Open Access Article. Published on 02 December 2024. Downloaded on 8/1/2025 12:21:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 38171

Received 26th August 2024
Accepted 18th November 2024

DOI: 10.1039/d4ra06172a

Release characteristics of biochar-derived
dissolved organic matter and its impact on Cr(vi)
adsorption and reductionf

Hui Liu,i Ying Wang,i Shixu Wang, Jing Wu and Yulai Wang@*

Biochar has received widespread attention as a promising amendment for heavy metal stabilization due to
its abundant porosity and surface functional groups. However, the role of biochar-derived dissolved organic
matter (BDOM) is usually overlooked. In this study, we systematically investigated the leaching dynamics of
BDOM from garden wastes through hydrothermal carbonization (HC), pyrolysis (PC) and hydro/pyrolysis
(HPC) and explored their impacts on Cr(vi) environmental behavior in an extremely acidic environment.
Results showed that BDOM leaching dynamics followed the first order model, and HC leached more
BDOM than PC and HPC, especially for Ar-P, SMP and Ha-L fractions. Although carbonized using various
methods, the biochars displayed a similar adsorption capacity for Cr(v) at an environmental-related
concentration of 2 mg L™ The presence of BDOM accelerated the Cr(vi) adsorption rate on biochars
due to their pre-complexing. Simultaneously, HC-BDOM acted as an electron donor and participate in
Cr(v) reduction directly, resulting in the synchronous reduction of Cr(v)) during its adsorption process.
However, PC- and HPC-BDOM preferentially acted as electron acceptors, thus competing with Cr(vi) for
Fe() oxidation and decreased the Cr(v)) reduction rate. This study suggested that biochar from garden
wastes has a great remediation potential for Cr-contaminated land and that BDOM (especially HC-
BDOM) plays a significant role in increasing soil organic matter, stabilizing heavy metals and detoxifying

rsc.li/rsc-advances

1. Introduction

Chromium (Cr) is a common aquatic and soil contaminant
commonly found in industrial wastewater from sectors such as
steel production, metallurgy, tanning, and electroplating, as
well as in brownfields, including abandoned mining and
industrial sites and land used for manufacture and storage. In
China, the distribution of Cr concentrations were 14.88-
98.08 mg kg ! in mining-brownfield and 600-5000 mg L' in
various industrial wastewater."> Cr is highly reactive with
oxidation states ranging from —2 to +6. In the natural envi-
ronment, Cr(m) and Cr(vi) are the predominant forms influ-
enced by pH and redox conditions.** Compared to Cr(u), Cr(vi)
is hypertoxic and carcinogenic due to its greater solubility and
ability to rapidly penetrate through cell membranes.>® Based on
the above, reducing Cr(vi) to Cr(m) is an effective way to reduce
its eco-environmental risks. However, we should be aware that
Cr(ur) would be redissolved under extremely acidic conditions
and might even be reoxidized to Cr(vi) under oxidizing
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toxic substances by oxidation-reduction.

conditions.”® Hence, the real environmental conditions in the
treatment of Cr-containing wastewater treatment or Cr-
contaminated brownfield remediation, such as low pH,
environmental-related Cr concentration and its oxidation
states, should be thoroughly considered.

Biochar is a renewable and cost-effective carbonaceous
material derived from widespread biomass, including agricul-
tural and garden residues, kitchen wastes, sludge and livestock
wastes, and has attracted increasing attention in wastewater
treatment and contaminated land remediation due to its
availability, low cost, environmental friendliness, and sustain-
ability as a stabilizer.>'® Intensive research has demonstrated
that biochar has a high potential for heavy metal immobiliza-
tion because of its abundant porosity and surface functional
groups.™ The porous carbon skeletal structure of biochar can
provide multi-functions in the treatment and remediation of
a Cr-contaminated environment, as follows: (i) biochar usually
shows high adsorption affinity for Cr because of abundant
porosity and surface groups,' which can reduce the adsorbed
Cr(v1) to Cr(m) and further bind Cr(ur) through physisorption,
complexation and ion-exchange mechanisms,’*** thus
decreasing the mobility and toxicity of Cr.**'° (ii) Microbial
abundance and diversity increase after biochar application in
Cr-contaminated wastewater and lands. This is largely because
of the porous structure, which could provide a physical refuge
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for microorganisms, and the released chemical compounds
might stimulate soil microbial activity.”” In addition, (iii) the
soil carbon sink was enhanced after applying biochar in Cr-
contaminated land, which was due to the increase in soil
aggregate stability caused by the biochar-induced negative
priming effect."®® However, the detailed adsorption and
reduction processes of Cr in a real environment, especially
under extremely acidic and anaerobic conditions, must be
studied in-depth.

