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Abstract

Reductive dissolution of barium (Ba) sulfate in wetland soils may increase Ba bioavailability in the environment,

yet no information is available regarding Ba remediation using biochar. This study investigated the effectiveness

of sugarcane (Saccharum officinarum) straw biochar pyrolyzed at 350 °C (BC350), 550 °C (BC550), and 750 °C (BC750)
in inhibiting barite dissolution and, consequently, Ba availability in a soil artificially spiked with barite and flooded

for 365 days. Increasing pyrolysis temperature alters the carbon structure, and increases dehydration and depolymeri-
zation, resulting in more stable biochar that releases less DOC (8.6-fold decrease from BC350 to BC750). Additionally,
high-temperature biochar (BC750) had 1.7 times higher carbon (C) content, 2.4 times higher ash content, and a 13.1
times greater specific surface area (SSA) than low-temperature biochar (BC350). Amending soil with BC750 increased
pH but did not promote reducing conditions, and thus did not promote barite dissolution. Conversely, greater DOC
in low-temperature biochar, particularly BC350, favored reducing conditions and increased barite dissolution by 239%,
with BC550 also showing an 18% increase. This enhancement led to a greater pool of Ba sorbed into more labile
exchangeable sites. In summary, pyrolysis temperature affects biochar attributes, which in turn influences the soil
geochemical environment and Ba speciation. Low-temperature biochar (BC350) shows potential as an amendment
to increase the bioavailable Ba pool in assisted remediation programs, such as biochar-assisted phytoremediation.

Highlights

- Biochar pyrolysis temperature affected both redox potential and barite dissolution.
+ BC750 mitigated barite dissolution while modifying exchangeable sorption sites.

- DOC release from low temperature biochar promoted barite reductive dissolution.
+ BC350 may enhance biochar-mediated phytoremediation applications.
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1 Background

Human exposure to barium (Ba), a potentially toxic
element typically found in the environment as a diva-
lent cation, can occur through contaminated food and
water, inhalation, and skin contact (Peana et al. 2021).
Its ingestion can lead to various health issues, includ-
ing acute hypertension, hypokalemia, diarrhea, and car-
diac arrhythmia (Dallas and Williams 2011). In plants,
Ba excess can significantly affect their metabolic activity,
leading to oxidative stress (de Souza Cardoso and Mon-
teiro 2021; Bouslimi et al. 2021). In animals, it can result
in hypokalemic paralysis because Ba’* can act as a physi-
ological antagonist to K* (Tao et al. 2016; Willems et al.
2023). Therefore, the United States Environmental Pro-
tection Agency (USEPA) has set the Maximum Contami-
nant Level (MCL) at 2000 pg L™! for Ba in drinking water
(USEPA 2002). Similarly, soil screening limits are 330 mg
kg™! in the US (USEPA 2005) and 300 mg kg™ in Brazil
(CONAMA 2009).

Anthropogenic activities have significantly increased
Ba pollution, and thus the potential for human expo-
sure, through widespread use in multiple industrial sec-
tors, such as explosives, cosmetics, fire extinguishers, and
nanoparticles (Chatupnik et al. 2019; Peana et al. 2021;

electrostatic
interaction
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Konduru et al. 2014). Major anthropogenic sources of
Ba in the environment include ore mining and refining,
Ba salt manufacturing, and oil spills (Lamb et al. 2013;
Choudhury and Cary 2001). In the petrochemical sector,
barite (BaSO,) is used to increase the hydrostatic pres-
sure of drilling mud (Lamb et al. 2013). Latin American
nations, such as Brazil, Venezuela, Mexico, Ecuador,
Argentina, and Colombia, host~20% of the world’s oil
reserves, producing ~ 8 million barrels per day (~10% of
global demand), (Solano-Rodriguez et al. 2021), thereby
escalating the risk of environmental contamination in
this region.

Soil pH and redox potential (Eh) dictate Ba fate in soils
(Rinklebe et al. 2016; Kravchenko et al. 2014). In oxic
conditions (Eh>350 mV; Otero et al. 2009), barite poses
a minimal environmental threat due to its low solubil-
ity. However, wetland soils and waters near oil extraction
sites often have large Ba concentrations during prolonged
anoxia (Carvalho et al. 2019). Under these anaerobic con-
ditions (Eh <100 mV; Otero et al. 2009), sulfate (SO,*")
reduction to sulfide (S?7) species can lead to reductive
barite dissolution with a concomitant increase in Ba*"
bioavailability (Viana et al. 2021a). Generally, Ba solu-
bility rises as pH decreases (Kravchenko et al. 2014),
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but it depends on the Ba solid controlling solubility.
For instance, BaCl, is less sensitive to pH changes than
BaSO, or BaCO, (Tang and Johannesson 2010).

