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Abstract: In this study, expanded graphite (EG) was decorated with manganese oxide nanoparticles
(MONPs) by the hydrothermal method, and the newly formed composite (MONPs-EG) was applied as
adsorbent for the removal of heavy metals from aqueous solutions. The comparative and competitive
adsorption of Pb%* and Ni2* (0.01-1.00 mM) on MONPs-EG was investigated. Data from isothermal
adsorption of single and binary systems suggested that both Pb>" and Ni?* were well described by
the Langmuir isotherm, and the maximum adsorption capacities at 298 K were calculated at 0.278 and
0.113 mmol/g for Pb?* and Ni?*, respectively. In binary systems, a dramatic decrease in adsorption
capacity of Ni** was observed, while the adsorption capacity of Pb?* was almost stable, indicating
the favorable adsorption of Pb?* over Ni?* onto the prepared adsorbent. Kinetics studies of single
and binary systems showed that a pseudo-second order model could explain the adsorption processes
well. Thermodynamic analysis results demonstrated that the adsorption of these metal ions on the
prepared adsorbent is spontaneous and exothermic in nature. The adsorption capacity of MONPs-EG
increased significantly in the presence of humic acids. Overall, the results of this study suggest that
MONPs-EG can be used effectively as an adsorbent for heavy metals removal from aqueous solutions.

Keywords: lead; nickel; adsorption; manganese oxide; expanded graphite; isotherms; kinetics;
thermodynamics; partitioning coefficient

1. Introduction

With the growth of human activities, heavy metal contamination of soil and groundwater has
become a great concern. Heavy metals are highly toxic and carcinogenic due to their persistence,
bioaccumulation, and risk of reappearance according to changes of aquatic chemistry. Among various
heavy metals, lead and nickel are considered the most dangerous contaminants when they are released
into natural waters from various industrial activities including mining, leather processing, and metal
plating. Lead can easily accumulate in human organs, causing anemia and severe damage to the
nervous system, reproductive system, liver, brain, and kidneys [1]. Nickel is another toxic metal ion
commonly present in steel and battery wastewater, causing vomiting, chest pain, and shortness of
breath [2].

Various methods for heavy metal removal have been developed including reverse osmosis, ion
exchange, electrodialysis, electrolysis, and adsorption. Among these technologies, adsorption has been
acknowledged as a fast, inexpensive, and widely applicable technique [3-6]. In this regard, many
studies have been focused on the effectiveness of various types of adsorbents, including biomass, clays,
activated carbon, and metal particulates [7-10]. Among the listed adsorbents, adsorption onto natural
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materials and biomass have been the most commonly tested techniques due to their cost-effectiveness
when compared to those of other adsorbents such as metal particulates and activated carbon, while
specific adsorption capacities have generally been found to be lower than that of metal particulates [7].
Moreover, effluent concentration for heavy metals during water treatment is very low in most cases,
and the adsorption capacity is not the only criterion; the affinity between adsorbent and heavy metals
should also be considered [1].

Nano-sized metal oxide particles have fascinated many researchers due to their high adsorption
capacities as well as their extremely fast adsorption of and high affinity for heavy metals [11,12]. Among
them, manganese oxide nanoparticles (MONPs), with notably high surface area and uniform size, are
of great importance due to their novel applications in heavy metal removal [13,14]. However, due to the
strong tendency of MONPs to form aggregates, synthesis of particles of well-controlled shape and size
has been critical for maintaining their high affinity for heavy metals and their surface area. To minimize
the aggregation of MONPs, various substrates with large surface area and uniform surface energy
have been considered [15]. Specifically, graphene oxide (GO), a two-dimensional (2D) atomically thick
carbon crystal with a honeycomb lattice, huge surface area, mechanical and thermal stability, and
durability, has attracted great scientific and technological interest because of its potential applications
in various areas including as a substrate for novel nano-particle deposition [16,17]. However, it is
difficult to obtain homogeneous metal deposition on the hydrophobic surface because graphene sheets
are not wetted by water, which leads to the infeasibility of traditional metal loading methods such
as wet impregnation. Although GO is suitable and versatile, able to decorate various organic and
inorganic chemicals, the subsequent reduction of GO to grow metal nanoparticles has been regarded
as a complex, time-consuming, and highly toxic process [18,19]. Many efforts have been made to
immobilize MONPs on various supporting materials such as sand, zeolite, and crushed brick [20-23],
but their adsorption performance for heavy metals removal are still facing multiple challenges as
discussed above.

Recently, several groups have investigated the use of expanded graphite (EG) because EG could
achieve the requirements for nanoparticle support, including high porosity, large surface area, and
low price [24,25]. Expanded graphite prepared from graphite intercalated compounds is a kind of
hydrophobic carbon crystalline material with mainly macro- and mesopores; it has a unique worm-like
structure [26,27], making it suitable as a support for nanoparticles such as MONPs. In addition, to the
best of our knowledge, the combination of MONPs with EG for adsorptive removal of heavy metals
has not been reported in literature.

