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Abstract

Magnetic materials as adsorbents for wastewater treatment have attracted considerable
attention because of the ease of separation of adsorbents for reuse. However, the efficient
separation of magnetic materials, particularly nanoscale materials, remains challenging.
Therefore, in this study, we developed an innovative method to enhance the separation
performance of magnetic hydroxyapatite (MP) using melamine sponge (MS) loading. It was
found that, although the magnetic moments of MP decreased from 15.54 emu/g to 11.51 emu/g
after MS loading, MS-loaded MP (MPMS) exhibited better magnetic separation performance
than MP. The analysis of adsorption isotherms suggests that the theoretical maximum
adsorption capacity of Pb** at an initial pH of 4.85 using MPMS was 139.28 mg/g. Combined
with adsorption kinetics and thermodynamics analysis, adsorption was categorized as a
chemical, heterogeneous, and endothermic process. Moreover, in the adsorption mechanism,
cation exchange, electrostatic interaction, dissolution/precipitation, and surface complexation
mechanisms contributed 70.96%, 4.39%, 6.10%, and 18.55%, respectively, to the total Pb*"
removal under the experimental conditions. Hence, we provide a quick and low-cost solution
for enhancing the downstream separation of magnetic adsorbents for reuse.
Keywords: Separation performance; magnetic adsorption; melamine sponge; hydroxyapatite;

heavy metal
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1. Introduction

Approximately 240 Pb mines have been mined worldwide, many of which have been
abandoned in recent decades after mining depletion [1]. Pb?** released from these abandoned
mines to the environment by leaching poses severe environmental hazards and public health
concerns [2] because of the non-degradability and eco-toxicity of Pb [3]. Hence, the removal
of Pb from wastewater is essential. Different technologies can be used to control Pb in Pb-
contaminated wastewater including adsorption [4], membrane separation [5], catalysis [6], and
co-precipitation [7]. Owing to the recyclability of Pb?", it appears that adsorption-based
magnetic separation for Pb?>" removal is more promising in the context of a circular economy
for environmental protection and resource recycling [8]. The magnetic materials after Pb**
adsorption can be rapidly screened from wastewater by employing an external magnetic field,
thus recycling both magnetic materials and Pb [9].

To minimize the energy consumption for magnetic material recovery, the preparation of
magnetic materials can be optimized to facilitate downstream separation [10, 11]. For example,
preparing magnetic materials using the sol-gel method [12] can enhance the crystallinity of
magnetic materials and thus achieving saturated magnetism, resulting in high-efficiency
downstream separation with low energy consumption. However, the preparation conditions
used in the sol-gel method are very strict, leading to high costs and low practicality [12]. For
magnetic material preparation, Fe3O4 is generally selected as the functional chemical. Doping
Co and Mn into Fe3;04 were found to improve the separation performance of magnetic material
[13]. However, as heavy metals, Co and Mn have definite environmental risks, which restrict

their practical application to enhance magnetic material separation [14]. Hence, improving the
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separation performance of magnetic materials is still a challenging task.

When magnetic materials are used for adsorption, magnetic crumbs are used to enhance
the specific surface area for better contaminant adsorption. Thus, the downstream separation of
magnetic crumbs determines the efficiency of magnetic material separation [15]. The separation
performance of a magnetic crumb is poorer than that of a magnetic block with the same mass
under the same external magnetic field. Therefore, an increase in the density of magnetic
materials per unit volume can improve the separation performance of magnetic materials. Thus,
if a method to increase the density of magnetic materials, particularly in the form of crumbs,
can be established without compromising their specific surface area for contaminant adsorption,
the downstream separation efficiency can be improved to reduce energy consumption.

Therefore, in this study, we aimed to develop a method to increase the density of magnetic
materials by modifying a melamine sponge with magnetic hydroxyapatite (MPMS) for Pb**
removal. We developed a new magnetic material with hydroxyapatite (HAP) as an effective
chemical for Pb*" adsorption, Fe;O4 as the functional chemical for magnetic separation, and
melamine sponge (MS) as a carrier to increase the density of magnetic materials [16-18]. This
study addresses four scientific questions: (1) the impact of bulk density on the separation
performance of magnetic materials, (2) the effect of MS on the physicochemical properties of
magnetic hydroxyapatite (MP), (3) the adsorption performance of Pb*>" using MPMS, and (4)
the Pb>* adsorption mechanism.

