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A B S T R A C T   

Magnetic MnO2@Fe3O4@sulfonated carbon sphere (CS-S-Fe-Mn) was used as a magnetic adsorbent for selective 
removal of Pb2+ ion from aqueous solution via co-creation between electrostatic force along with co-ordinate 
covalent bond. The CS-S-Fe-Mn was prepared via hydrothermal carbonization/sulfonation and followed by 
facile precipitation processes. The physical and chemical properties of CS-S-Fe-Mn and other adsorbents were 
characterized by BET-BJH, XRD, FTIR, VSM, SEM-EDS, pHpzc and Boehm titration techniques. As observed, the 
CS-S-Fe-Mn exhibited a spherical (petal-like walls) shape with a good dispersion of Fe3O4 and MnO2 particles, 
which had surface area of 146 m2/g, total acidity-basicity of 7.87 mmol/g and negative surface charge (pH <
pHpzc). The paramagnetic properties of CS-S-Fe-Mn was well found with a saturation magnetization value of 21.8 
emu/g, resulting in facile separation from water system using an external magnetic field. A maximum adsorption 
capacity (qmax) of Pb2+ over CS-S-Fe-Mn was 147.76 mg/g which had higher performance than previous ref
erences, resulting from synergetic effects of oxygen containing functional groups such as -C––O/C-O, -COOH and 
-SO3H as well as MnO2. Moreover, the adsorption behaviors of Pb2+ onto CS-S-Fe-Mn were in good agreement 
with rapid monolayer-physisorption (E = 2.93 kJ/mol)/spontaneous-endothermic (ΔH = 49.12 kJ/mol) nature 
processes as well as intra-particle diffusion via two step mechanisms, supporting by isotherm, kinetic, thermo
dynamic and Weber-Morris models. This research provided a handy strategy for Pb2+ removal with high 
adsorption capacity from environmental wastewater.   

1. Introduction 

Discharging of untreated wastewater from metallurgical, tanneries 
and textile industries/mines is a serious problem of environmental 
pollution that needs to be considered in current state [1,2]. Lead (Pb) is 
one of most hazardous heavy metals which may be possibly existed in 
the human body via food chain or drinking water, leading to facile 
carcinogenicity [3,4]. The concentration of Pb2+ ion in drinking water 
should not exceed about 10 μg/L which is specified by World Health 
Organization (WHO) [5]. To offer a progressive environment with better 
quality of life, many researchers have been endeavored to develop the 
separation techniques such as membrane separation, ion exchange, 
chemical precipitation, adsorption and electrolysis deposition [6–10]. 
So far, the adsorption can be considered as a most promising technique 
for real application in wastewater treatment with the presence of heavy 
metals due to its eco-friendly, low operation cost, high capability for 

heavy metal removal [11,12]. Several adsorbent materials such as 
montmorillonite, biochar, chitosan, activated sludge and MOF have 
been applied for selective adsorption of Pb2+ from aqueous solution. 
Wang et al. [13] prepared 3D reticular-structured montmorillonite 
hydrogel for Pb2+ adsorption. They found that Pb2+ adsorption capa
bility of 90 mg/g was well achieved, controlling by the amount of 
adsorption sites on montmorillonite hydrogel. Biochar prepared from 
pyrolysis of cotton straw was utilized for selective removal of Pb2+ in 
aqueous solution, and the results found that a maximum adsorption 
capacity of Pb2+ was 124.7 mg/g using biochar at pyrolysis temperature 
of 600 ℃ with a pH value of 5.5 [14]. Ahmed et al. [15] improved the 
biochar efficiency via H2O2 treatment process for Pb2+ removal. The 
number of oxygen functional groups on biochar was increased after 
oxidation by H2O2, leading to significant increasing of Pb2+ adsorption 
capacity (60.87 mg/g). Chen et al. [16] reported that selectivity of Pb2+

adsorption was well enhanced via electrostatic action between nitrogen 
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and oxygen groups in ninhydrin-functionalized chitosan. Veenhuyzen 
et al. [17] found that Pb2+ adsorption efficiency could be greatly 
improved over waste sludge chemically activated with ZnCl2, resulting 
in the presence of high surface area and porosity. The Zr-MOF grafting 
by S, O and N functional groups also applied as adsorbent for the target 
pollutants such Pb2+ heavy metal [18]. Matsukevich et al. [19] achieved 
the excellent capacity up to 2989 mg/g for Pb2+ adsorption over mag
nesium oxide-nanocomposites material. 

Unfortunately, even though these adsorbents show the high perfor
mance for Pb2+ removal, but they are still difficult to be separated them 
from aqueous solution using filtration or centrifugation technique which 
is required high operation cost and long operation time. Magnetic 
(Fe3O4) particle/adsorbent can be considered as a good choice to solve 
such above problems since it has high surface area with good physi
ochemical properties for metal adsorption, can be also easily separated 
by an exterior magnetic field [20]. Anywise, the direct utilization of 
pristine magnetic adsorbent may be inappropriate due to its slight ca
pacity for metal removal, resulting from low surface area/unabundant of 
active site as well as its stability in form of ionic structure without as
sistant of covalent bond. Thus, the synergistic integration between 
magnetic with other active adsorbent can be considered as an interesting 
way for this research field. Recently, PANI@APTS-magnetic attapulgite 
composites is developed via co-precipitation method, and applied for 
selective adsorption of heavy metal ions. Zhang et al. [21] studied the 
preparation method of magnetized activated carbon via 
activating-pyrolyzing-magnetizing process. Nata et al. [22] reported 
that amine-rich functionalized magnetic adsorbent was not only give an 
easy recovery, but also exhibited high efficiency for selective adsorption 
of Pb2+ from environmental wastewater. Xu et al. [23] decorated the 
tetraethylenepentamine and graphene oxide onto surface of MnFe2O4 
magnetic, and the results found that its surface area and porosity were 
increased to some extent while abundant amino and oxygen-containing 
functional groups were detected, leading to high enhancement for 
removal performance. Valenzuela et al. [24] found that Pb2+ and other 
heavy metals could be well removed using magnetic iron-modified cal
cium silicate hydrate via chemisorption mechanisms with assistance of 
ion exchange and salt formation. Based on above furtherance results, 
some undesired objectives are still required such as high production cost 
as well as complex preparation process. 

