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The dissolved organic matter o

from the co-decomposition of Chinese milk
vetch and rice straw induces the strengthening
of Cd remediation by Fe-modified biochar
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Abstract

Fe-modified biochar (FB) and co-using Chinese milk vetch and rice straw (MR) are two effective ways for mitigating
the cadmium (Cd) contamination in paddy fields in southern China. Nevertheless, the effects of FB combined with MR
on Cd passivation mechanism remain unclear. In the current study, the strengthening effects of FB induced by MR
were found and the mechanisms of the extracted dissolved organic matter (DOM) from the co-decomposition of MR
on Cd alleviation were investigated through pot experiment and adsorption experiment. Pot experiment demon-
strated that co-incorporating FB and MR decreased available Cd by 23.1% and increased iron plaque concentration
by 11.8%, resulting in a 34.7% reduction in Cd concentrations in brown rice compared with addition of FB. Further-
more, co-using FB and MR improved available nutrients in the soil. The molecular characteristics of DOM derived
from the decomposition of MR (DOM-MR) were analyzed by fluorescence excitation emission matrix spectroscopy-
parallel factor analysis (EEM-PARAFAC) and Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS).
Results showed that lignin/carboxylic-rich alicyclic molecules and protein/amino sugar were the main compounds,
potentially involved in the Cd binding. Adsorption experiments revealed that the addition of DOM-MR improved

the functional groups, specific surface area, and negative charges of FB, inducing the strengthening of both phys-
isorption and chemisorption of Cd(ll). The maximum adsorption capacity of Fe-modified biochar after adding DOM-
MR was 634 mg g, 1.30 times that without the addition of DOM-MR. This study suggested that co-incorporating
MR, and FB could serve as an innovative practice for simultaneous Cd remediation and soil fertilization in Cd-polluted
paddy fields. It also provided valuable insights and basis that DOM-MR could optimize the performances of Fe-modi-
fied biochar and enhance its potential for Cd immobilization.
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Chinese milk vetch and rice straw strengthened the Cd remediation by biochar.

Soil DOM was the key influencing factor on soil Cd immobilization.

DOM optimized the properties of biochar and produced richer functional groups.

The combination of DOM and biochar had a higher specific surface area than biochar alone.
DOM strengthened the physisorption and chemisorption capacities of Cd(ll) on biochar.
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1 Introduction

Cadmium (Cd) is among the serious health risks to
humans through the food chain (Wang et al. 2019; Zou
et al. 2021). Various soil Cd amendments have been
developed for soil Cd passivation over the last years, of
which, biochar is the promising material for in-situ pas-
sivation methods with various advantages (Arabi et al.
2021; Ok et al. 2020; Palansooriya et al. 2020). Former
study has verified the function of biochar to mitigate Cd
contamination in water and soil through mechanisms

such as adsorption, complexation, and precipitation
(Abbas et al. 2017; Yin et al. 2016). Nevertheless, due
to the limited stabilization performance of pristine bio-
char on heavy metals (Shaheen et al. 2022), modified
or functionalized biochar is gradually emerging as the
novel amendment with outstanding immobilization
effect on Cd (Qu et al. 2022a; Shi et al. 2022). Fe-modified
biochar (FB) could enhance the sorption sites for Cd due
to its rich mesoporous structure and abundant functional
groups (Irshad et al. 2022; Zhu et al. 2020). At present, FB
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is widely applied in paddy fields and exhibited the strong
potential on inhibiting Cd availability (Wan et al. 2020).

Chinese milk vetch (MV) is a winter-growing legume
green manure that can balance the soil fertility, enhance
rice productivity, and improve environmental quality
(Gao et al. 2023). Previous studies revealed that co-incor-
porating MV and rice straw (RS) played a more remark-
able role in reducing Cd availability through promoting
the conversion of Cd fractions and the increase of iron
plaque (IP), leading to the reduction of Cd content in rice
(Zhang et al. 2020a, b). However, the effect is limited, for
which the team’s recent field experiment was optimized
and found that the joint use of MV, RS, and biochar could
enhance the reduction of available Cd (Liang et al. 2022).
Nevertheless, the explanation for the enhancement
mechanism and the role played by MV and RS is unclear
and therefore needs to be demonstrated by pot experi-
ments and batch adsorption experiments.

Dissolved organic matter (DOM) is complex, contain-
ing components of different molecular weights, and its
effect on heavy metals is multifaceted (Min et al. 2021).
Previous study discovered that planting perennial green
manure ryegrass and straw mulch in orchards improved
soil DOM content and composition (Zhang et al. 2019a,
b, ¢). And the DOM obtained from organic material is
rich in functional groups, which might complex with
heavy metals, thus affecting their morphological struc-
ture, mobility, and bioavailability (Plaza et al. 2006).
Researchers found that DOM from rice straw promoted
iron oxide particle agglomeration and precipitation,
immobilizing Cr(IlII) and enhancing its removal, with
carboxyl groups being pivotal (Xia et al. 2022). However,
some studies highlighted the contrary effects of DOM,
i.e., DOM released from fresh organic material can acti-
vate soil Cd due to the high chemical activity of DOM
(Xie et al. 2019). These contradictory findings provide
challenges and innovative points for this study. Abundant
DOM is inevitably released in the field after the decom-
position of MV and RS (Zhou et al. 2020a, b, c), which
in turn affects the content and composition of soil DOM
and might be involved in the speciation transformation
of Cd. However, the effect of DOM extracted after the
decomposition of MV and RS on biochar passivation for
Cd remediation is unclear and needs to be clarified.

Advancing understanding of the synergistic effects
of DOM from the decomposition of MV and RS on Cd
remediation by FB will help address the relevant knowl-
edge gaps. Herein, the pot experiment was performed
involving the effects of incorporation of MV, RS, FB on
Cd mitigation. Batch adsorption experiments combined
with spectral technologies (XPS, XRD, EEM-PARA-
FAC, etc.) and high -resolution mass spectrometry (FT-
ICR MS) were conducted to analyze the adsorption
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characteristics, mechanisms of combined treatment, and
molecular features of DOM. The study aimed to accom-
plish the following principal objectives: (1) to explore the
effects of FB by MV and RS and the key influencing fac-
tors on soil Cd immobilization by co-utilizing MV, RS,
and FB in soil-rice system; (2) to determine the impacts
of DOM extracted after the decomposition of MV and RS
on the properties of FB and Cd(II) adsorption behaviors;
(3) to clarify the molecular composition and diversity
of DOM; (4) to reveal the Cd(II) adsorption mechanisms
by FB regulated by the DOM. We hypothesized that co-
incorporating MV and RS could strengthen the soil Cd
immobilization ability of FB, and the DOM from MV and
RS could optimize the properties of FB and improve the
Cd(II) adsorption performance of FB through multiple
mechanisms such as precipitation, complexation, and
pore filling.

2 Materials and methods

2.1 Preparation of studied soil and materials

The Cd-polluted soil was collected from 0-20 cm
depth in the farmland in Heshan, Yiyang City, Hunan
Province, China. The soil type is classified as an Entisol
Fluvent derived from river alluvium (USDA soil taxon-
omy). The 10-mesh natural air-dried soil was used in this
experiment. Residues and stones in soil were removed.
RS used for the experiment was collected from the soil
sampling site. The synthesis of FB was prepared based
on a previously published procedure (Liang et al. 2022).
After a selection of comparative tests, FB with high
Cd(II) adsorption capacity was selected for the experi-
ment (Additional file 1: Fig. S1).

