile, aging without any minerals decreased the biochars’ mediating capacity
480due to the decline of O-moieties, while co-aging with redox-active Fe(IIl) and Mn(II)
481facilitated the electron mediating process. Reductive formation of Fe(II) and oxidative
482formation of Mn(IIT) might be the key to the promotion of mediated reduction of
483Cr(VI). By contrast, the existence of kaolinite showed limited effects on the redox

484activity of biochar during the co-aging process with mineral ions.

485 In conclusion, the aging process could change the biochar’s properties and redox
486activity, and the long-term interactions with minerals would further change the direct
487and indirect electron transfer processes. Therefore, biochar could hardly maintain the
488same redox capacity after the long-term aging process, but the existence of redox-

489active mineral ions, e.g., Mn and Fe, could facilitate the electron mediating process of
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490biochar and offset the loss of direct electron donating capacities. Considering the
491abundant mineral contents in the soil, it would be essential to further investigate this
492environmental factor during the aging process when applying biochar in field soil for
493environmental applications involving redox reactions, such as Cr(VI) reduction. More
494studies about impact of co-aging with soil moieties on biochar’s redox activity for
495different application and quantitative analysis (e.g. electrochemical techniques) were

496recommended in the future.

497

498
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774Figure 1 Changes of biochar surface O-moieties after the 15-day and 3-month aging with different soil minerals as detected by XPS (a: BC400;
775b: BC700) (Species 1: -C-OH; Species 2: C-OC; Species 3: -O-C=0; Species 4: quinonyl -C=0) (XPS results were shown in Fig.S1 & S2 and
776Table S2)
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778Figure 2 XPS spectra of high-resolution scan of Fe 2p and Mn 2p for different aged
779BC400 and BC700 before and after Cr(VI) removal with or without lactate (Cr: after
780Cr removal without lactate; Cr-L: after Cr removal with lactate)
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786Figure 4 The reduction rate constants of Cr(VI) reduction by different aged BC400 and BC700 alone obtained from first-order reaction model (a:
787BC400 aged with mineral ions alone; b: BC700 aged with mineral ions alone; c: BC400 aged with kaolinite and other mineral ions; d: BC700
788aged with kaolinite and other mineral ions) (error bars come from the triplicate repeat; mean values in each experiment followed by the same
789]etters are not significantly different using Tukey’s HSD test at p < 0.05) (Data and kinetics results were shown in Fig.S7-16 and Table S3-4)
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790
791Figure 5 Relationship between reduction rate and —C-OH proportion of BC400(a) and BC700(b); Changes of surface O-content before and after
792the Cr(VI) reduction process for different aged BC400(d) and BC700(d) (Species 1: -C-OH; Species 2: C-OC; Species 3: -O-C=0; Species 4:
793quinonyl -C=0) (XPS results were shown in Fig.S1-2, S20 and Table S1, S5)
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795Figure 6 The mediated reduction rate constants of Cr(VI) reduction by different aged BC400 and BC700 with lactate (a: BC400 aged with
796mineral ions alone; b: BC700 aged with mineral ions alone; c: BC400 aged with kaolinite and other mineral ions; d: BC700 aged with kaolinite
797and other mineral ions) (error bar comes from the triplicate repeat, Mean values in each experiment followed by the same letters are not
798significantly different using Tukey’s HSD test at p < 0.05) (Data and kinetics results were shown in Fig.523-32 and Table S3-S4)
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