In this research, we developed the magnetic MnO2@Fe3O4@sulfo
nated carbon sphere (CS-S-Fe-Mn) for effective removal of Pb2+ with 
high adsorption capacity. Carbon sphere (CS) can be produced from 
biomass-derived carbohydrates via hydrothermal carbonization process 
under a series reaction including hydrolysis, deoxygenation, aromati
zation and polymerization at lower temperature around 180 ℃, 
comparing with traditional carbonization at higher temperatures of 
500–600 ℃ [25]. Advantages of this process are energy saving along 
with carbon emission reduction. Owing to incomplete carbonization, the 
modification of desired active sites can be easily performed since 
abundant oxygen functional groups such as C–O/C––O, COOH and O-H 
are existed on CS surface, leading to strong enhancement for adsorption 
efficiency. Recently, Xu et al. [26] achieved the CS application derived 
from hydrothermal synthesis of glucose with sodium dodecylbenzene 
sulfonate for chromium removal process. Xu et al. [27] found that the 
efficient removal of mercury was well achieved by using MnO2@CS 
material. Up to date, the investigations on Pb2+ adsorption over CS are 
quite scant. Here, the CS-S-Fe-Mn adsorbent was prepared and modified 
via hydrothermal carbonization/sulfonation processes and followed by 
precipitation of Fe3O4 and MnO2. The physical-chemical properties of 
adsorbents were characterized by BET-BJH, XRD, FTIR, VSM, SEM-EDS, 
pHpzc and Boehm titration techniques. The roles of each adsorbent 
before and after modification were discussed in details of Pb2+ adsorp
tion behaviors. The various influences such as pH values, initial con
centration of Pb2+, contact time, and temperature were systematically 
investigated, supporting by Langmuir, Freundlich, 
Dubinin-Radushkevich, Temkin, Toth and Redlich-Peterson isotherms, 

kinetic and thermodynamic models. To the best of our knowledge, this 
research is not only provided the novel strategy/concept for facile 
preparation of redemptive adsorbent but also presented the adsorption 
behaviors and effective removal of Pb2+ ion from aqueous solution. 

2. Experimental 

2.1. Adsorbent preparation 

(I) For preparation process of carbon sphere (CS), 5.0 g of sucrose 
was mixed with 30 mL of distilled water, and continuously stirred to 
obtain the transparent solution. The obtained solution was further 
transferred to autoclave reactor with a size of 50 mL, and heated at 180 
℃ for 16 h. It should be noted that the experimental conditions with a 
highest yield of CS for hydrothermal carbonization process were fixed 
based on our preliminary studies (Figs. S1-S3). Thereafter, black pre
cipitate or CS was separated from mixture solution by filtration tech
nique. Finally, it was washed with distilled water for several times to 
remove some impurities, and dried at 105 ℃ for overnight. 

(II) For preparation process of sulfonated carbon sphere (CS-S), the 
certain amounts of CS and conc. H2SO4 were mixed at a ratio of CS to 
H2SO4 (1:3 g/mL), and followed by adding the distilled water until a 
solution volume of 30 mL was obtained. It should be noted that the 
optimum ratio with a highest acidity for hydrothermal sulfonation 
process was selected based on our preliminary studies (Fig. S4). The 
mixture solution was then transferred to autoclave reactor with a size of 
50 mL, and heated at 180 ℃ for 10 h. Thereafter, CS-S was separated by 
filtration technique, and washed with distilled water for several times 
until neutral pH in washing water was detected. Finally, it was dried at 
105 ℃ for overnight. 

(III) For preparation process of Fe3O4@sulfonated carbon sphere 
(CS-S-Fe), 1.0 g of CS-S was sonicated in iron solution at a ratio of 2Fe3+

to 1Fe2+ with a concentration of 0.1 mol/L, consisting of FeCl3 (53 mL) 
and FeCl2 (27 mL) for 10 min. Then, 40 mL of ammonia solution was 
tardily dropped into mixture, and continuously sonicated for 10 min. 
During this step, Fe3O4 nanoparticles were grew up and enveloped on 
CS-S surface through co-precipitation of Fe3+ and Fe2+ ions. Finally, CS- 
S-Fe was easily separated by external magnetic field, washed with 
distilled water for several times to remove some impurities, and dried at 
105 ℃ for overnight. 

(IV) For preparation process of magnetic MnO2@Fe3O4@sulfonated 
carbon sphere (CS-S-Fe-Mn), 1.0 g of CS-S-Fe was mixed in 25 mL of 
KMnO4 solution at a concentration of 0.04 mol/L, and stirred at 60 ℃ 
for 4 h [28]. During this step, MnO2 nanoparticles grew up and envel
oped on CS-S-Fe surface. Finally, CS-S-Fe-Mn was easily separated by 
external magnetic field, washed with distilled water for several times to 
remove some impurities, and dried at 105 ℃ for overnight. For com
parison, pure MnO2 was synthesized via hydrothermal precipitation 
method [29]. The synthesis steps of CS-S-Fe-Mn are summarized as 
shown in Fig. 1. 