Biochar application releases inorganic elements and
biochar-derived dissolved organic matter (BDOM), which could
improve the fertility of contaminated brownfields."”** Biochar
contains multiple metallic ions (Ca, Mg, K, etc.) and non-
metallic ions (e.g., P) that can leach during long-term applica-
tions.”"** However, previous studies indicated that biochar
could be aged by natural oxidants, microbial agents, ultraviolet
radiation and mechanical fragmentation, which resulted in the
release of BDOM.**** The BDOM of biochar is generally defined
as the soluble organic components that remain in biochar, and
it mainly includes n-alkanoic, benzoic, hydroxyl, acetoxy,
amines, and phenols, as well as N-, O-, and S-containing
heterocyclic compounds.”® Recent reports revealed that BDOM
played vital roles in the migration and oxidation-state conver-
sion of heavy metals (i.e., Cr, As, and Pb), the high aromaticity
and relatively large molecular weight of BDOM contributed to
its complexation ability with heavy metals, and rich-conjugated
groups in BDOM triggered its oxidation-reduction reactions,***”
For example, BDOM could serve as electron donors for Cr(vi)
reduction and also as electron acceptors for As(m) oxidation.?®
However, the ecological functions of BDOM have often been
overlooked, and the BDOM leaching dynamics in a real envi-
ronment and their impact on the environmental behaviors of
heavy metals are rarely reported.
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Fig.1 The designed experimental processes in the present study.
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Therefore, we proposed that carbonization pathways would
influence the “quantity” and “quality” of BDOM and conse-
quently lead to differences in the organic matter supply and the
fates of heavy metals after biochar application. To systemati-
cally evaluate the release of BDOM and its impact on the
adsorption-reduction behavior of Cr(vi) under extremely acidic
and anaerobic conditions. In this study, hydrochar (HC), pyro-
char (PC) and hydro-pyrochar (HPC) were carbonized from
garden wastes, and the roles of BDOM on the immobilization
and reduction of Cr(vi) were evaluated. The designed experi-
mental processes are shown in Fig. 1. The main objectives were
to (i) investigate the leaching capabilities of BDOM and quan-
titatively evaluate their kinetics; (ii) explore the effects of
leached BDOM on the adsorption of Cr(vi) under low pH
conditions; and (iii) evaluate the influence of BDOM on Cr(vi)
reduction. These results would improve the understanding of
the contributions of BDOM in Cr-contaminated brownfield
reclamation.

2. Materials and methods
2.1 Chemicals and materials

A stock solution of Cr(vi) was prepared by dissolving an appro-
priate amount of K,Cr,O, in deionized water. 1,5-Diphe-
nylcarbohydrazide and 1,10-phenanthroline were purchased
from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
All the chemicals used in this study were of analytical grade and
were used without further purification.

2.2. Biochars and their BDOM preparation

Garden wastes, mainly constituted of sticks and litter from
Firmiana simplex, were collected and dried at 60 °C for 12 h, and
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then ground into powder. The biomass powder was used to
produce three types of biochar, including HC, PC and HPC,
according to the literature.>*® For HC, 8 g biomass was hydro-
thermal with 50 mL deionized water carbonized at 220 °C for
4 h. The HC was obtained by filtering with 0.45 pm poly-
vinylidene fluoride filters (PVDF, Merck Millipore), followed by
drying at 80 °C for 12 h. Meanwhile, the hydrothermal
carbonization aqueous product (HC-AP) was collected and
saved in a brown bottle at 4 °C to reduce Cr(vi). The PC was
obtained by pyrolysis of 20 g biomass at 600 °C for 2 h under N,
conditions with a flow rate of 100 mL min~* and a heating rate
of 5 °C min~". The HPC was pyrolyzed from the HC using the
same method as the PC.

