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• The application of biochar affects the 
reduction of As methylation. 

• The redox fluctuation may favor the 
effectiveness of biochar. 

• The pyrolysis temperature affects the 
spatial distribution of carbon contents. 

• The application of biochar favors the 
reduction and dispersion of Fe(III) 
minerals.  
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A B S T R A C T   

Biochar is widely used for water and soil remediation in part because of its local availability and low production 
cost. However, its effectiveness depends on physicochemical properties related to its feedstock and pyrolysis 
temperature, as well as the environmental conditions of its use site. Furthermore, biochar is susceptible to natural 
aging caused by changes in soil or sediment moisture, which can alter its redox properties and interactions with 
contaminants such as arsenic (As). In this study, we investigated the effect of pyrolysis temperature and biochar 
application on the release and transformations of As in contaminated sediments subjected to redox fluctuations. 
Biochar application and pyrolysis temperature played an important role in As species availability, As methyl
ation, and dissolved organic carbon concentration. Furthermore, successive flooding cycles that induced 
reductive conditions in sediments increased the As content in the solution by up to seven times. In the solid 
phase, the application of biochar and the flooding cycle altered the spatial distribution and speciation of carbon, 
iron (Fe) and As. In general, the application of biochar decreased the reduction of Fe(III) and As(V) after the first 
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cycle of flooding. Our results demonstrate that the flooding cycle plays an important role in the reoxidation of 
biochar to the point of enhancing the immobilization of As.   

1. Introduction 

The contamination of soils, sediments, and water with potentially 
toxic elements (PTEs) is a serious global environmental, agricultural, 
and public health problem [1]. Arsenic (As), especially the inorganic 
species, is of particularly acute concern because of its cytotoxic, geno
toxic, and mutagenic effects, resulting in negative health impacts such as 
increased risk of kidney, skin, lung, and bladder cancer [2]. Recent es
timates show that more than 200 million people in at least 105 countries 
are exposed to As from contaminated water [3], highlighting the scope 
of the problem. 

The redox-driven speciation of As in soil and sediment large dictates 
its mobility and bioavailability. In general, As is present in the soil as 
inorganic arsenate and arsenite [4], with the latter reduced species 
generally considered to be more mobile. The distribution of species and 
thus mobility of As is partially controlled by biogeochemical conditions 
of the environment, such as redox state (Eh) [5] The presence of organic 
C in the environment can, directly and indirectly, impact the As avail
ability in the environment. Dissolved organic carbon (DOC) can directly 
promote the reduction of arsenate to arsenite as well as compete with As 
for binding sites on mineral surfaces [6]. Additionally, the addition of 
organic C in the environment can promote microbial metabolic pro
cesses responsible for As reduction and methylation [7], thus favoring 
the mobilization of inorganic As from the solid phase to the solution. 

Redox cycling commonly results from the inundation and drying of 
soils and sediments. In Brazil, most As contamination is associated with 
mining tailings, often associated with gold extraction. Recent collapses 
of two tailings dams located in southeastern Brazil [8] have been asso
ciated with contamination of rivers close to the dams ([As] =10.4–50.4 
μg L− 1 [9]). The rupture of these dams may also result in the deposition 
of contaminated sediments in other environments redox-sensitive en
vironments, such as downstream estuaries [10]. It is thus necessary to 
better understand how As behaves in sediments undergoing redox 
fluctuations as well as develop redemption strategies that are robust 
under differing Eh conditions. 

Biochar is an ecologically friendly soil and sediment amendment 
used in remediation by promoting surface complexation, coprecipita
tion, and physical adsorption of contaminants [11]. In the environment, 
biochar can alter the biogeochemistry of As because biochar can pro
mote electron transfer between oxidants and reductants in soils and 
sediments [12]. However, over time or over redox cycles, biochar can 
undergo weathering and degradation, leading to a decrease in its 
structural integrity and stability [13,14]. These changes in its stability 
and structure can generate additional pores or loading sites capable of 
retaining As, which may increase the (i)mobilization of As by biochar. 
Weather biochar may also release or sorb DOC from solution, impacting 
microbial processes and possibly Eh. Despite the possibility of increasing 
As availability due to the application of organic C in the environment, 
biochar in natura or with chemical modification has been applied in 
aerobic and anaerobic environments as a strategy to immobilize As [15, 
16]. However, little is known about the mobility and speciation of As, in 
particular organic species, caused by the application of biochar pyro
lyzed at different temperatures to sediment under fluctuating redox 
conditions. 

Our hypothesis is that increasing the pyrolysis temperature can 
buffer the biogeochemical redox processes occurring within the sedi
ment, as well as provide a large surface area sorbent, and thus reduce As 
availability and methylation. In this study, we quantified the effect of 
pyrolysis temperature and biochar application on the release and 
transformation of As in sediment subjected to redox fluctuations. We 
used ultraviolet-visible spectroscopy (UV–vis) to assess the quality of 

DOC and oxidation state specific hydride generation-inductively 
coupled plasma mass spectrometry (ICP-MS) with cryotrapping to 
assess dissolved As speciation. In application, we combined X-ray 
photoelectron spectroscopy and time-of-flight secondary ion mass 
spectrometry to investigate the chemical state and spatial distribution of 
chemical elements in the sediment. 