2. Materials and methods
2.1. Chemicals

Tris-HCI was purchased from Tengzhun Biotechnology Co., Ltd. (Shanghai, China); MS
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was purchased from Baotai Nano Material Co., Ltd. (Zhengzhou, China); FeCls;, CaCl,, and

other chemicals were purchased from Kelong Chemical (Chengdu, China). All the chemicals

used were of analytical grade, and the solutions were prepared with deionized water.

2.2. Preparation of MP and MPMS

The preparation processes for MP and MPMS are shown in Figure 1, and the details are

provided in the supplementary material.

In situ method

PO

MS softening treatment

—

Vacuum 180 °C treatment

Stable MPMS

Figure 1. Preparation process diagram of magnetic hydroxyapatite (MP) and melamine sponge

with magnetic hydroxyapatite (MPMS).
2.3. Characterization of MP and MPMS

The morphology was observed using scanning electron microscopy (JSM7500F, JEOL,
Japan). The elemental composition was studied by energy dispersive X-ray spectroscopy (EDS,
X-Max 50, Oxford Instruments, UK) and X-ray photoelectron spectroscopy (XPS, Escal.ab
250XI, Thermo Scientific, USA). The chemical properties were studied using Fourier transform

infrared spectroscopy (FTIR, Tensor 27, Bruker, Germany) and X-ray powder diffraction (XRD,

X’Pert PRO, PANalytical Netherlands).
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Other characterizations were performed by thermogravimetric analysis (TGA, SDTA851E,
METTLER, Switzerland), Brunauer-Elmet-Teller (BET, ASAP2460, Micromeritics, US)
method, and vibrating sample magnetometry (VSM, PPMS-0, Quantum Design, US).

2.4. Experiments
2.4.1. Study on separation performance of magnetic materials

MP and MPMS (0.4 g) were placed respectively in a vial with 45 mm height and 22 mm
in diameter, containing 10 mL deionized water. To compare the separation effects of MP and
MPMS, the same 1000 Gs magnetic induction intensity was applied above the vial. The effect
of the MS load on MP separation performance is discussed.

2.4.2. Study on adsorption performance of magnetic materials

For the basic adsorption experiments, the following conditions were set: pH as 4.85,
without adjustment, 0.080 g adsorbent dosage to 50 mL Pb** solution, 3 h adsorption time, 300
mg/L Pb?* concentration, and 25 °C temperature. With single-factor optimization experiments,
the effects of pH (4-7), MPMS dosage (0.040-0.200 g), time (5-2160 min), initial Pb*"
concentration (200-400 mg/L), and temperature (5-45 °C) on the adsorption of Pb*" using
MPMS were studied. The Pb*" concentration in the solution was quantified using an atomic
absorption spectrophotometer (SP-3520AA, Spectrum Instruments, China).

Five cations (Na*, K*, Ca**, Mg?", and Fe’") at 0.05 M concentrations were selected to
interfere with the adsorption of Pb?*" by MPMS. HNOs-5 (pH = 5), 0.1 M Ca(NOs)2, 0.1 M
NaOH, and saturated Ca(OH), were selected as eluents to desorb the adsorbed Pb** by MPMS
for the reuse of MPMS in the following cycle. Ca(OH), was found with the best elution effect

and was thus selected for adsorption-desorption experiments for five consecutive cycles.
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2.4.3. Study on adsorption process of magnetic materials

The adsorption process of Pb?>" by MPMS was studied by adsorption kinetic, isothermal,
and thermodynamic models. Specifically, the adsorption kinetic model was fitted with pseudo-
first-order, pseudo-second-order, and intraparticle diffusion kinetic models. The adsorption
isotherm model was fitted using the Langmuir, Freundlich, Temkin, and D-R models. The
adsorption thermodynamic model was fitted using the van’t Hoff equation.
2.4.4. Study on adsorption mechanisms

In this study, 0.05 M Na* was used as the main interfering cation to judge competitive
electrostatic interactions between the cations and MPMS. Furthermore, the ion exchange of
Ca*" in MPMS with Pb*" in the solution was evaluated using a blank group.
2.5. Calculation

The load factor of MP in MPMS was calculated as follows [19]:

my -mg

= 1
" m, (D
where my and m, are the mass of MS and MPMS (g).
The adsorption capacity of Pb*" by MPMS was calculated as follows [20]:
(Co 'Ce) xV
ST ()
m

where Cy and C. are the initial and equilibrium Pb** concentrations in the solution (mg/L),
respectively, V' is the volume of the experimental solution (L), m is the mass of the MPMS (g).
The contribution rate of Ca** exchange with Pb*" to the overall adsorption of Pb** by

MPMS was calculated using the following formulas [21]:

CrV CyzV
C — C 2+ _ C 2+ _ E _ B 3
ap=nCay -nCajp 7 v (3)
CarM
N, = ——>-100% 4)

me
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where Cag is the number of moles of Ca** for the ion-exchange mechanism (mol), nCazr’*
and nCap’" are the moles of Ca®" in the solutions of the adsorption experiment with Pb?" and
the blank group (mol) without Pb?", respectively, and Cr and Cp are the concentrations of Ca>*
in the adsorption experimental and blank groups (g/L), respectively, V' is the volume of the
solution (L) and M and Mp; are the atomic weights of Ca and Pb (g/mol), respectively, and m.
is the total mass of Pb*" adsorbed by MPMS in solution (g).