BDOM was extracted from HC, PC and HPC using deionized
water and conducted in a sealed flask with a solid-to-liquid ratio
of 1:20.*" In brief, 5 g of biochar was suspended in 100 mL of
deionized water, stirred at 25 °C for 24 h and then filtered
through 0.45 pm PVDF. These filtrates from HC, PC and HPC
were denoted as HC-BDOM, PC-BDOM and HPC-BDOM,
respectively, and saved in brown bottles at 4 °C, and used to
reduce Cr(vi).

The HC, PC and HPC were deashed using a mixed acid
solution of 3% HCl and 10% HF.* Briefly, HC, PC and HPC were
dispersed in the mixed acid with a solid-to-liquid ratio of 1:5.
The suspension was shocked at 40 °C for 24 h and then
centrifuged to remove the supernatant. After six mixed acid
treatments, the sample was washed to neutral with deionized
water, followed by drying at 80 °C. The deashed HC, PC and
HPC were named D-HC, D-PC and D-HPC, respectively.

2.3 Batch experiments

2.3.1 Leaching of BDOM and their dynamics. The BDOM
leaching tests from biochar were carried out in shake flasks with
a solid-to-liquid ratio of 1: 80, and the leachate was collected at
pre-set intervals, filtered by 0.45 pm PVDF, and analyzed for
DOC content, UV-Vis and fluorescent spectra. All experiments
were conducted in triplicate. The BDOM leaching dynamics
were analyzed according to the first-order kinetic model, as
described in eqn (1):*

y=yo+ae™, 1)

where y is the leaching amount measured over time ¢, y, is the
maximum leaching capacity, a is the constant that represents
the leaching intensity and & is the first-order rate constant.

2.3.2 Adsorption of Cr(vi) on biochars and their dynamics.
To evaluate Cr(vi) fixation on biochars in a real acidic environ-
ment, the adsorption dynamics of Cr(vi) were determined with
0.5 g L™ " biochar and 2 mg L™ " Cr(vi). The initial solution pH
was adjusted to 2.0 using HNO;. The concentration of Cr(vi) was
measured with a UV-Vis spectrophotometer using the 1,5-
diphenylcarbazide method after filtration through 0.45 pm
PVDF. The adsorption rates were analyzed according to the
pseudo-first-order and pseudo-second-order kinetic models, as
described in eqn (2) and (3),** respectively:

In(g. — g,) = Ing. — kyt, (2)
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where g, is the equilibrium adsorption amount (mg g™ %), g; is
the adsorption amount (mg g~ ') at time ¢ (h), and &, and k, are
the pseudo-first-order rate constant and pseudo-second-order
rate constant, respectively.

2.3.3 Reduction of Cr(vi by BDOM and BDOM-Fe(u)
systems. The Cr(vi) reduction experiments were performed
under dark conditions at pH 2.0 with Cr(vi), Fe(n) and BDOM
initial concentrations of 2 mg L™", 4 mg L™ ", and 0-10 mg L,
respectively. The concentration of Fe(n) was measured with
a UV-Vis spectrophotometer using the phenanthroline method,
and the total Cr and total Fe were detected using an atomic
absorption spectrophotometer. All experiments were performed
in triplicate, and the Cr(vi) reduction dynamics were fitted using
a single exponential model (eqn (4)):

Ct/CO = Fl + er_kl, (4)

where C, is the Cr(vi) concentration at time ¢ (h), C, is the Cr(vi)
initial concentration, k is the rate constant (h™'), and F; and F,
are the relative amounts (%) of the unreduced Cr(vi) and
reduced Cr(vi), respectively.

2.4 Biochars and BDOM characterization

The specific surface area (Sger) and pore size distributions of
the biochar were determined on an ASAP 2460 (Micromeritics
Instrument Co., USA) at —196 °C (77 K). Prior to the nitrogen
adsorption measurements, the samples were outgassed at 300 ©
C for 3 h under vacuum. The FT-IR spectra of biochar were
obtained using a Nicolet6700 FT-IR spectrometer with a 4 cm ™"
resolution.