Assessing ways to remediate Ba contamination is
crucial, especially in anoxic environments. One prom-
ising method involves using eco-friendly wastes to
trap potentially toxic elements (PTEs) in wetlands (Li
et al. 2016). Biochar shows potential for remediating
Ba and other pollutants, such as antimony (Hua et al.
2021), arsenic (Mukherjee et al. 2021), cadmium (Chen
et al. 2022), lead (Qian et al. 2022), and mercury (Shen
et al. 2021), from water and soil at a low cost (Li et al.
2016; Vithanage et al. 2016). Brazil, the largest sugar-
cane (Saccharum officinarum) producer globally, yields
about 643 million tons annually (Martini et al. 2020),
mostly without straw burning. This residue can be con-
verted into biochar for various beneficial uses, includ-
ing remediation (Yuan et al. 2011; Zama et al. 2017;
Wang and Wang 2019; Younis et al. 2020). However,
biochar’s effectiveness in remediation systems depends
on feedstock biomass and processing method (i.e,
pyrolysis conditions) (Wang and Wang 2019).

Factors such as pyrolysis temperature influence bio-
char properties and thus its suitability for environmen-
tal remediation (Ding et al. 2014). Higher pyrolysis
temperatures often enhance surface area, pH, volatile
material, and carbonized fractions, but decrease cation
exchange capacity (CEC) and number of surface reac-
tive functional groups (Tomczyk et al. 2020). Addition-
ally, biochar-derived organic matter can act either as
an electron donor or acceptor (Yuan et al. 2017) and,
consequently, impact the redox-dependent mobility of
PTEs during soil flooding (Yang et al. 2021; Rinklebe
et al. 2020). Despite its potential and the complicated
impacts of preparation on its properties, research
on the effects of biochar on contaminant mobility in
flooded soils remains limited (Rinklebe et al. 2020; El-
Naggar et al. 2018).

The primary objective of this study was to assess how
biochar pyrolysis temperature impacts Ba availability
in flooded soil spiked with barite to better understand
its potential use in soil remediation. Sugarcane straw
was pyrolyzed at temperatures of 350, 550, and 750 °C,
and the resulting biochar was characterized using dif-
fuse reflectance infrared Fourier transform spectroscopy
(DRIFT). Barite-contaminated soils were then treated
with biochar and subjected to incubation under flooded
conditions for 365 days. Ba concentrations in the soils
were analyzed through sequential chemical extraction.
The study hypothesized that incorporating biochar pro-
duced at high pyrolysis temperatures (750 °C) into soils
would elevate soil-solution pH while reducing organic
carbon dissolution, thereby buffering redox potential
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(Eh) and impeding sulfate reduction and Ba dissolution
during flooding. The findings offer insights to facilitate
the development of sustainable strategies for Ba remedia-
tion in flooded environments.

2 Methods

2.1 Soil and barite characterization

A Xanthic Ferralsol (IUSS-WRB 2015) was collected
from the topsoil layer (0.2 m) of an area without any
record of Ba contamination in Piracicaba, Sdo Paulo
State, Brazil (22° 43" 05” S 47° 36" 54" W/). Soil chemi-
cal attributes, such as pH CaCl, (4.4), P (3.3 mg dm™3),
K (1.16 mmol, dm™3), Mg (3.3 mmol, dm™3), S (12.7 mg
dm™), Fe (26.7 mg dm™3), Mn (7.7 mg dm™3), Al (11.0
mmol, dm™3), H+Al (64.0 mmol, dm™), CEC (79.6
mmol, dm™>) were determined in triplicate according
to Raij et al. (2001). Soil samples were dispersed using
0.1 mol L™! NaOH solution. The sand fraction was sieved
and dried (40 °C) whereas silt and clay fractions were
separated by siphoning according to Stoke’s Law. Granu-
lometric analysis [sand (327 g kg™%), silt (97 g kg™!) and
clay (577 g kg™!)] was performed in triplicate by the den-
simeter method (Buoyoucus) according to Gee and Or
(2002).

