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Abstract
It is a "kill two birds with one stone" method to convert invasive plants into hydrochar via hydrothermal
carbonization as well as coinciding with 3R rules (reduction, recycling and reuse). In this work, a series of
hydrochars (pristine, modi�ed and composite) derived from invasive plants Alternanthera
Philoxeroides(AP) were prepared and applied to the adsorption and co-adsorption of heavy metals (HMs)
such as Pb(II), Cr(VI), Cu(II), Cd(II), Zn(II) and Ni(II). The results show MIL-53(Fe)-NH2- magnetic hydrochar
composite (M-HBAP) displayed a strong a�nity for HMs, which the maximum adsorption capacity for
HMs were 261.74 (Pb(II)), 252.50 (Cr(VI)), 180.92 (Cd(II)), 163.76 (Cu(II)) and 77.84 (Zn(II)) mg/g
calculated by Langmuir model. This may be because the doping of MIL-53(Fe)-NH2 enhanced the surface
hydrophilicity of hydrochar, which allows hydrochar to disperse in the water within 0.12 s and possessed
excellent dispersibility compared with pristine hydrochar (BAP) and amine-functionalized magnetic
modi�ed hydrochar (HBAP). Furthermore, the BET surface area of BAP was improved from 5.63 to 64.10
m2/g after doing MIL-53(Fe)-NH2. M-HBAP shows a strong adsorption effect on the single HMs system
(52-153 mg/g), while it decreased signi�cantly (17-62 mg/g) in the mixed HMs system due to the
competitive adsorption. Cr(VI) can produce strong electrostatic interaction with M-HBAP, Pb(II) can react
with CaC2O4 on the surface of M-HBAP for chemical precipitation, and other HMs can react with
functional groups on the surface of M-HBAP for complexation and ion exchange. In addition, �ve
adsorption-desorption cycle experiments and vibrating sample magnetometry (VSM) curves also proved
the feasibility of the M-HBAP application.

1. Introduction
Nowadays, the world is facing the challenge of invasive plant encroachment. AP is a malignant invasive
species in China. Every year, governments, especially China, spend tens of billions to control the spread of
invasive species like AP (Li et al. 2013). What AP brings to mankind is not only environmental damage
but also huge economic losses to society. Physical cutting, chemical spraying, biological control and
centralized incineration are the traditional methods to eradicate AP (Powell et al. 2013). Due to distinct
shortcomings, such as consuming a lot of human and �nancial resources, causing secondary pollution,
and releasing a large amount of CO2 to contribute to the global greenhouse effect (Powell et al. 2013,
Rajapaksha et al. 2015, Weidlich et al. 2020), the disposal methods for the reuse of AP are seriously
limited.

According to the 3R strategy and the global carbon reduction goal, it is a "kill two birds with one stone"
method to convert AP into high-value materials such as biochar. Research has con�rmed biomass can
produce a kind of highly aromatic carbon-rich solid material (biochar) after pyrolysis and carbonization
under oxygen-limited conditions (Qin et al. 2022). The biochar displayed high stability and its average
residence time in the soil can reach 1000 years (Wang et al. 2020). In addition, biochar has been widely
used in the �elds of water remediation, for it contains a large number of pore structures and rich
functional groups and possesses a large speci�c surface area (SBET) and excellent stability (Lyu et al.
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2020, Pan et al. 2021, Thi Thu Nhan et al. 2017). However, due to its hydrophobicity, low adsorption
capacity and single composition (Nguyen Thuy Lan et al. 2021, Pandey et al. 2020), the effect of the
adsorption capacity of HMs is relatively poor, and the recovery ability in water is also limited
(Dissanayake et al. 2020). Except for amino and magnetic modi�cation, which could improve the
shortcomings, it is also signi�cant to enhance the dispersibility of the adsorbent. This is because the
dispersibility of adsorbents in the liquid phase increases the accessible surface area(Zhang et al. 2009).
Wang et al. (Wang et al. 2022) demonstrated that excellent dispersibility greatly increased the adsorption
rate and capacity of the adsorbent for bisphenol A. Many methods have been explored to enhance the
dispersibility of adsorbents. Zhang et al. (Zhang et al. 2022b) propose a strategy that enhances the
dispersion and stability of tetraethylene pentaamine (TEPA) via anchoring TEPA with single site Ni (II) in
the pore of the commercial mesoporous silica gel. In addition, in our previous work (Luo et al. 2022), we
prepared amino-functionalized magnetic hydrochar derived from invasive plants, which has a good
adsorption capacity for Cr(VI) (80.58 mg/g) and has a relatively strong physical stability in aqueous
solution, but its poor dispersion in aqueous solution and surface hydrophobicity impel us to further
investigate the adsorption and co-adsorption effect of hydrochar-nanoparticle composites on various
HMs in aqueous solution.

