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ARTICLE INFO ABSTRACT

Keywords: The combination of biochar (BC) and iron minerals improves their pollutant adsorption capacity. However, little
Cadmium is known about the reactivity of BC-iron mineral composites regarding their interaction and change in the pore
Straw biochar structure. In this study, the mechanism of cadmium (Cd) adsorption by BC-iron oxide composites, such as BC
gfg:}}:i};:me combined with ferrihydrite (FH) or goethite (GT), was explored. The synergistic effect of the BC-FH composite

significantly improved its Cd adsorption capacity. The adsorption efficiencies of BC-FH and BC-GT increased by
15.0% and 10.8%, respectively, compared with that of uncombined BC, FH, and GT. The strong Cd adsorption by
BC-FH was attributed to stable interactions and stereoscopic pore filling between BC and FH. The scanning
electron microscopy results showed that FH particles entered the BC pores, whereas GT particles were loaded
onto the BC surface. FTIR spectroscopy showed that GT covered a larger area of the BC surface than FH. After
loading FH and GT, BC porosities decreased by 9.3% and 4.1%, respectively. Quantum chemical calculations and
independent gradient mode analysis showed that van der Waals interactions, H-bonds, and covalent-like in-
teractions maintained stability between iron minerals and BC. Additionally, humic acid increased the agglom-
eration of iron oxides and formed larger particles, causing additional aggregates to load onto the BC surface
instead of entering the BC pores. Our results provide theoretical support to reveal the interfacial behavior of BC-
iron mineral composites in soil and provide a reference for field applications of these materials for pollution
control and environmental remediation.

Quantum chemical calculation

1. Introduction most urgent heavy metal pollutant (Fu et al., 2021). Exposure to Cd,

even at trace levels, can cause serious health issues in humans (Liang

Farmland and water pollution by toxic heavy metals has become a
global concern with the fast-developing manufacturing industry. Heavy
metals such as cadmium (Cd) have become environmental hazards
owing to their high toxicity, non-biodegradability, and widespread ex-
istence in natural and man-made environments (Dai et al., 2021). Cd is
widely used as a raw material in metal smelting, which aggravates Cd
pollution in the soil (Wang et al., 2021). In China, more than 13,000 ha
of land is currently contaminated with Cd, which has been listed as the

et al., 2019), such as cancer, chronic cardiovascular issues, nervous
system diseases, and kidney diseases (Wang et al., 2021). Therefore, it is
necessary to apply an efficient and reliable technique to remove Cd from
soil and soil pore water.

Thus far, various technologies and processes, including adsorption
(Maatar and Boufi, 2015), flocculation (Navarro et al., 2003), sedi-
mentation (Machado et al., 2008), and biological remediation (Suresh
Kumar et al., 2015) have been applied to remove heavy metal ions.
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Among different methods, adsorption has been accepted as one of the
most advantageous techniques owing to its high removal efficiency,
simple operation, and low cost (Ali et al., 2018).

Currently, biochar (BC) adsorption is recognized as an efficient and
economical method to eliminate Cd pollution (Ahmad et al., 2018). The
material produced by the pyrolysis of carbon-containing waste biomass
under oxygen-deficient conditions (O’Laughlin and McElligott, 2009).
The removal of Cd by BC has been previously reported (Yin et al., 2022).
Switchgrass BC produced via hydrothermal carbonization was effec-
tively used in Cd removal (Regmi et al., 2012). Activated Ipomoea BC
can effectively remove Cd from water because of its large specific surface
area and pore volume (Goswami et al., 2016). To sum up, the mecha-
nism of Cd adsorption by BC can be summed as follows: (i) precipitation
by carbonates (CO%‘) and phosphates (POE’;_); (ii) complex formation by
surface functional groups, for instance, OH" and COO~; (iii) exchange
by surface exchangeable cations (K, Ca, and Na); and (iv) coordination
by C=C functional groups (Ahmad et al., 2014; Cui et al., 2016; Park
et al., 2019). However, owing to its own structural defects, the
adsorption capacity of pristine BC is still limited (Jung et al., 2018), and
further modification is needed.