2.2. Adsorbent characterization 

The details of BET-BJH, XRD, FTIR, VSM, SEM-EDS, pHpzc and 
Boehm titration techniques are given in Supporting Information (SI) 
[30,31]. 

2.3. Bath adsorption test 

To access the adsorption behaviors of Pb2+ onto various adsorbents 
as well as adsorption isotherm/kinetic/thermodynamic processes, batch 
experiments were carried out in conical flask size of 125 mL. A stock 
solution of Pb2+ at a concentration of 1000 mg/L was prepared from 
aqueous solution between Pb(NO3)2 before further dilution. In a typical 
process, 0.1 g of adsorbent was mixed in 25 mL of lead solution, and 
shaken at temperature of 303 K for 30 min with an agitation speed of 
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150 rpm. The pH conditions were adjusted by using hydrochloric or 
sodium hydroxide solution at a concentration of 0.1 mol/L. After fin
ishing test, the adsorbent was recovered from aqueous solution using a 
neodymium magnet. For desorption process, the spent adsorbent was 
performed by soaking in nitric acid solution at a concentration of 1 mol/ 
L [32]. The concentrations of Pb2+ remaining were analyzed by a Flame 
Atomic Absorption spectrometer (Thermo scientific iCE3000) using an 
external standard method. Various factors such as adsorbent type, pH 
values, initial concentration of Pb2+, contact time, and temperature 
were investigated. The adsorption capacity at equilibrium condition (qe, 
mg/g) was calculated using the following Eq. (1): 

qe =
(C0 − Ce)V

M
(1)  

where C0 and Ce are the initial and equilibrium concentration (mg/L) of 
adsorbate, respectively, V is the initial volume of the aqueous solution 
(L) and M is the amount of adsorbent (g). 

Herein, total adsorption experiments were replicated at least three 
times to ensure the preciseness. The error bars derived from tSE in each 
experiment was calculated as the following Eq. (2): 

tSE =
t × s

̅̅̅
n

√ (2)  

where t is the student’s test, s is the standard deviation and n is the 
number of observations. 

The details of experimental conditions on adsorption isotherm/ki
netic/thermodynamic are given in SI. For adsorption models, Langmuir, 
Freundlich, Temkin, Dubinin-Radushkevich, Redlich-Peterson and/or 
Toth isotherms were investigated at different concentrations of Pb2+

solution. Herein, the adsorption mechanisms such as monolayer and 
multilayer were identified by Langmuir and Freundlich isotherms, 
respectively [33,34]. The calculation and determination of Langmuir 
parameters are written as the following Eq. (3): 

qe =
qmaxKCe

1 + KCe
(3) 

where qmax is the maximum adsorption capacity (mg/g) and K is the 
Langmuir coefficient (L/mg). 

The calculation and determination of Freundlich parameters are 
given by the following Eq. (4): 

qe = ΚFC1/n
e (4)  

where KF is the Freundlich coefficient and n is the heterogeneity 
parameter that represents the bonding spread. 

Temkin isotherm was used to gauge the interaction between adsor
bent and adsorbate [35]. The calculation and determination of Temkin 
parameter are given by the following Eq. (5): 

qe =

(
RT
b

)

ln(ACe) (5) 

Where R is the universal gas constant (8.314 J/molK− 1), A is this 
equilibrium constant correlated to highest binding energy (L/mol), T is 
the adsorption temperature (K) and b is the Temkin coefficient corre
lated to heating adsorption. 

Dubinin-Radushkevich model was utilized to assign the relation be
tween apparent free energy and adsorption behavior [36]. The calcu
lation and determination of Dubinin-Radushkevich parameter are 
provided by the following Eq. (6): 

qe = qsexp
(
− Bε2) (6)  

where qs is the theoretic saturation capability (mg/g), B is the Dubinin- 
Radushkevich coefficient correlated to biosorption energy (mol2/kJ) 
and Ɛ is Polanyi potential adsorption. 

Meantime, adsorption free energy (E, kJ/mol) was determined by the 
following Eq. (7): 

Fig. 1. Scheme illustration for preparation steps of magnetic CS-S-Fe-Mn adsorbent.  
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E =
1̅̅
̅̅̅̅

2B
√ (7) 

Redlich-Peterson isotherm is written by the following Eq. (8): 

qe =
ACe

1 + BCg
e

(8)  

Where A, B and g is the constant value by 0 < g < 1. (g =1, Langmuir 
isotherm). 

Toth model was proposed to apply for heterogeneous adsorption 
proved from potential theory by assuming to Quasi-Gaussian energy, 
which surface of adsorption energy had lower than maximum energy 
value of adsorption. The calculation and determination of Toth param
eter are written as the following Eq. (9): 

qe =
q∞

e Ce
[
KTh + CTh

e

]1/Th (9)  

where qe
∞ is equilibrium capability based on monolayer adsorption 

(mg/g), KTh is the Toth coefficient. 
The adsorption kinetic was simulated to find the adsorption rate 

utilizing pseudo first-order and pseudo second-order kinetic model. The 
kinetic parameters are determined by nonlinear regression in excel using 
Eqs. (10) and (11), respectively [37]: 

qt = qe
(
1 − e− k1 t) (10)  

qt =
q2

ek2t
1 + qek2t

(11)  

where qt is the equilibrium capability (mg/g) at any adsorption time. t is 

Fig. 2. N2 sorption isotherms and pore size distributions of (A) CS, (B) CS-S, (C) CS-S-Fe and (D) CS-S-Fe-Mn.  
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the adsorption time (min). k1 and k2 are the pseudo first-order and 
pseudo second-order rate constants, respectively. 