This study performed three replicate experiments. Experimental results were represented
by mean values and processed using OriginPro 2016.
3. Results
3.1. Study on the separation performance of MS and MPMS

The magnetic moment is often employed as the dominating indicator of the separation
performance of magnetic materials. Figure 2 shows the magnetism of 0.4 g MP and MPMS,
under the same range of magnetic fields from -20000 Oe to 20000 Oe. After loading MS, the
magnetic moment of MP decreased from 15.54 emu/g to 11.51 emu/g due to less MP per unit
of MPMS. However, as shown in Figure 2, under the same magnetic field conditions, MPMS
showed better separation performance than MP because of the movement of the whole block of
material instead of individual crumbs.

Further, after five consecutive adsorption-desorption cycles, MPMS still maintained a
magnetic moment of 8.80 emu/g, indicating that MPMS still exhibits acceptable magnetism

even after being used five times.
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Figure 2. Magnetism of MP and MPMS within a range of magnetic field strengths.
3.2. Study on the Pb?* adsorption using MPMS

Because MPMS demonstrated better magnetic separation performance, MPMS was
further investigated for Pb** adsorption under different conditions.
3.2.1. pH effects on Pb?" adsorption using MPMS

As shown in Figure 3a, with the pH raised, the adsorption capacity of Pb** by MPMS
increased linearly and reached 136.07 mg/g at a pH of 5.5. Subsequently, with the further
increase in pH above 5.5, the adsorption capacity of Pb?* by MPMS decreased linearly but more
steeply. The adsorption capacity of Pb*" was only 117.66 mg/g at a pH of 7.0. When the pH
exceeded 5.5, white Pb(OH), precipitated in the solution, and the Pb?>* concentration decreased.
The Pb(OH); precipitates blocked the pores of MPMS and thus reduced the active surface area
of MPMS for Pb** adsorption. Moreover, the pH value of the solution showed varying levels of
increase after adsorption, indicating that chemical reactions occurred during the adsorption.

In addition, the Ca®>" concentration in the solution decreased with increasing pH. This is
mainly because HAP has a higher solubility at lower pH, resulting in Ca** release from HAP in
MPMS into the solution. Although the pH affects the Pb>* adsorption capacity, it was found that

the Pb?" adsorption capacity changed by 13.53% when the pH varied from 4 to 7. Thus, the pH
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in the subsequent experiments was not adjusted, i.e., 4.85. At this time, the pH value of the
solution after adsorption was 5.43, which did not reach the threshold of Pb(OH)s.
3.2.2. Dosage of MPMS on Pb?** adsorption

MPMS can provide adsorption sites. The adsorption capacity of Pb?>" by MPMS decreased
with an increase in dosage, whereas the removal rate reached a stable value of 95.20% when
the dosage exceeded 120 mg (Figure 3b). This is because an increase in the dosage of MPMS
reduced the actual adsorption per unit MPMS for a constant Pb** amount [22]. Based on the
removal rate of Pb>* in 300 mg/L Pb?* solution in this experiment, it is recommended to select
dosage of 120 mg MPMS corresponding to a 2.4 g/ MPMS dosage in practice. However, to
better analyze the adsorption process and adsorption mechanism, an 80 mg dosage of MPMS
that could not fully adsorb 300 mg/L Pb*" was chosen for subsequent experiments.
3.2.3. Effects of interfering cations on Pb?* adsorption by MPMS

Figure 3f shows that (1) monovalent cations (Na" and K") exerted the least influence on
the adsorption of Pb?>" by MPMS. When the concentration of Na* and K* was 0.05 M, the
adsorption of Pb** by MPMS was 95.61% and 90.87%, respectively, of that without interfering
cations. (2) The effect of divalent cations (Ca®" and Mg?") on the adsorption of Pb?>" by MPMS
was greater than that of the monovalent cations. The influence of Ca®" was significantly greater
than that of Mg?". The adsorption capacity was reduced by 46.98% in the presence of 0.05 M
Ca?" and by 24.69% in 0.05 M Mg**. (3) The trivalent cation (Fe*") had the greatest negative
influence on the adsorption of Pb*" by MPMS. Its adsorption capacity was reduced to 44.51%
of that without interfering cations.