In the present work, we introduced a facile and effective approach to uniformly immobilize
MONPs on an expanded graphite surface; the newly formed composite (MONPs-EG) was then applied
as an adsorbent for comparative and competitive removal of Pb?* and Ni?* in aqueous solution. Batch
experiments were performed at various temperatures for a thermodynamic and kinetic study of the
processes involved. The potential application of MONPs-EG composite material for the removal of
heavy metals in the presence of humic acids (HA) was also investigated.

2. Materials and Methods
2.1. Material Preparation

2.1.1. Chemicals and Materials

Expandable graphite flakes (EXP-527) were supplied by Hyundai Coma Co., Seoul, Korea.
Manganese(IlI) acetylacetonate or Mn(acac); (C15Hz1MnOg, 99.5%), manganese(Il, III) oxide (Mn3Oy,
97.0%), lead(I) nitrate (N, O Pb, >299.0%), nickel(II) nitrate hexahydrate (H12N,NiO15, 99.9%), methanol
(CH40, 99.8%), and humic acid sodium salt (HA, technical grade) were purchased from Sigma-Aldrich
Inc., Saint Louis, Missouri, United States.
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2.1.2. Preparation of Manganese Oxide Nanoparticles-Expanded Graphite (MONPs-EG)

The graphite flakes was first expanded in a preheated muffle furnace (DMF-05, HumanLab
Instrument Co., Gyeonggi, Korea) at 800 °C for 1 min to obtain EG. The prepared EG was then decorated
with manganese oxide nanoparticles through a simple method using manganese acetylacetonate in the
presence of methanol. In a typical experiment, 1.0 g EG and 0.5 g Mn(acac); were loaded into a 450 mL
Parr acid digression bomb (4767, Parr Instrument Co., Moline, Illinois, United States), followed by the
addition of an appropriate amount of MeOH. The reaction mixture was carefully sealed and allowed
to react at 300 °C for 10 min on an analog hot plate (HS-18, HumanLab Instrument Co., Gyeonggi-do,
Korea). After cooling to room temperature, the solid composite was collected by vacuum filtration
through a 1.0 um membrane filter (JAWP, Merck KGaA, Darmstadt, Germany), thoroughly washed
with ethanol, then dried overnight at 60 °C. Finally, the product was calcined at 350 °C for 4 h and was
denoted MONPs-EG.

2.2. Material Characterization

Surface morphology of the prepared materials was observed using a scanning electron microscope
(SEM, Stereoscan 440 FIB, LEO Electron Microscopy Ltd., Cambridge, United Kingdom) and
transmission electron microscope (TEM, JEM-2100F, JEOL Ltd., Tokyo, Japan). An X-ray diffraction
(XRD) study was carried out using an X-ray diffractometer (D8 advance, Bruker, Billerica, Massachusetts,
United States) to examine the crystallographic property of the materials. The Brunauer-Emmett-Teller
(BET) surface area and pore volume were measured by nitrogen adsorption/desorption isotherm
method using a surface analyzer (MicrotracBEL Corp., Osaka, Japan).

2.3. Experiment

Batch adsorption experiments of Pb?* and Ni?* on the prepared MONPs-EG were carried out in
single and binary metal systems. Adsorption isotherm experiments were studied with seven different
concentrations of heavy metals ranging from 0.01 to 1.0 mM. The initial pH solution was adjusted
to pH 5 using NaOH (0.1 M) and/or HCl (0.1 M). The experiments were performed using a fixed
amount of MONPs-EG (0.5 g/L) for 100 mL metal solutions contained in series amber glass bottles,
which were then shaken in an incubator (WIS-20, Daihan Scientific Co., Gangwon, Korea) for 12 h at
a speed of 150 rpm and a temperature of 25 °C. The kinetic adsorption experiments studied 500 mL
metal solutions of Pb?* and/or Ni?* prepared at initial concentrations of 0.1 and 0.01 mM, respectively.
The experiment was performed for 4 h and samples were taken at given time intervals of the reaction,
while other conditions were maintained the same as those in the isotherm experiments. In addition,
to investigate the influence of natural organic matter on the adsorption behavior of the MONPs-EG,
10.0 mg/L humic acid was used. The concentration of metal ions in the solution was analyzed using
inductively coupled plasma optical emission spectroscopy (Optima 7300 DV ICP-OES, Perkin Elmer
Inc., Waltham, Massachusetts, United States), with method detection limits (MDL) of 1.7 ug/L and
0.5 pg/L for Pb?* and Ni?*, respectively.

The amount of metal adsorbed onto the prepared MONPs-EG (qe) was calculated by subtracting
the equilibrium concentrations of metal from the initial concentration, as expressed by the following
Equation:

(Co-Ce)

e = TV (1)

where Cj and C, are the initial and equilibrium concentrations of metals (mg/L), respectively, V is the
volume of the solution (L), and m is the mass of the MONPs-EG (g).
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2.4. Data Analysi

2.4.1. Adsorption Isotherms

The experimental equilibrium data of Pb?* and Ni?* adsorption onto the prepared MONPs-EG in
single and binary metals systems were characterized using Langmuir and Freundlich isotherms [28-30];
their mathematical expressions are given by the following Equations (2) and (3), respectively.