The modification of BC with iron oxide significantly improved its
heavy metal removal ability (Zhu et al., 2020). Iron mineral is a widely
distributed natural nanoparticle found in sediments and soil (Ma et al.,
2019). Ferrihydrite (FH) and goethite (GT) are the most common forms
of iron oxide found in nature and are known to strongly influence the
adsorption and co-precipitation of contaminants such as Cd in the nat-
ural environment (Jing et al., 2021; Ma et al., 2018), especially in the
nano-state. For example, Fe-based nanoparticles could decrease around
80% Cd accumulation in wheat grains (Hussain et al., 2021). Li et al.
(2022) found that soluble Cd in soil was adsorbed or precipitated by Fe
compounds. In addition, heavy metals are bound more firmly to GT than
to soil (Venema et al., 1996). Randall et al. (1999) pointed out that the
mechanism of Cd bonding with iron oxide mineral was inner sphere
bonding, and Cd mainly adsorbs to GT at corner sharing sites on the
(110) crystal plane by the formation of a bidentate complex.

Therefore, iron oxide modified BC attracted substantial attention and
was employed for Cd removal with the advantages of cost effectiveness,
facile availability, and environmental benignancy. The loading of iron
minerals onto the BC surface can improve the specific surface area and
adsorption sites in BC (Yang et al., 2020). For instance, Liu et al. (2020)
found that the capacity for Cd adsorption by BC-iron mineral composites
was significantly higher than that by BC only. Similarly, the BC-FH
composites significantly reduced Cd concentrations in soil pore and
leachate water (Ouyang et al., 2021). Moreover, the coupling effect of
porous BC with nano-iron oxide enhanced the Cd adsorption, and
greatly reduced Cd toxicity (Zhu et al, 2019). The covalent or
non-covalent interactions bonding BC and iron minerals may be vital in
improving Cd adsorption. However, little is known about the Cd
adsorption onto BC-iron mineral composites based on the interactions
between BC and iron minerals. Hence, it is urgent to determine the
mechanism of the interaction between biochar and iron oxide.

Coupling between the surface properties of BC and iron oxides is
assumed to occur based on the findings from research that imply
coupling mechanisms would drastically improve the remediation effi-
ciency. Environmental conditions, such as pH and dissolved organic
matter (DOM), affect the surface charge of both BC and iron oxides,
thereby affecting the environmental behavior of heavy metals. Gener-
ally, pH can facilitate or hinder electrostatic interactions by affecting the
surface charge density or concentration of metal ions in aqueous solu-
tions by affecting metal deposition reactions and ion exchange (Jeffer-
son et al., 2015). In addition to pH, the impact of DOM is another
important factor. Our previous research found that BC can also provide
DOM with a very high humification index (Ma et al., 2022; Qian et al.,
2020). Humus on the surface of iron minerals can improve their
adsorption by changing the ionic charge state, surface roughness, spe-
cific surface area, and other physical and chemical properties of the
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mineral surface (Amini et al., 2020). Humic acid (HA) is the main
component of humus (Liu et al., 2021). When HA adsorbs Cd, it pro-
motes iron minerals to block further movement of Cd through coagu-
lation. However, the effects of DOM on Cd adsorption by BC and iron
oxides are poorly understood.

In this study, we employed BC as the absorbent material and loaded
two different particle diameters of iron oxide (FH and GT) to evaluate:
(1) the Cd adsorption properties of BC, iron oxides, and their complexes;
and (2) the effect of material interaction and changes in pore structure
on Cd immobilization, especially in the presence of HA.

