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Abstract 18 

Fe3O4, the  functional component of  magnetic adsorbent for separation, dissolves 19 

readily under acidic conditions, which significantly restricts its application for treatment of 20 

acidic wastewater such as acid mine drainage. Thus  improving the acid resistance of Fe3O4 21 

can expand the application domain of Fe3O4 as absorbents. This study developed a novel 22 

method to improve the acid resistance of Fe3O4 by doping it with graphene oxide (GO). 23 

Specifically, a novel absorbent material, i.e. magnetic GO-hydroxyapatite (PMGO), was 24 

synthesized by Fe3O4, GO, and hydroxyapatite (HAP). The effects of GO load in the magnetic 25 

hydroxyapatite (MP) material on the adsorption capacity and dissolution behavior of 26 

synthesized absorbents (MP without GO and PMGO with GO )at acidic and neutral conditions 27 

with pH from 1 to 8 were investigated. In addition, synthesized materials were characterized to 28 

explore their improved adsorption mechanism under acidic conditions. . It is found that the 29 

increase in GO amount in PMGO reduced the pore size from 21.10 (MP) to 0.41nm (PMGO) 30 

due to the distinct inhibition of self-polymerization of PMGO by GO, leading to the increase in 31 

the specific surface area of absorbent from 84.21 (MP) to 158.72 m2/g (PMGO). Therefore,  32 

the adsorption capacity of PMGO for Pb(Ⅱ) removal increased from 178.40 to 274.73 mg/g. At 33 

pH of 2.06, MP dissolved? MP is tough to recycle, while PMGO still maintained 90.10% 34 

magnetism, suggesting that the addition of GO into MP reduced its dissolution under acidic 35 

conditions. Moreover, , PMGO after 5 cycles of reuse still possessed 97.49 mg/g adsorption 36 



capacity. This study developed a GO doped magnetic absorbent with significantly improved 37 

acid resistance, allowing magnetic adsorbent to be applied under acidic conditions. The findings 38 

have promising application in lead mine industry for lead ion removal from acidic mining 39 

wastewater.     40 
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 42 

1. Introduction 43 

Lead mining is conducted worldwide. It was reported that  there are almost 240 active 44 

mines active but most of them have been abandoned for decades (Zhan et al., 2019). Abandoned 45 

Pb mines have potential environmental risks because they can form acid mine drainage (AMD), 46 

which contains  high concentration Pb2+ and has low pH such as lower than 4  (Vélez-Pérez 47 

et al., 2020). As a harmful heavy metal, Pb can cause anemia, irritability, dizziness and renal 48 

sickness (Bagbi et al., 2016). Thus, removing Pb2+ from acid mine drainage before it is 49 

discharged to the environment is critical to protect public health and ecosystem. 50 

Due to the excellent physicochemical properties, nanomaterials have currently attracted 51 

extensive attention in the fields of electrocatalysis (Ahsan et al., 2021), photocatalysis (Xiong 52 

et al., 2020), cancer (Sanad et al., 2019) and water treatment (Akın Sahbaz et al., 2018). 53 

Through preparing nanometer-sized Fe3O4, nanomaterials possess magnetism, which could be 54 



recycled easily by an external magnetic field (Thanh et al., 2018). Fe3O4, however, easily 55 

dissolves under acidic conditions, resulting in its inapplicability to acidic solutions.  Recently, 56 

it was reported that coating SiO2 onto the Fe3O4 surface reduced the dissolution of Fe3O4 under 57 

acidic conditions (Sun et al., 2016), allowing magnetic materials to be used for the treatment of 58 

AMD for Pb2+ removal. However, SiO2 tends to agglomerate during synthesis. In addition,  59 

due to its limited functional groups, there is no much room to further improve the property of 60 

SiO2 coated magnetic materials h. Developing a new acid resistant magnetic material with more 61 

functional groups and less agglomeration propensity is imperative.      62 

Graphene oxide (GO) has been reported to  have more uniform dispersion in the synthetic 63 

magnetic materials (Fang et al., 2016). Furthermore,  it is able to inhibit the self-64 

polymerization of Fe3O4 (Pudukudy et al., 2019). Thus, it has a broad application prospect in 65 

the field of magnetic materials. Currently, in-situ method has been widely used in synthesizing 66 

magnetic graphene oxide (MGO) (Szymczyk et al., 2019). It is believed that -OH and -COOH 67 

groups of GO could bind with Fe3O4 , and thus reduce the release of Fe3+ under acidic conditions. 68 

Furthermore, -COO- on GO surface (Guo et al., 2016) could play a buffer role to against the 69 

dissolution of Fe3O4 under acidic conditions. To the authors’ knowledge, although there is some 70 

research work on  MGO for water treatment, if GO can inhibit the dissolution of Fe3O4 under 71 

acidic conditions hasn’t been reported. If this proves to be effective,  the potential of GO to 72 



enhance the acid resistance of Fe3O4 will allow a broader application of magnetic materials 73 

particularly under acidic solutions.  . 74 

Therefore, this study aimed to develop a novel method to dope Fe3O4 with GO to improves 75 

both the acid resistance and the functionality of magnetic materials. To allow this GO doped 76 

Fe3O4 materials for Pb2+ adsorption, hydroxyapatite (HAP) was selected in this study due to its 77 

excellent adsorption capacity for Pb2+ (Fan et al., 2019) to modify the property of GO doped 78 

Fe3O4 materials.  Based on this, the newly synthesized MPGO materials were characterized to 79 

understand its adsorption mechanisms and evaluated for its adsorption capacity and reuse under 80 

acidic conditions for Pb2+ removal. The study can make a contribution to the development of 81 

new magnetic adsorbent for Pb2+ removal from acid wastewater.   . 82 

2. Materials and methods 83 

2.1. Chemicals 84 

 Graphite powder was purchased from Shenzhen Turing Evolution Technology (Shenzhen, 85 

China), while FeCl3, FeSO4·7H2O and other chemicals were purchased from Kelong Chemical 86 

(Chengdu, China). All reagents used were analytical grade, and water used was Deionized (DI) 87 

water. 88 

2.2. Preparation of Materials 89 

GO was prepared from graphite powder using the freeze-drying method reported by 90 



Hummer's (Hou et al., 2020). Fe3O4 was prepared by co-precipitation method (Panella et al., 91 