The BDOM extracted from biochar was determined by
applying a Shimadzu TOC-Vgpy analyzer. UV-Vis spectra of
BDOM were measured by applying a TU-1901 spectrophotom-
eter with a wavelength range of 200-700 nm and 1 nm incre-
ment. The chromophoric DOM quantities were represented
using a,s0, and special UV optical indices (including SUVA,s,,
E,JE; and S,75.,05) were calculated according to the
literature.***” In addition, EEMs of BDOM (Fgpom) were
measured by applying a Hitachi F-4500 spectrofluorometer with
an excitation/emission wavelength range of 220-400 nm/250-
550 nm. The obtained EEM was analyzed using fluorescence
regional integration (FRI),***® which divided the EEM into four
components: aromatic protein-like (Ar-P), fulvic acid-like (Fa-L),
soluble microbial by-product (SMP) and humic acid-like (Ha-L).

2.5 Data statistical analysis

In this study, all experiments (including BDOM leaching, Cr(vi)
adsorption and reduction) were conducted independently in
triplicate, and the average values and their standard deviations
were calculated. The dynamics of BDOM leaching, adsorption
and reduction of Cr(vi) were fitted using a nonlinear regression
model on Origin 8.0 software. Simultaneously, the differences
in the kinetic parameters among the three treatments were
determined using Duncan's multiple range test with P-values of
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0.05 and 0.01 on the Statistical Program for Social Sciences
(SPSS, Version 13.0).

3. Results and discussion
3.1 Characterization of biochars and their BDOM

The typical IV N, adsorption-desorption isotherms and pore
size distributions shown in Fig. S11 indicated that PC and HPC
consisted of microporosity and mesoporosity, while HC was
preponderant for mesoporous structure.” This was because
a high temperature during the pyrolysis process was helpful for
pore development.** The Sggr values and pore structure
parameters listed in Table 1 showed much higher Sggr and total
pore volume of HPC compared to PC and HC, which profited
from the continuous hydrothermal-pyrolysis carbonization that
enhanced the decomposition and volatilization of organic
matter. The similar shape curve of FT-IR shown in Fig. S27
indicated that HC, PC and HPC consisted of the same types of
functional groups. Three main absorption characteristic peaks
were identified at 3200-3700 cm ™', 2850-2930 cm ™' and 1000~
1800 cm ™', representing hydrogen bonding, aliphatic struc-
tures and oxygen-containing functional groups, respectively.*>**
The stronger intensity of characteristic peaks observed on HC
suggested that HC consisted of more functional groups than PC
and HPC, which was because of its weak carbonation degree.*>**

The UV/Vis-spectra of HC-AP and extracted BDOM from HC,
PC and HPC are shown in Fig. S3.f A shoulder peak was
observed on HC-AP and HC-DOM in a wavelength range of 250-
300 nm, which was generally related to the - electron tran-
sition of C=C and C=0 double bond groups.*” This demon-
strated that HC-AP and HC-DOM contained many aromatic or
unsaturated reductive compounds, such as phenols, aniline
derivatives, polyenes and polycyclic aromatic substances.?”*>*¢
The UV-Vis spectral indicators of DOM were calculated, as listed
in Table S1.f The higher S,;5 595 and lower SUVA,;, values of
PC-DOM and HPC-DOM represented lower aromaticity and
molecular weight than those of HC-AP and HC-DOM, which
could be ascribed to the decomposition of aromatic compo-
nents with large molecules into small molecules during the
pyrolysis process.**

3.2 Leached BDOM quantity and its fluorescent components

The variations of bulk BDOM (including BDOC contents, a,go
and Fppowm) leached from HC, PC and HPC were analyzed, as
depicted in Fig. 2. The bulk BDOM quantities were leached
rapidly within the initial 20 min, which contributed to 42-80%

Table 1 BET surface area and pore structure of biochars

Biochars Sger (m* g™ Total pore volume® (cm® g™ *)
HC 7.25 0.0162
PC 27.93 0.0213
HPC 286.51 0.1639

“ Determined at P/P, = 0.97.