2. Materials and methods
2.1. Preparation and characterization of materials

Commercially available wheat straw-based biochar was used for the
treatment experiments. Solid BC was ground and sieved through 100
mesh (0.15 mm), and used as the finished product. FH and GT were
synthesized according to the procedures described in a previous study
(Schwertmann and Cornell, 2008). Humic acid was extracted using the
alkali/acid fractionation mode (Valdrighi et al., 1996). The humus
(Macklin Biochemical Co., Ltd.) was dissolved in NaOH (pH = 13) by
shaking the mixture at 25 °C for 24 h. After allowing to settle for 12 h,
the mixture was centrifuged for 10 min at 2000 rpm to separate the
solution and the suspended solids. The supernatant was then decanted
slowly, and HA was obtained by titrating the supernatant with HCI to pH
3.0. The HA precipitates were then shaken thrice for 6 h with 0.1 M HCl
and washed with Milli-Q ultrapure water until the electrical conduc-
tivity (EC) was <10 pS. The pH (solid-solvent ratio was 1:5) values of BC,
FH, and GT was measured at 0.05 M CaCl,. The specific surface areas of
BC, GT, and FH as measured by Brunauer-Emmett-Teller N (ASAP2460,
Micromeritics) adsorption isotherms.

2.2. Batch adsorption experiments

Samples (0.1 mg each) of BC, iron oxides (FH and GT), or a homo-
geneous mixture of the BC and iron oxides (in a ratio of 1:1 (w/w)) was
added into gas-tight 50 mL polyethylene centrifuge tubes, to which the
appropriate amount of stock solutions of electrolyte background and
adsorbate ions were added in Ny atmosphere. The volume of the sus-
pension in each tube was 25 mL. The Cd concentrations (added from
CdCl, stock solutions) were 2-200 mg L™ for isothermal adsorption
experiments, and the final electrolyte background concentration was
0.01 M NaCl. After adsorption, the binding form of Cd on solid sub-
stances was extracted by sequential extraction method. The specific
details of the batch adsorption experiments and the modified sequential
extraction procedure can be found in the SI S2.

2.3. Quantum chemical calculation

Optimized molecular structures of BC (Tian et al., 2020) and crystal
structures of FH (Chappell et al., 2017) and GT (Russell et al., 2009)
were constructed to investigate the interactions between BC and iron
minerals. The molecular formulas are shown in a previous study (Liu
et al., 2022). The complex configuration was performed using Molclus
program (Lu, 2021). More than two hundred initial configurations were
built, and each configuration was optimized based on PM 6 using
Gaussian 16 (Frisch et al., 2016). The single-point energy of selected
configuration was then calculated at the B3LYP/6-31G(d) level, in
which the element was adopted as the Lan12DZ basis set. Grimme’s D3BJ
dispersion was used to describe the intermolecular interactions in all the
calculations. Independent gradient mode (IGM) analysis was performed
with Multiwfn (Lu and Chen, 2012).
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Fig. 2. Adsorption isotherms of Cd on BC, FH, and GT [pH 4.0 (a), pH 7.0 (b), and pH 7.0 with 40 mg L'HA(©].

2.4. Analytical techniques

The micromorphological characteristics were investigated using
field-emission scanning electron microscopy (SEM, JSM-7200 F, FEI
Company) coupled with energy-dispersive X-ray spectroscopy (EDS)
mapping of images obtained on a microscope operated at 25 kV. X-ray
photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Scientific) and
Fourier-transform infrared (FTIR, Vertex V80, Bruker) spectroscopy
were used to characterize the surface functional groups, composition,
and combination states of the elements after adsorption. In this study, an
automatic mercury porosimeter (AutoPore 9500, Micromeritics) with
two low-pressure stations and one high-pressure station was used to
examine the porosity.