Previous studies on Pb** adsorption [18] reported that Na*, K*, and Mg?" mainly inhibit
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adsorption by electrostatic repulsion. Ca>" mainly inhibits adsorption through the common ion
effect, and Fe>* mainly affects adsorption by competitive adsorption. The negative interference

of the five cations on the adsorption of Pb?" by MPMS was in the following order: Fe*" > Ca?" >

Mg?" > K*>Na".
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Figure 3. Adsorption performance of Pb** by MPMS. (a, b, ¢, d, e, and f show the adsorption
capacity of Pb** by MPMS under different pH, MPMS dosage, adsorption time, Pb*"
concentration, adsorption temperature, and different interfering cations, respectively).

3.2.4. Pb** adsorption by regenerated MPMS

As shown in Figure S1, among different eluents, Ca(OH) demonstrated the best Pb*"
adsorption capacity by regenerated MPMS. It showed an adsorption capacity of 67.85 mg/g
with 48.13% reduction. Furthermore, after five regeneration cycles and reuse, MPMS still
showed an adsorption capacity of 56.04 mg/g and tended to be stable.
3.3. Study on adsorption process
3.3.1. Adsorption kinetics

In the kinetic model, if the range of the fitting interval exceeds the equilibrium time, the

accuracy of the fitting is negatively affected [23]. Hence, the fitting intervals of the pseudo-
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first-order and pseudo-second-order kinetic models were set to 5-180 min and that of the intra-
particle diffusion kinetic model was set to 5-2160 min. The kinetic formulas for pseudo-first-
order kinetics, pseudo-second-order kinetics, and intra-particle diffusion kinetics are shown in

Equations 5, 6, and 7, respectively [24]:

ki
log(q, - 9,) =log(4.) - 33031 (5)
t 1 t
Co el (©)
q, kg’ q,
g, = kit" + C ©

where ¢ is the experimental time (min), g. and g; represent the adsorption capacity at
equilibrium and at time ¢ (mg/g), respectively, k; is the pseudo-first-order constant (min™), k2 is
the pseudo-second-order constant (g-mg'-min'), k is the intra-particle diffusion kinetic
constant, and C is a constant related to the thickness of the boundary layer.

As shown in Figure S2 and Table 1, the pseudo-second-order kinetic model (R’ = 0.9990)
provided a better fit than the pseudo-first-order kinetic model (R = 0.9868). The theoretical
adsorption capacity (¢g. = 149.03 mg/g) of the pseudo-second-order kinetic model was also
closer to the actual adsorption capacity (gcar = 133.63 mg/g). Hence, based on the pseudo-
second-order kinetic model, it can be hypothesized that the adsorption of Pb** by MPMS is
mainly due to chemical adsorption [22].

The intraparticle diffusion model (Table 2) also shows an ideal fit for the adsorption
process. In the initial stage (k3 = 14.86), Pb*" moved from the solution to the surface of MPMS,
mainly through electrostatic interactions between Pb*" and functional groups such as PO4*" and
OH™ on MPMS [25]. Subsequently (ks = 2.92), Pb>* on the surface diffused into the interior of

the MPMS through the macropores and mesopores. Finally (ks = 0.07), Pb*" was adsorbed to
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the MPMS through the micropores, and as the adsorption proceeded, the slopes in Figure S2¢
decreased gradually as the intercepts increased, indicating that as the adsorption proceeded, the
resistance of the MPMS to Pb?" adsorption increased [26]. Moreover, the fitting line in Figure
S2c¢ did not pass through the coordinate origin, indicating that diffusion was not the only

limiting factor for the adsorption of Pb** by MPMS [27].

Table 1. Pseudo-first-order and pseudo-second-order kinetic model parameters of Pb**
adsorption by MPMS.