2009), by which Fe3+ and Fe2+ with 2:1 molar ratio was mixed in aqueous ammonia solution. 92 

MP was prepared by in-situ method according to (Thanh et al., 2018).  by which Fe3O4 and 93 

HAP were mixed in a molar (??) ratio of 1:4. MGO was prepared by using a previously reported 94 

co-precipitation method (Luo et al., 2018). PMGO was also prepared by in-situ method, the 95 

dosage of GO was controlled at 0.1 g - 1.0 g. Its preparation process is followed in Table S1 96 

and the schematic diagram is shown in Figure 1. 97 

 98 
Figure 1. Schematic diagram for the preparation of PMGO. 99 

To compare the materials, the synthesis of materials were carried out under the same 100 

conditions and dosage proportions, and the resulting suspensions were washed, dried and 101 

ground into powder for standby application. 102 



2.3. Characterization of synthesized materials  103 

The morphology and size of synthesized materials were analyzed by using scanning 104 

election microscopy (SEM, JSM7500F, JEOL, Japan). An energy dispersive X-ray 105 

spectroscopy (EDS, X-Max 50, Oxford Instruments, UK) equipped with SEM was performed 106 

to analyze the elemental composition of materials. X-ray photoelectron spectroscopy (XPS, 107 

EscaLab 250XI, Thermo Scientific, US) was utilized to study the valence electron structure. A 108 

DXR Smart Raman (Raman, LabRAM HR Evolution, Horiba Scientific, France) was used to 109 

investigate the interaction of bonds. 110 

The structure of materials was characterized by X-ray powder diffraction (XRD, X’Pert 111 

PRO, PANalytical, Netherlands). Thermogravimetric analysis (TGA, SDTA851e, METTLER 112 

TOLEDO, Switzerland) was used to investigate the thermal stability in oxygen-free 113 

environment. The specific surface area was determined by Brunauer-Elmet-Teller nitrogen 114 

adsorption (BET-N2 adsorption, ASAP2460, Micromeritics, US) technique method. Vibrating 115 

Sample Magnetometer (VSM, PPMS-9, Quantum Design, US) was used to evaluate magnetism. 116 

2.4. Pb2+ adsorption by synthesized MP and PMGO materials  117 

PMGO (10 - 150 mg) was dispersed into 50 mL solution with 300 mg/L Pb2+ at 180 rpm 118 

for 3 h. pH from 1 to8), adsorption duration from 5 to 4320 min, concentrations from 200 to 119 

800 mg/L and temperature from 15 to35 ℃ were studied under the condition with 50 mg PMGO 120 



and 50 mL Pb2+ solution at 180 rpm. 121 

To investigate the interference of other metal ions such as Na+, K+, Ca2+, Mg2+, Fe3+ on Pb2+ 122 

adsorption by PMGO,  NaNO3, KNO3, Ca(NO3)2, Mg(NO3)2, Fe(NO3)3 with concentrations 123 

from 0.01 to 0.1 M were prepared for adsorption with Pb2+,studied, respectively.). Different 124 

chemicals were used to study the reusability of PMGO. In all adsorption experiments by MPGO, 125 

MP used as the control to compare the efficacy of addition of GO for improved adsorption under 126 

acidic conditions. . Meanwhile, blank control was used to eradicate the influence of the non-127 

human factors.Residual Pb2+ concentrations after adsorption were measured by atomic 128 

absorption spectrophotometer (AAS, SP-3520AA, Spectrum Instruments, China). To 129 

minimize, . All data presented in this study was the average of triplicate experiments. 2016. 130 

2.5. Calculation 131 

Adsorption capacity (mg/g) of the adsorbents was calculated by using the following 132 

equation (Bagbi et al., 2016):  133 

𝑄𝑄𝑒𝑒 =
(𝐶𝐶0 − 𝐶𝐶𝑒𝑒) × 𝑉𝑉

𝑚𝑚
(1) 134 

Where Qe is the adsorption capacity (mg/g.); C0 and Ce are the initial and equilibrium Pb2+ 135 

concentrations (mg/L.); V is the Pb2+ solution volume (L.); m is the dose of adsorbents (g.). 136 

The role of ion exchange is expressed by the following formula (Thanh et al., 2018):  137 

𝐶𝐶𝐶𝐶𝐸𝐸 = 𝑛𝑛𝐶𝐶𝐶𝐶𝑅𝑅2+ − 𝑛𝑛𝐶𝐶𝐶𝐶𝐵𝐵2+ =   
𝐶𝐶𝐸𝐸 · 𝑉𝑉
𝑀𝑀

−
𝐶𝐶𝐵𝐵 · 𝑉𝑉
𝑀𝑀

(2) 138 



𝜂𝜂 =
𝐶𝐶𝑎𝑎𝐸𝐸 · 𝑀𝑀𝑃𝑃𝑃𝑃

𝑚𝑚𝑒𝑒
∙ 100% (3) 139 

Where CaE is the mole of Ca2+ in ion exchange (mol.); nCaR2+ and nCaB2+ are the moles 140 

of released Ca2+ in the experiment and blank sample (mol.); CE and CB are the concentration of 141 

released Ca2+ in experiment and blank sample (g/L.); V is the solution volume (L.); M and MPb 142 

are the atomic weight of Ca and Pb (g/mol.); η is the role of ion exchange in adsorption; me is 143 

the adsorbed Pb2+ mass of PMGO per unit mass (g.). 144 

Moreover, this study employed the pseudo first-order kinetic, pseudo second-order kinetic 145 

and intra-particle diffusion models to understand the adsorption process (Esfandiari et al., 2020), 146 

Langmuir and Freundlich models were used to comprehend the adsorption mechanism (Ahsan 147 

et al., 2020a), the thermodynamic parameters were calculated by using the Van’t hoff equation 148 