3. Results and discussion
3.1. Characterization of biochar and iron oxides

The pH values for BC, GT, and FH were 10.1, 8.6, and 7.9, respec-
tively, and their specific surface areas were 2.1 m? g%, 89.0m? g}, and
203.6 m? g1, respectively. The FTIR spectrum of BC showed apparent
adsorption peaks at 3412, 1635, 1380, 1070, and 780 cem! (Fig. 1),
which were assigned to the -OH, -C=0, -C-H, —-C-0, and -CH—CH-
groups, respectively (Ngambia et al., 2019). The synthesized FH and GT
were pure and contained no other impurities; this was confirmed by XRD
and SEM (Fig. 1) as described in our previous study (Chen et al., 2019;

Ma et al., 2018). The synthesized FH was two-line and amorphous, and
the micromorphology showed an ellipsoidal shape (Fig. 1e). The GT
micromorphology was needle-shaped (Fig. 1f, approximately 10 and
100 nm in width and length, respectively) and had a crystal structure,
which was matched with a standard PDF card (Fig. 1c, black line). In a
neutral solution, both FH and GT particles agglomerated to form larger
particles. The SEM images of BC (Fig. 1d), revealed abundant pores and
different pore sizes (from the mesopore level to the micrometer level) on
the rough surface of BC.

3.2. Cd adsorption onto biochar and iron oxides

The adsorption isotherms of Cd onto BC, FH, and GT are shown in
Fig. 2 and the Langmuir and Freundlich adsorption model results are
shown in Table S1. The Cd adsorption onto all adsorbents at pH 7.0 was
higher than that at pH 4.0, which is consistent with the results of Zhou
etal. (2018). At pH 4.0, the order of the Cd adsorption capacity was: BC
(7.09mg g 1) > FH (4.35mg g 1) > GT (0.68 mg g 1) (Table S1). Under
the same pH conditions, the Cd adsorption of BC was markedly greater
than that of GT (Zhu et al., 2020). We inferred that the larger number of
pores in BC is an important reason for its stronger adsorption capacity
compared to that of iron oxides. Previous studies have demonstrated
that heavy metals adsorption onto BC can be improved by optimizing its
pore distribution and surface area (Jin et al., 2014). The high surface
area and pore volume enhance the transfer of Cd to the pores of BC and
provide additional opportunities for metal active sites to bind Cd ion
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Fig. 3. Adsorption isotherms of Cd on BC-FH (a) and BC-GT (b) under the influence of HA (pH = 7.0).

(Trakal et al., 2014). Because the specific surface area of FH was larger
than that of BC, the Cd adsorption capacity of FH was greater than that
of BC and GT.

The Langmuir model (R? > 0.987) had superior fitted results
compared to the Freundlich model (R2 > 0.942) (Fig. 2), which indicates
that the Cd adsorption on these adsorbents tends to be of the monolayer
type. HA increased the adsorption for Cd, and the adsorption capacity of
FH was the highest (20.4 mg g~1), followed by BC (19.7 mg g~ 1), and
that of GT was the lowest (19.5 mg g’l) (Fig. 2 and Table S1). The
presence of HA enhanced the Cd adsorption capacities of these adsor-
bents by 26.1, 44.2, and 122.0%, respectively, compared to those in the
absence of HA. Moreover, after the addition of HA, the difference in the
Cd adsorption capacities of BC, FH, and GT was reduced significantly,
thereby indicating that HA strongly influences the adsorption of Cd.
Park et al. (2017) reported that the presence of HA enhanced the

absorption of Cd by BC at low pH. This was attributed to the HA-coated
BC having more negatively charged surfaces, and less aggregation of BC
particles increased its adsorption sites.