Pseudo-first order Pseudo-second order
Parameters et ki By Qe2 ko R2
(mg'g")  (min™) (mg'g")  (g'mg''min”)
MPMS 97.32 0.0202 0.9868 149.03 2.84 x 10* 0.9990
Table 2. Intra-particle diffusion model parameters of Pb*" adsorption by MPMS.
Intra-particle diffusion
Parameters 5 - 60 min 80 - 180 min 210 - 4320 min
k3 C1 R2 k4 C2 R2 ks C3 R2

MPMS 1486 -2.21 09849 292 92.26 09502 0.07 130.64 09198

3.2.2. Adsorption isothermal
The fitting interval of the initial concentration in the isothermal model was set to 200-400
mg/L, and the formulas for the Langmuir, Freundlich, Temkin, and D-R isothermal models are

as follows [28, 29]:

+— (8)

In(q,) = In(Kg) + %ln(ce) )
B= Iz—f (10)

q, = Bln(az) + Bln(c,) (11)
¢ =RTIn(l + 1/c,) (12)
In(q,) = In(q,)-pe (13)

where c. is Pb*>" the concentration of the solution at equilibrium (mg/L), g and g are the
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adsorption capacities at the equilibrium and maximum, respectively (mg/g), K; and Kr are the
Langmuir and Freundlich constants, //n denotes the intensity of the adsorption process, B and
br are the Temkin constants, R is the universal gas constant (8.314 J-mol!-K'!), T is the
temperature (K), ¢ is the Polanyi potential, and £ is the activity coefficient.

Among the models stated above, the Langmuir model is mainly based on two assumptions:
(1) adsorption occurs on the adsorbent surface, and (2) the adsorbent surface is uniform [30].
The Freundlich model is suitable for non-ideal adsorption processes [21]. When //n < 1, the
adsorption reaction was considered favorable. The Temkin model is typically used to evaluate
the relationship between adsorption energy and coverage [31]. The D-R model was primarily
employed to evaluate the adsorption process of microporous structures [32].

Figure S3 and Table 3 show the results of the isothermal models. It can be found that the
Freundlich model (R? = 0.9993) exhibited the best fitting. Hence, the adsorption of Pb*" by
MPMS can be considered heterogeneous on the surface [21]. Because //z in Freundlich < 1,
the adsorption of Pb?>" by MPMS can be considered advantageous. In addition, both the
Langmuir and Temkin constants show a good fit to the adsorption process. From the Langmuir
model, the theoretical maximum adsorption capacity of Pb*’, i.e., gm, by MPMS was 139.28
mg/g. The brin the Temkin model illustrates that the binding energy between Pb*" and MPMS
is about 265.03 kJ/mol [31]. However, the D-R model (R? = 0.7318) for microporous structure-

based materials cannot be used to explain adsorption by MPMS with a mesoporous structure.
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Table 3. Adsorption isothermal model parameters of Pb>* adsorption by MPMS

Isothermal Model Parameters MPMS
gm (mg-g™h) 139.2758
Langmuir constants k. (L-mg™) 0.1912
R? 0.9990
ke (L-mg™) 91.9624
Freundlich constants I/n 0.0757
R? 0.9993
B 9,3529
. oT 11450.3084
Temkin constants
br 265.0330
R? 0.9972
gm (mg-g™h) 131.2534
D-R constants B 5.1 x 10
R? 0.7318

3.3.3. Adsorption thermodynamics
The fitting interval of the temperature in the thermodynamic model was set to 5-45 °C,

and the thermodynamic parameters were calculated as follows [33]:

K.=— (14)
ce
AG” = -RTInkK, (15)
Ink,. = a5’ + as' (16)
e TR TR

where K. is the thermodynamic equilibrium constant, 7 is the temperature (K), g. is the
adsorption capacity at equilibrium (mg/g), c. is Pb** concentration at equilibrium (mg/L), and
R is the universal gas constant (8.314 J-mol!-K™).

As shown in Table 4, AG was less than 0, indicating that the adsorption process was
spontaneous and thermodynamically favorable [30]. 4G gradually decreased with the increase
in temperature. Combining the adsorption results of MPMS at different temperatures (Figure
3d) and 4H value (Table 4), it can be concluded that a higher temperature was conducive to the
adsorption [33]. A4S exceeds 0, indicating that the interface randomness between the adsorbent

MPMS and the adsorbate Pb>* decreased after adsorption [34].
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Table 4. Adsorption thermodynamic model parameters of Pb>* adsorption by MPMS

T(K) AG (kJ mol ) AH (kJ mol ™) AS (J mol'K-")
278.15 -0.20
288.15 -0.65
298.15 -1.04 9.50 35.09
308.15 -1.30