MIL-53(Fe)-NH2 (NM-53) possesses �exible ultrahigh porosity and enormous speci�c surface areas (Fu et
al. 2022, Kim et al. 2018), which made it a signi�cant player in wastewater treatment. Despite all this, it
has fatal defects in aqueous solution, that is, MOFs are easy to deteriorate, agglomerate and oxidize in
aqueous solution (Bhatt et al. 2022), resulting in the inability to give full play to their adsorption capacity.
The biochar-based MOFs composites can not only produce a stronger adsorption effect, but also enable
MOFs to produce a marked effect more stably in water, and improve the hydrophobicity and
agglomeration of biochar in water. Zhu et al.(Zhu et al. 2021) used mushroom waste biochar as the
supporting material of magnetic MOFs nanoparticle phase (UIO-66-2COOH), successfully loaded MOFs
on biochar and applied it to the adsorption of Sb(III) for 56.49 mg/g. Navarathna et al. (Navarathna et al.
2020) decorated biochar with magnetite magnetic nanoparticles, and then MIL-53-Fe was doped on it to
form a dual hybrid and was employed to adsorb and catalytically photodegrade the dye Rhodamine B for
55 mg/g. Up to now, the strategy of enhancing the dispersibility of carbon materials and adsorption
ability for single and mixed HMs wastewater via loading of MOFs has not been reported.

In this work, we successfully prepared hydrochar via hydrothermal carbonization (HTC). The hydrochar
was amine-functionalized and magnetized and used NM-53 to dope on the surface of HBAP to obtain a
highly hydrophilicity MOFs-hydrochar composite. This strategy not only further improves the adsorption
capacity of hydrochar regardless it is in the single and mixed HMs contaminated water but also the
limitations of the adsorbent in water, such as poor dispersion and agglomeration. Mover importantly, this
method makes rational use of invasive plants, realizes the 3R strategy, and achieves carbon
sequestration to some extent.

2. Experiment
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2.1. Feedstocks and reagents
The AP was collected from the Chengdu University of Technology and was washed with deionized water
for 3 times, then it was crushed by a grinder into 60 mesh powder. 

2.2. Characterization 
The characterization technologies used in this paper and the type and country of the machines are shown
in Table S2.

2.3. The preparation of hydrochars
The process of preparing BAP, HBAP and NM-53 mainly referred to previous work (Luo et al. 2022, Zhang
et al. 2022a). The speci�c process is shown in detail in the supplementary materials. To obtain the M-
HBAP composites, 2 mmol NH2-H2BDC and FeCl3·6H2O were added into a beaker containing 40 mL DMF,
then the suspension was sonicated for 15 min until fully dissolved. After that, different masses of HBAP
(0.1-1 g) were added into the suspension and kept sonicated for 10 min. The mixture �nally
was transferred into a 100 mL Telfon-linked autoclave which then was placed into the oven at 150 °C for
12 h. After natural cooling, pour out the supernatant and washed the remaining substances
with methanol several times and dried at 70 °C for 24 h and obtained M-HBAP. The speci�c schematic
representation of the strategy for the preparation of M-HBAP was displayed in Scheme. 1.

2.4. Batch sorption experiments
Stock solutions (1.0 g/L) of Cr(VI), Pb(II), Cu(II), Zn(II), Ni(II) and Cd(II) were prepared by dissolving
K2Cr2O7, Pb(NO3)2, Cu(NO3)2, Zn(NO3)2, Ni(NO3)2 and Cd(NO3)2 in deionized water. An initial evaluation
of the sorption ability of the M-HBAP was investigated with batch sorption experiments. Aqueous
solutions of 50 mg/L of HMs (50.0 mL) at 25 °C were made to study the effects of pH on HMs adsorption
on M-HBAP (50.0 mg), and its initial pH value was adjusted by adding 0.1 M HNO3 and 0.1 M NaOH
solutions. The adsorption process was carried out at 25 ℃, 200 rpm and reacted for 24 h. After
adsorption, the supernatant of the solution was �ltered by a Millipore �lter (0.45 μm). The concentration
of Cr(VI) in the solution was measured by a UV-vis Spectrophotometer (T6 New Century, China) following
1,5-diphenylcarbazide method, and other HMs solutions were measured by atomic absorption
spectrophotometer (GGX-800, China). Other experimental details are shown in the supplementary
material.