The elemental composition of the soil along with two
certified soil samples, a clean sandy loam from Sigma-
Aldrich and a San Joaquin soil (2709a) from the National
Institute of Standard and Technology were determined
in triplicate according to EPA-3051 A protocol (USEPA
2007) (Table A.1). Ba recoveries ranged from 59% (San
Joaquin soil; 582 mg kg™!) to 87% (Clean Sandy loam soil;
177 mg kg™'). Total Ba contents of the soil and the bar-
ite were evaluated using the EPA-3052 protocol (USEPA
2004), revealing 77,983 mg kg~' of Ba in barite and
7.7 mg kg~! of Ba in the soil. All measurements were per-
formed in triplicate.

2.2 Soil and barite mineralogical analysis

Soil and barite were dried and deposited on a glass sam-
ple holder without preferential mineral orientation.
X-ray diffraction (XRD) analysis was performed using
the XRD tool Rigaku MiniFlex II, with CuKa radiation
(0.1540562 nm, 30 kV, and 15 mA). The goniometer
speed was 0.02° 20 s~!, with a sweep ranging from 3 to
60° 20. Diffractograms were analyzed in the PANalytical
XPert HighScore program. Soil presented a clay miner-
alogy dominated by kaolinite, hematite, and goethite.
Barite’s XRD showed peaks corresponding to barite and
quartz (data presented in Additional file 1).

2.3 Biochar synthesis and characterization
Sugarcane straw was collected from a freshly harvested
area and then pyrolyzed in a sealed double reactor at a
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heating rate of 5 °C min™" up to 350, 550, or 750 °C. The
residence time at the final temperature was two hours (for
more details see Soares et al. 2022a). The elemental com-
position (n=4) of the three resulting biochars was evalu-
ated by microwave-assisted acid digestion (HNO3;+HCI,
1:10 w/v) according to the International Biochar Initiative
(IBI 2015) (Table A.1). The C and N concentrations were
determined in an elemental analyzer (LECO, Shimadzu),
and ash contents were determined by mass loss in pre-
defined heating ramps using the muffle method (Muffle
SP-1200, SPLabor) (ASTM 2007). Specific surface area
(SSA) was determined by the Brunauer—-Emmett—Teller
(BET) method (Song and Guo 2012) utilizing a NOVA-
e gas sorption analyzer (Quantachrome). Morphological
analyses were performed using scanning electron micros-
copy (FEI Quanta FEG 250, with a 15 kV beam) (Fig.
A.2), and for this, the biochar particles were dispersed
on TEM grid using 1 g L™! biochar suspension. Dis-
solved organic carbon (DOC) was extracted according to
Singh et al. (2017) and its concentration was determined
using an elementary TOC analyzer (TOC-L, Shimadzu)
(Yoon et al. 2018). For this, samples of 5 g of biochar were
stirred with 50 mL of deionized water (1:10 w/v) in a hor-
izontal shaker for 1 h at 21+2 °C, and then the samples
were filtered through previously calcined 0.45 pum filters.

2.4 Experimental design and treatments

Flooded soils create variable redox conditions that can
affect how barite dissolves and moves, potentially releas-
ing Ba and sulfate into the environment. By replicat-
ing these conditions over one year, the experiment was
designed to mimic real potential risks associated with
barite dissolution and its environmental effects. The
experiment was conducted in a completely randomized
experimental design with four treatments and four rep-
lications. The treatments consisted of Ba-contaminated
soil without biochar amendment (control) and Ba-con-
taminated soil amended with sugarcane biochar pyro-
lyzed at three distinct temperatures: 350 (BC350), 550
(BC550), and 750 °C (BC750).

Each experimental unit consisted of a 150 mL glass
flask containing 35 g of soil, 30% carbon (C) in the form
of biochar, 1000 mg kg™! of Ba as barite, and 50 mL of
ultrapure Milli-Q water (Table A.2). The amount of C
was chosen based on the typical C content of wetlands
contaminated with Ba in Brazil (Viana et al. 2021a, b).
Because each type of biochar differed in its C content,
the following masses of biochar were applied to achieve
30% C: BC350 (44.12 g), BC550 (28.46 g), and BC750
(25.73 g). The Ba dose used was higher than the agricul-
tural intervention limit for Ba in Brazil (Table A.2). Soil,
biochar, barite, and water were homogenized by shak-
ing in an orbital shaker for 10 min. The experiment was
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conducted for 365 days at room temperature (25+2 °C),
with water added regularly to maintain a 1-cm layer (Fig.
A.3). At the end of the experiment, pH and Eh measure-
ments were performed using a portable Hanna pH/ORP
meter (model HI 991003). At the end of the experiment,
the solution was separated from solids by centrifugation
(1845x%g RCF for 15 min) followed by filtration (0.45 pm
cellulose filter).