38174 | RSC Adv, 2024, 14, 38171-38182

View Article Online

Paper
350
8 (€V)
T u
- e e e S i -------- n
S0 e,
S e
&)
2 10 4| o SRR T
1 ¢
m 1] ,/. ®
5J&" mHC ePc A HPC
E”“l_-‘____‘___‘____‘ ———————— A
00— T Tt T T
35
] ®)
27_: R — i————i— _______ n
- P [ ]
= 1.8
E 19
= |
$ 44,
-k ------ e A
BN o o R SR S SO SRS SR [
2 ] %
G
::' m HC ® PC A HPC
0 —#~ T Tt T T
100
] ©
= s ffE i :
= :f
o 1 REEE e e T e e = L]
~ 50 _‘.!’“."",_ _______ S —— 4
o 4
X ',A‘ = }
= )
EEE|
= ]l ®HC ® PC A HPC
uls
0 - L Trr T rr oot
0 360 720 1080 1440
Time (min)

Fig. 2 The leaching trends of BDOC content with solid-to liquid ratio
of 1:80 for DOC contents (A), chromophoric BDOM (B) and fluores-
cent BDOM (C) from HC, PC and HPC.

of their total leached amounts. After initial rapid leaching, these
BDOM quantities increased gradually until they reached an
equilibrium state within 24 h. These were similar to the trends
of extractable DOM leached from sediment into the natural
water body.*

The leaching dynamics of BDOM from HC, PC and HPC were
also analyzed. Fig. 2A-C demonstrates that the BDOM leaching
processes were well fitted with the first order kinetics model (P <
0.001) with R®> ranging from 0.87 to 0.99. The theoretically
calculated leaching BDOC amounts by the first order model
were 288.49, 9.84 and 2.29 mg L~' for HC, PC and HPC,
respectively (Table S27). Similarly, the theoretically calculated
chromophoric BDOM (a,g) and Fgpom leaching quantities also
followed the order of g.(HC) > ¢.(PC) = g.(HPC) (Table S27).
These results demonstrated that biochar from hydrothermal
carbonization leached more BDOM into the environment than

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that from pyrolysis because the decomposed organic matter
mainly remained in the pore structure of HC during the
hydrothermal carbonization process.**” Simultaneously, there
were also differences in BDOM leaching rates between hydro-
chars and pyrochars. The BDOM leaching rates (k values, Table
S2+) of the HPC were higher than those of the HC and PC. As
described above, HPC possessed more abundant pore struc-
tures than HC and PC, and the most organic matter inside HPC
pore structures was decomposed and released during the
continuous hydrothermal-pyrolysis carbonization process,
which was in favor of BDOM release.*®

To further probe the variations of fluorescent components
from BDOM after application, we divided BDOM into the four
fluorescent components (Ar-P, Fa-L, SMP and Ha-L) by EEMs
combined with the FRI technique (Fig. S4A-Ct), and calculated
their relative contributions of Ha-L, Fa-L, SMP and Ar-P to bulk
BDOM with 52.13-54.47%, 16.16-19.58%, 14.08-17.03% and
12.14-14.4%, respectively (Fig. S4D-F and Table S3+). Similarly,
the leaching trends of Ar-P, Fa-L, SMP and Ha-L components
derived from HC, PC and HPC also followed the first-order
dynamics (Fig. 3A-D). Their kinetic parameters are shown in
Table S2.7 We also found that the leached Ar-P, SMP and Ha-L
quantities from HC were always larger than those from PC and
HPC. Simultaneously, the theoretically calculated leaching rates
of Ar-P and Fa-L from PC and HPC were faster than those from
HC, while there were more complicated changes in the leaching
rates for the SMP and Ha-L components from the different
biochars. The above results demonstrated that hydrochars
leach more Ar-P, SMP and Ha-L substances compared to pyro-
chars after application. Despite the diversity in leaching rates of
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Ar-P, Fa-L, SMP and Ha-L among HC, PC and HPC, their relative
contributions kept stable levels for HC, PC and HPC,
respectively.