3.3. Cd adsorption onto biochar-iron oxide complexes

The adsorption isotherms of BC-iron oxide complexes on Cd are
shown in Fig. 3, and the relevant fitting parameters are shown in
Table S2. Compared to the Langmuir model, the Freundlich model was
more suitable for describing the adsorption isotherms. To clarify the
synergistic effect between iron oxides and BC, we used the average value
of the equilibrium adsorption capacity of BC and FH for Cd, as the
addition ratio in the composite system was 1:1. The Cd adsorption of BC-
FH (17.1 mg g~ ') was higher than the average adsorption of BC and FH
(14.9 mg g™ 1), and the efficiency was enhanced by 15.0%. Similarly, the

Fig. 4. Morphology and elemental mapping (yellow, Fe; green, O; and blue, Cd) of BC-FH (a), BC-GT (b), BC-FH-HA (c), and BC-GT-HA (d). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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adsorption capacity of BC-GT (12.3 mg g !) was higher than that of BC
and GT (11.1 mg g~ 1), and the corresponding increase in efficiency was
10.8% (Fig. 3 and Table S2). In other studies, compared to single
adsorption, the combined adsorption of heavy metals significantly
increased the oxide binding state, and the adsorption capacity of Cd
increased by 30% (Liu et al., 2020). This may have resulted from the
tight binding in BC-FH and BC-GT, and the synergistic effect of BC and
iron minerals may have improved the oxidation capacity of the mate-
rials; thus, more Cd could have been adsorbed and combined to form an
oxide binding state (Wang et al., 2019). These results indicate that there
was a synergistic effect between BC and iron oxides (Yang et al., 2018).
Humic acid also increased the adsorption of Cd by the BC-iron oxide
complex, and its effect on BC-FH was more significant. In the presence of
HA, the Cd adsorption isotherms were also closely fitted by the
Freundlich isothermal adsorption model [R? > 0.99), showing that the
mechanism of Cd adsorption did not change after HA loading. We
believe that the improvement in the adsorption of the composites was
based on the interaction and bonding modes of the two materials.

3.4. Interaction of biochar-iron oxide complexes

3.4.1. Morphology of biochar-iron oxide complexes

According to the SEM-EDS mapping images, both FH and GT com-
bined and interacted with BC (Fig. 4a and b). The FH particles entered
the pores of the BC, and only some were adsorbed on the surface
(Fig. 4al). Correspondingly, most GT particles were restrained on the
surface of BC (Fig. 4b1), owing to the elongated form of GT. HA ensured
the dispersion of FH, whereas it increased the agglomeration of GT
resulting in the formation of larger particles (Chen et al., 2019), thus

preventing GT from entering the pores of BC and further increasing its
loading on the surface of BC. As shown in Fig. 4 and S1, in the presence
of HA, the FH particles were smaller than those of GT (Ma et al., 2020),
which allowed more FH to enter the pores and increase the loading in-
side the BC pores than that by GT.

3.4.2. Quantum chemical analysis

To further elucidate the interactions between BC and iron oxides,
quantum chemical computations were performed. Based on the pro-
molecular electron density, IGM can be used to investigate interfrag-
ments (8g™) and vividly present weak interaction regions (Lefebvre
et al., 2017; Rayene et al., 2022; Wu et al., 2022b). In this study, 5g™
was used to clarify the interaction regions between BC and the two types
of iron oxides. The prominent repulsive interaction, van der Waals
interaction (Iypw), and strongly attractive interaction (H-bond) surfaces
can be distinguished by colors [blue-green-red (BGR)]. In the colored
scatter maps, every point was matched with a grid point in the 3D space
(Lefebvre et al., 2017; Lu and Chen, 2022). In the BC-FH system, the BC
is almost parallel to the FH (Fig. 5a), result in a large area of interaction
between BC and FH, further producing a strong Iypw (Liu et al., 2022).
The distance of C atoms in the BC molecule between Fe atoms in FH was
short (1.89-2.18 f\) and caused a covalent-like bond interaction. The
hydroxyl group on the benzene ring in the BC molecule tended to
transfer to FH. According to the scatter maps, a larger Iypw angle be-
tween the BC molecule and GT was observed in the BC-GT system
(Fig. 5). Interatomic interactions existed in Fe-O (2.05 ;\), Fe-H (1.11
Z\), and Fe-C (1.90 }o\) (Fig. 5b). Although an obvious peak did not
appear around sign (A2)p = —0.02 to —0.05 (Fig. 5), the C-H group of
benzene formed a very weak H-bond with the O atom of oxygen-bearing
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minerals (Dawley et al., 2012; Wu et al., 2022a). Moreover, the close
atomic distances indicated that covalent-like interactions were likely to
form between atoms. We believe that the Iypw, H-bonds, and
covalent-like interactions maintain a stable combination of iron min-
erals and BC.