3. Results And Discussion

3.1. Characterization
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3.1.1. XRD and FT-IR
The XRD results are shown in Fig. 1(a), where can �nd the characteristic peaks of hydrochars were
located at 14.8° (110) and 22° (002) (Cai et al. 2019a). The �ve characteristic diffraction peaks appear at
30.2° (220), 35.5° (311), 43.2° (400), 57.3° (511) and 62.9° (440) were discovered to be the crystal form of
γ-Fe2O3 (Xiao et al. 2019), respectively. Meanwhile, three re�ection peaks were noticed at 9.2°, 10.4° and
18.6° corresponding to the characteristic peaks of NM-53 (Zheng et al. 2018), respectively, which means
that M-HBAP was successfully prepared. It also demonstrates that the doping of NM-53 would not wreck
the crystal structure of hydrochar. Based on the FTIR spectra (Fig. 1(b)), the characteristic peaks at 3000–
3700 cm− 1 are related to -OH and -NH (Dong et al. 2011). Several obvious absorption peaks appeared at
1560 cm− 1, 1650 cm− 1 and 1253 cm− 1, which could be attributed to C-O and C = O vibration of carboxylic
groups (Xiong et al. 2018)d vibrations of amino groups on benzene rings, while the strength at 1375 cm− 

1and 774 cm− 1 was observed, which were attributed to C-O (Xiong et al. 2018)d vibration of benzene
rings (Gao et al. 2017), indicating that the successful doping of NM-53. Moreover, the peaks at 537 cm− 1

and 582 cm− 1 were assigned to Fe-O vibration (Zhao et al. 2021), 1325 cm− 1 and 1106 cm− 1 were typical
syringyl (S) peaks (Tian et al. 2022), 1415 cm− 1 was attributed to the vibration of the aromatic skeleton
(Son et al. 2018). Moreover, C–H stretching vibration in –CH3 and –CH2 (2933 cm− 1 and 2841 cm− 1), C = 

C and C = N (1604 − 1415 cm− 1) were also observed (Park et al. 2016, Taha et al. 2016). The stretching of
the ionic or chelated carboxylic groups (-COOMe) was found at 1437 cm− 1 (Yang et al. 2014). These
results show that the introduction of NM-53 would enhance the functional groups on M-HBAP, and the
abundant functional groups contained on the surface of M-HBAP are conducive to the removal of HMs.

3.1.2. SEM and BET
It can be seen from Fig. 2(a) that M-HBAP displayed rod-like structures with many particles of uniform
size covered around and on the surface. These particles were cubic on the M-HBAP surfaces, which are
recognized as γ-Fe2O3 and NM-53 crystal particles. Such a structure signi�cantly alleviates the pore
blocking or �llings, improving ion accessibility (Song et al. 2022), and permitting better mass transfer and
diffusion of constituents into the inner iron nanoparticles (Badawi et al. 2021). After the adsorption of
HMs, the surfaces of M-HBAP were found to be covered with a layer of �akes, which con�rmed that HMs
were adsorbed on the surface of M-HBAP. For the co-adsorption of HMs ions, the degree of damage was
greater than that of others. As shown in Fig. S2, the surface elements of M-HBAP changed before and
after co-adsorption, and HMs elements were found in the EDS spectra after co-adsorption. The abscission
phenomenon was found in the SEM images (Fig. S3), in which the skeleton structure of HBAP is directly
exfoliated into smaller and asymmetrical rod-like or thin-layer �akes. This may be because the doping of
NM-53 wrecked the hydrochar structures during the second hydrothermal reaction, resulting in the
abscission of the hydrochar skeleton. This also explains the discovery of many rod-like �akes on the
surface of M-HBAP. These results show that the M-HBAP will lose some porous structures during the
synthesis process, making it easier for HMs to adhere to it. Moreover, it may also be part of the reason for
the enhancement of its dispersion.
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The SBET of the M-HBAP was measured to further explore its pore structures. The N2

adsorption/desorption isotherms were presented in Fig. 1(c), which could be recognized as pseudo-type
IV curves. The SBET of M-HBAP is raised by about 6 times and has a higher pore volume compared with
HBAP, which makes it easier to undergo ions exchange with HMs and promotes diffusion (Table S6).
Before and after the co-adsorption, the SBET of M-HBAP changed dramatically, from 64.10 to 16.20 m2/g,
and so did the pore volume and micropore volume. These phenomena were due to the pore-�lling and
adsorption of HMs ions over the surface of the M-HBAP (Hassan et al. 2022).