2.2 Pot experiment

2.2.1 Experimental design

The pot experiment was carried out from October 2021
to July 2022 in Changsha City, Hunan Province, China.
Six amendment treatments were employed: untreated
paddy soil (CK-S), MV amendment (MV-S), RS amend-
ment (RS-S), MV and RS mixture amendment (MR-S),
Fe-modified biochar (FB-S), and Fe-modified biochar
plus MV and RS (MRFB-S). Each treatment was repli-
cated four times. The specific operation is as follows:
each plastic basin contained 10 kg soil and MV was sown
at a seeding rate of 30 seeds per pot in the treatments
containing MV in mid-October 2021. No fertilizers
were applied during the MV growth. MV was harvested
at the blooming stage (early April 2022). The harvested
fresh MV plants were cut into about 1-2 c¢cm pieces and
ploughed in situ into the soil together with dry RS and
FB 15 d before the transplantation of rice (Zhou et al.
2020b). The dosages of MV, RS, and FB referred to the lit-
erature (Liang et al. 2022; Zhou et al. 2020b) (Additional
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file 1: Table S1). The chemical fertilizers before rice plant-
ing were incorporated into the soil with 0.02% N (Urea),
0.01% P,0; (KH,PO,), and 0.02% K,O (KCI). Fifteen rice
seedlings ( 20 days old) were transplanted in each pot in
mid-April 2022 and harvested in late-July 2022. The rice
was completely flooded throughout the whole growth
period. The basic physicochemical properties of stud-
ied soil are shown in Additional file 1: Table S2. The rice
seeds (Zhongzao No.39) were used in the pot trials and
“Xiangzi No.1” is the MV variety.

2.2.2 Physiochemical analysis

The available Cd (Avail-Cd) was extracted with CaCl,
solution. Cd fraction was measured by previous report
(Sutherland and Tack 2002). Basic physical and chemi-
cal indicators of soils containing pH, TN, SOC, AP, and
AK were analyzed as described by previous study (Bao
2000). Fe** was analyzed via the o-phenanthroline colori-
metric method (Lu 2000). Soil DOM was extracted using
ultrapure water (soil: water=1:5 w/v) and investigated
via Multi N/C2100 TOC/N analyzer (Analytik Jena, Ger-
many). The specific extraction and determination meth-
ods for iron-plaque are in the Supplementary Material
(Method S1). DCB-Fe and DCB-Cd represented Fe and
Cd in IP extracted with dithionite-citrate-bicarbonate
(DCB) solution, respectively.

The analytical quality and accuracy of the experimental
data were ensured using standard materials GBW10014
(GSS-4a) (soil) and GBW10045a (GSB-23a) (rice) for
quality control.

2.3 DOM extraction

To explore how the DOM generated from the decompo-
sition of MR affects the Cd(II) adsorption by Fe-modified
biochar, DOM extraction experiment was conducted.
Decomposition of organic material and DOM extrac-
tion were conducted according to the previous method
(Hunt and Ohno 2007). Briefly, 190 g of quartz sand, 15 g
of MV, 4 g of RS, 220 mL of ultrapure water, and 10 mL
of fresh soil inoculum were added to the glass bottle,
mixed, and incubated in an incubator at 298 K (MR). The
soil inoculum was prepared at a 1:10 ratio of paddy soil
to deionized water (w/v). Further details of preparation
are shown in supplemental material (Additional file 1:
Method S2). CK was added with 100 g of quartz sand and
5 ml of soil inoculum. The MV and RS were incubated
with ultrapure water (w/v=1/10 and 1/20, respectively).
The other steps were carried out the same as above. The
lost water during incubation was replenished by weigh-
ing. Given that the decomposition rate of MV and RS is
fast in the early stage and rapid in the later stage (Zhou
et al. 2020a), we set up the intensive sampling in the early
stages and sparse sampling in the later stages. On days
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1, 5, 7, 10, 15, 30, 60, 90, and 120 of decomposition, the
samples were shaken continuously for 24 h, centrifuged,
and filtered through a 0.45-ym membrane. At last, the
extracted filtrate was DOM, which was used for the next
experiment. The extracted DOM of CK, MV, RS, and MR
were marked as DOM-CK, DOM-MV, DOM-RS, and
DOM-MR, respectively.

2.4 Batch adsorption experiments

Cd(NO,),-4H,0 was used to prepare the Cd(II) solution
for adsorption experiments. The background electrolyte
was NaNOj; solution (0.01 mol L™'). Four treatments
of different DOM addition were designed: addition of
DOM-CK (DCK), addition of DOM-MV (DMV), addi-
tion of DOM-RS (DRS), addition of DOM-MR (DMR).
One milliliter of DOM solution extracted above (differ-
ent extraction days) was added into solution contained
Cd (35 ml, 200 mg L), mixed, shaken (298 K, 180 rpm)
for 24 h, and filtered. Finally, the filtrate was employed
for analyzing the equilibrium concentration of Cd(II)
by ICP-OES. The preliminary result showed that Cd(II)
equilibrium concentration was lowest in DMR treatment,
indicating that DMR had a stronger Cd(II) adsorption
capacity (Additional file 1: Fig. S2). Thus, DOM-MR was
used for the later adsorption experiments. Three treat-
ments were set in later adsorption experiments: DCK,
FB without DOM addition (FB), and FB with addition of
DOM-MR (DMREFB). In DMREFB treatment, 0.01 g of FB
material and 1 ml of DOM-MR solution (different extrac-
tion days) were added into Cd solution. FB treatment was
treated with 0.01 g of FB material. Other steps were con-
ducted as above.

Adsorption kinetics was used to study the time
required for adsorption equilibrium. Isothermal adsorp-
tion was employed to evaluate the adsorption perfor-
mance and possible adsorption mechanisms of biochar.
In the adsorption kinetics experiments, 0.01 g adsor-
bent samples were dispersed in a 35 mL Cd(II) solu-
tion (200 mg L) and shaken, 1 ml DOM-MR solution
was added into the solution in DMR and DMREFB treat-
ments. Then, at different time intervals, the samples
were centrifugated and filtered through 0.45-um filter
for measurements. Adsorption isotherm experiments for
determining the Cd(II) adsorption capacities and isother-
mal behaviors of biochar were performed in 5, 10, 20, 50,
100, 200, 500, and 1000 mg L~! in solution system. Other
steps were the same as above. After last experiment,
10 mg of Cd-loaded FB and DMRFB was washed and
added into the NaNO, system (0.01 mol L") for desorp-
tion experiment. Then the centrifuge tubes were shaken,
filtered, measured to attain the desorption capacity.

Adsorption under different pH and temperature con-
ditions was conducted to assess the adsorption capacity



Liang et al. Biochar (2024) 6:27

under various conditions. The influence of pH on Cd(II)
adsorption by the biochar was examined within the initial
pH range of 3 to 8. The pH of each Cd(II) solution was
adjusted using either 0.1 M HCI or 0.1 M NaOH. Each
solution containing the adsorbate (35 mL) and an initial
Cd(II) concentration of 200 mg L™! was introduced into
a 50 mL vial. Additionally, 0.01 g of the adsorbent was
added to FB and DMRFB treatments, and 1 ml DOM-
MR solution was added into the solution in DMR and
DMREFB treatments. Other reaction conditions were as
above. For thermodynamic experiments, the reaction
temperatures were set at 288 K, 298 K, 308 K, and 318 K.
The remaining steps were the same as described above.

2.5 Fluorescence quenching titration and sample analysis
2.5.1 Quenching titration

Before the quenching titration experiment, the DOC con-
centration of DOM-MR was diluted to less than 10 mg
L~! to minimize the influence of inner-filter effects. The
metal titration was carried out by adding Cd(NO,),-4H,0
titrant (1000 mg L) into 25 mL of DOM solution in a
50 mL brown sealed bottle, generating a series of Cd(II)
samples with concentrations ranging from 0 to 200 pmol
L™ (0, 5, 10, 20, 50, 100, and 200 pmol L™?). In the DMR
treatment group, 1 mL of DOM-MR solution and Cd(II)
solution at various concentrations were added. In the FB
treatment group, 0.01 g of FB and 0 pmol L™ Cd(II) were
used. The DMRFB treatment group included 0.01 g of
FB, and 0 pmol L~! Cd(I), and 1 mL of DOM-MR solu-
tion. During the titration process, 0.1 mol L~! NaOH or
HNO; solution was used for pH adjustment to main-
tain the pH at 6.0, and the addition of the metal titrant
did not exceed 50 pL to avoid concentration effects. All
titration solutions were shaken in a dark environment at
298 K for 24 h to ensure complexation equilibrium (Wu
et al. 2011). Subsequently, the solutions were filtered and
the filtrate was analyzed using fluorescence EEM spec-
troscopy. Moreover, the solution without Cd (0 pmol L™
Cd) was subjected to desalination treatment (Qi et al.
2021), and the molecular composition was determined
using ultra-high-resolution Fourier transform ion cyclo-
tron resonance mass spectrometry (FT-ICR MS) (Solarix
2XR, Bruker, Germany) equipped with an electrospray
ionization source (ESI) in the negative ion mode.