3.4.3. Effect of functional groups on interactions between biochar and iron
oxides

The surface oxygen-containing functional groups strongly influenced
the interactions between the surface functional groups of BC and iron
oxides. Quantum chemical calculations only reflected the interaction
between characteristic functional groups on BC and iron minerals, and
the FTIR results made the analysis comprehensive. FTIR spectra of BC
and iron oxides showed that the absorption band in the high wave-
number region was caused by —OH stretching (3423-3444 cm ™) (Wang
et al., 2022) and at lower wavenumbers as a result of Fe-O lattice vi-
bration (approximately 887 em™ D) (Liang et al., 2020). These bands
have been previously reported for pure iron oxides (Chen et al., 2011).
The surface of BC exhibits weak —OH stretching and strong -C-O (1071
em™1), -C-OH (1071 em™), -C=0 (1600 cm™), and -CH=CH- (780
em™ ) stretching (Chen et al., 2008). After the iron oxide loaded onto
surface, the number of carboxyl and hydroxyl groups increased (Fig. 6).
The —-OH and -C=O stretching were strengthened, whereas the ab-
sorption peaks of the -C-0O, C-OH, and -CH—CH- were shifted to lower
frequencies, indicating that these functional groups may be complexed
with iron oxides. During the loading process, the absorption peak in-
tensity of these functional groups on the surface of BC-GT decreased
more than that on BC-FH (Fig. 6). This could be attributed to GT being
more likely to form suspended nanoparticles as well as the presence of a
large mass of GT nanoparticles on the BC surface. This is consistent with
the SEM-EDS results (Fig. 4b2). In the presence of HA, the FTIR spectrum
of the BC-iron oxide complex was similar to that of iron oxides, indi-
cating that HA mainly binds to iron oxides.

3.4.4. Pore structure analysis

The pore size as a function of log differential intrusion is shown in
Fig. 7, and the pore size distributions of BC and iron oxide are listed in
Table S3. The porosity and average pore diameter of the BC were 71.7%
and 234.2 nm, respectively. The porosity and average pore diameter of
BC after FH loading were reduced to 62.4% and 175.6 nm, respectively,
and after GT loading, they were 67.6%, and 133.8 nm, respectively.
Similarly, the specific surface area, total pore volume, and total pore
area of BC were also reduced after FH and GT were loaded. The porosity
of BC decreased significantly with FH loading (9.3%) compared to GT
loading (4.1%) (Fig. 4). This is consistent with the SEM-EDS results. The
reduction in these parameters indicates that iron oxides entered and
blocked some of the pores of BC, and that the plugging effect of FH on BC
pores was greater than that of GT. According to the above quantum
chemical calculations (Fig. 5), we believe that the strong Iypy generated
by the almost parallel crystal structure between BC-FH molecules is an
important factor that leads to a higher BC pore clogging rate than that of
GT. Moreover, the porosity, average pore diameter, total pore volume,
and total pore area of BC increased after HA loading. We inferred that
this was caused by impurities such as salt and fine carbon particles, in
the macropores of BC being successfully “cleaned” through complexa-
tion or ligand exchange after the addition of HA (Gong et al., 2020; Niu
et al., 2021). Compared with the BC-iron oxide complex, the pore size
distribution characteristics were further reduced when HA was present,
which was caused by the agglomerate formation that further blocked the
pore structure of BC. As shown in Fig. 7, the peak of the pore size dis-
tribution curves shifted to the left (small pore size) after the addition of
HA. These results further proved that the agglomerates of BC-iron oxides
were formed, and that the agglomerates preferentially blocked the
macropore size of BC.