2.5 ldentification of organic functional groups (DRIFT)

Organic functional groups in the solid and solution (dis-
solved organic carbon, DOC) phases were analyzed using
an Alpha II (Bruker®vdedElement 1Ty i frared spectrom-
eter, equipped with a diffuse reflectance (DRIFT) mod-
ule. Solid-phase samples (<150 pm) were dried at 45 °C
until reaching constant weight and then stored in a des-
iccator. The solution phase (DOC) was mixed with KBr
(1:10 v/w) and then dried at 45 °C until reaching constant
weight (Soares et al. 2022a). KBr spectrum (blank) was
obtained using DI water. The background spectrum was
obtained using a gold-supported sample. The reflectance
spectrum (64 scans) was collected from 600 to 4000 cm™!
with 2 cm ™ resolution. Spectra were preprocessed using
the Savitzky—Golay smoothing method, with a 10-point
polynomial to reduce electronic and natural oscillations.
Atmospheric interference corrections (water vapor and
CO,), background subtraction, and spectral mean were
calculated using the OPUS/Mentor software package.

2.6 Bain solution and its sequential chemical extraction
Dissolved Ba in filtered solution samples (see Sect. 2.4)
was quantified by inductively coupled plasma-opti-
cal emission spectroscopy (ICP-OES; Thermo Fisher
ScientificPxcludedElement IT 1y 4 de] 1Cap6300 Duo).

To probe Ba forms in the solid phase after incubation,
sequential chemical extraction targeting operationally
defined pools was adopted combining three methods
(Gimeno-Garcia et al. 1995; Siregar et al. 2005; Silveira
et al. 2006). For this, aliquots of 2 g of soil (corrected to
dry mass) were sequentially extracted four times and
generated five fractions: F1=DBa-exchangeable (Ba-EX,
extracted with 1.0 mol L™* MgCL,); F2=Ba-associated
with carbonates and part of Ba-specifically sorbed (Ba-
CA, extracted with 1.0 mol L™! sodium acetate adjusted
to pH=5.0); F3=Ba-more strongly associated with
organic matter (Ba-OM, extracted with 6% sodium
hypochlorite), F4=Ba-more strongly associated with
Fe and Mn oxides (Ba-OX, extracted with 0.25 mol L™}
sodium citrate+0.11 mol L™! sodium bicarbonate+3 g
sodium dithionite); F5=Ba-residual (Ba-Res, Ba applied
(1000 mg kg~*) minus the sum of previous four fractions).
It is important to point out that sodium acetate (pH 5.0)
as used in F2 is not limited to carbonate dissolution as
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Table 1 Major biochar physicochemical properties as affected by pyrolysis temperatures (350, 550, and 750 °C)

Biochar' C (% w/w) N (% w/w) N DOC (mgL™") Ash (%) SSA (m2g~")
BC350 34+0.1b 06+001a 57+06¢C 172+02a 5+0.7¢ 17+0.8c¢c
BC550 53+04b 0.7+£001 b 69+09b 20+002b 10+02b 129+13b
BC750 58+0.02 a 06+0.02a 97+03a 20+0.04 b 12+03a 223+14a

" Biochar pyrolyzed at 350, 550, and 750°C; C = total organic carbon; N = total nitrogen; DOC = dissolved organic carbon; and SSA = specific surface area. Means

followed by the same letters in the column do not differ (Bootstrap test, p < 0.05)

commonly labeled; rather, it can also solubilize metals
(Ba) specifically sorbed on clay mineral surfaces, organic
matter, and Fe and Mn oxyhydroxides (Ahnstrom and
Parker 1999). All extraction solutions were separated
from residual solids by centrifugation and filtration, and
Ba was quantified by ICP-OES as previously described.
As proposed by Kabala and Singh (2001), the Ba mobil-
ity factor (MF) was calculated as the ratio of more readily
available Ba (F1+ F2) to its total applied amount.