(Islam et al., 2018). The corresponding equations were provided in  the Supplementary 149 

material. 150 

3. Results and discussion 151 

3.1. Characterization of materials  152 

3.1.1. Morphological Characteristic of materials by SEM 153 

Morphologies of MP, PMGO-a (before adsorption) and PMGO-b (after adsorption) 154 

observed under SEM were shown in Figure S1, suggesting nanoscale of these materials. It can 155 

be seen that graphene layer in GO increased the vertical dimension (~ 120 nm to ~ 150 nm), 156 



uniformity and dispersity of PMGO. Nanoscale and ideal dispersity can provide more 157 

adsorption sites for Pb2+, thus improving the adsorption capacity of PMGO. Pb2+ adsorption led 158 

the increase in the vertical dimension (~ 150 nm to ~ 180 nm) of PMGO analogously, which 159 

makes the energy of nanomaterials more stable and tends toward agglomeration, so Pb2+ is 160 

adsorbed successfully on PMGO. 161 

3.1.2. Elemental Composition of materials analyzed by EDS andXPS) 162 

Table S2 shows the elemental contents of MP, PMGO-a and PMGO-b. It can be seen that 163 

the relative content of C increased from 5.64% in GO to 16.55% in PMGO, Furthermore, it is 164 

noted that after Pb2+ adsorption, the relative content of Ca in PMGO decreased while Pb 165 

increased , indicating ion exchange between Ca and Pb in Pb2+ adsorption (Thanh et al., 2018). 166 

As shown in Figure 2a, elements C, O, Ca, Fe and P in PMGO were detected by EDS, and 167 

the successful synthesis of PMGO was verified by XPS. Characteristic signals of C1s (Figure 168 

2b) were recognized as C-C (284.8 eV), C-O (286.4 eV) and C=O bonds (288.4 eV) in GO 169 

(Pudukudy et al., 2019), while O1s (Figure 2c) peaks were ascribed to Fe3O4 (530.0 eV), C=O 170 

(531.5 eV) and C-O (532.8 eV) bonds (Guo et al., 2016). Moreover, Ca2p (Figure 2d, 347.6 171 

eV, 351.2 eV) and P2p (Figure 2e, 133.1 eV, 133.8 eV) peaks (López et al., 2019; Lovón-172 

Quintana et al., 2017) verified the presence of HAP in PMGO.  Figure 2f shows the scan 173 

spectra of Fe2p (724.8 eV, 718.7 eV, 712.4 eV, 710.7 eV), indicating the presence of Fe3O4 in 174 



PMGO (Xu et al., 2019). 175 

 176 
Figure 2. XPS spectrum of PMGO (a represents the total elemental peak, b, c, d, e and f 177 
represent the elemental peaks of C, O, Ca, P and Fe, respectively). 178 

3.1.3. Chemical Properties of materials analyzed by FTIR and Raman 179 

FTIR spectrum can reflect the functional groups of materials. Figure S2 shows FTIR  180 

results. Materials of Fe3O4, MGO, MP, PMGO and PMGO-b all showed the vibration peaks of 181 

Fe3O4 at 580 cm-1 (Cui et al., 2015). Meanwhile, abundant functional groups of GO provided 182 

active sites for the adsorption of Pb2+ by PMGO. 3378 (-OH), 1720 (C=O), 1587 (-COO-) and 183 

1047 (C-O-C) cm-1 were observed in GO loaded materials (Guo et al., 2016). Notably, sulfate 184 

peaks in GO were detected at 576 and 1176 cm-1 (Talla and Wildner, 2019), which proved to be 185 

MnSO4 by XRD analysis. Wen et al. (???)  synthesized a kind of graphene oxide-186 

hydroxyapatite, HAP peaks were observed at 1037, 1452 and 1720 cm-1, and the GO addition  187 

didn’t apparently affect HAP peaks by FTIR (Wen et al., 2014). This phenomenon is consistent 188 



with the peaks of PMGO observed in this study. Compared with PMGO and PMGO-b, the 189 

peaks of PMGO were almost unchanged after adsorption, implying favorable potential for  190 

material recycling.  191 

Figure S3 shows the Raman spectra of GO and PMGO. D and G bands (1359 cm-1, 1597 192 

cm-1) are two well-known peaks of GO. D band can be attributed to A1g symmetry while G 193 

band can be ascribed to the sp2 carbon atoms (Ahsan et al., 2019). It was reported that four 194 

vibrational modes e.g. 219 cm-1, 283 cm-1, 400 cm-1 and 698 cm-1 (Gupta et al., 2002) were 195 

associated with Fe3O4 while three vibrational modes e.g. 599 cm-1, 954 cm-1, 1050 cm-1 (Ulian 196 

and Valdre, 2018) were associated with HAP. Vibrational modes above indicate that Fe3O4 and 197 

HAP still maintain their interactions of bonds after synthesis with their original functions. In 198 

addition, it is noted that the intensity ratio of D to G bands (ID/IG) increased from 1.02 (GO) to 199 

1.68 (PMGO), suggesting that the synthesis of PMGO caused the increased disorders and 200 

defects inGO matrix (Ferrari, 2007). 201 

3.1.4. Material characterization by XRD, BET, TGA, and VSM 202 

XRD spectra of materials GO, Fe3O4, MGO, MP, PMGO and PMGO-b are shown in 203 

Figure 3a and Figure 3b. An obvious signal of GO at 9.19° was observed (Beygmohammdi et 204 

al., 2020), but meanwhile a weak MnSO4 peak was noticed. This is probably from the reaction 205 

between KMnO4 and H2SO4 as these two chemicals were added as oxidizing agents in 206 



Hummer’s method for GO preparation .. The peaks of Fe3O4 and HAP observed in 207 

corresponding spectrograms indicate Fe3O4 and HAP were successfully synthesized in the 208 

MPGO materials (Lu et al., 2000; Thanh et al., 2018; Zhang et al., 2019). The disappearance of 209 

the original peaks of GO is likely eue to the disruption  of monolayer structure of GO during 210 

the ultrasound process, (Ahsan et al., 2019). Notably, the peaks of PMGO-b, especially the 211 

Fe3O4 peaks, were markedly decreased after the Pb2+ adsorption, while the similar reduction 212 

of HAP peaks is probably  due to the adsorption of Pb2+ by HAP in PMGO (Yusoff et al., 213 

2020). 214 

TGA was used to evaluate the approximate composition ratio of material and its thermal 215 

stability in oxygen-free environment. Figure 3c shows the results of TGA for materials GO, 216 

MGO, MP and PMGO. A significant weight loss was observed at temperature range of 153 - 217 

202 ℃, which can be attributed to some labile substances such as bound water. Furthermore, 218 

it was noted that the higher proportions of Fe3O4 and HAP in PMGO materials resulted in less  219 

mass loss rate of material. When the temperature rose to 800 ℃, the weight loss of GO, MGO, 220 