318.15 -1.61

3.4. Characterization of MPMS
3.4.1. Observation of morphologic structure using scanning electron microscopy

Figure S4 shows the morphologies of the MS, MP, MPMS, and MPMS-Pb (after
adsorption). Comparing the morphologies of MS and MPMS, it was found that MP successfully
adhered to the intersection of sponge fibers as the intersection provided more attachment sites
for MP. Comparing the morphologies of MPMS and MPMS-Pb, it was found that the structure
of MPMS remained stable after Pb*>" adsorption, which is consistent with the observation that
no particulate matter peeled off during the experiment. Because MPs are nano-sized, their high
specific surface area conferred by the nanostructure is conducive to the adsorption of heavy
metal pollutants by MPMSs [35].
3.4.2. Elemental composition analysis by EDS, XPS

Figure 4 shows the EDS and XPS spectra of MPMS and MPMS-Pb, and the elemental
compositions are summarized in Table S1. Through EDS, it can be seen that MPs were mainly
located at the intersection of the sponge. Before adsorption, the surface of MPMS was mainly
composed of HAP elements, that is, Ca, O, and P. After adsorption, Pb is observed at the
intersection of the sponge. Thus, MP plays a dominant role in the adsorption of Pb** by MPMS.

In addition, the Ca/P ratio was approximately 1.6 in the virgin MPMS with Ca and P,
mainly from HAP. The ratio of Fe;O4 to HAP was approximately 0.25. Hence, the combination

of MS and MP did not change the Ca/P and Fe3O4/HAP ratios. After Pb** adsorption, the mass
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percentages of Ca and Fe in the MPMS decreased from 11.80% to 3.28% and 15.57% to 10.66%,
respectively, while the mass percentage of Pb increased from 0.00% to 12.44%, indicating that
the Ca and Fe in MPMS may be involved in the adsorption of Pb*" by MPMS.

In the XPS spectrum of MPMS, Cls can be found as C-C (284.80 ¢V), C-N (287.54 eV),
C=N (286.19 ¢V), and N=C-N (288.39 e¢V) [36]. O1s were identified as P-O (531.54 ¢V), P=0
(532.89 eV), and Fe304 (530.84 ¢V) in MP [37]. N1s were identified as C-N=0 (398.64 e¢V),
N-C (399.69 eV), and -NH- (400.64 eV) [38]. The Ca2p peaks were identified as Ca2ps;»a
(347.44 eV), Ca2pina (350.90 eV), Ca2psp (348.54 eV), and Ca2pi2s (351.69 eV) in HAP
[37]. The P2p peaks were identified as P2p3pa (133.24 eV), P2pina (133.94 eV), P2p3ns
(134.64 eV), and P2p128 (135.49 eV) in HAP [37]. The values of 710.94 eV, 724.74 eV, 713.84
eV, and 716.64 eV of Fe2p can be identified as Fe3O4 [39]. These results show that both MS
and MP were present in MPMS, indicating the successful preparation of MPMS. In summary,
MS, Fe304, and HAP retained their original chemical structures after loading MP into MS.

After adsorption, the characteristic peaks of Pb4f increased significantly and were
identified as Pb4f7, (138.95 eV), Pb4fs» (143.75 eV), P-O (144.95 V), and Pb=0 (140.05 eV).
Among them, Pb4fy; and Pb4fs; can be primarily attributed to the adsorption of Pb?* by HAP,
whereas the presence of Pb-O and Pb=0 can be attributed to the reaction of Fe;O4 and Pb**
[39], indicating that both HAP and Fe;O4 played a role in Pb** adsorption. In addition, it was
found that the peaks of Ca2p and Fe2p reduced significantly, whereas that of P2p increased.
Combined with the results of the VSM and subsequent XRD, it can be concluded that (1) ion
exchange between Ca?" from HAP and Pb*" in the solution played a momentous role in the

adsorption of Pb*" by MPMS. Therefore, more P was exposed in the MPMS. (2) The Fe;O4 on
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the surface of the MPMS reacted with Pb?" to produce a small amount of Pb3;Os. This
mechanism for Pb** removal from solution is usually neglected when magnetic materials are
used as adsorbents. However, Fe3;O4 inside the MPMS did not participate in the adsorption
because neither the Fe3O4 diffraction peak in XRD nor the magnetic moments measured by

VSM were detected, and no significant decrease was observed after adsorption.
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340  Figure 4. Energy dispersive X-ray spectroscopy (EDS) mapping and X-ray photoelectron

341  spectroscopy (XPS) spectrum of MPMS and MPMS-Pb.
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3.4.3. Chemical properties analyzed using FTIR and XRD