2.7 Statistical analysis
To check the quality of the data and select the most
appropriate statistical method for comparing means,
all data were subjected to descriptive analysis and the
Shapiro-Wilk normality test. The biochar physicochemi-
cal data were not normally distributed, so their mean
values were compared using a nonparametric Bootstrap
test (p<0.05). This test involved comparing mean val-
ues using a confidence interval generated by 1,000 ran-
dom resampling with replacement (Christie 2004). The
Bootstrap test was chosen for its practicality, as it does
not require data transformation (e.g., normalization
by square root or average) or the use of median values.
Instead, it allows for working with the actual mean and
generates confidence intervals capable of comparing the
means of nonparametric data. In the Bootstrap analysis,
the calculation power for determining the sample size
was based on a power of 90% (1—), a type I error rate
(a) of 5%, an anticipated mean difference of 15 (uA—uB),
an estimated standard deviation of 5, and a sampling
ratio of 1 (equal-sized groups). Based on these estimates,
the required sample size was determined to be 4.

Soil data were contrasted using the Tukey test (p <0.05).
All statistical calculations were performed using the R
program (R Core Team, Vienna, Austria).

3 Results and discussion

3.1 Major biochar physicochemical attributes

The ash, carbon (C) contents, and specific surface area
(SSA) of biochar increased with pyrolysis temperatures
(Table 1). The specific surface area (SSA) of BC550 and

BC750 was 7.6 times and 13.1 times greater than that of
BC350. However, BC350 had over 8 times more dissolved
organic carbon (DOC) than BC550 and BC750, indicat-
ing lesser stability. Because SSA influences adsorptive
capacity and DOC correlates with reducing capacity,
BC350 may be more effective at promoting barite reduc-
tion with less ability to adsorb dissolved Ba, whereas
BC550 and BC750 should have greater adsorptive capaci-
ties with lesser reducing capacity.

3.2 Diffuse reflectance spectra (DRIFT)

Amending soil with high-temperature biochar (>550 °C)
decreased C-O signals associated with polysaccharide
(1110-1042 cm™) and carboxylic (~1730 cm™?) groups
(as compared to the unamended control) in the aqueous
phase (DOC, Fig. 1a). Biochar contains functional groups
capable of sorbing DOC through hydrophobic bonds
or m-m electron—donor—acceptor (EDA) interactions
(Sun et al. 2012; Zhu and Pignatello 2005), which could
reduce vibrations among oxygenated functional groups,
as seen in our results (Fig. 1a). High-temperature biochar
(BC550 and BC750) has a large SSA (Table 1), indicat-
ing the potential for sorbing DOC. It is also important to
note that higher pyrolysis temperatures alter C-structure,
increase dehydration and depolymerization (Zhang et al.
2017), and release volatile substances and carbonaceous
gases (Fig. 1a, Table A .4), resulting in more stable biochar
that tends to release less DOC, aligning with our previ-
ous results (Table 1).

For the solid phase, biochar addition increased the peak
signals for COOH (1730 cm™), C=0 (1512 cm™}), and
phenolic-OH (1400 cm™) with decreasing the intensity
of C-O groups associated with polysaccharides (1110-
1042 cm™?) (Fig. 1b; Table A.4). The major spectral dif-
ferences were in the <1800 cm™! region, where biochar
increased signals associated with aromatic (C—H) and
lignocellulose (C=0) groups but reduced the (C-O) sig-
nal associated with polysaccharides. A similar result was
observed for bulk biochar samples alone (Soares et al.
2022b).
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Fig. 1 Diffuse reflectance infrared Fourier transform (DRIFT) spectra for the soil (control) and the soil amended with biochar pyrolyzed at 350, 550,
and 750 °Cin the liquid (aqueous) (a) and solid (b) phases. Details are presented in Additional file 1: Table A1)

3.3 pH and redox potential (Eh)

Soil pH increased monotonically with the pyrolysis tem-
perature of the biochar amendment (pH=5.9, 7.5, 8.6,
and 9.2 for control, BC350, BC550, and BC750, respec-
tively) (Fig. 2a). Biochar synthesis produces alkaline

substances in the ash, such as calcium carbonate and
phosphate minerals, which can raise soil solution pH
(Novak et al. 2009; Yuan et al. 2011). Our results (Table 1)
are consistent with Tan et al. (2020), who showed that
higher pyrolysis temperatures result in biochar with
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Eh

Control BC350 BC550 BC750

Fig. 2 Soil-pH (a) and redox potential (Eh, b) in the soil (control) and the soil amended with biochar pyrolyzed at 350, 550, and 750 °C. Means

followed by the same letters do not differ (Tukey test, p <0.05)

higher ash content, containing metal alkali oxides that
increase biochar alkalinity. The higher pH may also result
from the loss of organic acid functional groups (e.g., —
OH and —~COOH) through dehydration and depolym-
erization during pyrolysis (Zhang et al. 2017), supported
by the decrease in vibration signals of OH and —C=0
groups (Fig. 1a; Table A .4).