2.5.2 EEM-PARAFAC and FT-ICR MS analysis

The fluorescence spectra of the aforementioned samples
were measured using a fluorescence spectrophotometer
(F-7000, Hitachi, Japan). The method was as follows:
ultrapure water was used as a blank, with excitation (Ex)
wavelengths ranging from 200 to 500 nm at 5 nm inter-
vals, and emission (Em) wavelengths ranging from 250
to 550 nm at 2 nm intervals. The scanning rate was set
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at 2400 nm min~!. The slit widths for both emission and
excitation were set to 5 nm. PARAFAC analysis was per-
formed using the DOMFluor toolbox (http://www.mod-
els.life.ku.dk/) in MATLAB R2022 (MathWorks, Natick,
MA) (Stedmon and Bro 2008), with models incorporating
non-negativity constraints and ranging from two to seven
components. The number of fluorescent components was
identified through a combination of residual analysis,
split-half testing, and visual inspection. To validate the
fluorescence components extracted by PARAFAC, the
Ex and Em values of the fluorescent components were
uploaded to the OpenFluor online database (http://www.
openfluor.org) for quantitative comparison and confir-
mation. Molecular formula assignment was conducted
using the TRFu algorithm. DOM components were clas-
sified into seven categories: protein/amino sugar, lipids,
carbohydrates, unsaturated hydrocarbons, tannins,
lignin, and condensed aromatics based on their O/C
and H/C values. The classification boundaries are pre-
sented in Additional file 1: Table S3 (Huang et al. 2022;
Liu et al. 2023). The classification criteria for carboxylic-
rich alicyclic molecules (CRAM) are DBE/C=0.30 ~ 0.68,
DBE/H=0.20~0.95, and DBE/O=0.77 ~1.75 (Hertkorn
et al. 2006).

2.6 Characterization of samples

The freeze-dried DOM of MR (DMR), FB material, and
DMR +FB (DMRFB) samples were used for characteri-
zation (SEM-EDS, XRD, FT-IR, XPS). The morphologi-
cal structure, distribution of key elements, functional
groups, the concentrations of acidic functional groups,
elemental analysis, zeta potentials, specific surface areas
(Sger)s pore-size distributions, and crystal structure of FB
and DMRFB were measured as described in Additional
file 1: Method S3.

2.7 Statistical analysis

The adsorption capacities and removal efficiencies of
Cd(II) by the FB and DMRFB were calculated by the
formulas in Additional file 1: Method S4. Isotherms and
kinetics data for Cd(II) sorption were fitted using some
models as described in Method S4. The formulas for
calculating enthalpy change (AH), entropy change (AS),
Gibbs free energy (AG), and activation energy (E,) in
thermodynamic analysis are provided in the supplemen-
tary materials (Method S4). In order to characterize the
overall molecular features of DOM, modified aromatic-
ity index (Al 4), double bond equivalent (DBE), molecu-
lar weight (MW), and nominal oxidation state of carbon
(NOSC) were calculated in Additional file 1: Table S4
according to the formulas, which are provided in Addi-
tional file 1: Method S4.
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To investigate the significant differences in various
physicochemical parameters between experimental treat-
ments, repeated-measured analysis of variance (ANOVA)
and multiple comparisons of LSD at 5% level of probabil-
ity (P<0.05) was used for normally distributed data. And
Friedman test and Mann—Whitney-U-Test were applied
for non-normally distributed data (Additional file 1:
Table S5).

All figures in this study were made using Origin 2022
software. FT-IR, XRD, and XPS data were analyzed
by OPUS 7.5.18 software, jade 6, and XPSPEAK41,
respectively.

3 Results and discussion
3.1 Effect of amendments on Cd bioavailability and soil
properties in pot experiments

MREB-S significantly enhanced pH by 0.73 and 0.11
units compared with that in MR-S and FB-S treat-
ments, respectively (P<0.05) (Fig. 1A). The improve-
ment of pH would facilitate the soil Cd immobilization
(Yin et al. 2017). DOM is the active component of soil
and is inextricably and complexly linked to the activi-
ties of Cd. (Feng et al. 2021). In the current study, DOM
was the highest in MRFB-S treatment (Additional file 1:
Table S6). Compared with CK-S and MR-S, MRFB-S sig-
nificantly increased DOM by 22.3% and 15.6%, respec-
tively (P<0.05). Furthermore, other chemical properties
might indirectly influence the Avail-Cd to a certain extent
(Wang et al. 2022a, b, c). Soil AP and AK were the high-
est in MRFB-S. Compared with FB-S and CK-S, MRFB-S
significantly elevated the AK by 88.3% and 97.4%, respec-
tively (P<0.05). Avail-Cd acts as a major role in regulat-
ing the Cd uptake by crops (Wu et al. 2020). The present
study showed that MRFB-S reduced Avail-Cd concentra-
tion by 81.4%, 76.3%, and 23.1%, respectively, compared
with CK-S, MR-S, and FB-S, respectively (Fig. 1B). Over-
all, MRFB-S provided more soil available nutrients for
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rice growth and more favorable soil environment for lim-
iting Cd mobility.

In addition, the concentrations of different Cd species
were arranged from largest to smallest as follows: acid-
soluble Cd (Aci-Cd), reducible Cd (Red-Cd), oxidizable
Cd (Org-Cd), and residual Cd (Res-Cd) (Fig. 1C). Aci-Cd
is the most phytoavailable Cd among the four Cd frac-
tions mentioned above (Matong et al. 2016), consist-
ing with the current results that Aci-Cd was extremely
positively related to the Cd in different tissues (P<0.01)
(Additional file 1: Fig. S3). In Fig. 1C, MV-S, RS-S, MR-S,
FB-S, and MRFB-S treatments reduced the Aci-Cd con-
centrations by 22.3%, 26.6%, 25.8%, 27.6%, and 32.2%,
respectively, and the lowest Aci-Cd concentration was
observed in MRFB-S treatment. Org-Cd and Red-Cd did
not show significant level in the six treatments (P> 0.05).
The Cd fractionation reflected the underlying availability
and mobility of Cd (Matong et al. 2016). MREB-S reduced
Aci-Cd, increased Res-Cd, and altered the distribution
of Cd fractions, confirming previous studies that adding
passivated materials can lead to redistribution among dif-
ferent geochemical forms (Yang et al. 2020).

MREB-S exhibited the highest level of Fe concentra-
tion in IP among all treatments and the DCB-Fe con-
centration was increased by 11.8% compared with
FB-S (Fig. 2A). As compared with MR-S, MRFB-S ele-
vated the DCB-Fe and DCB-Cd concentration by 37.2%
and 35.9%, respectively (P<0.05). Fe’™ was a main fac-
tor in the formation of IP (Antoniadis et al. 2017). Iron
modification of biochar generally helped in the for-
mation of IP on the roots of rice plants. Research has
found that Nano-Fe;O,-modified biochar promoted
the formation of IP on root surfaces and reduced the
toxicity of Cd to rice roots (Zhang et al. 2020a, b). In
this study, MRFB-S showed the highest Fe** concen-
tration among all treatments and significantly elevated
the Fe’" levels by 82.6% and 65.9% compared with CK-S
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and MR-S treatments (P<0.05) (Additional file 1: Fig.
S4). In the present study, DCB-Fe was obviously posi-
tively influenced by soil Fe** (P<0.001) (Additional
file 1: Fig. S3), indicating that Fe*" contributed to the
formation of IP. Besides Fe**, pH, soil redox (Eh), soil
microorganisms, and radial oxygen loss (ROL) also reg-
ulated the IP formation (Zhang et al. 2019a, b, ¢; Zhang
et al. 2018). Numerous studies observed that the add-
ing of biochar and green manure could increase soil
pH and reduce Eh, thereby facilitating IP formation on
roots (Irshad et al. 2022). This finding aligns with the
results obtained in our study indicating that obvious
positive correlations appeared between pH and DCB-
Fe as well as DCB-Cd (P<0.01). Another finding was
that the increasing rice biomass in MRFB-S may help
to increase root activity and thus increase ROL (Addi-
tional file 1: Fig. S5). Some research also evidenced that
the addition of MV-S or RS-S could promote greater
microbial iron reduction via soil reducing-bacteria
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(Zheng et al. 2022), and result in a larger increase in
soil pH following submergence, thus facilitating the
formation of IP.