The leaching characteristics of BDOM from HC, PC and HPC
suggested that biochar possessed a high potential for soil
fertility improvement, and the amount and structure of released
BDOM were significantly influenced by their carbonization
methods. Additionally, intensive studies have demonstrated
that the different biochar resources lead to various structural
compositions of BDOM.* Bandara et al.’” indicated that the
biochar could be a source of organic contaminants (such as
volatile organic compounds, polycyclic aromatic hydrocarbons,
and dioxins) and heavy metals (such as Cr, Mn, Cu, and Zn).
These contaminants were either present in the biomass or
produced during the carbonization process and could be
released along with BDOM during long-term application. Thus,
we should also pay attention to the influence of biochar
resources, especially those containing toxic and harmful
substances, such as sewage sludge and biomass from heavy
metal-contaminated soil, which may pose higher ecological
risks.*® Although the biomass used in this study was uninvolved
in the abovementioned materials, the potential toxicity still
must be further evaluated before large-scale applications.

3.3 Adsorption kinetics of Cr(vi) on biochars and their
influences

To elucidate the influence of BDOM on heavy metal immobili-
zation, the adsorption dynamics of environmental Cr(vi)
content (2 mg L") on biochars (Fig. 4A and B) and deashed
biochars (Fig. 4C and D) (including D-HC, D-PC and D-HPC)
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Fig. 3 The leaching trends of Ar-P (A), Fa-L (B), SMP (C) and Ha-L (D) derived from HC, PC and HPC with solid-to liquid ratio of 1: 80.
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Fig. 4 The adsorption kinetics of Cr(vi) on biochars (A, B) and deashed biochars (C, D). Experimental conditions: pH 2; biochar dosage: 0.5 g L;

Cr(v) initial concentration: 2 mg L%,

were conducted in this study. We observed that all biochars
could retain 98% =+ 2% of Cr(v1), regardless of whether they were
deashed or not. However, the Cr(vi) adsorption on HC, PC and
HPC achieved an equilibrium state within 12 h, while D-HC, D-
PC and D-HPC achieved an equilibrium state within 16 h, 48 h
and 64 h, respectively. In addition, the pseudo-first order and
pseudo-second order models were used to fit the adsorption
kinetics of Cr(vi) (Table S47). The fitting results showed that the
Cr(vi) adsorption progress could be better described by the
pseudo-second order model (R* > 0.98, P < 0.001), and the
adsorption rates of Cr(vi) on deashed biochars were slower than
those without deashing treatment.

As shown in Subsection 3.1, HC, PC and HPC exhibited
various surface and pore structures, which certainly influence
Cr(vi) adsorption performance over biochars. However, similar
adsorption capacities were observed in this study. FT-IR anal-
ysis showed that the surface of biochar was rich in O-containing
functional groups, which could bind Cr(vi) through surface
complexation, hydrogen bonding and electrostatic interac-
tion.”>*> Although HC had lower Sppr and total pore volumes
compared to PC and HPC, the similar Cr(vi) adsorption capacity
observed on HC could be attributed to its abundant surface
functional groups. Additionally, the slowed adsorption rate of
Cr(v1) on deashed biochars could be attributed to the leaching of
minerals and BDOM. According to the literature, the minerals
in biochar could enhance Cr adsorption on biochar through ion
exchange.** Moreover, He et al.™ suggested that BDOM in bio-
chars introduces additional functional groups, thereby
enhancing heavy metal adsorption and altering their

38176 | RSC Adv, 2024, 14, 38171-38182

adsorption behavior. These results suggested that the biochars
were of great potential for Cr(v) fixation even when BDOM and
minerals were leached during long-term applications under
extremely acidic conditions, and BDOM in biochars played
important roles in accelerating Cr(vi) adsorption rates.

3.4 Influences of BDOM on Cr(vi) reduction

It was noteworthy that Cr(u) was also detected in the biochar
adsorption systems with a range of 0.54-1.29 mg L™ " (Fig. $57),
which indicated that a portion of Cr(vi) was reduced into Cr(m)
owing to the reductive substances in adsorption systems. To
clarify the influences of BDOM on the reduction capacity of
Cr(vi) after biochar application, we conducted the simulated
Cr(vi) reduction experiments using only BDOM and BDOM-Fe(u)
systems.