2. Materials and methods 

2.1. Sediment sampling and characterization 

The sediment was collected from the upper layer of soil (0–0.25 m) 
impacted by legacy contamination from a lead (Pb) and silver (Ag) ore 
refining plant in Apiaí , state of São Paulo, Brazil (24◦30’ S; 48◦50’ W). 
The site was used between 1940 and 1956 for smelting Ag and Pb ore, 
contaminating the surrounding soils through tailing disposal. The sam
pling site is located in the Atlantic Forest biome with recovering sec
ondary vegetation, a sub-perennial tropical forest with a predominance 
of shrubs (Leucaena spp.) and grasses (Pennisetum spp.) [17]. 

The elemental content in the sediment was determined in triplicate 
by microwave-assisted acid digestion (Environmental Protection Agency 
– EPA - 3051 A method [18]) with the concentrations quantified by 
inductively coupled plasma mass spectrometry (Agilent 7900 ICP-MS; 
Agilent Technologies) equipped with an octupole collision/reaction. 
The As concentration was 18,675 mg kg− 1, a value higher than the 
intervention levels proposed by the Brazilian [19,20] and United States 
[21] Environmental Protection Agencies. The crystalline phases in the 
sediment and the tailings (source of contamination) were determined by 
Powder X-ray diffraction (XRD) [22] using a computer-controlled 
diffractometer (Smartlab, Rigaku) with Cu Kα radiation (0.1542 nm) - 
(40 kV and 40 mA) and a graphite monochromator. After obtaining the 
diffractograms, the positions of the peaks were corrected, and the 
crystalline phases were identified by the Match! Program (Crystal 
Impact, Bonn, DE). Details of the methodology and chemical composi
tion of the sediment can be consulted in electronic annex (EA). 

2.2. Production and characterization of the biochar 

The biochar was produced from sugarcane straw (Saccharum offici
narum) collected from a recently harvested agricultural area. Sugarcane 
straw was chosen as a feedstock due to its potential use in the production 
of bioenergy in Brazil [23]. After collection, the straw was air-dried 
before being placed in a double-sealed reactor (reactor with no oxy
gen). The reactor was heated at a rate of 5 ◦C min− 1 and the final py
rolysis temperatures of 350 (BC350), 550 (BC550), and 750 (BC750) ◦C 
were maintained for 1 h. The pyrolysis temperatures were selected based 
on the physicochemical changes that each temperature can provide to 
the biochar and thus promote electrochemical changes in the sediment 
solution that can affect the geochemistry of As. 

The composition and morphology of biochar and sugarcane straw 
was determined. The elemental composition of the biochar and sugar
cane straw was ascertained according to the EPA - 3051 A method [18] 
(EA - Table A.1). Carbon and N contents of the biochar were determined 
by an elemental analyzer (LECO CN928 Series Macro). The contents of 
ash and fixed C were estimated by mass loss using the muffle method 
[24]. Dissolved organic carbon (DOC) was extracted according to the 
Analytical Methods Guide for Biochar [25]. The DOC content was 
quantified using an elemental TOC analyzer (TOC-L, Shimadzu). The 
morphology of the biochar was evaluated by scanning electron micro
scopy (FEI Quanta FEG-250) with a 15 kV beam and 250 × magnifica
tion, and the specific surface area of the biochar was estimated by N2 
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sorption adjusted by the BET isotherm (Quantachrome NOVA 2200e) 
[26]. To investigate long range ordered phases in biochar produced by 
pyrolysis, synchrotron X-ray diffraction (S-XRD) was collected at 11-BM 
beamline of the Advanced Photon Source (APS) at the Argonne National 
Laboratory (Lemont, IL, USA). 

2.3. Redox fluctuation experiment 

To simulate the changes in redox conditions, a custom apparatus was 
constructed to control the level of water in contact with sediment 
(electronic annex - EA Fig. A.1). The apparatus had two orifices at the 
top to provide gas exchange between the external and internal envi
ronment, and entry and exit of water in the system simulated the 
movement of the water table to fill the vadose zone. The holes also 
served as a gateway for the platinum and Ag/AgCl electrodes used for 
monitoring pH and Eh during the experiment. The platinum wire elec
trode was fixed in the sediment core and remained fixed until the end of 
the experiment to avoid disturbances in the sediment immersed in 
water. 

The Ag/AgCl electrode was periodically (every three days) placed in 
the solution present on the surface of the sediment so as not to come into 
contact with the sediment and was used to measure pH and as a refer
ence electrode for Eh measurements. The Ag/AgCl electrode was cali
brated with standard solutions of pH 4, 7, and 10 (ThermoFisher 
Scientific), and the platinum electrode was tested with 450 eV redox 
buffer solution and tap water as proposed by Fiedler et. al. [27]. The 
results of the platinum electrode test are shown in EA Table A.2. 