The Cd levels observed in the different parts of rice
plant were ranked as follows: the highest in root, fol-
lowed by shoot, and the lowest in brown rice (Fig. 3).
The root is the primary gateway for Cd to enter the rice
from the soil and is the main tissue of Cd accumulation,
which is significantly and positively correlated with effec-
tive Cd (Additional file 1: Fig. S3). The Cd absorbed by
rice roots and transported to the above-ground part was
mainly distributed in rice straw, while the proportion of
Cd in the rice grain was small, which also reduced the
risk of Cd entering the food chain from another perspec-
tive (Chen et al. 2021a, b). Compared with CK-S, MR-S,
and FB-S treatments, MRFB-S treatment greatly lowered
the Cd concentrations of brown rice by 86.2%, 82.5%, and
34.7%, respectively. Among these treatments, Cd level
in brown rice treated with MRFB-S did not surpass the
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Cd safety threshold (0.2 mg kg™'). For the shoot and
root, MRFB-S also showed the lowest Cd concentration,
significantly decreased by 77.7% and 58.8% compared to
MR-S, 29.1% and 22.1% compared to FB-S, respectively
(P<0.05). Moreover, MRFB-S not only reduced the Cd
level in the rice plant, but also greatly improved the bio-
mass of the rice grain and shoot by 71.9% and 58.2%,
respectively, compared with CK-S (Additional file 1: Fig.
S5). A previous study has found that Fe-modified biochar
greatly reduced the Cd level in rice plants, mainly due to
the passivation of Cd, the generation of stable Cd com-
plexes, and the dilution effect induced by the increase of
crop biomass (Sun et al. 2021). Some researchers also evi-
denced that co-using milk vetch and rice straw promoted
the transformation from active Cd to a steady form
(Wang et al. 2022a, b, ¢). In the present study, MRFB-S
greatly reduced the Cd availability and boosted the con-
version of the Cd species in soil to more stable residual
states, thereby blocking the Cd uptake by the rice plant.
Additionally, MREB-S treatment facilitated the formation
of IP, hindering or decreasing the movement of Cd into
rice root system, further inhibiting the Cd adsorption by
rice (Yin et al. 2017). These findings were favored by the
current result that there was a greatly negative correla-
tion between DCB-Fe and total Cd in different tissues of
rice plant (P<0.001) (Additional file 1: Fig. S3). Overall,
the co-incorporation of MV, RS, and FB was an effective
measure that could take into account both soil fertiliza-
tion and cadmium pollution control.

3.2 Effects of key factors on Cd bioavailability

In addition to the environmental variables (e.g., Cd frac-
tion) directly related to Avail-Cd, there are multiple
indirect factors (soil physiochemical properties) affect-
ing the Cd bioavailability. To assess the importance of

L k%
o Avail-Cd A
H kk
12 R?=0.834
° P<0.001
A 8
p=
Q
=
[
4 H
0 N

ot & «ix\i Tt et
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physiochemical properties on Avail-Cd levels as shown
in Additional file 1: Table S6, we performed the random
forest regression model (Fig. 4A). Among the soil physi-
ochemical properties, DOM had the highest Inc MSE
value, suggesting that DOM played an extremely critical
role in regulating the Cd availability. The combination
of Cd with DOM has been widely reported to constrict
mobility of Cd (Borggaard et al. 2019). In the present
study, DOM was negatively associated with Avail-Cd
(Additional file 1: Fig. S3), suggesting that higher DOM
helped reduce the Cd availability. Nevertheless, research-
ers found that the DOM from air-dried cotton stalk and
farmyard manure reduced the exchangeable Cd due to its
more components with low molecular weight, low aro-
maticity, and high hydrophilicity (Min et al. 2021). We
speculated that the composition of DOM generated from
fresh samples and decomposition differed. DOM pro-
duced from the co-decomposition of milk vetch and rice
straw predominantly consisted of high molecular weight
compounds, which might contribute to the reduction of
Cd activity. pH was another imperative factor and highly
negatived related to Avail-Cd (El-Naggar et al. 2022), and
this agreed with the results of the current study (Addi-
tional file 1: Fig. S3).

Partial least squares path model (PLS-PM) further
discerned the relationships and influences of related
parameters on brown rice Cd levels (Fig. 4B). Therein,
the goodness of fit (GOF) statistic (GOF =0.796) evalu-
ated the model well. Soil pH was significantly positively
correlated with DOM (0.63) (P<0.001) and Fe?* (0.58)
(P<0.01). DOM (-0.44) and pH (-0.53) strongly and
negatively affected the Avail-Cd (P<0.01), indicating
that higher pH and DOM levels favored the reduction
of Avail-Cd. The latent variables (IP) represent DCB-
Fe and DCB-Cd. Fe’" showed a significant and positive

Treatment B
0.73;;*1““
DOM | o63+** | pH | 058 | Fe’
R*=0.770 R’=0.527 R’=0.697
0.44%* -0.53%% : 0.79%*
Avail-Cd 1P
R’=0.865 R’=0.607
0.39% _—0.49%

Brown rice Cd
R’=0.669

Fig. 4 Random Forest regression model and PLS-PM. Introduction of the parameters are in the supplementary material (A Random Forest

regression model; B PLS-PM)
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correlated with IP (0.79) (P<0.01). Moreover, Avail-Cd
was directly and positively related to brown rice Cd (0.39)
(P<0.05), suggesting that the decrease in Avail-Cd ben-
efited the mitigation of Cd uptake by brown rice. IP had
a negative effect on it ( —0.49) (P<0.05). This result could
be supported by the finding of Zhou et al. (2018), who
found that Cd content in IP was significantly or highly
significantly correlated with Cd in whole rice plants. In
summary, DOM plays a crucial role in regulating the bio-
availability of Cd.

3.3 Characterization of DMR, FB, and DMRFB

The SEM graphs and EDS spectra showed the surface
morphology and main element composition of FB and
DMREB, both of which had visible loose structure and
multi-element characteristics (Additional file 1: Fig. S6).
DMREB exhibited uneven surfaces with more particles
and highly porous structure compared with FB. Elemen-
tal analysis indicated that DMREFB increased oxygen ele-
ment concentration by 12.5% relative to FB (Table 1),
implying that the presence of DOM generated from MR
decomposition increased the abundance of oxygenated
functional groups in FB (Lyu et al. 2022a). Unsurprisingly,
compared with DMR and FB, DMRFB contained richer
functional groups (carboxyl, hydroxyl, carbonyl, and
esters) (Additional file 1: Fig. S7A). Moreover, DMRFB
had higher oxygen-to-carbon ratio, implying DMRFB
was highly aromatic.

The N, adsorption—desorption characteristics of FB
and DMRFB as well as the volume and size of the pores
were analyzed. DMRFB showed larger pore volume and
smaller average pore sizes than those of FB, which were
more conducive to the pore adsorption for Cd (Table 1).
Besides, the curve was a typical IV type with H3 hyster-
esis loop characteristic of mesoporous materials, accord-
ing to the IUPAC classification (Additional file 1: Fig.
S8C) (Qu et al. 2022a). The above results of BJH anal-
ysis and adsorption curve features for DMRFB and FB
indicated that mesoporous structures predominated its
morphological feature in line with the result of pore-
size distributions (Additional file 1: Fig. S8D). Addition-
ally, the Sy is a vital indicator of the sorption ability of
adsorbent. The Sgpr of DMRFB (49.4 m? g™!) was sig-
nificantly higher compared to that of FB (24.9 m? g™%)

Table 1 The basic physicochemical properties of biochar
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(Table 1), 1.99 times that of FB, indicating that DMRFB
has the potential to offer a larger quantity of active
adsorption points for Cd(II) (He et al. 2018).