In brief, FH and GT combined and interacted with BC. Most of the FH
particles entered the pores of BC and thus blocked them, whereas GT
particles were mostly loaded on the surface of BC owing to their larger
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Fig. 8. XPS high resolution spectra of BC, iron oxides (FH and GT), and their complexes (BC-FH and BC-GT) on C 1s (a-c), Fe 2p (d-f), and Cd 3 d (g-i) adsorption

rates and the effect of HA, respectively (pH = 7.0).

morphology. The quantum chemical calculations and infrared analysis
fully reflect the interactions between the characteristic functional
groups and iron minerals on BC as well as the influence of the in-
teractions between functional groups. The interactions of Iypw, H-bonds,
and covalent-like interactions maintained a stable combination between
BC and iron minerals. Moreover, HA ensured the dispersion of FH,
whereas it increased agglomeration of GT. Stable interactions and ste-
reoscopic pore filling occurred between BC and FH.

3.5. (Cd binding on biochar-iron oxides

3.5.1. XPS analysis of adsorbed Cd on biochar-iron oxide complexes

To further explore the removal mechanism of Cd, high-resolution
XPS of C 1s, Fe 2p, and Cd 3 d was performed on BC, FH, GT, and
their complexes before and after HA loading (Fig. 8 and S2). Peaks of C
1s high-resolution spectra appearing at binding energies of 288.5, 286.1,
and 284.8 eV were characteristic peaks of O-C=0, C-O, and C-C,
respectively (Singh et al., 2014). The total C 1s photoelectron spectral
intensity weakened as FH and GT were bound on the surface of BC, and
the C-O and O-C—0 peaks were reduced significantly. This confirmed
that chemical interactions occurred between BC and iron oxides. Based
on the obtained C 1s envelope, after FH and GT were loaded onto BC, the
relative content of C-O increased by 44.7% and 27.6%, respectively, and
the content of O-C—=O0 decreased by 28.5% and 14.4% (Fig. 8 and S2),
respectively. The results showed that iron oxides mainly interacted with
the carboxyl groups of BC. This was consistent with previous quantum
chemical analysis results. These changes also occurred after HA loading,
and the effect of HA on FH was more pronounced than that on GT.

The XPS spectrum of BC did not show an Fe photoelectron signal,
whereas FH and GT had strong Fe 2p photoelectron signals. The Fe 2p

spectrum showed two peaks of Fe 2p3/2 and 2p1/2 at binding energy
positions of ~712.2 and ~725.8 eV (Cui et al., 2021), respectively, for
bulk FH and GT. The observed binding energy difference between 2p3/2
and 2pl/2 was ~13.6, which was confirmed by the iron oxide phase;
more specifically, the Fe,O3, FeOOH, and Fe3t were released by them
(Wang et al., 2017). After HA loading, there was a significant shift in the
position of the peak maxima in the Fe 2p doublet; the binding energy
positions were approximately 710.5 eV (for Fe 2p3/2) and 724.1 eV (for
Fe 2p1/2) (Fig. 8 and S2). The low-binding-energy side of the envelope
accounted for the formation of the lower oxidation state Fe>t ions (Yuan
etal., 2020). This finding indicates a reduction of Fe>* to Fe?", The same
trend was observed when BC was present; the photoelectron spectral
intensity weakened, and the maximum peak was shifted to a low binding
energy position. These oxygen-containing functional groups on the
surface would enhance complexation of Cd.