Cr(vi) reduction efficiencies by direct BDOM showed that HC-
derived BDOM (including HC-AP and HC-BDOM) of 1-10 mg C
L™" could reduce 4-10% of Cr(vi), and the reduction efficiency
improved with increasing BDOM content (Fig. 5A and B).
However, no obvious reduction of Cr(vi) by direct PC- and HPC-
BDOM was observed (Fig. 5C and D). The UV/Vis spectra anal-
ysis indicated that HC-AP and HC-BDOM contained more
unsaturated reductive compounds, which could explain their
higher reducibility for Cr(vi) than pyrochar-derived BDOM.

Considering that ferrous oxides are widely distributed in the
environment, the reduction efficiency of BDOM to Cr(vi) in the
presence of Fe(u) was evaluated in this study (Fig. 6). We
observed that the reductive trends of Cr(vi) by BDOM-Fe(u) fitted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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well to the single exponential model (R* > 0.99 and P < 0.01,
Table S57). The fitting results showed that Cr(vi) reduction
amounts and rates increased in the presence of hydrochar-
derived BDOM (Fig. 6A and B), and the Cr(vi) reduction effi-
ciencies increased by 16.80% and 17.13% at HC-AP and HC-
BDOM contents of 10 mg C L', respectively (Table S57).
However, PC-BDOM and HPC-BDOM exhibited a slight decrease
in the reductive amounts of Cr(vi), which also significantly
accelerated Cr(vi) reduction rates (Fig. 6C and D). These find-
ings indicate that BDOM served as an electron shuttle in the
Cr(vi) reduction and altered the reduction efficiency after bio-
char's application.

To further explore the impacts of hydro- and pyro-char-
derived BDOM on Cr(vi) reduction processes, we monitored
the variation trends of Fe(un) contents during the reduction
reactions (Fig. S61) and calculated their molar ratios of the
oxidized Fe(u) to the reduced Cr(vi) (A[Fe(u)]/A[Cr(v1)]) (Table 2).
Without BDOM, the A[Fe(u)]/A[Cr(vi)] ratio was calculated to be
2.0, which is lower than the theoretical molar stoichiometry of
3.0; this may be due to the complexation of Cr(vi) and Fe
hydroxides produced during the reaction of Cr(vi) and Fe(u).”
However, the results showed that the A[Fe()][/A[Cr(vi)] ratios in
the HC-AP and HC-BDOM systems were lower than those in the
control treatment, and they decreased as the HC-AP and HC-
BDOM contents increased. These findings demonstrated that
hydrochar-derived BDOM could serve as an electron donor for
Cr(vi) reduction, which contributed to the increased Cr(vi)
reduction amounts with increasing hydrochar-derived BDOM.**

However, the A[Fe(u)]/A[Cr(vi)] ratios in the PC-AP and HPC-
BDOM systems were larger than those in the control treatment
and increased from 2.47 + 0.15 to 3.44 & 0.25 and from 2.66 +
0.11 to 3.03 £+ 0.15 with the PC-BDOM and HPC-BDOM
increasing from 1 to 10 mg C L '. Additionally, almost all
Fe(u) was oxidized to Fe(m) within 20 min in the presence of PC-
and HPC-BDOM (Fig. S6C and Dt). This indicated that
pyrochar-derived BDOM (including PC- and HPC-BDOM) served
as an electron acceptor and competed with Cr(vi) for Fe(u)
oxidation, which could explain the decrease in Cr(vi) reduction
amounts as PC- and HPC-BDOM contents increased.