The XRD patterns of DMR, FB, and DMREFB reflected
their excellent crystalline nature and contained numerous
minerals. In XRD profiles of FB and DMRFB (Additional
file 1: Fig. S7E), the peaks at 18.05° and 47.13° belonged to
(001) and (102) planes of Ca(OH), (JCPDS PDF 81-2040),
respectively. Correspondingly, the other diffraction peaks
at 29.37°, 43.12°, and 47.45° were assigned to the (104),
(202), and (018) planes of CaCO, (JCPDS PDF 72-1937),
respectively. The characteristic peak of all materials at
39.38° represented FeO(OH), and the peaks at 50.70°
and 34.08° corresponded to (211) planes of a-FeO(OH)
(JCPDS PDF 17-0536) and (200) planes of FeSO, (JCPDS
PDF 12-0068). KCI was found at 28.59°. In XRD profiles
of DMR, KCI (JCPDS PDF 75-0296) and KHCO, (JCPDS
PDF 12-0292) were the major phases (Additional file 1:
Fig. S7B).

3.4 Cd(ll) adsorption performance of FB and DMRFB

3.4.1 Adsorption isotherm and kinetic analysis

At a certain concentration of Cd solution, the Cd(II)
equilibrium concentrations observed with DMR and
FB treatments were higher than that found in DMRFB
treatment. Additionally, as the DOM extraction time
prolonged, the influence of DMRFB on Q, stabilized
gradually (Additional file 1: Fig. S9). The linear correla-
tion analysis indicated that Cd(II) equilibrium concen-
tration was negatively correlated with pH (Additional
file 1: Fig. S10). It was also found that DMRFB with the
lowest Cd(II) equilibrium concentration had a higher pH
value than FB, which was more conducive to the acquisi-
tion of precipitation (e.g., Cd(OH),) (Yin et al. 2020). The
removal efficiency of DMRFB on Cd(II) reached 93.0% at
120 d, 9.28% higher than FB treatment. Thus, the addi-
tion of DOM-MR induced the strengthening of Cd
immobilization by FB.

The isotherm results showed that the Langmuir for-
mula could better simulate isothermal data than Fre-
undlich to describe the adsorption process (R?=0.942
versus R?=0.869, Additional file 1: Table S7), ie.,
monolayer adsorption mainly involved in adsorp-
tion (Liang et al. 2020) (Fig. 5A). The maximum Cd(II)

Material Sget Average pore  Total volume in pores Zeta potential Elemental (%)
diameter
(m2g7") (nm) (x103em3g™) (mV) C o N H S
FB 249 9.00 559 -2.00 20.5 244 042 1.85 032
DMRFB 494 5.00 61.8 -204 223 274 042 1.81 0.21

Sger means specific surface area
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Fig. 5 Isotherm fitting and kinetic fitting results of Cd(ll) adsorption (A and B) and effect of pH and temperature on Cd(ll) adsorption (C and D)

adsorption capacities (Q,,) ranked in the order of DMRFB
(634 mg g !)>FB (487 mg g~ '), and the Q,, of DMRFB
for Cd(II) was far ahead in many literatures (Additional
file 1: Table S8) (Tan et al. 2022; Zhang et al. 2022a, b,
c). Moreover, the EDS analysis verified that successful
immersion of Cd onto surface of both FB and DMREFB,
and the weight ratio of Cd in the Cd-adsorbed materi-
als was ranked as DMRFB>FB after adsorption (Addi-
tional file 1: Fig. S8A and B, respectively). The desorption
experiment showed that DMRFB had the low desorption
efficiencies (Additional file 1: Fig. S11), indicating that
Cd(II) was difficult to desorb. Therefore, DMRFB had a
strong and stable ability to immobilize Cd(II), effectively
mitigating the environmental risks associated with the
migration of toxic and hazardous Cd ions.

The adsorption kinetic processes of Cd(II) by FB and
DMREB were similar and the curve was divided into two
periods. The adsorption capacity largely increased within
the first 0.5 h, after which it remained stable (Additional
file 1: Fig. S5B). The swift adsorption phase can likely be
ascribed to the rapid intrusion of Cd(II) into the adsorp-
tion sites located on the exterior surface of the biochar,

potentially by means of physical adsorption (Yin et al.
2020). When the milk vetch decomposes, there are neg-
atively charged humic acid produced at the same time.
In current results, the zeta potential of DMRFB was
lower than that of FB (Table 1), indicating that DMRFB
had more negative charges and thus gained a stronger
electrostatic attraction to cations (Cd). During the slow
adsorption phase, the adsorption approached saturation
due to a large number of Cd(II) covering on the exte-
rior surface, leading to fewer active points available for
further adsorption and a levelling off of the adsorption
curve (Fig. 5B). Obviously, pseudo-second-order model
obtained a better match for Cd(II) adsorption with higher
correlation coefficient (0.932 and 0.923) than pseudo-
first-order model (0.891 and 0.922), showing that the
adsorption reaction was mainly chemisorption of Cd(II)
(Zhou et al. 2017). Additionallyy, DMRFB showed the
higher adsorption rate constant (K,) than FB (Additional
file 1: Table S9), indicating that DMRFB achieved a more
rapid adsorption of Cd(II). Similarlyy, DMRFB showed
higher measured and predicted Cd(II) adsorption capac-
ity than FB.
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3.4.2 Effect of pH and temperature on Cd(ll) adsorption
Generally speaking, the initial pH value of the solution
will alter the surface charge of the adsorbent in the aque-
ous solution, thereby impacting the form and adsorption
efficiency of metal ions (Yin et al. 2020). In this study,
under low pH conditions, both FB and DMRFB exhibited
low removal efficiencies for Cd(II) (Fig. 5C), which may
be attributed to the highly protonated surfaces of FB and
DMREB, as well as the presence of oxygen-containing
groups carrying positive or neutral charges, resulting in
strong electrostatic repulsion towards Cd(II) (Sun et al.
2023). As the solution’s pH value increased, the posi-
tive charge on the surfaces of FB and DMRFB gradually
decreased. When the pH value exceeded 7, the removal
rate of Cd(II) of DMRFB reached its peak (up to 95.8%). It
was speculated that a significant amount of Cd(OH), pre-
cipitate might have formed (Li et al. 2017). Furthermore,
DMREB consistently exhibited higher removal efficiency
for Cd(II) compared to FB, which could be attributed to
the relatively higher negative charge of DMREB itself.

Thermodynamic studies were conducted for the
adsorption of Cd(II) on FB and DMREFB at temperatures
of 288, 298, 308, and 318 K, and the thermodynamic
parameters are shown in Additional file 1: Table S10.
With increasing reaction temperature, the Cd(II) adsorp-
tion capacity of both FB and DMREB continuously
increased, indicating that these adsorbents are more
effective in adsorbing Cd(II) at higher temperatures
(Zheng et al. 2021). The positive value of AH confirmed
that the adsorption of Cd(II) on FB and DMRFB was an
endothermic process, hence higher temperatures favored
the capture of pollutants (Lyu et al. 2022a). Similarly, as
the temperature increased, E, gradually decreased, indi-
cating that less energy was required for the reaction,
leading to an increase in the reaction rate (Additional
file 1: Table S11). The negative value of AG indicated
that the adsorption process was feasible and thermody-
namically spontaneous, with DMRFB exhibiting a better
absolute value of AG. Furthermore, the positive value
of AS suggested an increase in randomness at the solid-
solution interface during the removal of Cd (II) by FB and
DMREB.