Solution pH is a major factor influencing biochar
capacity for binding cationic metals (Younis et al. 2020;
Shin et al. 2021). For example, spent coffee biochar
showed greater Ba removal from contaminated water
when pre-exposed to solutions with a pH>7, which
affects surface binding moieties (Shin et al. 2021). The
adsorptive removal of Ba’>" was significantly influenced
by electrostatic attractive interactions with the biochar
surfaces due to a decrease in surface zeta potential with
increasing pH, indicating a more negatively charged sur-
face. Here, the decrease in oxygenated functional groups
(Fig. 1) resulted in more alkaline conditions (Fig. 2),
especially at higher pyrolysis temperatures, leading to an
increase in negatively charged biochar surfaces, electro-
statically favoring sorption.

Compared to the control (Eh=345 mV), soil Eh
decreased by 48% (179 mV), 40% (207 mV), and 7% (321
mV) when amended with BC350, BC550, and BC750,
respectively (Fig. 2b). High-temperature biochar (BC750)
is often associated with the transformation of labile-
C into more stable forms (C-aromatic) and lesser DOC
contents (Table 1), which may explain its lessened con-
tribution to electron transfer reactions (Zhang et al.
2017; Yuan et al. 2019), limiting its impact on Eh. The
biochar BC350 was applied at greater rates than BC550
(1.56x) and BC750 (1.70x). This increased loading and
the greater DOC contents of low temperature biochar

< <
L ol

e
i~

Ba in solution (mg L")

a
b
b
C '
Control BC350 BC550 BC750
Fig. 3 Ba concentrations in the aqueous phase (solution).
Control=soil and BC350, BC550, and BC750=soil amended

with biochar pyrolyzed 350, 550, and 750 °C, respectively. Means
followed by some letters do not differ (Tukey test, p <0.05)

<
=)

suggest that a calculated 13.4 and 14.6 times more DOC
was added with BC350 compared to BC550 and BC750,
respectively, whereas the DOC addition for BC550 was
only 1.09x greater than for BC750.

DOC typically consists of low molecular weight mol-
ecules with lower aromaticity that are susceptible to
abiotic and biotic degradation, which may occur under
reducing conditions (Liu et al. 2019). Soares et al. (2023)
used deconvolution of FTIR spectra to characterize DOC
from BC350 and BC750, observing that compounds
with low thermal stability, mainly polysaccharides, were
lost (converted to CO,) with heating. Low thermal sta-
bility compounds decreased from 38% (BC350) to 4.7%
(BC750), whereas highly stable compounds, such as
those containing aromatic groups, increased from 15.9%
(BC350) to 64.5% (BC750). The presence of sugars and
polysaccharides in the DOC fraction may have favored
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Fig. 4 Sequential extraction of Ba (a) and its relative amounts (b). Control = soil and BC350, BC550, and BC750 = soil amended with biochar
pyrolyzed 350, 550, and 750 °C, respectively. F1 (Ba-EX) =exchangeable Ba; F2 (Ba-CA) =Ba associated with carbonates and part of Ba sorbed
specifically, F3 (Ba-OM) =Ba more strongly associated with organic matter, F4 (Ba-OX) =Ba more strongly associated with oxides; and F5 (Ba-Res)=Ba
residual. Means followed by the same letter did not differ within each fraction (Tukey test, p <0.05)

microbial activity, primarily in BC350 but also in BC550,
leading to Eh reduction in both. The lack of these com-
pounds at pyrolysis temperatures > 700 °C (Tomczyk et al.
2020; Yi et al. 2022) may have inhibited microbial growth
and soil reduction in BC750. The rate of organic matter
oxidation can decrease due to the relative accumulation
of residual aromatic and aliphatic compounds (Gunina
and Kuzyakov 2022). Consequently, not only the lower
DOC for BC750 (Table 1) but also the increase in ali-
phatic domains (Fig. 1) may have resulted in a less reduc-
ing the soil geochemical environment (Eh >300 mV) even
under saturated conditions (Fig. 2), and thus decreased
barite reductive dissolution.

An alternative for increasing the potential of high-
temperature sugarcane straw biochar for barite dissolu-
tion and Ba remediation could be biochar modification,
where oxygen-containing functional groups are produced
on the biochar surface through chemical activation (e.g.,
alkalization) (Shin et al. 2021). For instance, oxidation
and thiolation treatments enhanced the polarity, surface
area, and pore volume of pig manure biochar produced at
700 °C (Wang et al. 2021).