To evaluate the chemical properties, the functional groups of MS, MP, and MPMS were
tested using FTIR in ATR mode, and the chemical components of MS, MP, MPMS, MPMS-Pb,
and MPMS-Ca (after Ca(OH); recycling) were tested using XRD. As shown in Figure Sa,
obvious adsorption peaks were observed at 811 cm™ in both MS and MPMS, which
corresponded to the unique triazine ring in MS [40]. Furthermore, the broad peak at 3318 cm™,
close to the -OH peak at 3400 cm™!, was mainly attributed to the N-H functional group in MS.
The peaks at 2924 cm™!, 2852 cm™!, 1556 cm™, 1343 cm™!, and 1330 cm™ correspond to -CHo-,
-CHz-, C=N, C-0, and C-H in MS, respectively [40]. It is worth noting that the loading of MP
caused a distinct peak at 1029 cm™' in MPMS, which was caused by the vibration of Fe-O and
P=0 in MP [41, 42], further proving that MP was successfully loaded onto the MS, while
MPMS maintained the chemical properties of both MS and MP.

The XRD results are presented in Figure Sb. As MS is an organic material without a crystal
structure, no XRD diffraction peaks were detected. In MP and MPMS, the peaks of Fe3O4 at
30.10°,35.42°,43.05°, 53.39°, 56.94°, and 62.52° and the HAP peaks at 25.88°,31.77°,46.91°,
49.47°, and 53.14° were detected. While verifying the successful synthesis of MP (Figure 5b),
it was observed that the chemical properties of MP remained intact even after combining with
MS. By comparing MPMS and MPMS-Pb, it can be observed that the peaks of HAP decreased
significantly after the adsorption, while those of Pbio(PO4)s(OH)> appeared correspondingly,
suggesting that ion exchange existed in the adsorption of Pb*" by MPMS. In addition, MPMS-
Ca results imply that, under alkaline conditions, Ca*" in the solution replaced Pb** in the

environment, indicating the ideal recycling potential of MPMS [43].
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3.4.4. TGA and BET analysis

From the TGA results (Figure 5¢), it can be observed that the weight loss of MP at 800 °C
was only 1.18%, as MP primarily comprises inorganic HAP and stable Fe3O4. In contrast, MS
and MPMS started to show significant weight loss when the temperature exceeded 200 °C. The
weight loss of MPMS in the temperature range of 200-600 °C can be ascribed to the thermal
degradation of MS and loss of bound water [38]. When the temperature increased to 609.5 °C,
MS was completely pyrolyzed. At 800 °C, the weight loss of MPMS was 19.77%, which is
consistent with the MS content in MPMS.

The BET results for MS, MP, and MPMS are shown in Figure 5d, Se, and Table S2. The
isotherms of the three materials mentioned above are all type IV, which corresponds to the
capillary phenomenon of porous materials. Owing to the doping of the narrow MP, the
hysteresis loop of the MPMS changed from H3 to H4 type [41]. From the pore size distribution
shown in Figure Se, it can be seen that the pores were mainly mesoporous. After MP was loaded
onto MS, the specific surface area increased from 4.56 m?/g of MS to 48.23 m?/g of MPMS.
Meanwhile, the pore volume and size increased from 0.01 cm?/g to 0.27 cm?/g, and 11.81 nm
to 22.08 nm, respectively. Therefore, the loading of MPs increased the dispersion of the internal

structure of the MS.
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Figure 5. Characterization of MS, MP, and MPMS using Fourier transform infrared
spectroscopy (FTIR), X-ray powder diffraction (XRD), thermogravimetric analysis (TGA),
and Brunauer-Elmet-Teller (BET) method.

4. Discussion
4.1. Effects of MP loading to MS on magnetic separation performance
Although loading MP to MS reduced the magnetic moments of MPMS as the magnetic
material per unit mass decreased, the magnetic separation of MPMS was higher than that of MP
at the same magnetic field strength. Interestingly, magnetic materials exhibit diametrically
opposite results in terms of their magnetic moments and magnetic separation performance.
The magnetic flux can be calculated by multiplying the intensity of magnetic induction by
the density of the magnetic induction line [44]. Under the same magnetic induction intensity,
MP, the magnitude of the magnetic flux is positively related to the density of the magnetic
induction line, that is, the density of the magnetic material. In this study, the nanostructure
increased the specific surface area, while it limited the separation performance of the magnetic
material owing to the increase in dispersion. As shown in Figure 6, by loading a nanomagnetic

material on a three-dimensional carrier such as MS, the separation performance of the magnetic
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material can be improved, thus reducing the operating energy consumption. It may not be

suitable to express the separation performance using the magnetic moment.
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MPMS

Figure 6. Comparison of magnetic separation performance of MP and MPMS at the same
magnetic field strength.