The redox experiment was carried out with four replications using 
100 g of sediment and 800 mL of ultrapure (1:8 w/v). The amount of 
biochar added to the sediment was 5% (w/w), a value widely reported in 
bibliographic references as sufficient for remediation of contaminated 
areas [28,29]. In addition to the biochar treatments, a control treatment 
(sediment without biochar) was conducted to monitor geochemical 
changes inherent to redox fluctuation. 

The biochar samples were pre-incubated in the sediment for 30 
d before starting the redox fluctuation experiment to allow adequate 
stabilization and initial aging of the biochar. The redox fluctuation was 
driven by two flooding cycles (reducing environment) and a draining 
cycle (oxidizing environment) accomplished by gravity drainage 
(without the use of pressure to remove water from the pores of the solid 
phase). The flooding cycles consisted of 30 d of inundation whereas the 
drainage cycle lasted for 10 d. The choice of flooding and drainage times 
were based on the time required for oxidation/reduction of As and Fe 
[30,31]. 

At the end of each flooding cycle, sediment and solution samples 
were collected inside an anaerobic chamber under N2/H2 (nominally 
95/5%) gas mixture. The solution samples were filtered through a 0.22 
µm nylon filter, stored in 5 mL cryovials (ThermoFisher Scientific) 
packed inside plastic bag with aneropacks (Mitsubishi gas chemical, 
Tokyo), and frozen at − 20 ºC until of analysis. Sediment samples were 
freeze-dried immediately for later analysis. The Fe content in solution 
was determined by Flame Atomic Absorption Spectroscopy – FAAS (iCE 
3300 AA Spectrophotometer, ThermoFisher Scientific). 

2.4. Content and aromaticity of dissolved organic carbon 

The water samples were filtered (0.22 µm nylon filter) and stored in 
the dark in a refrigerator until analysis. The DOC content was quantified 
using an elemental TOC analyzer (TOC-L, Shimadzu), and the aroma
ticity of DOC (SUVA254) was evaluated by using a Flame-S-UV–vis 
miniature UV–visible spectrophotometer equipped with a DH-mini 
UV–Vis–NIR Deuterium-Halogen Light Source (OceanOptics). The 
aromaticity of DOC (L mg− 1 m− 1) was estimated by the relationship 
between the absorbance at a wavelength of 254 nm and the DOC content 
in the solution [32]. 

2.5. Spectroscopic analysis of sediment 

X-ray photoelectron spectroscopy (XPS) analysis was performed on 
the freeze-dried sediment samples using an XPS/UVS spectrometer 
(SPECS System with PHOIBOS 150 Analyzer with Al/Ag double anode 
monochromator (10–14 kV energy) and with resolution < 1 eV. For all 
samples, the position of the binding energy peaks was calibrated by 
setting the C 1 s peak to 284.8 eV [33]. Baseline adjustment was per
formed using the Tougaard equation and the relative atomic content was 
calculated from the integration of the spectral lines of As 3d, Fe 2p, and 
C 1 s 

The spectra were adjusted through Gaussian functions, and the As 3d 
spectra were analyzed taking into account the doublet due to spin-orbit 
division, with a BE difference of 0.7 ± 0.1 eV, equal FWHM and an area 
ratio between 3d 5/2 and 3d 3/2 3:2 contributions [34]. For Fe 2p, the 
core levels were in 2p 3/2 and 2p 1/2 doublets due to spin-orbit 
coupling. In addition, the positions of its satellites were defined and 
the possibility of having other multiplets in the spectrum was considered 
[35]. 

The spatial distribution as well as the location and relative abun
dance of chemical elements on the surface of the sediment was evaluated 
by the time-of-flight secondary ion mass spectrometry (ToF-SIMS; TOF 
SIMS V - ION TOF). The spectra and ToF-SIMS images were acquired in 
an area of 300 × 300 µm2 (resolution of 256 × 256 pixels) using a pulsed 
Bi3++ beam of 60 keV with an incidence of 45º. An electron flood gun 
(low energy electrons) was used to compensate for the process of surface 
charge accumulation during the analysis. The mass spectra of positive 
secondary ions were acquired for m/z = 0–1000 [36]. The detected in
tensities for secondary ion signals were warm color-coded according to 
the scale to obtain two-dimensional images (surface chemical maps). 
Beyond As, the elements C, Ca, and Fe were chosen because of the spatial 
correlation as representative of the main reactive components of the 
sediment. 

2.6. Speciation of As in the sediment solution 

The As species in solution were determined using an Agilent 7900 
ICP-MS system (Agilent Technologies) coupled to customized HG and CT 
units [37,38]. Briefly, a sample is treated with sodium borohydride 
buffered with tris-hydrochloride at pH 6. The arsenicals are converted to 
volatile arsines and collected on a liquid nitrogen (LN2) cryotrap. When 
the LN2 is removed and the cryotrap heated the arsines are released to 
the ICP-MS in order of their boiling points (b.p.): arsine (AsH3; b.p. =
− 62.5 ◦C), methylarsine (CH3AsH2; b.p. = 2 ◦C) and dimethylarsine 
[(CH3)2AsH, b.p. = 36 ◦C]. 