3.4 Bain the aqueous phase (solution)

Biochar addition to soils decreased Ba concentrations in
solution, with the dissolved Ba concentrations increas-
ing monotonically with increasing pyrolysis tempera-
tures (0.02, 0.17, and 0.21 mg L~! for BC350, BC550, and
BC750, respectively) (Fig. 3). In all cases, the Ba mass in
solution corresponded to less than 0.05% of its applied

amount but reached up to 30% of the Brazilian freshwater
standard (0.70 mg L™}, CONAMA 2009).

Rice straw biochar produced at 550 °C adsorbed
73.9 mg of Ba per gram of biochar from saline solutions,
removing 97.5% of the total Ba concentration (Younis
et al. 2020). This removal rate is comparable to our work,
especially for BC350, which removed 92% of the Ba from
the solution as to the control (Fig. 3).

3.5 Bageochemical fractionation (sequential extraction)

In soils, Ba was primarily associated with the residual
fraction (F5), which accounted for at least 49% of its
applied amount (Fig. 4a, b). F5 was greatest for BC750
and the control (~65%), followed by BC550 (52%) and
BC350 (49%) (Fig. 4b). Assuming that F5 is composed of
barite, compared to the control, 23.4% and 18.8% of the
barite was dissolved from BC350 and BC550, respectively,
whereas no addition barite was dissolved from BC750.
This trend suggests that Ba present in barite is more read-
ily dissolved under the more reducing conditions associ-
ated with low temperature biochar amendment (Fig. 2b).
Although the measured Eh values for BC350 and BC550
were above the published potential for sulfate reduction
(=100 mV, Otero et al. 2009), bulk measurements do not
preclude this reaction at more reducing microsites pre-
sent in the soil. The control and BC750 remained under
oxic conditions, thus limiting Ba solubilization. Indeed,
Ba in the more labile fractions (F1 and F2) of the soil was
higher for BC350 (10% and 8%, respectively) and lower
for BC750 (7% and 5%, respectively) (Fig. 4b), despite



Viana et al. Biochar (2024) 6:83 Page 9 of 13
(A) Ba mobility factor (B) Ba mobility risk
30 60
a b _
. 25 S
S < 40.
= 201 < ‘B T
£ d 2z 20
S 15 =
z 20 Control
= 104 o
2 5
= 5] g 20
M
0 -40 . . ;
Control  BC350 BC550 BC750 BC350 BC550 BC750

Fig. 5 Calculated Ba mobility factor (a) and its relative values (b) in the soil (control) and the soil amended with biochar pyrolyzed at 350, 550,
and 750 °C. Means followed by the same letter did not differ (Tukey test, p < 0.05)

BC750 presenting higher Ba contents in solution (Fig. 3).
Taken in total, our results indicate that low-temperature
biochar tends to have higher labile organic-C contents,
which can favor carbon utilization by microbes and cre-
ate reducing conditions (Hamer et al. 2004; Awad et al.
2012), enhancing barite dissolution. BC350, for exam-
ple, had more reducing conditions (lower Eh; Fig. 2),
which likely favored barite reductive dissolution and Ba
release. This released Ba could either remain in solution
or be retained (sorbed) into distinct soil fractions. Low-
temperature biochar, such as BC350, tends to have higher
cation exchange capability (CEC) due to its higher con-
tents of oxygen-containing functional groups like -COH
and ~COOH (Melo et al. 2013), which may favor Ba sorp-
tion through non-specific or specific mechanisms, such
as electrostatic interactions and Ba complexation (C=0-
Ba complex), respectively. Specific interactions are likely
less concerning for Ba than for other PTEs because Ba
has one of the largest ionic radii among the 2 A-elements
group and has a high coordination number with carbox-
ylic ligands (Yun et al. 2016).

Conversely, high-temperature biochar, such as BC750,
tends to contain more recalcitrant aromatic groups
(Fig. 1) and lower DOC content (Table 1) and thus may
not promote the formation of reducing conditions (Fig. 2;
Qiu et al. 2020). This characteristic makes high-temper-
ature biochar less likely to promote reductive barite dis-
solution. At greater temperatures (>600 °C), biochar
aromatization enhances the formation of m bonds capa-
ble of forming hydrogen bonds with water (Tan et al.
2020), thereby reducing the number of available sites for
exchangeable cation sorption (van Poucke et al. 2019).
High-temperature biochar also has fewer deprotonated

oxygen-containing functional groups and a lower point of
zero charge, contributing to its reduced capacity to sorb
cations (Tan et al. 2020). This lesser sorption capacity
may help to explain why high-temperature biochar has
a greater dissolved Ba concentration despite the greater
fraction of unreduced barite remaining in the residual
fraction.