MP, PMGO reached 75.24%, 39.82%, 1.81% and 18.06%, respectively. From these data, it 221 

could be speculated that the weight loss of PMGO were mainly attributed to the oxidation of 222 

GO (Szymczyk et al., 2019). Thus, it could be inferred that the relative content of GO in PMGO 223 

was approximately 20%. 224 



 Pore size, pore volume and specific surface area of materials MP, PMGO, PMGO-b, 225 

MP+GO were measured by BET-N2 adsorption test (Table S3, Figure 3d and Figure 3e). Due 226 

to the load of GO, isotherm was changed from type Ⅱ (MP) (Ahsan et al., 2020b) to type Ⅳ 227 

(PMGO) Li et al., 2011). Specific surface area increased from 84.21 to 158.72 m2/g, while pore 228 

size decreased from 21.10 to 0.41 nm and pore volume decreased from 0.44 to 0.25 cm3/g 229 

after ?????MP, PMGO or what? 谁和谁在比？  GO addition not only inhibited the self-230 

polymerization of PMGO for an increased microporous structure, but also improved its space 231 

utilization rate,. All of these benefit  the improvement of the adsorption capacity of PMGO 232 

(Ahsan et al., 2019). Compared with MP, the specific surface area of MP+GO had almost no 233 

change (84.11 m2/g). However, both pore size and pore volume of PMGO were reduced with 234 

increased specific surface area, indicating the synthesis of PMGO is not to be a simple mixture 235 

of MP and GO. This increased specific surface area is conducive to adsorption capacity 236 

improvement (Cui et al., 2015).  237 

Figure 3f shows the magnetism of PMGO-a (11.62 emu/g), PMGO-c (treatment under pH 238 

= 2.06, 10.47 emu/g) and PMGO-b5 (after 5 cycles of adsorption and recovery, 7.44 emu/g) 239 

byusing VSM.,  PMGO still maintained 90.10% magnetism under acidic conditions and 240 

64.03%magnetism after five-cycle Pb2+ adsorption , implying that PMGO with an enormous 241 

application potential.. 242 



 243 
Figure 3. Material characterization (a and b show the XRD patterns of GO, M, MGO, MP, 244 
PMGO and PMGO-b; c and d show the BET results of MP, PMGO, PMGO-b and MP+GO; d 245 
shows the TGA result of GO, MGO, MP and PMGO; f shows the VSM spectrum of PMGO-a, 246 
PMGO-c and PMGO-b5). 247 

3.2. Optimization of GO content in PMGO and Pb2+ adsorption conditions by PMGO 248 

To provide reference for the subsequent experiments, the effect of GO content in PMGO 249 

on Pb2+ adsorption and adsorbent dosage on the adsorption capacity of PMGO were studied.  250 

3.2.1. Effects of GO content in PMGO on Pb2+ adsorption 251 

The optimal content of GO in PMGO was determined under the condition of 25 ℃, 180 252 

rpm and 300 mg/L Pb2+ solution. The results in Figure S4a indicate that the adsorption capacity 253 

of PMGO reached maximum (e.g. 249.64 mg/g) when 0.2 g GO was added into ?? g of PM 254 

during synthesis. The -COO- functional groups of GO provide active sites for the adhesion of 255 

HAP. The monolayer structure of GO increased the attached quantity of HAP, thus improving 256 

the adsorption capacity of PMGO. When the GO dosage to MPwas higher than 0.2 g, the active 257 



sites of GO for attachment of HAP were saturated. Thus the further increase in GO content 258 

could not increase the adsorption capacity of PMGO. PMGO with 0.2 g GO dosage was selected 259 

for subsequent experiments. 260 

When the pH of Pb2+ solution is higher than 6.00 (Vergili et al., 2013), Pb2+ can combine 261 

with hydroxide to form Pb(OH)2, resulting in the lowered Pb2+ concentration in the solution. 262 

But in this case, Pb2+ is reduced by precipitation instead of adsorption.  To rule out the 263 

possibility of precipitation, pH of the Pb2+ solution before and after adsorption were measured.  264 

It is found that the pH before adsorption (pH = 4.82) and after adsorption (pH = 5.76) didn’t 265 

reach the actual precipitation pH value. Therefore, it is reasonable to believe that Pb2+ removal 266 

is only caused by  adsorption. 267 

3.2.2. Adsorbent Dosage on Pb2+ adsorption  268 

It is believed that Ca2+ in PMGO exchange with Pb2+ in solution. Thus, Pb2+ removal from 269 

the solution could be due to ion exchange.  The more  PMGO means more active sites for 270 

Pb2+ adsorption in the solution. Figure S4b shows the removal effect of Pb2+ under different 271 

dosage. It can be seen that with the increase in the PMGO dosage, Pb2+ removal efficiency of 272 

PMGO increased, but the adsorption capacity on Pb2+ decreased gradually. The relative 273 

exposure of the available active sites is decreased due to the increase of dosage (Asgarzadeh et 274 

al., 2015). 50 mg was thus chosen as the optimum dosage of PMGO for the subsequent 275 



experiments. 276 

To better compare the adsorption capacity of PMGO with some other magnetic materials, 277 

the adsorption capacities of different magnetic materials were listed in Table 1. 278 

Table 1 279 
Adsorption capacity of GO, PMGO and some other magnetic adsorbents on Pb2+ reported in 280 
literature . 281 

Adsorbent Adsorption Capacity, (mg/g) Reference 

Fe3O4-SiO2-TiO2 11.23 
(Esfandiari et al., 

2020) 

PVP modified Fe3O4@SiO2 18.84 
(Wang et al., 

2019a) 

Magnetic Hydrochar 223.14 
(Kazak and Tor, 

2020) 
GO 70.02 ± 5.55 Present study 
M 79.98 ± 7.01 Present study 

MGO 99.64 ± 12.97 Present study 
MP 165.69 ± 5.93 Present study 

PMGO 249.64 ± 1.49 Present study 

The successful synthesis of PMGO is verified by comparing the adsorption capacity 282 

between GO (70.02 mg/g), MP (165.69 mg/g) and PMGO (249.64 mg/g). From  BET analysis, 283 

it is known that the specific surface area of PMGO is about twice of that of MP, corresponding 284 