Only trivalent arsenicals are converted to arsines. Two aliquots of 
each sample are required to measure both As(III) and As(V). One sample 
is treated with L-cysteine hydrochloride monohydrate reducing agent 
(biochemical grade, Sigma-Aldrich) to a final concentration of 2% (w/v) 
and incubated at room temperature for 1 h before analysis [39]. This 
determines the total concentration of inorganic As, MMA(III+V), and 
DMA(III+V). Trivalent As species are determined from a 2nd sample run 
without the addition of the cystine reducing agent. The concentration of 
As(V) species is the difference between the total As and As(III) species. 

As a quality control, in addition to the analytical blank, certified 
samples of drinking water (SRM 1643 f) and human urine (SRM 2669) 
from the National Institute of Standards and Technology (NIST) were 
analyzed. The drinking water standard was used to calculate the per
centage of total As recovery obtained by summing the species and 
comparing to the total As obtained by the single measurement in ICP- 
MS. Standard Reference Material (SRM) 2669 Arsenic Species in 
Frozen Human Urine (NIST, US Department of Commerce) was used for 
quality control of the As speciation analysis by HG-CT-ICP-MS. 

All sediment solution samples had total As levels determined by ICP- 
MS. The percentage of recovery of the total As from the drinking water 
standard was 92%. Similar recoveries were reached for As species 
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measured by HG-CT-ICP-MS in human urine: 90% (inorganic AsIII+V), 
84% (MMAIII+V), 88% (DMAIII+V), and 93% (Total As, i.e., sum of As 
species). The sediment solution samples had an average percentage of 
total As recovery of 85.2%. 

2.7. Statistical analysis 

The data were submitted to the Shapiro-Wilk normality test (p <
0.05). Due to the non-normality of the data, the data were compared by 
the Bootstrap test (p < 0.05), which compares the mean through the 
confidence interval generated by 1000 random resampling with 
replacement [40]. 

The results of the geochemical changes of the sediment solution 
caused by the redox fluctuations were initially submitted to the Levene 
homoscedasticity test (p < 0.05). Subsequently, the differences in the 
content of the elements along the redox cycles were tested by the 
generalized linear mixed model (GLMM) using the software program R 
2020 (R Core Team, Vienna, Austria). Pyrolysis temperatures were 
considered fixed effects while repetitions and redox cycles were 
considered random effects. The treatments were classified by the Boot
strap post hoc test (p < 0.05). 

The autocorrelation and spatial correlation of chemical elements 
measured by TOF-SIMS were evaluated by the global and bivariate 
Moran indices. For this, the intensity data were converted into “raster” 
files and later analyzed in the R software (R Core Team, Vienna, 
Austria). The Global Moran index can comprehensively detect the 
spatial auto-phase size of spatial elements in a given area and is 
generally used to study the spatial pattern of geographic features and 
their time evolution analysis [41]. 

The bivariate Moran index was applied to evaluate the spatial rela
tionship between the chemical elements of the sediment. This analysis 
provides an idea of the intensity and the locations when having signif
icant correlation, and also indicates the presence of clusters with high 
values of the element close to high values of covariates (high-high); high 
of the element next to low values of covariates (high-low); low of the 
element close to high values of covariates (low-high); and low of the 
element close to low values of covariates (low-low) [42]. 

3. Results and discussion 

3.1. Biochar structure 

The pyrolysis temperature strongly influenced the chemical and 
structural composition of the biochar (EA Fig. A.2). In general, 
increasing the pyrolysis temperature concentrated C and ash in the 
biochar structure and reduced the DOC content. During biochar pro
duction, the loss C results in depolymerization and volatilization ther
mally sensitivite C [43,44]. Structural reorganization during pyrolysis is 
known [45] to generate a graphene like structure with surficial pores 
(EA Fig. A.3), resulting in a concomitant increase in the specific surface 
area of the biochar (EA Fig. A.2F). 

The pyrolysis temperature also altered the long-range ordered phases 
present in the biochar, as determined by S-XRD (Fig. 1). The diffracto
gram of BC750 biochar had more and sharper peaks than that of BC550 
biochar. It is also worth noting that the BC350 sample did not have peaks 
in the diffractogram above the background. This trend is consistent with 
an increase in the number and ordering of phases with increasing py
rolysis temperature. 

The S-XRD analysis also identified specific phases within the biochar. 
Peaks in diffractograms of BC550 and BC750 indicate the presence of 
SiO2, CaCO3, graphite, and graphene, consistent with prior observation 
[46,47]. The peaks also indicate the presence of other carbonate and 
phosphate phases, such as Na2CO3 and Ca5(PO4)3 [25]. The increase in 
ordered phases associated with carbonate and phosphate in BC550 and 
BC750 is consistent with these temperatures favoring the increase of ash 
contents in biochar (EA Fig. A.2C). In general, the presence of carbonate 
and phosphate can affect the dynamics of As [48], either by changing the 
pH, buffering the Eh, or by competition between arsenate and phosphate 
for sorption sites on mineral surfaces. Particularly for the BC750 dif
fractogram, there are peaks that could not be assigned, suggesting that 
additional phases may be present. 