Intra-particle diffusion over Weber-Morris model was used to 
determine for Pb2+ adsorption step. The calculation and determination 
of Weber-Morris parameter are provided as the following Eq. (12):  

qt =kpt1/2                                                                                      (12) 

where kp is the rate constant of Pb2+ diffusion on adsorbent 
structure. 

Each factor of thermodynamic adsorption such as Gibbs free energy 
(ΔG, kJ/mol), standard enthalpy (ΔH, kJ/mol) and standard entropy 
(ΔS, J/mol⋅K) are calculated using the following Eqs. (13)–(15) [38]: 

Kd =
Co− Ce

Ce
(13)  

ΔG = − RT lnKd (14)  

ln Kd =
ΔS
R

−
ΔH
RT

(15) 

where Kd is the is the thermodynamic equilibrium coefficient and T is 
the adsorption temperature (K). 

3. Results and discussion 

3.1. Physical and chemical properties of each adsorbent 

Fig. 2 shows the N2 adsorption-desorption isotherms and pore size 
distributions of CS, CS-S, CS-S-Fe and CS-S-Fe-Mn. As obtained, the 
isotherms of all adsorbents exhibited the hysteresis loop type H2 
isotherm with narrow pore size distribution around 3–10 nm, corre
sponding to complex mesoporous material with percolation in pore 
necks [38,39]. Meanwhile, their volumes of hysteresis loop for N2 
adsorption were increased to some extent, resulting from surface 
modification by Fe3O4 and MnO2. The textual properties of virous ad
sorbents were also supported, and the results are shown in Table 1. One 
can see that the CS-S after hydrothermal sulfonation process had a 
lowest surface area with pore volume, suggesting that sulfonic groups 
were well distributed and covered on CS surface. Interestingly, after 
modification by Fe3O4 and MnO2, the CS surface area was clearly 
increased up to ~1.7 times, indicating that new unique-rudeness surface 
area with larger pore volume on CS structure were regenerated. This 
phenomenon should be a reason for improving the removal efficiency of 
Pb2+ since more available of active sites were existed. 

Fig. 3 shows the XRD patterns of various magnetic adsorbents. The 
XRD diffraction peaks at 30, 35, 43, 54, 57 and 63◦ were assigned to the 
planes of (220), (311), (400), (422), (511) and (440), corresponding to 
Fe3O4 crystal or magnetic structure [40]. Each reaction step for Fe3O4 
formation is given as the following Eqs. (16)–(19) [41]:  

Fe3+ + 3OH- ⇌ Fe(OH)3                                                               (16)  

Fe(OH)3 ⇌ FeOOH + H2O                                                             (17)  

Fe2+ + 2OH- ⇌ Fe(OH)2                                                               (18)  

2FeOOH + Fe(OH)2 ⇌ Fe3O4 + 2H2O                                            (19) 

The broad peaks at a range of 20–30◦ for CS-S-Fe and CS-S-Fe-Mn 
was accorded to carbon structure [42]. It should be noted that the 
diffraction peaks of MnO2 did not observe in CS-S-Fe-Mn since the 
similar patterns around 30, 36 and 43◦ was interposed with Fe3O4 
structure [43]. As can be seen, the intensity of Fe3O4 diffraction peak in 
CS-S-Fe-Mn was lower than CP-Fe-Mn, resulting from the well coating by 
MnO2 particles. 

Fig. 4 shows the presence of functional groups on each adsorbent by 
FT-IR spectra results. One can see that oxygen containing functional 
groups such as -C-O/O––S––O, -SO3H, -C––O and -OH were obviously 
appeared for all absorbents at wavenumbers of 1032, 1171, 1630 and 
3400 cm− 1, respectively [44]. The strong vibration peak at wavenumber 
of 560 cm− 1 was found in CS-S-Fe and CS-S-Fe-Mn which should be 
described for Fe–O functional group of Fe3O4 [45]. The MnO2 functional 
group for CS-S-Mn was detected at ~500 cm− 1 which was quite near to 
Fe3O4 diffraction peak. The magnetization hysteresis loops and VSM 
results of CS-S-Fe and CS-S-Fe-Mn are shown in Fig. 5A, B and Table S1. 
As observed, the narrow hysteresis loops under the ranges of applied 
fields around − 12,000–12000 Oe were observed for both adsorbents. 
The saturation magnetization values of CS-S-Fe and CS-S-Fe-Mn were 
21.8 and 20.9 emu/g, respectively, suggesting the paramagnetic fea
tures in nature [46]. The lower saturation magnetization values of 
CS-S-Fe-Mn should be due to the addition of non-magnetic MnO2 on 
adsorbent surface. However, this was still enough to be simply separated 
from solution system for ~30 s using an exterior magnetic field 
(Fig. 5C). 

Table 1 
Physical and chemical properties of various adsorbents.  