3.1.3 Water contact angle
The change of the water drop angle of different materials (BAP, HBAP and M-HBAP) over time is shown in
Fig. 1(d-e). Both BAP and HBAP show obvious hydrophobicity with a CA of over 100°, and not be
immersed in the material with the extension of time (0–20 s). Instead, the M-HBAP shows absolute
hydrophilicity. Within less than 0.2 s, the CA of M-HABP is closed to 0° and completely immersed in the
surface. This shows that the surface of hydrochar changes from nonpolar to polar. The improvement of
hydrophilicity may be attributed to the introduction of more hydrophilicity O-containing functional groups
in the secondary hydrothermal reaction (Sun et al. 2019). The above results show that during the
preparation of M-HBAP, the loaded NM-53 can transform the hydrophobicity of the surface of hydrochar
into hydrophilicity, which is conducive to its full diffusion in HMs solutions, increase its chances of
contact with HMs ions, and �nally improves the adsorption capacity of HMs.

3.2. Adsorption of HMs in single system

3.2.1. Effect of the additional amount of biochar
M-HBAP synthesized by HBAP with different proportions (0.1–1.5 g) was successfully prepared, which
then were applied to the adsorption of Cr(VI) and Pb(II). As shown in Fig. 3(a), with the increased
proportion of HBAP, the adsorption capacity of Cr(VI) and Pb(II) was relatively poor when the additional
amount was 0.1–0.3 g. In addition, the adsorption capacity reached the maximum when the additional
amount of HBAP was 1.0 g. Therefore, 1.0 g was selected as the optimal addition amount for the next
adsorption experiment.

3.2.2. Effect of pH
It can be found from Fig. S4 that the optimum pH of HMs adsorption by M-HBAP was 4, 2, 5, 6, 5, 6
corresponding to Cu(II), Cr(VI), Pb(II), Zn(II), Ni(II) and Cd(II), in which the adsorption capacity for Cr(VI)
was particularly outstanding (45.52 mg/g). The adsorption capacity for Cu(II) and Pb(II) is close to the
maximum when the pH 6, which was attributed to the precipitation of HMs ions. In fact, most of the
articles (> 92%) avoided pH > 7 since the formation of insoluble Pb(OH)2 leads to metal precipitation and
inhibits the adsorption process (Vesali-Naseh et al. 2021). Similarly, the complete removal of Cu(II) when
pH 6 is largely due to its precipitation effect. Therefore, the optimum pH of Pb(II) and Cu(II) was
determined as 5 and 4 in this experiment.
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3.2.3. Adsorption kinetics and isotherms
The adsorption kinetic curve and �tting curve of M-HBAP are shown in Fig. 3(b). and Fig. S6. In the �rst
30 minutes, the adsorption capacity of M-HBAP for HMs increased sharply and the adsorption
equilibrium was basically reached at 300 min. The �nal removal e�ciencies followed the order of Pb(II) > 
Cr(VI) > Cu(II) > Cd(II) > Ni(II) > Zn(II). The adsorption of HMs by M-HBAP has a good �tting effect on the
Elovichs model, demonstrating that the removal of HMs by M-HBAP is not a single mechanism, but
involves a variety of adsorption mechanisms. To further explore the adsorption behavior of M-HBAP, the
intraparticle diffusion model was introduced. As shown in Fig. 3(d) and Table S4, the �tting plot of qt vs

t0.5 for HMs contains multiple linear regions, indicating that the adsorption process is governed by a
multistep mechanism (Liu &Zhang 2022). The adsorption behaviors of HMs by M-HBAP can be described
as three main steps over the whole time range. Stage I (rapid stage, 0–10 min), stage II (slow stage, 10–
300 min) and stage III (stable stage, 300–1440 min). In the rapid stage (also called the �lm diffusion
stage), wherein the metal ions are transported from the bulk liquid phase to the adsorbent surface
through a �lm (Neeli et al. 2020), lots of unoccupied active sites on the surface quickly contact with the
HMs ions when M-HBAP was just added into the HMs solution, thus leading to the sharp increasing
adsorption capacity of M-HBAP for HMs. When most of the active sites on the surface were occupied and
the concentration of HMs in the solution decreased, the adsorption of HMs on the M-HBAP reached the
slow stage, because only a small amount of HMs ions could contact the unoccupied adsorption sites on
the surface of M-HBAP. When all the surface active sites of M-HABP were occupied, it reached a stable
period, that is, the adsorption capacity hardly changes.