1.5 times adsorption capacity.  GO increases the adsorption capacity of PMGO primarily 285 

through increasing its active sites. Furthermore, compared with SiO2 cladding, the GO load 286 

makes the material more functional. 287 

3.3. Adsorption capacity and dissolution behavior of PMGO and MP at different pHs 288 

Both HAP and Fe3O4 dissolve easily under acidic conditions, (Deratani et al., 2020; Sun 289 



et al., 2016). However, when they bind with GO, dissolvability could be reduced due to strong 290 

bonds between GO, and HAP and Fe3O4. Thus, Pb2+ adsorption by PMGO   under acidic 291 

conditions with pH from1 to 8 was investigated. In addition, ions such as Ca2+, Fe3+, K+ and 292 

Mn2+ in the solution were measured as well to understand the dissolution behavior of PMGO.  293 

3.3.1. Pb2+ adsorption by PMGO and MP at pH above  4 294 

It is found that  neither PMGO nor MP dissolves when pH ≥ 4. Thus, the adsorption 295 

capacity of PMGO and MP was studied with pH above 4 and results are shown in Figure 4a.  296 

It can be seen that with the increase of solution pH, the adsorption capacity of PMGO gradually 297 

enhanced. When pH is above 5.95, Pb2+ begins to hydrolyzes, which became more serious with 298 

the further increase in solution pH (Vergili et al., 2013). Concurrently, the concentration of Pb2+, 299 

i.e. C0  in Equation (1), was reduced due to the hydrolysis of Pb2+, limiting the adsorption by 300 

PMGO. Compared with PMGO, MP had lower Pb2+  adsorption capacity, which was only 301 

178.40 mg/g. In addition, its Pb2+ adsorption capacity  started to decline from pH of 6.97, 302 

higher than pH of 5.95 for PMGO. This indicates that the addition of GO enhanced Pb2+ 303 

adsorption.  304 

To investigate the dissolution behavior of HAP and Fe3O4, the concentrations of Ca2+ and 305 

Fe3+ in the solution were measured in Pb2+ adsorption experiments by PMGO. The results in 306 

Figure 4b show that Ca2+ concentration increased slowly with the decrease in initial solution 307 



pH, which might be attributed to the increased H+ concentration with the pH decrease. Ca2+ 308 

concentration reached 42.41 mg/L in solution with PMGO and 33.51 mg/L withMP at initial 309 

pH of 3.97. In addition, as shown in Figure 4c, when pH was above3.97, no Fe3+ in solution 310 

was detected, suggesting Fe3+ in PMGO and MP did not dissolve , and. 311 

3.3.2. Pb2+ adsorption by PMGO and MP at pH < 4 312 

When the initial pH of solution was lower than 3.97, MP began to dissolve, and white, 313 

brown precipitates appeared in the solution at initial pH of3.07. At initial solution pH of 2.06, 314 

MP was difficult to be separated from solution by an external magnetic field, indicating the loss 315 

of magnetism of Fe3O4 probably due to dissolution of Fe3O4. In contrast, no precipitates were 316 

observed in the solution with PMGO as adsorbents. Meanwhile, PMGO still maintained 317 

integrity and easy separation property by external magnetic field. As shown in Figure 4d, the 318 

reduction in Pb2+ concentration in solution with MP as adsorbents reached the maximum, i.e.  319 

297.96 mg/L,  at the initial pH of 3.07 while the reduction of Pb2+ concentration with PMGO 320 

as adsorbents was only 143.04 mg/L and it decreased with the increase in the solution initial 321 

pH..  322 

Figure 4e and Figure 4f show the dissolution behavior of Ca2+ and Fe3+ in PMGO andMP 323 

under acidic conditions. At initial solution pH of 3.97, the concentration of Ca2+ in the solution 324 

with PMGO as adsorbents was much higher than that with MP because of the stronger ion 325 



exchange between H+ in the solution and Ca2+ in adsorbents. ,. While at initial pH lower than 326 

3.97, HAP dissolved gradually, and Ca2+ concentration in the solution with MP as adsorbents 327 

was basically same as that with PMGO. As shown in Figure 4f, at initial solution pH of 1.01, 328 

the concentration of Fe3+ in the solution with MP as adsorbents is 58.29 mg/L, which is 329 

significantly higher than 24.34 mg/L in the solution with PMGO as adsorbents, indicating that 330 

Fe in MP dissolved more than in PMGO 331 

 332 
Figure 4. Effect of pH on adsorption capacity and dissolution behavior (a shows the adsorption 333 
capacity of adsorbents at pH of 4 - 8, b shows the concentration of Ca2+ dissolved at pH of 4 - 334 
8, c shows the concentration of Fe3+ dissolved at pH of 4 - 8, d shows the adsorption capacity 335 
of adsorbents at pH of 1 - 4, e shows the concentration of Ca2+ dissolved at pH of 1 - 4, f shows 336 
the concentration of Fe3+ dissolved at pH of 1 - 4). 337 

It was also found that solution  pH after Pb2+ adsorption increased for example from 338 

3.07 to 3.61 with PMGO as adsorbents while  from 3.07 to 4.73 with MP as adsorbents.  339 

3.3.3. Dissolution behavior of PMGO and MP 340 



As shows in Equation (4), with the increase in H+ concentration in the solution, HAP 341 

dissolves  with Ca2+, and PO4
3- in HAP transferred into the solution. This explains why Ca2+ 342 

concentration increased at lower pH and why precipitates of Pb3(PO4)2 (as shown in Equation 343 

(5)) formed to reduce Pb2+ concentration dramatically.   344 

Ca10(PO4)6(OH)2 + 2H+ ↔ 10Ca2+ + 6PO4
3− + 2H2O (4) 345 

2PO4
3− + 3Pb2+ ↔ Pb3(PO4)2 (5) 346 

At initial solution pH lower than 3.07, with the further increase in H+ concentration, the 347 

lattice of Fe3O4 is also being destroyed as HAP, resulting in and a large amount of Fe3+ released 348 

from absorbent to the solution  as shows in Equation (6). Fe3+ concentration in the solution 349 

therefore increased with the decrease in pH. Moreover, Fe3+ is more likely to react with PO4
3- 350 

than Pb2+ as shown in Equation (7). With the increase in Fe3+ concentration in the solution, the 351 

binding of Pb2+ with PO4
3- as shown in Equation (5) was inhibited and and Fe3+ reacted with 352 