Adsorbent Surface area (m2/g) Pore volume (cm3/g) Amount of functional group (mmol/g) 

Carboxylic Lactone Phenolic Total acidity Total basicity 

CS  89  0.89  0.0256  0.0233  4.2156  4.2645  0.0566 
CS-S  85  0.81  1.2115  1.2223  2.2212  4.6550  0.0416 
CS-S-Fe  153  1.07  0.6400  0.6202  1.1215  2.3817  2.1561 
CS-S-Fe-Mn  146  0.96  1.2458  1.2355  0.8256  3.3069  4.5644  

Fig. 3. XRD patterns of (A) pure Fe3O4, (B) CS-S-Fe and (C) CS-S-Fe-Mn.  
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The morphologies and the distribution of element species on CS, CS- 
S, CS-S-Fe and CS-S-Fe-Mn were observed by SEM-EDS images, and their 
results are shown in Fig. 6. As expected, CS morphology presented the 
spherical shape with smooth surface nature which generally occurred 
via hydrothermal carbonization of sugar. After sulfonation, character
istic of morphological structure of CS did not change but there were 
some flake particles on CS-S surface. Interestingly, when Fe3O4 and 
MnO2 were coated on CS-S surface, rough surfaces (petal-like walls) 
were observed in CS-S-Fe and CS-S-Fe-Mn. For pure MnO2, uniform rod- 
like nanoparticles with smooth surface were obtained via hydrothermal 
precipitation process (Fig. S5). The amounts of various elements such as 
C, O, S, Fe and Mn on CS-S, CS-S-Fe and CS-S-Fe-Mn are given in 
Table S2. As also shown in Fig. 6, the EDS mapping images of each 
adsorbent demonstrate that S, Fe and Mn elements were well dispersed 
on the adsorbent surfaces without accumulation pattern. 

The surface charge properties of CS-S-Fe-Mn were defined from pHpzc 
technique, and the results are shown in Fig. 7 and Table S3. As shown in 
Fig. 7, before addition of CS-S-Fe-Mn, the detected pH was normally 
increased based on adjustment of initial pH from 2 to 10. However, at an 
initial pH of 2, the pH value detected in mixture solution after addition 
of CS-S-Fe-Mn was clearly increased, suggesting that proton in solution 
was significantly reduced, resulting from mutual interaction with CS-S- 
Fe-Mn surface. This confirms that basicity and negative charge proper
ties of CS-S-Fe-Mn were quite remarkable. In addition, the pH value 
detected in mixture solution after addition of CS-S-Fe-Mn were > 7 with 
the increasing of initial pH from 3 to 10. As can be seen at an intersection 
point, the point of zero charge (pzc) in this system was at about 8.6. As 
also shown in Table S3, it is found that pHpzc value of CS-S-Fe-Mn was 
higher than pH of mixture solution (CS-S-Fe-Mn + Pb2+ ion), indicating 
that surface properties of CS-S-Fe-Mn were entirely possessed by nega
tive charge at pH < pHpzc, resulting in well performance for Pb2+

removal process. The acidic-basic properties of CS, CS-S, CS-S-Fe and CS- 
S-Fe-Mn are presented in Table 1. One can see that CS had lower car
boxylic and lactone groups than CS-S. However, the hydrothermal 
carbonization/sulfonation processes resulted in significant reduction of 
phenolic group on CS-S. After Fe3O4 coating on CS-S surface, its acidic 
properties were decreased to some extent while basicity was increased 

Fig. 4. FT-IR spectra of (A) CS-S, (B) CS-S-Fe, (C) CS-S-Mn and (D) CS-S-Fe-Mn.  

Fig. 5. Magnetization curves of (A) CS-S-Fe and (B) CS-S-Fe-Mn. (C) Dispersion 
appearance of adsorbent particle and separation process by external mag
netic field. 
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from 0.04 to 2.16 mmol/g. However, the carboxylic and lactone groups 
as well as acidity were anew increased when CS-S-Fe was doped by 
MnO2. This indicates that hydroxyl group (-OH) could easily oxidized 
and converted to carboxylic groups (-COOH) via KMnO4 modification 
process [47]. A highest basicity of 4.56 mmol/g was found in 
CS-S-Fe-Mn which might be a reason improving the adsorption capacity 
of Pb2+. The existence of Fe3O4 and MnO2 on CS-S adsorbent could react 
with HCl during titration process, leading to higher basic properties. 

3.2. Adsorbent behaviors of Pb2+ onto each adsorbent 

The roles of Pb2+ adsorption onto various adsorbents such as CS, CS- 
S, CS-Mn, CS-S-Mn, CS-S-Fe, CS-S-Fe-Mn, CS-Mn-S and pure MnO2 are 
presented in Fig. 8. Herein, the adsorption capacity at equilibrium 
condition (qe value) was applied as an indicator for identifying the 
adsorption efficiency in each adsorbent. As observed, the CS-S-Fe-Mn 
exhibited a highest capacity of Pb2+ adsorption (137.11 mg/g) while a 

Fig. 6. SEM-EDS images of (A) CS, (B) CS-S, (C) CS-S-Fe and (D) CS-S-Fe-Mn.  
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lowest capacity of 29.86 mg/g was found in CS without any modifica
tion. This indicates that the contribution of oxygen atoms derived from 
SO3H-, Fe3O4 and MnO2 on CS surface had great effect for improving the 
Pb2+ adsorption performance. Remarkably, the adsorption efficiency of 
Pb2+ was increased up to two times after CS was sulfonated (CS-S, qe 
= 49.04 mg/g), comparing with CS without modification. When CS and 
CS-S were modified by KMnO4, higher adsorption efficiencies of Pb2+