The adsorption isotherm parameters and the �tting results of the two models are shown in Table S5 and
Fig. 3(c). When the concentration of HMs was 500 mg/L, the adsorption tends to equilibrium. The reason
for this phenomenon is that with the increase of HMs concentration, the contact probability between M-
HBAP and HMs increases, which is directly re�ected in the increase of adsorption capacity. The slow
increase of adsorption capacity in the later stage is due to the dose of M-HBAP being stationary, and the
number of adsorption sites is �nite. Although the adsorption capacity of M-HBAP was increased, the
residual HMs in the solution were also greatly increased. Therefore, the adsorption rate decreases
gradually. The adsorption data were further �tted by the Langmuir model and the Freundlich model (Fig.
S8). The Langmuir model is better �tted to M-HABP, indicating that the adsorption process of HMs onto
M-HBAP was monolayer adsorption with uniform binding sites, and equal adsorption energies and few
interactions between adsorbed species (Li et al. 2020).

3.3. Adsorption of HMs in mixed system
To make this material widely used in industrial wastewater, its adsorption effect in mixed multi-metal
solution systems (original pH = 5.12) was explored. As shown in Fig. 3(e), the adsorption capacity of all
HMs under mixed conditions for M-HBAP was lower than those under single conditions, suggesting that
competitive adsorption between the HMs actively occurred on the surface of the M-HBAP (Lee &Shin
2021). The adsorption capacity of Pb(II) decreased from 153.77 to 55.78 mg/g, which indicates that
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competitive adsorption has a serious impact on the adsorption of Pb(II). However, the total adsorption
capacity of HMs on M-HBAP has enhanced, which demonstrated that although there existed competitive
adsorption, some functional groups (-OH or -NH) on the surface of M-HBAP are enough to undergo cation
exchange and complexation reactions (Jung et al. 2018), which relatively improved the adsorption
capacity of M-HBAP for HMs. At a relatively low concentration (50 mg/L), the coexisting HMs ions in the
solution promote the adsorption of M-HBAP (Fig. 3(f)), and the removal e�ciency of Pb(II) and Cu(II)
reaches 82% and 78%, followed by Zn(II) (66%), Ni(II) (47%) and Cd(II) (41%), respectively. With the
increase of concentration (100–200 mg/L), although the adsorption capacity increases, the removal
e�ciency also decreases gradually, indicating that a high concentration of coexisting HMs solution could
hinder the adsorption ability of M-HBAP, which is consistent with past work (Fan et al. 2021). In addition,
Taha et al. (Taha et al. 2016) demonstrated that the adsorption of Pb(II) by adsorbent will be inhibited in
the coexistence of Ni(II) and Cd(II), which may be the reason why the removal e�ciency of Pb(II) declined
so rapidly with increasing concentration of coexisting HMs ions. This may also be related to its
adsorption mechanism, that is, M-HBAP shows different adsorption mechanisms in different HMs
coexistence systems, thus affecting its adsorption e�ciency.

3.4. The mechanism of M-HBAP for removal of HMs
The hydrophilicity of M-HBAP makes it more rapidly immerse and uniformly dispersed in water, making
more adsorption sites of M-HBAP contact with HMs. In addition, the improvement of the adsorption
capacity of hydrochar is also attributed to the rich functional groups on the surface. Therefore, we
analyze the adsorption mechanism of M-HBAP through the characterization of XRD, FT-IR and XPS.