3.2. Redox changes in solution 

Throughout the time course of the experiment, the redox and pH 
generally followed similar trends in unamended and biochar amended 
sediments. The initial Eh of ~350 mV decreased to < 0 mV of the course 

Fig. 1. Synchrotron X-ray diffraction patterns (λ = 0.459 Å) of pyrolyzed biochar samples at 550 (BC550) and 750 ºC (BC750). Vertical dashed red lines represent 
the main diffraction peaks of the biochars. 
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of the first 30-day flooding; this change was accompanied by an increase 
in pH from ~6.6 to ~7.0 for all trials. During the 10-day drainage cycle, 
the Eh increased to ~100 mV before decreasing in the second 30-day 
flooding to Eh < 0 mV. 

In general, biochar application resulted in greater pH and Eh values 
across the experiment (Fig. 2). The buffering of the redox potential by 
biochar may result from added redox active functional groups [49,50] as 
well as aromatic C [51]. The biochar has different functional groups 
with a range of electronegativities present on its surface, and this makes 
the biochar capable of either donating electrons or accepting electrons 
[52,53], thus regulating the redox potential of the environment. In 
addition, the exogenous supply of C in the environment modulates the 
microbial community by accelerating or reducing the activity of mi
croorganisms responsible for C degradation [54]. 

3.3. Dissolved organic carbon 

For all experimental conditions, the DOC release increased during 
the course of the redox fluctuation experiment (Fig. 3). The decompo
sition of organic C under partial or total anoxic conditions yields an 
enrichment of water-soluble intermediate metabolites [55] as a result of 
restricted and incomplete degradation. Consequently, DOC increases 
strongly during flooding [56] cycles. For the sediment and all 
biochar-amended sediments, the DOC released during the second 
flooding cycle exceeded that released during the first by approximately 
three-fold (Fig. 3). 

The aromaticity of DOC (Fig. 3B and D) was affected by successive 
redox fluctuations, with aromaticity decreasing in the second flooding 
cycle. For both flooding cycles, the DOC in solution decreases but the 
DOC aromaticity (as judged by SUV254) increases with increasing py
rolysis temperature. It is worth noting that there was less water 
extractable DOC in high temperature biochar (Fig. A.2E). High tem
perature pyrolysis also produced biochar with a greater specific surface 
area (Fig. A.2F), suggesting it may have a higher sorption capacity for 
DOC [57]. 

3.4. Arsenic in the solution 

Similar to DOC, the total As content in solution increased on average 
five-fold in the second flooding cycle compared to the first (Fig. 4) for 
both the unamended and biochar-amended sediment. The oxidation and 
reduction processes from one cycle to another can destabilize the 
structure of As and Fe minerals of low crystallinity as well as increase the 
activity of microorganisms to the point of favoring biotic reductive 
dissolution [58,59]. For As(III) in particular (Fig. 5), a dramatic increase 
concentration (from < 10–2000–4000 mg L− 1) was observed from the 
1st to 2nd redox fluctuation. As(V) contents increased as well, but was a 
much small effect for all but the sediment with no biochar application 
[58]. 

Biochar application had contrasting effects during successive flood
ing cycles. In the first flooding cycle, there was no effect of biochar 
application in the sediments. Interestingly, the control of the second 

Fig. 2. Variation of redox potential - Eh (A) and pH (B) in a sediment amended with biochars subjected to redox fluctuation. BC350, BC550, and BC750 are biochars 
pyrolyzed at 350, 550, and 750ºC, respectively. Bars represent the standard deviation of the samples (n = 4). 
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redox cycle had a dissolved As concentration ~ seven-fold higher that 
the control during the first flooding event. However, biochar applica
tions were more efficient in decreasing As solubility in the second 
flooding cycle, with an average of ~1900 mg L− 1 lower As concentra
tion than the control (Fig. 4A). Specifically, the application of biochar 
reduced the As(V) content by 2100 mg L− 1 compared to the control; 
low-temperature biochars (BC 350 and BC 550) also reduced the for
mation of As(III) species in solution in the second flooding cycle (Fig. 5). 
It is worth noting that the BC350 and BC550 amended sediments had 
greater Eh values during the second redox fluctuation (Fig. 2), consistent 
with decrease in dissolved As(III). 

The application of biochar and the flooding cycle altered the Fe 
contents in solution (Fig. 4B and D). From the 1st to the 2nd flooding 
cycle, there was a five-fold increase in the Fe content in solution (from 
<120–120–240 mg L− 1), with a greater effect for the sediment without 
biochar amendment. Although biochar may be a source of Fe for the 
sediment, the application of biochar resulted in lower concentrations of 
Fe in solution, possibly due to the inhibition of Fe reduction caused by 
the quality of carbon compounds (Fig. 3B and D) and Eh buffering 
(Fig. 2). 