were significantly obtained. The removal efficiency of CS-S-Fe (qe 
= 40.67 mg/g) had much lower than that of CS-S-Mn (qe = 114.33 mg/ 
g), suggesting that the presence of MnO2 on adsorbent support was 
highly desired for efficient removal of Pb2+ ion. It also discloses that 
Fe3O4 nanoparticles enveloped on CS-S surface were highly benefit for 
recovery process but only slight improvement for adsorption efficiency 
of Pb2+ was obviously identified. The removal efficiency was extremely 
reduced up to ~60% when CS-Mn-S (qe = 37.53 mg/g) was utilized to 
replace the CS-S-Mn, indicating that the order of modification process 
should be considered by hydrothermal sulfonation at first and then 

followed by oxidation process. The adsorption capacities of Pb2+ were in 
the sequence of CS-S-Fe-Mn>CS-S-Mn>CS-Mn>CS-S> pure MnO2>CS- 
S-Fe >CS-Mn-S>CS. The better adsorption efficiency of Pb2+ ion from 
aqueous solution over CS-S-Fe-Mn could be described by the abundant 
existence of oxygen containing functional groups such as sulfonic/ 
carbonyl/carboxylic groups/MnO2 on CS surface newly created via hy
drothermal sulfonation and KMnO4 modification as the following Eqs. 
(20) and (21) [48]:  

–C–C–C– + –C–C–C–OH + H2SO4 → – C–C––O + –C–COOH/–C–SO3H   
(20)  

–C–C–C–OH + KMnO4 → –C–COOH + –C–C––O + MnO2              (21) 

In this case, Pb2+ ion (Lewis acid properties) could be easily adsorbed 
onto CS-S-Fe-Mn surface containing abundant amount of oxygen func
tional groups (Lewis base properties) such mentioned above through co- 
attraction between electrostatic force with co-ordinate covalent bond 
[49]. In the other words, the existence of active sites and lone pair 
electrons was answerable for sufficient interaction with proton metal 
ions. As known that lone pairs electrons could create the coor
dination/complexation bonds with Pb2+ during the adsorption proced
ure. Also, the synergetic effect between MnO2 with sulfonated carbon 
surface as well as increasing of surface area (more available active 
sites/surface functional groups) might be the reasons for great 
improving the Pb2+ adsorption efficiency/accessibility. It should be 
mentioned here that the coating by only Fe3O4 resulted in the slight 
increasing of adsorption efficiency due to its stability in form of ionic 
state, while the existences of MnO2, C––O, -COOH and/or -SO3H were 
much better. Since they had covalent bonds, the lone pair of electrons 
could be endowed to create the attraction force with the Pb2+ via 
sharing the electron pair [50]. As mentioned, these adsorption mecha
nisms of Pb2+ were also well supported by spectroscopic evidence from 
previous study [51]. To reach more details on adsorption behaviors, 
isotherm/kinetic/thermodynamic models were investigated and dis
cussed in the Section 3.4. Fig. 9 shows the adsorption ability of Pb2+, 
Cr6+, Fe2+, Cd2+ and Hg2+ onto CS-S-Fe-Mn. The adsorption selectivity 
was increased following the sequence of Pb2+ > Fe2+ > Cr6+ > Cd2+ >

Hg2+. The highest and lowest capacities were found in adsorptions of 
Pb2+ (137.11 mg/g) and Hg2+ (13.56 mg/g), respectively. It is possible 
that Pb2+ had softer feature than other metal ions which highly favored 
over CS-S-Fe-Mn adsorbent, resulting in better selectivity for adsorption 
process [46,52]. Based on these results, CS-S-Fe-Mn was selected as a 
best adsorbent for further studies including adsorption selectivity, pH 

Fig. 7. pHpzc curves of CS-S-Fe-Mn.  

Fig. 8. Adsorption capacities of Pb2+ onto various adsorbents. The initial 
concentration of adsorbate (C0) of Pb2+

= 600 mg/L, adsorbate volume 
= 25 mL, adsorbent amount = 0.1 g, time (t) = 30 min and temperature 
(T) = 303 K. 

Fig. 9. Adsorption capacities of each metal ion onto CS-S-Fe-Mn. The initial 
concentration of adsorbate (C0) = 600 mg/L, adsorbate volume = 25 mL, 
adsorbent amount = 0.1 g, time (t) = 30 min and temperature (T) = 303 K. 
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values, initial concentration of Pb2+, adsorption time and temperature. 

3.3. Role of pH for Pb2+ adsorption 

The pH value is an essential parameter for investigating the 
adsorption performance of CS-S-Fe-Mn which also resulted in the surface 
charge properties of the adsorbent and the presence of lead form in 
aqueous solution. Therefore, the role of pH value (1− 9) in solution for 
Pb2+ adsorption onto CS-S-Fe-Mn, the results are shown in Fig. 10. One 
can see that the adsorption ability of Pb2+ was increased to some extent 
with the increase of pH value in solution. As known that higher amount 
of hydronium ion was generally found at lower pH value, leading to 
facile perturbation of adsorption ability. In this case, the abundant 
occurrence of hydronium ion could interact with MnO2 on adsorbent, 
resulting in a positive charge on active site of adsorbent, leading to low 
performance of Pb2+ adsorption [53]. Also, the magnetic properties of 
CS-S-Fe-Mn were easily destroyed at low pH condition which affected to 
difficult separation process. In addition, at the pH value of > 7, Pb2+

ions could be existed in precipitation form of Pb(OH)2 [54]. From these 
results, all adsorption experiments were performed at pH value of 7, 
which could be considered as a suitable condition for application in 
environmentally treatment process. The result of Pb2+ desorption from 
spent CS-S-Fe-Mn is shown in Fig. S6. Firstly, spent CS-S-Fe-Mn after 
Pb2+ adsorption process was washed with distilled water to eliminate 
the unabsorbed ions, and then desorbed by soaking in nitric acid solu
tion at a concentration of 1 mol/L. It is found that the ability of Pb2+

desorption could be achieved by washing with nitric acid solution [47]. 
However, the desorption process should be also affected with Fe3O4 and 
MnO2 coated on CS-S surface since CS-S-Fe-Mn surface was protonated, 
leading to desorption of other metal cations such as Fe2+ and Mn2+, 
resulting in poor reusability. Thus, it may be further considered for 
regeneration process via simple precipitation methods before reusability 
test. 