PO4
3- to form FePO4. This explains why brown precipitates appeared at initial solution pH of 353 

3.07 with sudden decrease of Pb2+ concentration when MP was used as adsorbents.   354 

Fe3O4 + 8H+ ↔ 2Fe3+ + Fe2+ + 4H2O (6) 355 

2Fe3+ + Pb3(PO4)2 ↔ 2FePO4 + 3Pb2+ (7) 356 

In contrast, the adsorption capacity of Pb2+ by PMGO didn’t fluctuate as drastically as by 357 

MP . Ca2+ concentration due to the increase in H+ only showed a slowly rising trend, and Fe3+ 358 



concentration in PMGO processing solution was also lower than that of MP. No white and 359 

brown precipitates were observed at under acidic conditions because large amounts of -COO- 360 

on GO surface provide buffer role to impede the dissolution of PMGO, i.e. the -OH and -COOH 361 

on GO inhibits the flow of Ca, Fe from absorbents to the solution.  362 

3.4. Kinetic, Isothermal and Thermodynamic models for Pb2+ adsorption by PMGO and 363 

MP 364 

kinetic, isothermal and thermodynamic models are usually used to understand the 365 

physicochemical properties of adsorbents and associated adsorption mechanism (Ahsan et al., 366 

2019). In this part, by comparing the model parameters of PMGO and MP, the adsorption 367 

mechanism of PMGO was explained and its superior performance was proved. 368 

3.4.1. Kinetic Study on Pb2+ adsorption by PMGO and MP 369 

To investigate the effects of adsorption time on adsorption capacity, the concentration of 370 

Pb2+ in solution with different adsorption durations was measured.  Pseudo first-order kinetic, 371 

pseudo second-order kinetic and intra-particle diffusion models were used to fit experimental 372 

adsorption data. Experimental and fitting results are shown in Figure S6, and the adsorption 373 

kinetic parameters are summarized in Table 2 and Table S4. It is found that the pseudo second-374 

order kinetic model (R2 = 0.9972) can better reflect the adsorption than the pseudo first-order 375 

kinetic model (R2 = 0.9723) with the theoretical adsorption capacity (qe,cal, 274.73 mg/g) more 376 



close to the experimental value (qe,exp, 270.02 mg/g). This suggests that the adsorption is mainly 377 

through chemical adsorption (Fan et al., 2019). Interestingly, GO addition does  not only 378 

increase the adsorption capacity (PMGO, 270.02 mg/g; MP, 173.51 mg/g), but also speed up 379 

the adsorption rate. This is because that GO has active adsorption sites for Pb2+ adsorption as 380 

well and thus the addition of GO can increases the total adsorption active sites of PMGO. With 381 

the intra-particle diffusion model, it is observed that the slope decreased and the intercept 382 

increased, suggesting the increased ion diffusion resistance of adsorbents after Pb2+ adsorbing. 383 

Since  the curve displayed with experiment results didn’t pass through the origin of 384 

coordinates, it could be speculated that diffusion isn’t the only speed limiting factor for 385 

adsorption (Ahsan et al., 2019). 386 

Table 2 387 
Adsorption kinetic parameters of Pb2+ by PMGO and MP. 388 

Kinetic model Pseudo first-order Pseudo second-order 

Parameters 
Qe1 

(mg·g-1) 
k1 

(min-1) 
R2 

Qe2 

(mg·g-1) 
k2 

(g·mg-1·min-1) 
R2 

PMGO 254.88 0.0758 0.9723 274.73 1.8 × 10-4 0.9972 
MP 165.11 0.0649 0.9689 178.40 2.3 × 10-4 0.9961 

3.4.2. Isotherm Study on Pb2+ adsorption by PMGO and MP 389 

Isotherm model is usually used to describe the distribution of adsorbates between solid 390 

and liquid phases in equilibrium. The adsorption capacities of PMGO and MP, with 200 - 800 391 

mg/L Pb2+ concentrations at 288.15 K, 298.15 K and 308.15 K, respectively, were investigated 392 



(Figure S7). Langmuir and Freundlich models were used to fit experimental results, and model 393 

parameters are summarized in Table 3. Langmuir model (R2 = 0.9996) gives a better fit than 394 

the Freundlich model (R2 = 0.9424), indicating that the surface of the adsorbents is energetically 395 

homogeneous and independent each other (Thanh et al., 2018). With the Langmuir model, qm 396 

increased gradually with the rise in the reaction temperature, thus, it is inferred that the 397 

adsorption of PMGO is an endothermic reaction. Moreover, 1/n in the Freundlich model is often 398 

used to represent the bond distribution. The smaller 1/n is, the more favorable of reaction is 399 

(Ahsan et al., 2019). In this study, 1/n of both PMGO and MP were less than 1, so both reactions 400 

were favorable under the current conditions. KF is often to express the strength between 401 

adsorbents and adsorbates.  The higher value of KF represents the stronger capacity of the 402 

adsorbents (Fan et al., 2019). In this study,  KF value of PMGO (194.55 mg/g) is higher than 403 

MP (123.36 mg/g), indicating a stronger adsorption capacity. This is consistent with the 404 

adsorption experiments. 405 

Table 3 406 
Adsorption isotherm parameters of Pb2+ by PMGO and MP. 407 

Adsorbent T(K) 
Langmuir constants Freundlich constants 

qm 
(mg·g-1) 

kL 
(L·mg-1) 

R2 
kF 

(mg·g-1) 
1/n R2 

PMGO 
288.15 277.78 0.1237  0.9994  182.9842  0.0669  0.9962  
298.15 284.12 0.1726  0.9996  194.5521  0.0674  0.9424  
308.15 303.03 0.1650  0.9994  201.4417  0.0642  0.8953  

MP 
288.15 185.19 0.0548  0.9994  116.7576  0.0683  0.9571  
298.15 192.31 0.0584  0.9993  123.3591  0.0639  0.9369  



308.15 196.08 0.0612  0.9994  127.7021  0.0650  0.9631  

3.4.3. Thermodynamic Study on Pb2+ adsorption by PMGO and MP 408 

To further understand the adsorption reaction mechanism, standard enthalpy change (ΔH), 409 

standard entropy change (ΔS) and Gibbs free energy change (ΔG) are obtained from the Van’t 410 

hoff equation (Masson et al., 2017) and values are summarized in Table 4. It can be seen that 411 