3.4.1. XRD and FT-IR analysis after adsorption
The XRD pattern after the adsorption of HMs is shown in Fig. S9(a). It can be seen that the crystal phase
of M-HBAP after the adsorption of Zn(II), Ni(II), Cu(II), Cd(II) and Cr(VI) did not change signi�cantly. The
only change was the decline of characteristic peaks intensity, especially the peaks of NM-53, which
demonstrated that NM-53 doping on the surface of M-HBAP participated in the adsorption reaction. This
result is consistent with the phenomenon observed in the SEM image. Therefore, precipitation or
coprecipitation is not the main way for M-HBAP to adsorb Zn(II), Ni(II), Cu(II), Cd(II) and Cr(VI). However,
lead oxalate (PbC2O4) was found to form on the surface of M-HBAP after adsorbing Pb(II) (JCPDS Card
No.14–0803). Calcium oxalate (CaC2O4) could form on the surface of hydrochar derived from herbs at
low temperatures (100–300℃) (Qian et al. 2016), which explains the formation of PbC2O4 on M-HBAP.
Meanwhile, the slight shifts and decline of characteristic peaks ( -OH, -NH, C = O and C-N) in FT-IR spectra
(Fig. S9(b))of M-HBAP after metal loading also prove that O- and N-containing functional groups have
participated in the complexes with HMs. And the peak of -COOMe and C = C decline greatly suggests that
ion replacement between Me (K(I), Na(I), Ca(II), Mg(II)) and HMs happened (Yang et al. 2014), and a
surface sorption process via functional groups bearing C = C (π-electrons) took place to form cation-π
interactions. Therefore, the adsorption of HMs by M-HBAP is chemical bonding adsorption, which is
consistent with the adsorption kinetic results.
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3.4.2. XPS analysis
The XPS of M-HBAP displayed the following four peaks (Fig. S10): C 1s (72.23%), Fe 2p (2.05%), O 1s
(20.46%) and N 1s (5.26%). As shown in Fig. S11(a) and (b), the chemical states of elements of C and N
were identi�ed by �tting the peaks of XPS spectra in the C 1s and N 1s regions. The C 1s spectra of M-
HBAP were deconvoluted into three peaks at 284.8, 286.02 and 288.62 eV assigned to C-C, C-O and C = O
(Xiao et al. 2019). Signi�cant shifts for these peaks to higher binding energies (Table S7) after the
adsorption of HMs owing to the interaction between functional groups and HMs on the surface of M-
HBAP. For the spectrum of N 1s, the peaks at the junction of 399.17, 400.13 and 400.90 eV are N-H, C = N
and N = N (Deng et al. 2017), respectively. The de�ned N peaks were shifted to higher or lower binding
energies, suggesting the shift of the electronic cloud from nitrogen atoms to HMs and the occurrence of
chelating between N atoms and HMs (Huang et al. 2018, Li et al. 2022). After adsorption, the content of
the N element on the surface of M-HBAP decreased (Table S8), indicating that the chemical bond of the
N-containing functional groups broke during the adsorption process. The results of N1s XPS also
indicated that HMs are �xed on the surface of M-HBAP by complexing.

After adsorption of HMs, new peaks appeared at the 954.50 and 934.00 eV (Cu 2p), 586.78 and 577.15
eV (Cr 2p), 405.3 and 412.1 eV (Cd 3d), 143.86 and 139.05 eV (Pb 4f) (Fig. S10), which further
substantiated the adsorption of Cu(II), Cr(VI), Cd(II) and Pb(II). However, no obvious peaks of Ni 2p and Zn
2p were found in the full spectrum map, which may be because the Zn(II) and Ni(II) were mainly adsorbed
into the interior of M-HBAP, so there was less surface adsorption (Sun et al. 2019).

Pb(II), Cd(II), Ni(II), Cu(II) and Zn(II) existed mainly in cationic ion species except for Cr(VI) which mainly
existed in anion ion species, therefore the mechanisms of HMs in this study should be distinguished
during discussion. The deconvolution of Pb 4f peaks is displayed in Fig. 4(a), which is different from the
Pb 4f peaks centered at 144.1 eV and 139.2 eV in the spectra of Pb(NO3)2 (Lian et al. 2020), suggesting
that the state of Pb(II) changes when it was adsorbed on the surface of M-HBAP. The Pb 4f7/2 spectra
were �tted with two peaks at 139.08 eV and 138.72 eV, which could be assigned to PbC2O4 and Pb(II),
respectively. The existence of typical peaks of PbC2O4 and Pb(II) con�rms that Pb(II) was adsorbed on M-
HBAP, which is consistent with XRD results. The XPS and XRD results suggest that one of the
mechanisms of Pb(II) removal by M-HBAP is chemical precipitation. The Cu 2p XPS spectra of M-HBAP
samples after copper adsorption is shown in Fig. 4(c). The Cu 2p3/2 spectra were deconvoluted into two
main peaks at 933.9 and 935.0 eV, which could be assigned to CuO and CuCO3. Moreover, the N 1s peak
at 400.1 eV was shifted to 400.3 eV corresponding to the peak of Cu-NH, which also con�rmed the
formation of the Cu-N complex (Tang et al. 2019). Since the optimal adsorption condition of Cu(II) occurs
when pH = 4, the mechanism of Cu(II) removal may also be related to H+ in the solution. Neeli et al. (Neeli
et al. 2020) think that one of the mechanisms for Cu(II) removal is ion exchange for H+ which was
adsorbed to the hydroxyl surface groups. The Cd 3d (Fig. 4(d)) existed in two forms at peaks 405.3 and
412.1 eV corresponded to Cd 3d3/2 and Cd 3d5/2, respectively. The Cd 3d5/2 spectra were �tted with two
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peaks at 405.55 and 405.07 eV which could be assigned to Cd(OH)2 or CdCO3. This indicates that
cadmium precipitation occurred on the surface of M-HBAP.