3.4. Isotherm/kinetic/thermodynamic of Pb2+ adsorption onto CS-S-Fe- 
Mn 

Fig. 11 and Table 2 present the adsorption behaviors/parameter of 
Pb2+ onto CS-S-Fe-Mn through various model isotherms. The data were 
defined using non-linear method. Considering between Langmuir with 
Freundlich isotherm, the adsorption consequences had more proper 
with the Langmuir isotherm (R2 = 1.0000) than that of the Freundlich 
isotherm (R2 = 0.9246). This indicates that monolayer adsorptions of 

Pb2+ (Lewis acid/positive charge) were performed on CS-S-Fe-Mn sur
face (in the presence of Lewis base and/or lone pair electrons obtained 
from each functional group along with negative surface charge at pHpzc 
> 7) through electrostatic mechanism with the assistant of co-ordinate 
covalent bond. A maximum adsorption capacity (qmax) of Pb2+ onto 
CS-S-Fe-Mn could reach to 147.76 mg/g based on Langmuir model, 
which were acceptable after comparison with other magnetic adsorbents 
in the previous literatures (Table 3) [11,28,46,55–65]. As such, an 
excellent adsorption efficiency of Pb2+ over CP-S-Fe-Mn low-cost mag
netic adsorbent might mainly benefit from the synergistic effect of ox
ygen functional groups such as -C––O, C-O and -SO3H as well as MnO2. 
However, the main problem of CP-S-Fe-Mn was an instability when 
desorption process was applied, which further required for regeneration 
process. For Temkin isotherm, the R2 value of Pb2+ adsorption process 
was closed to 1 (R2 = 0.9978), indicating that Pb2+ could be strongly 
anchored on CS-S-Fe-Mn surface with a A value of 2.57 × 1013 L/mol. In 
the case of Dubinin-Radushkevich isotherm, it should be regarded since 
R2 value was 0.9823 for Pb2+ adsorption behavior. Herein, E value of 
Pb2+ adsorption onto CS-S-Fe-Mn was lower than 8 kJ/mol, resulting 
from electrostatic interaction via physisorption mechanism [66]. 
Remarkably, qs value derived from Dubinin-Radushkevich model was 
also close to qmax value of Langmuir model, supporting the more accu
racy on isotherm model. The parameters derived from Toth and/or 
Redlich-Peterson were applied to ensure on assumption of Langmuir 
isotherm. As expected, g constant, Th and their R2 values derived from 
both models were almost equal to 1. This could be concluded that 
adsorption mechanism of Pb2+ onto CS-S-Fe-Mn was monolayer pattern. 

Fig. 12A shows the adsorption efficiency of Pb2+ onto CS-S-Fe-Mn at 
different contact times of 3–70 min. Herein, a fast rate of Pb2+ adsorp
tion was initially observed at contact time of 3 min, resulting from the 
sufficient available of adsorption sites on CS-S-Fe-Mn. Then, the removal 
efficiency of Pb2+ was slowly increased with an increase in contact time 
until adsorption equilibrium was reached at 30 min. The Pb2+ ion 
diffusion became tardy when active sites on CS-S-Fe-Mn surface was 
occupied by Pb2+ ion. To get more details on adsorption kinetic rate, as 
shown in Table 2, the kinetic model with a pseudo second-order for Pb2+

adsorption onto CS-S-Fe-Mn presented a R2 value of 1.0000 while 
pseudo first-order model did not approach to 1, resulting from a fast 
adsorption rate occurred between Pb2+ ions with CS-S-Fe-Mn. More
over, the qe cal data (147.63 mg/g) derived from second-order kinetic 

Fig. 10. Role of pH value on the adsorption ability of Pb2+ onto CS-S-Fe-Mn.  

Fig. 11. Adsorption behavior of Pb2+ onto CS-S-Fe-Mn at equilibrium condi
tions. The initial concentration of adsorbate (C0) of Pb2+ = 500–800 mg/L, 
adsorbate volume = 25 mL, adsorbent amount = 0.1 g, time (t) = 30 min and 
temperature (T) = 303 K. 
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was good consistent with the experimental data (147.30 mg/g), indi
cating that this kinetic model had high preciseness. Fig. 12B shows the 
plots of intra-particle diffusion for adsorption of Pb2+ onto CS-S-Fe-Mn 
over Weber-Morris model. The multi-linearity pattern was observed, 
suggesting that intra-particle diffusion along with diffusion steps were 
occurred from Pb2+ adsorption mechanism [67,68]. The adsorption 
mechanism of Pb2+ onto CS-S-Fe-Mn could be described via diffusion 
two steps of confines layer as follows: the abrupt adsorption at exterior 
surface of CS-S-Fe-Mn was started in the first step, and then the final 
adsorption phase was activated at low concentration amount of Pb2+

over intra-particle diffusion at retarding process. 
The thermodynamic adsorption process of Pb2+ onto CS-S-Fe-Mn was 