ΔS is above 0 and ΔS of PMGO is larger than that of MP, indicating the increased randomness 412 

at the adsorbent-adsorbate interface of PMGO for Pb2+ adsorption (Ahsan et al., 2019). ΔH of 413 

adsorbents is above 0 as shown in Table 4 , suggesting that the adsorption is endothermic 414 

(Khatoon et al., 2018) while ΔG is less than 0, indicating spontaneous adsorption . From the 415 

thermodynamic parameters, it can be concluded that the Pb2+ adsorption by PMGO and MP 416 

are thermodynamically favorable, and the increase in temperature is beneficial to the adsorption 417 

(Ahsan et al., 2019).  418 

Table 4 419 
Adsorption thermodynamic parameters of Pb2+ by PMGO and MP. 420 

PMGO MP 

T(K) 
ΔG ΔH ΔS 

T(K) 
ΔG ΔH ΔS 

(kJ mol-1) (kJ mol-1) (J mol-1K-1) (kJ mol-1) (kJ mol-1) (J mol-1K-1) 

288.15 -3.53 

10.58 48.98 

288.15 -0.39 

3.79 14.44 298.15 -4.02 298.15 -0.51 

308.15 -4.51 308.15 -0.66 

3.5. Interference of other metal ions on Pb2+ adsorption by PMGO and recyclability of 421 

PMGO 422 



In the practical application of adsorbents, other cations in wastewater might interfere Pb2+ 423 

adsorption due to the competition for the adsorption active sites. In addition, the high 424 

recyclability of magnetic adsorbents can reduce the absorbent cost. Thus. This part addressed 425 

these two points.   426 

3.5.1. Interference of other metal ions on Pb2+ adsorption by PMGO 427 

As shown in Figure S8, it can be found that: (Ⅰ)Monovalent ions (Na+, K+) have little 428 

influence on the Pb2+ adsorption capacity of PMGO; (Ⅱ)Divalent ions (Ca2+, Mg2+) have a 429 

higher influence than monovalent ions on the adsorption capacity, and the effect of Ca2+ is much 430 

greater than that of Mg2+; (Ⅲ)Trivalent ion (Fe3+) has the most influence among all metal ions. 431 

In general, the influence of cations on Pb2+ adsorption by PMGO can be ranked as: Fe3+ > Ca2+ > 432 

Mg2+ > K+ > Na+, i.e. trivalent ion > divalent ion > monovalent ion. Moreover, similar 433 

phenomenon was also observed in MP anti-interference experiment, but MP’s anti-interference 434 

ability is weaker than that of PMGO. The addition of GO increased the exposed quantity of Ca 435 

in PMGO, and enhanced  ion exchange with H+ in the solution, which thus increased the anti-436 

interference ability of PMGO.  437 

3.5.2. Recyclability of PMGO for Pb2+ adsorption 438 

As shown in Figure S9a, magnetic separation process is widely used in wastewater 439 

treatment because magnetic adsorbents can be separated with an magnetic field for recycling 440 



and thus it can reduce the cost of adsorbents. 441 

Different alkaline eluents were tested for the recycling of PMGO and the results of 442 

recyclability are summarized in Table S5. It can be found that NaOH and Ca(OH)2 eluting led 443 

to ideal recovery performance (94.31 and 137.38 mg/g by PMGO, respectively, while 49.24 444 

and 76.49 mg/g by MP respectively).  445 

Thus, Ca(OH)2 was selected as the elute to regenerate PMGO for five times Each time,  446 

PMGO was recovered by an external magnet after adsorption. From Figure S9b and Figure S9c, 447 

it can be seen that PMGO after 5 cycles still maintained 97.49 mg/g adsorption capacity, ??% 448 

of the original adsorption capacity, while MP only maintained 45.61 mg/g adsorption capacity. 449 

After each adsorption, it was noticed that the mass of adsorbents increased because heavy ion 450 

Pb2+ in the solution replaced Ca2+ in the adsorbents. In addition the quality of adsorbents 451 

decreased after each desorption under alkaline conditions  Pb between -COO- and HAP was 452 

replaced by Ca2+. Similar studies (Ain et al., 2020; Cui et al., 2015) reported that Fe3O4 and 453 

HAP had low desorption efficiency in the solution, thus, it reduced the migration of pollutants 454 

in wastewater to where? . Briefly, PMGO can be used as an effective adsorbent for Pb2+ 455 

removal from acid wastewater and can be reasonably recycled for a certain times. 456 

3.6. The exploration of Pb2+ adsorption mechanism by PMGO and MP 457 

The adsorption mechanisms of heavy metal are complicated, which can be generally 458 



classified into four types (Thanh et al., 2018), i.e. ion exchange, surface complexation, 459 

electrostatic interaction, dissolution/precipitation. In addition, the competition mechanism of 460 

other cations with Pb2+ adsorption is also different. To authors’ knowledge, the study on the 461 

adsorption mechanism of Pb2+ is little. To develop the practical application of PMGO, it is 462 

crucial to understand these mechanisms. In this part, these mechanisms were discussed. 463 

3.6.1. Ion Exchange mechanism involved in PMGO and MP 464 

Pb2+ adsorption by HAP can be explained by ion exchange between Ca2+ and Pb2+ with 465 

equal moles.  The surfaces of HAP provide nucleation sites for new crystalline phases as 466 

shown below (Wang et al., 2019b):  467 

Ca10(PO4)6(OH)2 + xPb2+ ↔ Ca10−xPbx(PO4)6(OH)2 + xCa2+ (8) 468 

To verify this mechanism in Pb2+ adsorption by PMGO, some additional experiments 469 

(PMGO-CK, MP-CK) were carried out. Under the same experimental conditions, PMGO and 470 

MP were added to 50 mL DI water and the Ca2+ concentration in the water was measured after 471 

3 h oscillation.  472 

It is found that the concentration of Ca2+ in DI water was significantly lower than that in 473 

the Pb2+ adsorption experiment solution (PMGO, PMGO-CK, MP, MP-CK were 32.65, 2.57, 474 

22.36, 2.57 mg/L, respectively). It can thus be inferred that ion exchange between Ca2+ and 475 