3.4.3 Insight into the adsorption mechanism

The surface functional groups of FB and DMRFB were
observed by FT-IR spectrum (Additional file 1: Fig.
S8F). A broad and strong absorption peak appeared
in the 3700-3200 cm ™! region, corresponding to —OH
stretching vibration bond. The —~CH band was present
at 878 and 710 cm™}, and 1433 cm™! was the functional
groups associated with CO,?~ (Liu et al. 2020; Zhao et al.
2020). It is evident from the figure that in the presence
of DOM, the peak intensities of these functional groups
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were significantly enhanced, indicating that DMRFB had
a richer variety of functional groups. The other stretch-
ing vibration peaks at 1795, 1586, and 1018 cm™' were
assigned to carboxyl C=0, aromatic C=C, and alkoxy
C-0-C, showing an apparent shift after DMR treatment
(Zhang et al. 2022a, b, c). Overall, DOM-MR increased
the surface functional groups numbers (-OH, C=0,
CO,*7, C-O-C, C=C, and —CH) of biochar to some
extent. In agreement with the result of the concentrations
of the acidic functional groups of FB and DMRFB meas-
ured by Boehm titration (Boehm 1994), DMRFB had
more acidic functional groups than FB (Additional file 1:
Table S12). For example, total acidic functional groups
and phenolic of DMRFB enhanced by 13.7% and 20.1%
than those of FB, which could facilitate the complexa-
tion between acidic functional groups and heavy metals
(Chen et al. 2021a, b). After Cd(II) adsorption. The peak
intensity of DMRFB at 34417! declined, suggesting the
involvement of -OH functional groups in Cd(II) adsorp-
tion (Trakal et al. 2016). Similarly, alterations in C=C,
CO,*", C=0, C-0O-C, and —CH functional groups after
adsorption pointed towards their vital role in the Cd fixa-
tion (Mujtaba Munir et al. 2020). Although the functional
groups experienced a shift in position and changed in
peak intensity after Cd(II) adsorption, the types and
quantity of functional groups did not decrease. This indi-
cated that the adsorption process did not cause substan-
tial damage or loss of functional groups in DMRFB.

For further observation of the chemical composition
and valence states of key elements, as well as the changes
of functional groups involved in Cd(II) binding, XPS
analysis demonstrated the shifts in chemical constituents
of FB and DMRFB before and after Cd(II) sorption. The
full survey scans results indicated that the surfaces of FB
and DMRFB were mainly distributed with C, O, Fe, and
Ca, and that the semi-quantitative content of these ele-
ments did not undergo significant changes before and
after Cd(II) adsorption (Additional file 1: Table S13).
These findings further supported the stability of DMRFB
after Cd(II) adsorption. However, after Cd(II) adsorption,
a new peak (Cd 3d) could be detected (Fig. 6A), implying
that numerous Cd ions adsorbed onto DMRFB. Addition-
ally, Cd ions could take away the binding point of Ca ions
on the material surface (Lyu et al. 2022b). As presented in
Fig. 6A, peak intensity of atomic of the Ca 2p spectrum
was decreased after Cd(II) adsorption, indicating that
ion exchange might be associated with the Cd binding
step (Qiao et al. 2018). The analyses of SEM—EDS, XRD,
and XPS indicated that DMRFB had more K ions and Ca
ions than FB due to the introduction of DMR, suggest-
ing that DMRFB exhibited superior ion exchange capac-
ity (Fig. 6D, S7, and Additional file 1: Fig. S8B, E). Three
different characteristic peaks of O 1 s spectra before
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the Cd(II) adsorption were found at 531.36, 532.18, and
533.11 eV for DMREFB, consistent with the lattice oxygen
(0?7), C-0, and C=0 peaks, respectively. Nevertheless,
these peaks shifted slightly after Cd binding, revealing
that the carboxyl and hydroxyl groups were success-
fully involved in the adsorption (Wang et al. 2022a, b,
¢). In the C 1 s spectra, peaks for C-C, COO-H, and C-
OH altered post Cd(II) adsorption by FB and DMRFB,
corroborating with FTIR results, indicating significant
involvement of -COOH and —OH groups in Cd binding
(Bolan et al. 2014). As observed from Fig. 6D, a new char-
acteristic peak of Ca2p at 351.88 eV (Ca—O-Cd complex)
appeared after the stabilization of Cd (Lyu et al. 2022b),
with more complexes formed by DMRFB (15.3%) than
FB (13.2%), suggesting that DMRFB displayed stronger
adsorption capacity than FB. The Fe 2p spectra peaks in
DMREFB appeared at 718.50 and 711.37 eV, attributed
to the species of Fe(II) 2p1/2 and Fe(Il) 2p3/2, respec-
tively, while peaks at 725.62 and 713.79 eV represented
the satellite peaks of Fe(Il) 2p1/2 and Fe(IIl) 2p3/2,
respectively. The semi-quantitative analysis revealed
that in FB, the Fe(II) content accounted for 34.4%, Fe(III)
was 65.6%, while those in DMRFB were 45.5% (Fe(II))
and 54.4% (Fe(Ill)), respectively. This indicated that
DMRFB was more efficient than FB at reducing Fe(III) to
Fe(Il). In addition, the peaks of Cd 3d explored at 412.69
and 405.97 eV for DMRFB could be relevant to Cd-O

binding, and 411.82 and 405.06 eV corresponded to the
Cd-OH, demonstrating that precipitation was involved
in metal ions binding (Chen et al. 2015). XRD analysis
explored the possible precipitation mechanism, in which
the typical Cd(OH), peaks were indeed found in the XRD
patterns of DMRFB (JCPDS PDF 80-1952) after adsorp-
tion (Additional file 1: Fig. S8E), further elucidating the
Cd precipitation mechanism with the participation of
mineral (Yin et al. 2020). The percentage of Cd atomic in
DMREFB (2.37%) was more than that in FB (1.69%) (Addi-
tional file 1: Table S13), hinting toward the adsorption of
numerous Cd ions onto DMRFB compared to FB. Above
all, the addition of DOM-MR induced the strengthening
of Cd adsorption by FB.

3.5 The composition characteristics of DOM
and the mechanism of its binding with Cd(ll)
3.5.1 The components of DOM identified by EEM-PARAFAC
and their interactions with Cd(ll)

Five individual components were identified from DOM
through PARAFAC analysis, including three humic-like
substances (C1, C2, and C3) and two protein-like sub-
stances (C4 and C5). The spectral characteristics and
excitation and emission loadings of the components are
illustrated in Additional file 1: Fig. S12. After comparing
them with the Open Fluor online database, all compo-
nents had a high degree of match with at least one other
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study (Additional file 1: Table S14). The characteristics
of DOM and its interactions with metals are crucial for
the ecological risk assessment of metals in the environ-
ment (Zhang et al. 2022a, b, ¢). In the present study, the
addition of Cd(II) caused significant quenching effects
on DMR, as revealed by the fluorescence quenching
curves (Fig. 7). These effects were mainly attributed to
the pronounced fluorescence quenching of protein-like
substances (C5), resulting in decreased fluorescence
intensities. This suggested that the C5 component might
form stable complexes with Cd(II). The quenching of
protein-like components through complexation with
metal ions has been observed in other studies (Huang
et al. 2018; Wu et al. 2011). These findings strongly sug-
gested that protein-like substances played a significant
role in the complexation reaction between DOM derived
from plant decomposition and Cd, which may explain
the enhancement of the alleviation of Cd migration
in aquatic systems (Yuan et al. 2015). The fluorescence
intensity of the C1, C2, and C3 components did not show
a significant change with the addition of additional Cd,
indicating that the binding effect between Cd and fluo-
rescent humic-like substances can be disregarded in the
current study. All in all, the higher aromaticity and pro-
tein-like components in DOM played a vital role in the
Cd binding process.