The increase in the soluble Fe in solution during the second flooding 
cycle in sediment without biochar amendment is consistent with the 
larger concentration of As when compared to biochar amended sedi
ments. Fe (oxyhydr)oxides have large sorption capacities for As (up to 
1200 μM g− 1 of As(V) and 800 μM g− 1 of As(III) [60]) and their disso
lution may result in the concomitant release of As. Thus, the inhibit of 
reductive Fe dissolution by biochar may result in increased retention of 
As by solid phases. 

The difference in the effectiveness of biochar in immobilizing arsenic 
during flooding cycles may be due to the physicochemical properties of 
biochar caused by its reoxidation. Biochar has a high surface area and 
abundant pore spaces, which can adsorb As ions through physical and 

chemical interactions, and the retention intensity can be higher because 
of the structural changes in the biochar [61]. Additional groups such as 
hydroxyl (-OH), carboxyl (-COOH), and amine (-NH2) can attract and 
bind As through electrostatic forces and surface complexation (EA 
Table A.5). In addition to functional groups, biochar produced at 
elevated temperatures can increase pH, possibly inducing arsenic to 
precipitate as less soluble, mobile, and bioavailable forms [62]. 

3.5. Organic species of arsenic 

For all sediments and biochar-amended sediments, the organic As 
species MMA(III+V) and DMA(III+V) were detected, albeit at much 
lower concentrations than for inorganic species (Fig. 5). As with the 
inorganic arsenic species, the biochar application only affected the 
organic arsenic species concentrations in the 2nd flooding cycle (Fig. 5). 
Among the organic species, DMA was the As species least affected by the 
flooding cycles, with BC750 having the greatest (86% decrease) change 
in DMA(III+V) concentration. The results suggest that successive 
flooding cycles were critical for the release of inorganic As, with a lesser 
impact on organic As. 

The application of biochar decreased the organic As concentrations 
(viz. DMA) in solution. The decrease may result from the sorption DMA 
(III+V) and MMA(III+V) to biochar. Linam et al. [63], however, did not 
observe sorption of DMA to biochar, which was attributed to DMA being 
a neutral and deprotonated molecule in which it interacts little with 
biochar. This suggests that biochars may not affect DMA sorption in soil. 
Another possibility is about the microbial formation of DMA may have 
been inhibited. 

The As(V) reducing microorganisms use organic compounds as 
electron donors to reduce As(V) and obtain energy for their development 
[73]. The application of biochar may have inhibited by methylation by 
reducing the abundance altering the quality of DOC that couples to these 

Fig. 3. Dissolved organic carbon (DOC) contents (A, C) and aromaticity of DOC (SUVA254) (B, D) in the solution of a sediment amended with biochars subjected to 
redox fluctuation. BC350, BC550, and BC750 are biochars pyrolyzed at 350, 550, and 750 ºC, respectively. Lowercase letters compare treatments, while uppercase 
letters compare sediment wetting cycles (Bootstrap test, p < 0.05). Bars represent the standard deviation of the samples (n = 4). 
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reactions. Indeed, Yang et al. [64] noted that rice (Oryza sativa) straw 
biochar promoted an increase near the rhizosphere of As(V) and reduced 
microorganisms that harbor a gene associated with As reduction. 

3.6. Spatial distribution and chemical state of elements in sediment 

Geospatial analysis of TOF-SIMS images was used to identify changes 
in the distribution pattern of As, C, Fe, and Ca in the sediment (EA 
Table A.3). The global Moran index showed a reduction in the spatial 
autocorrelation of As from the first to the second flooding cycle, indi
cating that there may have been the dissolution and redistribution of 
concentrated As phases, such as those identified in the tailings (EA 
Fig. A.5). Islam et al. [65] evaluated the dissolution of As minerals in 
groundwater and verified a greater dissolution of As in arsenolite min
eral through bio-weathering. We note that this is a component of the ore, 
and these processes may also result from dissolution of other concen
trated As-bearing minerals found in the tailing (e.g., sinnerite 
(Cu6As4S9), lammerite [Cu3(AsO4)2]). 

The dispersion of C on the map after the application of biochar was 
related to the pyrolysis temperature and flooding cycle (Fig. 6; EA 
Figs. A.6 and 7). There was a greater dispersion of C with biochar pro
duced at higher pyrolysis temperatures, perhaps because of the lower 
number of functional groups present in the high-temperature biochars 
[44] may discourage organomineral interactions. Also, changes in the 
spatial distribution of C reflected changes in the quantity and quality of 
DOC, showing that there was a change in the C compartments as a 
function of the variation in the redox potential. 