The XPS spectrum of Cr 2p (Fig. 4(b)) was deconvoluted into the 2p2/3 (576.80 and 578.31 eV) and
2p1/2 (586.44 and 587.70eV) binding energies, which correspond to the characteristic peaks of the Cr(VI)
and Cr(III). This demonstrated that Cr(III) was formed on the surface of M-HBAP, that is, Cr(VI) was
reduced to Cr(III) during the adsorption process. Combining the results of N 1s and FT-IR, functional
groups play an important role in the reduction process. Cai et al. (Cai et al. 2019b) hold the view that
functional groups like C = C and C-OH can act as Lewis bases and provide electrons for the reduction of
Cr(VI). At the same time, the electrostatic effect could not be ignored in the adsorption process, for under
low pH conditions, the surface of M-HBAP is positively charged, and -NH, -COOH and Fe2O3 (Li et

al. 2020) can be protonated into -NH2
+, -COOH2

+ and FeOH+ to make Cr(VI) �x on the M-HBAP. More
importantly, zeta potential (Fig. S13) shows that the surface of M-HBAP was positively charged,
indicating that electrostatic attraction plays an important role during adsorption. The high isoelectric
point of M-HBAP may result from the electron donor N–C = O moieties (Betiha et al. 2020).

In conclusion, the obtained M-HBAP has various adsorption mechanisms for different HMs, which was
displayed in Scheme. 2.

3.5. Regeneration performance and VSM analysis of M-
HBAP
As shown in Fig. S12(a), with the increase of recycle times, the adsorption capacity of M-HBAP for HMs
decreased slowly, but its adsorption capacity could still reach 100.56 mg/g, 115.39 mg/g, 40 mg/g, 59.34
mg/g, 72.48 mg/g and 40.15 mg/g which were attributed to Pb(II), Cr(VI), Zn(II), Cu(II), Cd(II) and Ni(II)
after the �ve cycles, which kept 65%, 80%, 43%, 72%, 91% and 73% of the initial adsorption capacity.
These results demonstrated that M-HBAP has an excellent regeneration performance, especially for Cd(II),
which may be related to its unique adsorption mechanism. The magnetization curve of the M-HBAP was
derived with VSM at room temperature. The corresponding VSM curve was shown in Fig. S12(b). The
magnetic hysteresis loop shows the S-shaped curve with a saturation magnetization of 24.16 emu/g and
without remanence, which was su�cient to be separated from the HMs solution by a permanent magnet.
This also suggests that the doping of NM-53 did not destroy the intrinsic magnetism of HBAP. Due to the
loading of non-magnetic NM-53 particles, the saturation magnetization of M-HBAP decreased to a certain
extent. However, it can also be proved that most of M-HBAP can be collected within 5 s from HMs
solution in practical experiments. The excellent regeneration ability and magnetism of M-HBAP could
improve the reuse e�ciency of the adsorbent. Moreover, Table 1 shows the maximal adsorption
capacities (qm) of M-HBAP for HMs compared with other adsorbents reported in recent works. The
adsorption capacity of M-HBAP for HMs was better than other adsorbents to some extent, therefore it has
great prospects in the HMs wastewater treatment.
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Table 1
Comparison of maximum adsorption capacity for Pb(II), Cu(II), Cd(II), Zn(II), Ni(II) and Cr(VI) with other

adsorbents
Adsorbent HMs Maximum adsorption

capacity
References

Carbon nanomaterial-biochar
nanocomposites

Pb(II), Cd(II) 40, 10 mg/g (Liu et al.
2016)