The adsorbed Cd exhibited varying forms on the adsorbents
following its adsorption at pH 7.0, and mainly Cd>" (405.7 eV and
411.7 eV), Cd (OH), (406.7 eV), and CdO (412.8 eV) forms were
adsorbed (Fig. 8 and S2). The adsorbed Cd on the surface of the iron
oxides and the BC-iron oxide complex was mainly Cd%*, which coordi-
nated with oxygen-containing functional groups (Cui et al., 2021). The
elemental distribution of adsorbed Cd with the Fe distribution was less
than that of the area with the O distribution (Fig. 4b, c and d), indicating
that Cd bonds to O, regardless of its adsorption by BC or iron minerals.
We inferred that the combination of the BC and iron minerals formed a
more complex interwoven structure of oxygen-containing functional
groups (Xie et al., 2020), which enhanced the Cd adsorption. The pore
filling of FH extended the intricate relationship of functional groups into
the pores. Therefore, BC-FH displayed a stronger adsorption capacity for
Cd than that of BC-GT. In the presence of HA, the photoelectron peaks of
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Cd 3 d increased in BC, FH, GT, and their complexes, which indicated an
increased adsorption capacity of Cd which was possibly achieved
through modifying the functional groups (e.g., COOH and/or OH) on the
surface of these adsorbents, intensifying the negative charges on their
surfaces, and increasing the Cd adsorption through complexation and
electrostatic attraction (Zhou et al., 2018). The order of the Cd 3 d peak
area for the bulk materials was FH > BC > GT, and that for the complex
was BC-FH > BC-GT. These results are consistent with those of the Cd
adsorption isotherms. Humic acid promoted the dispersion of FH,
whereas it enhanced the agglomeration of GT, thus HA was more
effective in enhancing the Cd adsorption by BC-FH. Moreover, the highly
aromatic component of HA was strongly hydrophobic, which caused the
hydrophilic Cd to be enriched.

3.5.2. Adsorbed Cd fractions

The BCR results showed that the binding forms of Cd on BC and iron
oxides mainly existed in the water/acid-soluble and exchangeable
fraction (F1), with a relative proportion of more than 92% (Fig. 9). This
corresponds to the existence of Cd in the ion adsorption state of the +2
valency in the XPS analysis. The exchangeable fraction was the most
labile in the environmental samples and was therefore the most
bioavailable and hazardous for the environment. The exchangeable
fraction (F1) of GT was significantly higher than that of FH under all
conditions except when iron minerals were bound to BC. A reducible
fraction (F2, approximately 8%) represented Cd bound to Fe oxy-
hydroxide (Fig. 9). Fraction 3 was mainly composed of Cd bound to
organic compounds, and the proportion of this component is minimal
and can be ignored (Fig. 9). In the presence of HA, the proportion of
Fraction 3 slightly increased, which may have resulted from the
enhanced adsorption of Cd by HA through electrostatic attraction and
complexation (Zhao et al., 2022); this is consistent with the analysis
above. However, the most unstable fraction (F1) always had high pro-
portions (approximate 90%), thereby indicating that these materials
cannot strongly fix Cd. The risk of Cd release into the environment was
high.

4. Conclusion

This study revealed that the synergistic effect between BC and iron
oxides increases the Cd adsorption. The Cd adsorption efficiencies of BC-
GT and BC-FH were increased by 10.8% and 15%, respectively. The Cd
adsorption capacity and enhanced adsorption efficiency of BC-FH were
more pronounced than those of BC-GT because BC was more tightly
bound to FH than to GT. Both FH and GT mainly interacted with the
carboxyl groups of BC, and Iypyw, H-bonds, and covalent-like interactions
maintained a stable combination between BC and iron minerals. Most
FH particles entered the pores of BC, whereas GT particles were
restrained on the surface of BC, especially in the presence of HA. Stable

interactions and stereoscopic pore filling led to a stronger adsorption
capacity of BC-FH for Cd. Moreover, the binding forms of Cd adsorbed
by BC, iron minerals, and composite materials were mainly exchange-
able, whereas the proportion of the oxide-binding state and organic
matter-binding state was relatively low, the adsorption was not strong,
and the adsorbed Cd was easily released into the environment,
increasing the risk of environmental pollution. The effects of various
ions in soil pore environment on Cd adsorption by composite materials
need to be further studied.
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