3.5 Environmental implications

Biochar has drawn much attention due to its promising
performance in improving soil fertility, activating microbial
activity and immobilizing contaminates.>**® The application of
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biochar in heavy metal-polluted land and wastewater remedia-
tion could achieve the concept of “treating the wastes with
wastes”. To explore the potential of garden wastes-derived bio-
char for the remediation of Cr-contaminated land, the present
study synthesized Firmiana simplex-derived biochars by hydro-
thermal carbonization, pyrolysis, and hydrothermal-pyrolysis
carbonization. Our results showed that hydrochars would
release more BDOM, especially for Ar-P, SMP and Ha-L
substances, into the environment compared to pyrochars
(Fig. 2, 3 and Table S1}). These findings indicated that the
released BDOM met the need for increasing soil organic matter
after biochar's application,**” and improved its fertility (e.g., K,
Ca, Mg, and Si) for infertile soils, such as abandoned mining,
saline, and industrial waste lands.** However, it was worth
noting that the impacts of biochar amendment on soil organic
carbon pool and its mineralization were divergent due to bio-
char feedstock types, carbonization conditions and soil
environment.*** Hence, we should evaluate the impact of
BDOM and its derived roles (such as organo-mineral interac-
tions and microbial carbon pump) on soil carbon sequestration
and mitigating climate change through long-term field
experiments.

Furthermore, to explore the effects of BDOM on the envi-
ronmental behavior of Cr(vi), this study investigated the influ-
ence of BDOM on Cr(vi) adsorption and reduction and analyzed
the possible mechanism. The results showed that BDOM would
accelerate the Cr(vi) adsorption onto biochars (Table S37t); the
possible explanation was the pre-complexation, and the
formation of BDOM-Cr complexes preferred to adsorb onto the
biochar skeleton due to the varied surface electronegativity.*>*
In addition, BDOM contains a series of functional groups, such
as -C-O and -C=0, which facilitates the reduction of heavy
metals (e.g., As(v) and Cr(v)).**** Our results proposed that
hydrochar-derived BDOM exhibited higher aromaticity and
molecular weight compared to pyrochar-derived BDOM, which
served as an electron donor for Cr(vi) reduction, and they
increased the Cr(vi) reduction amount and accelerated its
reduction rate (Fig. 6A and B). Moreover, pyrochar-derived
BDOM preferred to act as an electron acceptor and competed
with Cr(vi) for Fe(u), which could lead to the loss of Fe(u) and
decreased Cr(vi) reduction efficiency. Consequently, we should
not overlook the contributions of BDOM to the immobility and
reduction of Cr(vi) after biochar amendment in practice, and
hydrochar may exhibit better remediation performance in
Cr(vi)-contaminated wastewater and lands.

Table 2 The molar ratios of the oxidized Fe(i) to the reduced Cr(v) in Cr(vi) reduction reactions by Fe(i) under the mediation of different BDOM

systems

A[Fe(m)[/A[Cr(v)] in different reaction systems

BDOM concentration HC-AP HC-BDOM PC-BDOM HPC-BDOM
OomgCL"’ 2.00 + 0.51

1mgCL™ 1.93 4+ 0.51 1.80 + 0.57 2.47 + 0.15 2.66 + 0.11
5mgCL™" 1.47 + 0.64 1.71 4+ 0.32 2.69 + 0.17 2.81 + 0.13
10mgCL™" 1.12 + 0.47 1.28 £ 0.30 3.44 £ 0.25 3.03 £ 0.15
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4. Conclusions

This study systematically investigated the leaching dynamics of
BDOM from garden waste-derived biochars obtained by hydro-
thermal carbonization, pyrolysis and hydro/pyrolysis and
explored their effects on Cr adsorption and reduction. The
results showed that the BDOM leaching dynamics followed the
first-order model, and HC would leach more BDOM (288.49 mg
C L") than PC and HPC, which were 9.84 mg C L™ " and 2.29 mg
C L%, respectively. The BDOM exhibited the characteristics of
high aromaticity and large molecular weight, which led to the
pre-complexation reactions between BDOM and Cr(vi) in bio-
chars and accelerated the adsorption of Cr(vi) on biochar. In
addition, HC-BDOM could serve as the electron donor for Cr(vi)
reduction and increase the reduction efficiency of Cr(vi) by
Fe(u), while PC- and HPC-BDOM preferred to act as the electron
acceptor, competing with Cr(vi) for Fe(u) oxidation and
decreasing Cr(vi) reduction capacity. Hence, BDOM (especially
for HC-BDOM) could play significant roles in Cr-contaminated
wastewater and land remediation, such as increasing soil
organic matter, stabilizing heavy metals and detoxifying by
oxidation-reduction after biochar's application.
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