3.5.2 Insight into the molecular characteristics of DOM

by FT-ICR MS
To delve deeper into the variations in molecular char-
acteristics of DOM, detailed compositional differences
among DMR, FB, and DMRFB were analyzed using FT-
ICR MS. The van Krevelen (VK) diagram was employed
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to characterize the molecular composition of DOM
in DMR, FB, and DMRFB samples, utilizing the clas-
sification criteria outlined in previous research studies
(Huang et al. 2022; Liu et al. 2023) (Fig. 8A—C). FT-ICR
MS analysis identified 7936, 1624, and 8704 DOM mol-
ecules across DMR, FB, and DMRFB samples, respec-
tively (Additional file 1: Fig. S13C). Among them, lignins
and protein/amino sugar were the most abundant mol-
ecules, accounting for 42.7-57.9% and 25.9-28.3% of
all assigned molecules, respectively. Lipids and carbo-
hydrates ranked second, representing 7.36—16.1% and
3.27-3.69%, respectively. Compared to FB, the number
of identified compounds and peak intensities in DMRFB
were significantly increased (Additional file 1: Fig. S13),
indicating that the introduction of DMR enriched the
molecular diversity of most DOM compounds in FB and
enhanced the complexity of DOM. Figure 8G-I presents
the relationship between the DBE value and the number
of carbon atoms associated with the O/C ratio. Generally,
a higher number of carbon atoms and a higher DBE value
indicated larger molecular weight segments and more
double bonds in the compounds (Wang et al. 2023). The
higher DBE values were distributed in the lignins region,
and they were more widely distributed in the DMRFB
sample (Fig. 8D-F).

Considering the overall changes in molecular-level
properties, we summarized the intensity-weighted
average values (Additional file 1: Table S4). The AI_ 4
of DMRFB was significantly increased, indicating that
unsaturated aromatic compounds were more stable
and abundant, consistent with previous findings that
DMRFB had higher aromaticity (Additional file 1: Fig.
S8F). The higher DBE and NOSC in the DMREB sample
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Fig. 7 The percent and fluorescence quenching curves of each PARAFAC-derived component titrated with Cd. A is percent of DOM components; B
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Fig. 8 Van Krevelen diagram of DMR, FB, and DMRFB (A, B, and C). D, E, and F are color-mapped based on the magnitude of DBE. G, H, and | are
color-mapped based on the magnitude of the O/C ratio. A, D, G, DMR; B, E, H, FB; C, F, I, DMRFB

suggested a more complex composition of DOM, con-
sisting of more unsaturated compounds (Huang et al.
2022). Similarly, the increased MW values also implied
the transformation of small molecular DOM into larger
molecules (Additional file 1: Table S4) (Zhang et al.
20194, b, ¢). Additional file 1: Fig. S13C and D present
the number and relative abundance of four main sub-
groups (CHO, CHNO, CHOS, CHNOS) in the DOMs
of the three samples. The recalcitrant DOM formulas,
particularly those belonging to the CHO and CHNO
subgroups, were specifically plotted in the lignins/
CRAM-like structural region highlighted in the VK dia-
gram (Additional file 1: Fig. S14). Although lignins and
CRAM compounds have similar O/C and H/C molar
ratios, molecular weights, and DBE, they also exhibit
different structural characteristics. In conclusion, the
molecular diversity and complexity of DOM can be
enhanced by the DMR, which may consequently impact
the Cd binding process.

3.6 Overall findings and proposed mechanism

This study provided the basis for the observed extreme
decrease in Cd concentration in rice plants under
MREFB-S treatment, which can be largely attributed to the
strengthening effect on stabilizing Cd by MR-S. MRFB-S
transformed the Cd from active state to stable state and
the increased Res-Cd might be CdCO5; and Cd(OH),
supported by above results (Fig. 6, and Additional file 1:
Fig. S8E). Large amounts of DOM released by MR had
a positive influence on the Cd immobilization, as evi-
denced by the negative correlation between Avail-Cd and
DOM in the correlation heat map and PLS-PM analysis
(Additional file 1: Fig. S3 and Fig. 4B). A previous study
has shown that DOM could interact with Cd through
coordination, chelation, or complexation and decreased
the Cd mobility, and further decreased Cd concentra-
tion in rice (Khan et al. 2017). In this process, the DOM
with variable properties in complex soil environments
played a significant role in controlling the migration and
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transformation of Cd (Zhang et al. 2022a, b, c). The com-
plex biological processes between DOM and microbial
metabolism are considered to be the primary driving
force behind DOM characteristics (Xu and Guo 2018).
Therefore, higher microbial activity in paddy soils may
influence the protein-like components in DOM, thereby
affecting the interaction between Cd and DOM. Herein,
the current study further provided the sufficient evi-
dence that DOM was the key factor influencing the Cd
availability (Fig. 4A). Wang et al (2022a, b, c) found that
co-incorporation of Fe and DOM can form the Fe-OM
complexes, which could stabilize bioavailable amorphous
Fe and indirectly reduce Cd accumulation in brown rice.
Similarly, co-using FB and MR in this study exhibited
higher levels of Fe(Il) in soil, resulting in promoting the
Cd immobilization (Additional file 1: Fig. S4).

From another perspective, on the one hand, more avail-
able Fe (Fe(II)) in MRFB-S treatment could be absorbed
by rice, thus suppressing the Cd uptake by brown rice
through competition. The fact that more more Fe(Il) of
DMREFB was retained in the reaction system supported
the above inference (Fig. 6E). On the other hand, more
Fe(II) derived from the addition of MR contributed to the
formation of more IP, and then prevented the Cd uptake
by the rice plant. Meanwhile, a previous study showed
that MV significantly increased the relative abundance
of soil reducing-bacteria, further improving the forma-
tion of IP (Zheng et al. 2022), which is consistent with
the present result about Fe plaque. Similarly, RS applica-
tion could promote the greater microbial iron reduction
(Yuan et al. 2019). In addition, FB could provide the Fe
source for the IP formation and further controlled the
Cd adsorption by rice (Sui et al. 2021). Consequently,
co-incorporation of MR and FB exhibited the stronger
capacity on decreasing Cd bioavailability. Furthermore,
the dilution effect induced by the enhancement of rice
biomass also helped to decrease the Cd contents in rice
plants (Gasco et al. 2019; Han et al. 2006). Therefore, the
above results indicated that the co-using MV, RS, and FB
is excellent strategy that shows promise for remediation
of Cd-contamination paddy soil.

The adsorption experiments manifested that DMRFB
could improve the sorption performance of Cd(II) and
the adsorption occurred mainly through chemisorp-
tion of monolayers. The chemical adsorption capacity
of DMREFB was higher than that of FB primarily due to
the increase in functional groups (including oxygen and
aromatic functional groups) and the enhancement of
negative charge both brought about by the presence of
DOM. Four chemisorption mechanisms were proposed
to explain why the DMRFB produced high Cd(II) adsorp-
tion capacity. (i) More oxygenated functional groups of
DMREB participated in the surface complexation, thus
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providing the possible of forming intricate compounds
containing Cd (Qu et al. 2022b; Zheng et al. 2021). Inter-
estingly, the levels of Ca-O-Cd complexes amened with
DMREFB surpassed those treated with FB (Fig. 6D), indi-
cating that the Cd and Ca groups exhibited a greater
tendency to form complexes and become immobilized
onto DMRFB compared to FB. Moreover, the aromatic
components of DOM (protein-like) in DMRFB treat-
ment readily formed with Cd to form stable complexes
(Fig. 7). (ii) The mineral on the DMRFB and the rising
pH of the reaction system affected the Cd(II) adsorp-
tion performance through the formation of precipitation
(e.g., Cd(OH), and CdCO;) (Chen et al. 2020), which can
be verified preliminarily by XRD and XPS analysis. (iii)
More aromatic functional groups C=C and —CH can
promote the coordination with Cd(II) through the cation
(Cd)-m interactions. (iv) DMR introduced a large amount
of Ca ions and K ions, and these abundant cations in
DMREFB were conducive to ion exchange reactions with
Cd(II) (Fig. 6D, Additional file 1: Figs. S7 and S8B, E).