Moran’s bivariate analysis showed that the spatial correlations of As 
with C, Fe, and Ca were influenced by the application of biochar and by 
the redox cycles (EA Figs. A.8, A.9, and A.10). In the first flooding cycle, 
the application of biochar reduced the spatial correlation of As with C, 
Fe, and Ca, whereas in the second flooding cycle, the correlation of As 

and C reduced in the control and increased in the treatments with bio
char. It is possible that reoxidation of biochar surface group during the 
drying cycle may have resulted in increased negative charge, which may 
favor organometallic/mineral interactions. Furthermore, in the second 
redox cycle, there was a reduction of approximately 30% in the spatial 
correlation of As x Fe in the control (EA Fig. A.10). This result corrob
orates the previously reported discussion on the increase of As in the 
solution due to the reductive dissolution of Fe(III) minerals. 

The differences in distributions of As, Fe and C in successive redox 
cycles is also reflected in the relative proportions of As, Fe and C species 
measured in the sediment by XPS (Fig. 7, EA Table A.4). Similarly to the 
sediment solution, the redox cycle and the biochar played an important 
role in the As, Fe and C species. At first, the application of biochar 
favored the availability of As(V) in solution due to the reduction of 
minerals containing Fe(III). The application of biochar resulted in a 20% 
increase in Fe(III) content when compared to the control, and part of this 
may be due to the release of DOC into the environment, which can 
promote microbial Fe reduction (EA Table A.5). 

The second flooding cycle favored a greater proportion of As(III) and 
Fe(II) in the solid phase. This finding is in agreement with the results 
obtained in the sediment solution (Fig. 5), in which the fourfold increase 
in the content of As(III). These differences in the proportion of As(III) 
and Fe(II) as a function of the flooding cycle may be related to the sta
bility of Fe(III) and As(V) minerals against the possibility of reductive 
dissolution. That is, in the first flooding cycle the reductive dissolution 
occurred to a lesser extent than in the second flooding cycle. We again 
note that mineralogical and microbiological processes may favor 
reduction in successive redox cycles [58,59]. 

The stability of soil Fe oxides under redox cycles may vary depending 
on several factors, such as the availability of electron acceptors and 
donors in the soil and/or sediment [66]. When subjected to redox 
fluctuations, Fe(III)-minerals can undergo transformations, leading to 

Fig. 4. Total contents of arsenic (A,C) and iron (B,D) in the solution of a sediment amended with biochars subjected to redox fluctuation. BC350, BC550, and BC750 
are biochars pyrolyzed at 350, 550, and 750 ºC, respectively. Lowercase letters compare treatments, while uppercase letters compare sediment wetting cycles 
(Bootstrap test, p < 0.05). Bars represent the standard deviation of the samples (n = 4). 
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Fig. 5. Contents of arsenite [As(III)] (A, E), arsenate [As(V)] (B, F), Monomethyl [MMA(III+V)] (C, G), and Dimethyl arsenic [DMA(III+V)] (D, H) in the solution of a 
sediment amended with biochars subjected to redox fluctuation. BC350, BC550, and BC750 are biochars pyrolyzed at 350, 550, and 750 ºC, respectively. Lowercase 
letters compare treatments, while uppercase letters compare sediment wetting cycles (Bootstrap test, p < 0.05). Bars represent the standard deviation of the sam
ples (n = 4). 
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alterations in their mineralogy and stability. Under anaerobic or low 
oxygen conditions, Fe(III)-minerals can be reduced by dissimilatory 
microbial reduction to Fe(II) forms. Conversely, during the oxidation or 
suboxic process, where the anoxic conditions are alleviated, the reduced 
Fe(II) can be re-oxidized back to Fe(III), resulting in secondary Fe(III) 
minerals. However, the reoxidation may not result in the original min
eral structure, and the resulting Fe(III) forms may exhibit different 
physiochemical properties (e.g., ordering, particle size and morphology) 
compared to the original Fe(III) minerals, which in part depends on 
specific environmental conditions (e.g., pH and carbon content) [67]. It 
is worth mentioning the greater presence of carbon in solution after the 
first redox cycle, which may have played an important role in the 
regulating the stability of reprecipitated Fe(III) minerals from the first 
reduction cycle. 

Among biochars, As availability may have been affected by solid- 
phase C quality. In the first flooding cycle, an organometallic complex 
was detected in the solid phase, and there were few functional groups 
associated with the carbonyl of amide/carboxylic (C––O), carboxylate 
(O-C-O), with most of the C was associated with aromatic and phenolic 
groups. However, after the first flooding cycle, organometallic com
plexes were absent, and the proportion of functional groups associated 
with the carbonyl of amide/carboxylic (C––O), carboxylate (O-C-O) 
increased. This result may indicate decomposition/oxidation of organic 
matter [68,69] of the sediment, which is consistent with the observed 
increase in DOC and the spatial dispersion of C in the sediment. 

The organometallic complex identified by XPS in the first flooding cycle 
does not discriminate which metal was associated with C nor does it 
discriminate whether this complex was formed by C from the biochar or the 
sediment. However, the biochar promoted the formation of an organome
tallic complex during the first flooding cycle may have played an important 
role in the immobilization of As(V) because in the second flooding cycle, the 
formation of an organometallic complex was not identified and there was a 
four times increase in the release of As into the solution. 