carried out at different temperatures of 303, 313, 323 and 328 K. As 
presented in Fig. 13, a multiplication of Pb2+ adsorption temperature 
could augment the removal efficiency of Pb2+ onto CS-S-Fe-Mn, indi
cating to nature of endothermic adsorption. Furthermore, better diffu
sion rate of Pb2+ was also supported via diffusion at internal pore and 
the external boundary layer of the CS-S-Fe-Mn structure along with 
significant reduction of viscosity in the solution system. As presented in 
Table 2, the negative values of ΔG at temperatures of 303–328 K derived 
from selective adsorption of Pb2+ onto CS-S-Fe-Mn were found in the 
range between − 12.18 and − 8.43 kJ/mol. Herein, the spontaneous 
nature was observed when the negative values of ΔG was incessantly 
reduced with an increase in adsorption temperature [69]. As known that 
the ΔG ranges of physisorption and chemisorption behaviors were 
− 20–0 and − 80 to − 400 kJ/mol, respectively. This ensures that 
adsorption behavior of Pb2+ onto CS-S-Fe-Mn was physisorption pro
cess. Moreover, the positive value of 49.12 kJ/mol was obtained for ΔH 

Table 2 
Isotherm, kinetic and thermodynamic parameters and their correlation coefficients for selective adsorption of Pb2+ onto CS-S-Fe-Mn.  

Adsorption equilibrium 

Langmuir parameters Freundlich parameters  

qmax/(mg/g) K (L/mg) R2 1/n KF R2  

147.76 3.72 1.0000 0.0373 128.40 0.9246  
Temkin parameters Dubinin-Radushkevich parameters  
b A (L/mol) R2 qs/(mg/g) B/(mol2/kJ) E/(kJ/mol) R2 

588.74 2.57 × 1013 0.9978 146.19 1.16 × 10− 7 2.93 0.9823 
Redlich-Peterson parameters Toth parameters  
A B g R2 qe

∞ KTh Th R2 

547.84 3.71 1.00 1.0000 147.73 0.272 1.01 1.0000 
Adsorption kinetic 
qe exp (mg/g) Pseudo-first-order Pseudo-second-order 

qe cal k1 R2 qe cal k2 R2  

147.30 6.151 0.075 0.9284 147.63 0.038 1.0000  
Adsorption thermodynamic 
ΔS (J/molK) ΔH (kJ/mol) ΔG (kJ/mol) R2  

303 K 313 K 323 K 328 K  
190.28 49.12 -8.43 -9.81 -11.16 -12.18 0.9917   

Table 3 
Comparison of adsorption abilities of Pb2+ by different magnetic adsorbents.  

Adsorbent qmax of Pb2+ (mg/g) Ref. 

Mt@MH  38.15 [11] 
CP-Fe-Mn  49.64 [28] 
L1@MNP  111.23 [46] 
MBC  25.29 [55] 
MBC  26.08 [56] 
MECBC  40.57 [57] 
MCW-2  41.19 [58] 
Fe3O4-GS  27.95 [59] 
M-Lignin-PEI  96.60 [60] 
LDMHMs  33.00 [61] 
Magnetic-biochar  64.13 [62] 
Fe3O4-SO3H MNPs  108.93 [63] 
Fe3O4@SiO2-PEI-SH  110.13 [64] 
Fe3O4-CS-L  128.63 [65] 
CS-S-Fe-Mn  147.76 This work  

Fig. 12. Roles of (A) contact time and (B) intra-particle diffusion plots for se
lective adsorption of Pb2+ onto CS-S-Fe-Mn. The initial concentration of 
adsorbate (C0) of Pb2+ = 600 mg/L, adsorbate volume = 25 mL, adsorbent 
amount = 0.1 g, time (t) = 3–70 min and temperature (T) = 303 K. 
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value, indicating that Pb2+ adsorption process over CS-S-Fe-Mn were 
under spontaneous endothermic reaction [70]. In this case, phys
isorption process was also supported since ΔH value was lower 
100 kJ/mol, which was in good conformity versus 
Dubinin-Radushkevich model. In addition, an increase of haphazardness 
between CS-S-Fe-Mn interface with Pb2+ ion was initiated at a positive 
value of ΔS (190.28 J/molK) under the adsorption process. 

4. Conclusions 

The facile preparation of magnetic CS-S-Fe-Mn adsorbent was suc
cessfully achieved via hydrothermal carbonization/sulfonation and 
followed by facile precipitation processes. After modification process, 
higher surface area, larger pore volume and higher basicity were found 
together with the abundant existences of oxygen functional groups such 
as -C-O/C––O, -COOH and -SO3H as well as MnO2, leading to excellent 
enhancement of Pb2+ adsorption capacity. For comparison using 
different adsorbents, CS-S-Fe-Mn presented the best performance for 
Pb2+ removal from aqueous solution. A suitable condition for Pb2+

removal in this study was fixed as follows: initial concentration of Pb2+

= 600 mg/L, initial volume of Pb2+ solution = 25 mL, CS-S-Fe-Mn 
amount = 0.1 g, adsorption time = 30 min and adsorption tempera
ture = 303 K. A qmax value of Pb2+ adsorption onto CS-S-Fe-Mn was 
147.76 mg/g which was higher performance than previous references. 
Furthermore, adsorption mechanisms of Pb2+ onto CS-S-Fe-Mn were 
corresponded to rapid monolayer-physisorption/spontaneous- 
endothermic natures. This research presented the co-integration pro
cess between potential removal of Pb2+ and facile recovery of adsorbent 
from water system. We expected that low-cost/green CS-S-Fe-Mn mag
netic adsorbent might be further applied in practical treatment/purifi
cation of environmental wastewater. 
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