4.2. Cation exchange on adsorption of Pb** by MPMS

The surface of HAP in the MPMS can provide adsorption sites. From the pseudo-second-
order kinetic model, XPS, and XRD analysis, Ca*" in MPMS could be exchanged with Pb*" in
solution, which can be expressed by the following formula [22]:

Cayo(PO4)s(OH); + XPb*" > Cajg,Pby(PO,)s(OH), +xCa®* W)

To verify and quantify the cation exchange between Ca*" and Pb** during adsorption by
MPMS, a control experiment was carried out. Under the same experimental conditions, the Ca**
concentration was measured before and after Pb*" addition. The results showed that the Ca**
concentrations of the control without Pb** and the experiment with 300 mg/L Pb*" were 1.54
mg/L and 19.43 mg/L, respectively. Through calculations using Eq (3-4), the cation exchange
between Ca’* and Pb** was found to contribute 70.96% of the total adsorption, indicating that
cation exchange is the main mechanism for the adsorption of Pb** by MPMS.
4.3. Electrostatic interaction on adsorption of Pb** by MPMS

When H" is present in the solution, HAP and Fe3Os can interact with H' as follows [3, 45]:
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=PO+H" < POH (18)

=CaOH, <> CaOH + H' (19)
=FeOH + H" <> FeOH, (20)
=FeOH < FeO + H' 1)

When the pH is between 1 and 7, Pb*", Pb(OH)", and Pb(OH), are the main forms of Pb
in the solution, and equilibrium can be established at different pH values. At pH <5, Pb in the
solution mainly exists as Pb>*, which can be adsorbed by cation exchange, as discussed above.
AtpH > 5, Pb** begins to be converted to Pb(OH)". At pH > 5.5, the Pb in the solution gradually
converts to Pb(OH), precipitates. For MPMS, when pH < 5, the surface is mainly positively
charged owing to =CaOH," and FeOH?*, which can reduce the adsorption of Pb*" through
electrostatic repulsion. At pH > 5, the positive charges of =CaOH," and FeOH?" were reduced
because of the new equilibrium with a more neutral =POH. Hence, as the electrostatic repulsion
decreased, the adsorption capacity of MPMS to Pb?" gradually increases.

Furthermore, when a large number of electrostatically repulsive cations are present in the
solution, the electrostatic interaction is suppressed. Based on this theory, from the results of Na*
in the interfering ion experiment, it can be calculated that the ratio of electrostatic interactions
in the MPMS adsorption of Pb** is only 4.39%.

4.4. Dissolution/Precipitation on adsorption of Pb2* by MPMS

In the control experiment, 1.54 mg/L of Ca?" was leached into the solution. Thus, it can be
inferred that HAP can release Ca*>" and PO4+™ into the solution through ionization [46]. Leached
PO4* can form Pbs(PO4), precipitates with Pb?* in the solution, reducing the Pb** concentration

[47]. However, no obvious Pb3(PO4), diffraction peaks were detected. Therefore, the



439  dissolution/precipitation mechanism is not feasible for Pb?" adsorption. After calculating the
440  cation exchange, the dissolution/precipitation mechanism only contributed approximately 6.10%
441 of the total Pb*" removal by MPMS.

442 4.5. Surface complexation on adsorption of Pb?* by MPMS

443 Recent studies have shown that cations can undergo surface complexation reactions with
444 the hydroxyl groups of adsorbents [45, 48]. The surfaces of Fe;O4, HAP, and MS in MPMS can
445  provide complex sites to combine with Pb?>*. From the experimental results, the adsorption
446  capacity of MS without MP for Pb*" was 36.66 mg/g. According to the ratio of MS in MPMS,
447  the contribution of MS complexation to the adsorption was only 5.62%. Combined with the
448  surplus contribution rate of 18.55% from the other mechanisms, the contribution of MP
449  complexation to adsorption was approximately 13.17%.

450 5. Conclusion

451 This study developed a novel method to improve the separation performance of magnetic
452  materials. By comparing the magnetic separation performance of MP before and after MS
453  loading, it was found that the magnetic separation performance of MP was enhanced after
454  loading onto MS, although the loading reduced the magnetic moment of the MP.

455 In addition, it was also found that MS loading has little impact on the physicochemical
456  properties of MP. The loaded magnetic sponge MPMS still exhibited a favorable adsorption
457  performance for Pb**, with cation exchange as the main adsorption mechanism. Loading
458  nanoscale magnetic adsorbents to a three-dimensional structure may become a new direction
459  for magnetic materials. The novel method proposed in this study provides a feasible and cost-

460  effective solution to enhance the downstream separation of magnetic adsorbents for reuse.
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