3.7. Recommendation for future studies on biochar 

In recent years, different feedstock and pyrolysis temperatures have 
been used in the manufacture of biochar for remediation of As- 
contaminated environments in different countries (EA Table A.6). The 
effectiveness of the biochar is closely related to the environmental 
conditions and the pyrolysis characteristics of the biochar. In this study, 
it was evident that the effectiveness of the biochar depended not only on 
the pyrolysis temperature but also on the redox conditions of the sedi
ment. In general, the biochar had a maximum removal potential of 
121 mg kg− 1 of As(V) and 56 mg kg− 1 of As(III) (EA Table A.6). The 
effectiveness of biochar in removing As(V) and As(III) shown by the 
studies in Table A.6 does not take into variations account in redox po
tential, which may interfere with the removal capacity and consequently 
the cost of remediation. From an economic point of view, biochar can be 
an advantage in remediation. For example, in 2020, biochar produced 
from wood and used in wastewater treatment was cost-effective 
($91–319/t) compared to activated carbon ($1500/t) and zeolite 
($6000/t) [70]. However, there is a need for further studies under actual 
field conditions that take redox variations into account and thus be able 
to project the real effectiveness and cost of remediation with biochar. 

4. Final remarks 

Biochar application and pyrolysis temperature impacted the avail
ability of and distribution of As species in sediment, the concentrations 
and quality of DOC, the methylation of As, and the redox conditions of 
the sediment and the spatial distribution and oxidation state of the el
ements. Because of the supply of extra C in the sediment, DOC-biochar 
interaction may be an important, although underestimated, mecha
nism in guiding the mobility and, subsequently, the bioavailability of 
contaminants in sediments amended with biochar, especially on the 
organic species of As. 

Fig. 6. 2D maps obtained from Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) and analysis process of spatial distribution, autocorrelation, and spatial 
correlation of arsenic and iron in a sediment with and without biochar application. BC350 refers to a sediment amended with a biochar pyrolyzed at 350 ◦C. Details of 
the spatial distribution and correlation of chemical elements and other treatments can be found in the electronic annex. 
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Fig. 7. X-ray photoelectron spectroscopy (XPS) analysis of arsenic 3d, iron 2p, and carbon 1 s from a sediment amended with biochars subjected to the first (A, B, C) 
and second (D, E, F) redox cycle. BC350, BC550, and BC750 are sediments amended with biochars pyrolyzed at 350, 550, and 750 ºC, respectively. 
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The impact of successive redox cycles in controlling biogeochemical 
processes that impact the mobilization of metals must be highlighted. 
The redox variations favored the dissolution of As minerals, increasing 
the As content in solution by seven times when subjected to redox 
variation. Furthermore, the redox cycle affected the reoxidation of 
functional groups present on the surface of the biochar altered the 
spatial distribution of C and favored the formation of organometallic/ 
mineral complexes. 

Based on our findings, in particular on MMA and DMA, we suggest 
that future studies be carried out to assess the potential fate and cycling 
of organic As species in naturally As-contaminated and biochar-altered 
environments. We also suggest the integrated use of advanced spectro
scopic analysis (scanning X-ray transmission microscopy) and microbi
ological methods (gene sequencing) to provide deeper information on 
the organomineral/metallic interaction and the biogeochemical 
behavior of As in biochar-amended sediments under different redox 
conditions. 
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of Fe content. Microporous Mesoporous Mater 168, 1–6. https://doi.org/10.1016/ 
J.MICROMESO.2012.09.015. 

[36] Arenas-Lago, D., Andrade, M.L., Vega, F.A., Singh, B.R., 2016. TOF-SIMS and FE- 
SEM/EDS to verify the heavy metal fractionation in serpentinite quarry soils. 
Catena 136, 30–43. https://doi.org/10.1016/J.CATENA.2015.03.005. 
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Drobná, Z., et al., 2008. Oxidation state specific generation of arsines from 
methylated arsenicals based on l-cysteine treatment in buffered media for 
speciation analysis by hydride generation-automated cryotrapping-gas 
chromatography-atomic absorption spectrometry with the multiatomizer. 
Spectrochim Acta Part B Spectrosc 63, 396–406. https://doi.org/10.1016/J. 
SAB.2007.11.037. 

[40] Soares, M.B., Santos, F.H., Alleoni, L.R.F., 2022. Temporal changes in arsenic and 
lead pools in a contaminated sediment amended with biochar pyrolyzed at 
different temperatures. Chemosphere 287, 132102. https://doi.org/10.1016/J. 
CHEMOSPHERE.2021.132102. 

[41] Zhang, X., Zhang, M., He, J., Wang, Q., Li, D., 2019. The spatial-temporal 
characteristics of cultivated land and its influential factors in the low hilly region: a 
case study of Lishan Town, Hubei Province, China. Sustainability 2019 11, 3810. 
https://doi.org/10.3390/SU11143810. 

[42] Pusch, M., Oliveira, A.L.G., Fontenelli, J. v, Amaral, L.R.D., 2021. Soil properties 
mapping using proximal and remote sensing as covariate. Eng Agrić 41, 634–642. 
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