Moreover, the physisorption induced by the DMRFB
also played a key role in Cd immobilization. The rapid
initial period demonstrated by the adsorption kinetic
data proved the involvement of the physisorption mecha-
nism in the Cd(II) adsorption (Ahmad et al. 2018). The
physical adsorption capacity of DMRFB is superior to
that of FB, primarily due to the higher specific surface
area, aromaticity, and negative charge brought about by
DOM. The physical adsorption process mainly included
the following two specific mechanisms. (i) The more
abundant mesoporous structures and higher Sgzp; in
DMREFB provide access to the active adsorption sites
for the adsorbates, facilitating the quick formation of
an adsorption balance and improving the adsorption
capacity (Li et al. 2017) (Table 1). (ii) The higher negative
charge on the surface of DMRFB could easily capture
the Cd ion via electrostatic attraction (Rajapaksha et al.
2016) (Table 1), which promoted the adsorption under
DMREFB treatment. Additionally, DMRFB had high aro-
maticity, which is favorable for electrostatic sorption of
Cd(II) (Thomas et al. 2020). Overall, the present study
inferred that DOM-MR induced the higher negative
charges, additional Cd active adsorption sites, and more
surface functional groups, thereby facilitating the Cd(II)
adsorption of DMRFB. This adsorption process involved
the synergistic control of multiple mechanisms, includ-
ing electrostatic attraction, pore adsorption, Cd(II)-nt
interactions, ion exchange, as well as the complexation of
functional group and mineral precipitation.

FT-ICR MS and EEM-PARAFAC explained the pos-
sible mechanisms of Cd adsorption from the per-
spective of DOM molecular diversity. Lignins are
complex biopolymers primarily consisting of alkoxy
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or hydroxy-substituted aromatic structures linked by
ether bonds (Yuan et al. 2017), while CRAM is mostly
composed of carbonyl-containing species with isolated
ketones and several carboxyl groups (Qi et al. 2022).
The carboxyl-rich CRAM compounds can act as strong
ligands for metal binding, promoting aggregation and gel
formation through multiple coordination with metal cati-
ons, thereby affecting the bioavailability of metals (Hert-
korn et al. 2006). In the current study, the DMRFB sample
had the higher abundance of CRAM, being 1.13 and 8.22
times higher than DMR and FB, respectively (Additional
file 1: Fig. S14). This might strengthen the reactions such
as coordination and complexation between DOM and Cd
ions. Proteins/amino sugars and lipids are compounds
that contain negatively charged organic groups such
as amino, thiol, hydroxyl, and carboxyl groups (Kranthi
et al. 2018). These groups can effectively bind to Cd ions
to form precipitates and enhance electrostatic adsorption
interactions with Cd. EEM-PARAFAC revealed that pro-
teins-like played a significant role in the complexation of
Cd. Considering that proteins/amino sugars constituted
a significant proportion of DOM components and the
peak intensity of proteins in DMRFB samples was much
higher compared to DMR and FB, it is inferred that pro-
tein components in DMRFB samples may be more exten-
sively involved in the reaction with Cd. This finding is
aligned with the fact that DMRFB was more favorable for
the reaction with Cd and exhibited stronger Cd adsorp-
tion capacity. Additionally, the abundance of lipid, carbo-
hydrate, and condensed aromatic compounds in DMRFB
was significantly increased compared to FB. Carbohy-
drates are polyhydroxy aldehydes or ketones with multi-
ple hydroxyl functional groups, which can interact with
potential toxic elements and readily adsorb Cd(II) in
solution (Kranthi et al. 2018). Condensed aromatics con-
tain abundant carboxylic acid, carbonyl, hydroxyl, and
ester groups, which play important roles in the adsorp-
tion of metal ions (Zhang et al. 2021).

In the current study, different sources and forms of
organic inputs resulted in different distributions of
DOM components in DMR, FB, and DMRFB. The find-
ing is aligned with the hypothesis that common agri-
cultural practices (e.g., straw incorporation and organic
fertilizer application) may contribute to the presence of
exogenous (terrestrial) characteristics in agricultural soil
DOM (Zhang et al. 20224, b, c). On the one hand, in the
different components of DOM, the protein-like compo-
nent played a crucial role in the adsorption process of Cd.
On the other hand, a study has shown that DOM with
more aromatic compounds and highly aromatized DOM
had a stronger affinity for Cd (Cornu et al. 2011), which
affected the binding between Cd and DOM. In this study,
the overlap of DMR and FB increased the aromaticity
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of FB, which can be observed in FT-ICR MS and FT-IR
(Fig. 8 and Additional file 1: Fig. S8F). The high degree
of aromatization of DOM in DMRFB treatment might
contribute to the adsorption of Cd(II), thus enhancing
the Cd(II) adsorption performance (Chen et al. 2021a,
b). Likewise, Xie et al. (2019) observed a negative linear
relationship between water-soluble Cd and aromatic-
ity. Therefore, the DOM from the decomposition of milk
vetch and rice straw increased the richness and com-
plexity of DOM molecules in the solution containing
FB, especially lignins/CRAM and protein/amino sugar,
which promoted the adsorption and fixation of Cd.

3.7 Environmental implications

In recent years, the trend of Cd pollution caused by soil
degradation of agricultural land in southern China has
increased. The important reason for the degradation
of farmland was the emphasis on use rather than nour-
ishment, and the means of farmland nourishment were
seriously inadequate. Moreover, the management of
Cd-contaminated soil was only focused on remediation,
ignoring the endogenous regulation function of the soil.
For example, although the meta-analyze has shown that
the application of biochar can inhibit the uptake of Cd
by various crops and has persistent remediation effects
on soil Cd (Duan et al. 2023), long-term application of
biochar may have adverse effects on the soil environ-
ment. This is primarily due to its non-specific adsorption
characteristics, which can lead to issues like salinization.
Ultimately, these adverse effects can hinder crop growth
(Wang et al. 2020). Thus, it was essential to seek the
path of simultaneous soil Cd pollution treatment and
fertilization.

Substantial crop straws are harvested in China, yet
the overall utilization efficiency is low and the phenom-
enon of resource wastage is severe (Jin et al. 2023; Ren
et al. 2019). Thus, enhancing the integrated utilization of
crop residues is significant. Previous researchers found
that returning RS to the field not only reduced air pollu-
tion caused by straw burning, but also returned consider-
able amounts of nutrients to the soil and improved crop
production (Yang et al. 2019; Zhou et al. 2023). Mean-
while, co-utilizing MV and RS is an innovative strategy
in southern China to enhance their decomposition and
consistent release of significant DOM into the soil for
agricultural benefits (Zhou et al. 2020a). This study pro-
vided the vital evidence that the Cd(II) sorption was
largely strengthened through adding the DOM derived
from the co-decomposition of MV and RS, which might
offer potential for the remediation of Cd-contaminated
soil by combined green manure, rice straw, and passi-
vated material in paddy fields. Furthermore, the supe-
rior Cd(II) adsorption performance of FB has achieved
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high adsorption efficiency at lower dosages compared to
previous studies, reducing the potential negative effects
associated with large-dosage application of biochar (Sui
et al. 2021; Sun et al. 2022). From another perspective,
the improvement of different physicochemical properties
of soil by co-using milk vetch, rice straw, and iron-modi-
fied also reflected its adaptability and superiority on soil
fertilization.

4 Conclusion

This study showed that co-incorporating milk vetch,
rice straw, and Fe-modified biochar improved soil nutri-
ent, elevated the rice grain biomass, and decreased the
Cd concentration in brown rice, achieving production
without exceeding the safety limit. In addition, the DOM
derived from the decomposition of MR exhibited cer-
tain diversity and complexity, with its main components
(lignin/carboxylic-rich alicyclic molecules and protein/
amino sugar) potentially involved in the adsorption of Cd.
Correspondingly, Fe-modified biochar attained more neg-
ative charges, specific surface area, and functional groups
due to the induction of the DOM, which strengthened the
physisorption and chemisorption capacities of Cd(II) on
Fe-modified biochar. Overall, co-using milk vetch, rice
straw, and Fe-modified biochar is a promising practice to
remediate Cd-polluted farmland. Nevertheless, dynamic
soil conditions (e.g., pH, Eh, and microbial activities) at
the field scale may induce interactions between FB and
DOM derived from MR and the subsequent effects on the
mobility of Cd, and thus deserve further study.
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