Pb2+ took place, which is one of the Pb2+ adsorption mechanisms by PMGO.  From the 476 



exchanged Ca2+ concentration, it can be calculated that ion exchange mechanism accounts for 477 

about 62.15% (PMGO) and 62.72% (MP) of the total Pb2+ adsorption. 478 

3.6.2. Surface Complexation mechanism involved in PMGO and MP 479 

Uheida et al (Uheida et al., 2006) reported that the surface complexation can take place 480 

between the positive ions in the solution and the protons of hydroxyl groups on adsorbent 481 

surface. In the PMGO adsorption experiment, the surfaces of Fe3O4, HAP and GO could provide 482 

protons for the complexation with Pb2+. This mechanism was reported as the initial rapid step 483 

of the adsorption of Pb2+. (Fernane et al., 2010)while the subsequent slower adsorption is related 484 

to Ca2+/Pb2+ exchange between HAP in PMGO and water solution. 485 

3.6.3. Electrostatic Interaction mechanism involved in PMGO and MP 486 

HAP and Fe3O4 show a certain buffering capability in solution, which can be mainly 487 

expressed by the following equations (Bagbi et al., 2016; Smiciklas et al., 2006):  488 

≡ PO− + H+ ↔ POH (9) 489 

≡ CaOH2
+ ↔ CaOH + H+ (10) 490 

≡ FeOH + H+ ↔ FeOH2
+ (11) 491 

≡ FeOH ↔ FeO− + H+ (12) 492 

Pb2+, Pb(OH)+ and Pb(OH)2 are the major forms of Pb at pH of 1 - 7. At pH lower than 5, 493 

Pb exists mainly in the form of Pb2+, thus, it could be removed from solution mainly via ion 494 



exchange. At pH above 5, Pb2+ is converted into Pb(OH)+ and prone to precipitate as Pb(OH)2. 495 

Thus, Pb2+ could be removed by precipitation due to high pH.  At this time, the adsorbent still 496 

has a favorable adsorption capacity for Pb2+. 497 

Furthermore, at pH lower than 5, PMGO is  positively charged as CaOH2
+, FeOH2

+, 498 

which could repulse with Pb2+ by electrostatic repulsion and thus reduce the Pb2+ adsorption   499 

and neutral ≡ POH0 are predominated on the surface sites of PMGO, and electrostatic repulsion 500 

under this condition inhibits the adsorption of Pb2+. At pH above 5, the positive charges on the 501 

adsorbent surface decrease,and the adsorbent becomes relatively neutral. With the pH increase 502 

above 7, PMGO is covered by negative charge, and the electrostatic attraction between Pb2+ 503 

and negative charges is able to  increase Pb2+ adsorption. In the anti-interference experiment, 504 

PMGO maintained excellent adsorption capacity of Pb2+, so the electrostatic mechanism might 505 

not be involved  for Pb2+ adsorption. 506 

3.6.4. Dissolution/Precipitation mechanism involved in PMGO and MP 507 

It was reported that HAP can dissolve in solution by ionization, and then react with Pb2+ 508 

to form precipitates (Dong et al., 2010). Dong et al (Dong et al., 2020).found that the XRD 509 

peaks of HAP after Pb2+ adsorption decreased, while the peaks corresponding to phosphate 510 

appeared, confirming the existence of dissolution/precipitation mechanism. In our research, 511 

although the XRD peaks of PMGO decreased after Pb2+ adsorption, no obvious phosphate 512 



peak was observed. Therefore, this mechanism could not be important in Pb2+ adsorption 513 

process by PMGO. 514 

3.6.5. Anti-interference Mechanism involved in PMGO and MP 515 

 516 

To further understand the interference mechanism of other metal ions on Pb2+ adsorption 517 

by PMGO,  the change of other cations concentrations in anti-interference experiments were 518 

calculated and listed in Table S6. 519 

From the data in Table S6, phenomenon in anti-interference experiments can be explained 520 

by electrostatic repulsion (Li et al., 2020) (Na+, K+, Mg2+), common ion effect (Wu et al., 2019) 521 

(Ca2+) and competitive adsorption (Nishida et al., 2017) (Fe3+). In our study, the MPGO mainly 522 

adsorbs Pb2+ through chemical action, so electrostatic repulsion has little effect on its adsorption 523 

capacity. Conversely, common ion effect and competitive adsorption might have a significant 524 

interference on Pb2+ adsorption. The increase in Ca2+ concentration inhibited ion exchange, 525 

reducing the adsorption capacity of MPGO. From the solubility product constant of FePO4 and 526 

Pb3(PO4)2, it can be known that the ion exchange between Fe3+ and Ca2+ is much easier than 527 

that between Pb2+ and Ca2+. Thus  Fe3+ has the maximal negative influence on the adsorption 528 

of Pb2+ by MPGO. 529 

For metal ions such as Na+, K+, and Mg2+, PMGO still possessed 211.87 (Na+), 208.68 530 



(K+) and 201.13 mg/g (Mg2+) adsorption capacity when their concentration was increased to 531 

0.1 M,. When the initial concentrations of other cations were 0.01 M, the concentration of these 532 

ions in water solution ? decreased after Pb2+ adsorption, indicating that adsorption is inhibited 533 

by electrostatic repulsion, the Pb2+ adsorption capacity of PMGO was reduced. It can be 534 

understood that when these cations concentrations increased, more Ca2+ in MPGO ? released 535 

into solutions due to ion exchange, resulting in higher Ca2+ in the solution  than that of the 536 

solution without interfering metal ions. This phenomenon can be attributed to the salt effect 537 

(Sadeghi et al., 2016), by which the increase of total ion concentration in solution can improve 538 

the dissociation of weak electrolyte molecules. 539 

4. Conclusion 540 

A novel nanoscale magnetic absorbent, i.e. MPGO, was synthesized for Pb2+ adsorption 541 

from acid wastewater at low pH. GO integration into MP  effectively inhibited the dissolution 542 

of Fe3O4 under acidic conditions, which thus ensures the maintenance of magnetism of 543 

absorbent for separation and recycling. This has important implication for practical application 544 

of magnetic absorbent to acid wastewater. As one of the most promising materials, GO enhances 545 

the adsorption capacity of magnetic materials by inhibiting its self-polymerization. Meanwhile, 546 

due to the buffer roles played by GO, magnetic material demonstrated strong acid resistance. 547 

This work developed a novel approach to expand the application domain of magnetic absorbent 548 



by integrating GO  for metal ion removal from acid wastewater. 549 
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