Biochar-magnetic chitosan
composite

Cr(VI) 120 mg/g (Zhang et
al. 2015)

MOF-808-CA Pb(II) 173.3 mg/g (Yang et
al. 2022)

SAC-bentonite composites Pb(II), Cd(II) 100.9, 100.8 mg/g (Niu et al.
2020)

Graphene oxides Cu(II), Zn(II) 104.2, 95.0 mg/g (Yao et al.
2020)

Mesoporous silica-polymer Pb(II), Cu(II), Ni(II) 70.3, 53.45, 40.8 mg/g (Betiha et
al. 2020)

C-
phenylcalix[4]pyrogallolarene

Pb(II), Cu(II), Ni(II) 60.9, 8.1, 16.8 mg/g (Jumina et
al. 2020)

Microplastics Pb(II), Cu(II), Cd(II),
Zn(II)

452.5, 152.7, 224.7, 176.1
mg/kg

(Fan et al.
2021)

Zeolite-supported nanoscale
zero-valent iron

Cd(II), Pb(II) 48.63, 85.37 mg/g (Li et al.
2018)

Mesoporous biopolymer
hydrogel beads

Pb(II), Cu(II), Cd(II),
Ni(II)

21.09, 15.54, 2.47, 2.68 mg/g (Hassan et
al. 2022)

This work Pb(II), Cu(II), Cd(II),
Zn(II), Ni(II), Cr(VI)

261.74, 163.76, 180.92, 77.84,
124.23, 252.50 mg/g

-

4. Conclusion
In conclusion, magnetic hydrochar-MOFs composite with high dispersion and hydrophilicity was
successfully prepared by in-situ hydrothermal synthesis and was applied to remove HMs. All HMs
adsorption onto M-HBAP followed the Elovichs model and the isotherm was better explained using the
Langmuir model. Intraparticle diffusion plots of HMs adsorption involved three main steps corresponding
to the fast stage, slow stage and stable stage. In the mixed heavy metal system, the competitive
adsorption capacity of M-HBAP was as follows: Pb(II) > Cu(II) > Cd(II) > Zn(II) > Ni(II). Compared with the
higher concentration of the mixed HMs solution, M-HBAP shows a better adsorption capacity at low
concentrations. The difference in the uptake mechanism of each HMs has been studied using the XPS
results. Pb(II) adsorption is mainly removed by coprecipitation on the surface of M-HBAP. The removal of
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Cr(VI) mainly involves electrostatic action and reduction reaction. The removal mechanism of other HMs
mainly involves complexation reaction, pore �lling and ion exchange.

Due to the high cost of MOFs, waste such as electroplating sludge and stainless steel pickling
wastewater can be used as raw materials for preparing MOFs in the following work to realize waste
recycling for resource conservation without introducing additional toxic chemicals to produce MOFs.
Moreover, it is feasible to focus on carbon sequestration and emission reduction and to carry out research
on developing hydrochar composite products with high yield, high carbon content and strong stability,
and improve the carbon sequestration capacity of hydrochar composite materials.
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Schemes
Schemes 1-2 are available in the Supplementary Files section. 

Figures

Figure 1
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(a) and (b) XRD and FT-IR pattern of NM-53 and M-HBAP with different hydrochar addition ratios; (c) N2

adsorption-desorption isotherms of M-HBAP before and after co-adsorption; (d-e) The change of water
drop angle of different materials over time (A: BAP, B: HBAP and C: M-HBAP).

Figure 2

SEM images of (a) M-HBAP, (b)-(g) M-HBAP after Pb(II), Cu(II), Zn(II), Ni(II), Cd(II) and Cr(VI) adsorption, (e)
after mixed HMs adsorption.
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Figure 3

(a) Effects of different HBAP additions on the adsorption of Pb(II) and Cr(VI) by M-HBAP; (b) Adsorption
kinetic curve of M-HBAP for HMs; (c) Adsorption isotherm curve of M-HBAP for HMs; (d) Fitting image of
intraparticle diffusion model of M-HBAP adsorbing HMs; (e) Comparison of adsorption capacity of M-
HBAP for HMs in single HMs and mixed HMs system; (f) Effects of mixed HMs solutions with different
concentrations on the adsorption of HMs by M-HBAP.
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Figure 4

Pb 4f (a), Cr 2p (b), Cu 2p (c) and Cd 3d (d) XPS spectra of MFBAP adsorption of Pb(II), Cr(VI),
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