Shifts in biochar speciation in both the aqueous and
solid phases affected barite dissolution and Ba mobility
in the soils. Despite suggested greater sorption, BC350
showed a higher Ba mobility factor (Fig. 5a) and greater
Ba mobility risk (Fig. 5b), likely due to increased barite
dissolution (Fig. 2). BC550 displayed intermediate behav-
ior, whereas BC750 had the lowest Ba mobility factor and
reduced Ba mobility risk by 27% compared to the control
(Fig. 5b). The higher pH of BC550 (8.6) and especially
BC750 (9.2) may promote co-precipitation of released
Ba and specific adsorption onto residual soil iron oxides
(Ouyang et al. 2019).

Our results showed that different pyrolysis tempera-
tures impacted the biochar adsorptive capacity, ultimately
affecting Ba mobility and the mobility risk (Fig. 5). Those
results are similar to other experiments with different pol-
lutants (Alexandre et al. 2023; Soares et al. 2024). Sugar-
cane biochar pyrolyzed at 750 °C reduced Pb leaching by
54% whereas the biochar pyrolyzed at 350 °C increased As
mobility 2.5 times (Soares et al. 2024). As an additional
benefit for its use in remediation, sugarcane biochar also
has the potential to decrease the ecotoxicity of pesticides
in soils (Alexandre et al. 2023), reducing Fipronil and
2,4-D harmful effects on eudicot plant Eruca sativa L. and
also the terrestrial worm Enchytraeus crypticus.
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4 Environmental implications and concluding
remarks

The efficacy of sugarcane straw biochar for Ba reme-
diation was affected by biochar pyrolysis temperature
because it directly affects biochar attributes, such as
carbon and ash contents, oxygenated functional group
density, and dissolved organic carbon release. In turn,
these properties will affect soil pH and redox potential,
thus altering barite dissolution and sorption of dissolved
Ba on solids (Fig. 6). Understanding how these biochar
properties affect Ba speciation and mobility is essen-
tial for developing effective remediation strategies that
minimize secondary environmental impacts, such as the
release of other contaminants or changes in soil chemis-
try. This knowledge can help optimize biochar produc-
tion methods to maximize remediation efficiency while
ensuring environmental safety.

Higher pyrolysis temperatures, especially at 750 °C,
generally increase the SSA and porosity and can pro-
mote the formation of more stable carbon structures
and functional groups that are often more effective in

binding heavy metals. Its amendment increases envi-
ronmental pH without a large decrease in redox poten-
tial (Fig. 6). This condition inhibits sulfate reduction
and barite dissolution. However, biochar modifications
at high temperatures limit Ba sorption, particularly
into more labile soil fractions like exchangeable sites,
decreasing the available pool in the soil but increas-
ing dissolved concentrations. Conversely, low pyrolysis
temperature biochar, especially at 350 °C, had higher
DOC content, and more reduced soil conditions (lower
Eh), leading to a 23.4% enhancement in barite reductive
dissolution and an increase in the available pool of Ba in
the soil, despite its lower dissolved content in solution
(Fig. 6). Therefore, low-temperature biochar may be
used to enhance Ba availability in assisted remediation
programs, such as biochar-assisted phytoremediation
(Shaheen et al. 2023).

Previous research on using biochar for Ba remedia-
tion has mainly focused on water treatment (Younis
et al. 2020; Shin et al. 2021; Zuhara and McKay 2024).
To the authors’ knowledge, biochar application for Ba
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remediation in flooded soils is an unexplored tech-
nique. In this initial attempt, we used barite-spiked
soils in a batch experiment simulating wetlands.
Although this study provides valuable insights into
the potential of sugarcane straw biochar for Ba reme-
diation in flooded soils, there are several avenues for
further investigation, including trials at Ba-contami-
nated sites. Future research could delve into the long-
term effectiveness and stability of biochar-mediated
Ba remediation under varying environmental condi-
tions. Moreover, assessing the potential impact of bio-
char application on soil microbial communities would
be beneficial. Finally, exploring the economic feasibil-
ity and scalability of biochar application for large-scale
remediation projects is crucial for its practical imple-
mentation in contaminated sites.
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