_ K Ce
q= Qmaxl 1K C, ()
q = KeCM" 3)

where gy is the maximum adsorption capacity of MONPs-EG for the metal ions (mmol/g), K} is the
Langmuir constant related to the affinity of the adsorption sites (L/mmol), K is the Freundlich constant
related to the adsorption capacity (mmol/g) (L/mmol)/, and 1/n is the Freundlich constant related to
the adsorption intensity (dimensionless).

The comparison between adsorption performances of the prepared MONPs-EG with its precursor
or with various manganese oxide-based adsorbents were evaluated. In addition to adsorption capacity,
we also investigated the partitioning coefficient (PC) of the adsorbent toward target adsorbate, which
represents the ratio of the adsorbate amount in the solid adsorbent phase to its concentration in the
liquid phase at equilibrium [31,32]. The PC can be calculated by the following Equation:

_ e

P
C C.

@)
where PC (mmol/g/mM) is the partitioning coefficient, g. (mmol/g) is the adsorption capacity at
equilibrium, and C, (mM) is the concentration of metal ions at equilibrium.

2.4.2. Adsorption Kinetics

The kinetics of metal ions adsorption in single and binary system is also studied to determine the
type of mechanism and the potential rate-controlling step of the processes. In the present study, two
different reaction kinetic models (i.e., pseudo-first order and pseudo-second order) were applied to
determine the kinetics of Pb?* and Ni?* on to the prepared MONPs-EG.

The pseudo-first order model was first presented by Lagergren in 1898 [33]; it has been widely
used for adsorption kinetics study [34,35]. The equation can be expressed in non-linear and linear
forms, as shown in Equations (5) and (6), respectively.

gt = ge(1—e7M) (5)

k
log(q@ - qt) = log de — 23103t (6)

The pseudo-second order kinetic model was initially proposed by Blanchard et al. (1984) [36], and
was then developed by Ho and McKay (1999) [37]. Its non-linear and linear forms can be expressed as
shown in Equations (7) and (8), respectively.

2
qeth
— _fee 7
t 1 1

=y 8
qt kzqg e ( )
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where g, and g; (mmol/g) are the adsorption capacities at equilibrium and at time ¢, respectively, k;
(1/h) is the pseudo-first order rate constant, k, (g/mmol/h) is the pseudo-second order rate constant,
and t (h) is the adsorption time.

2.4.3. Thermodynamic Analysis

The thermodynamic parameters of the adsorption process, such as the Gibbs free energy change
(AGY), enthalpy change (AH"), and entropy change (AS®) were analyzed through variations of the
thermodynamic equilibrium constant (Ky) at the investigated temperatures (298, 308, and 323 K). In this
work, K values of the adsorption of metal ions onto the prepared MONPs-EG were calculated based
on the method proposed by Biggar and Cheung (1973) [38], which can be defined as in the following
Equation:

_ G

Ky—= % _
0 Qe Ve Ce

©)
where a5 and y; are respectively the activity and activity coefficient of adsorbed metal ions on the
MONPs-EG; g, and y, are respectively the activity and activity coefficient of metal ions in the solution
at equilibrium; Cs (mM) is the concentration of metal ions that adsorbed on the prepared adsorbent;
and C, (mM) is the concentration of metal ions in the solution at equilibrium.
When the concentration of metal ions in the solution approaches zero, resulting in Cs — 0 and
Ce — 0, and the activity coefficients approach unity [38]. Equation (9) can be rewritten as:
Cs ag

lim =

=5 _ = K 10
Cs—)OCg Ao 0 ( )

The thermodynamic parameters were calculated as follows:
Gibbs free energy change of the adsorption process was directly estimated by Equation (11):

AGY = —RTIn(Kp) (11)

where R is the universal gas constant (8.314 J/mol/K); and T (K) is the absolute solution temperature.
The Gibbs free energy change is a function of the change in enthalpy and entropy, which is
expressed by Equation (12).

AG? = AH? — TAS? (12)
Combining Equations (11) and (12) resulted in Equation (13).

AHO 1 A_S.O

h’l(K()) = _TT + R (13)

AH? and ASY of the adsorption process will be, respectively, obtained from the slope (—AH?/R)
and the intercept (ASR) of the plots of In(Ky) as a function of 1/T.

3. Results and Discussion

3.1. Material Property

SEM and TEM images of the prepared materials are presented in Figures 1 and 2. A comparison
of the surface morphologies of these figures indicates that in the MONPs-EG composite each graphene
sheet of EG was successfully decorated with nano-sized manganese oxide particles without significant
change in structure. This is confirmed by the change in elemental compositions of samples before
and after depositing manganese oxide on the EG surface (Table 1). The graphene sheets could be
wetted by manganese oxide precursors due to the presence of supercritical methanol, which possesses
near-zero surface tension and highly diffusive properties. The average diameter of the manganese
oxide nanoparticles was measured at 23.5 + 2.7 nm (n = 120). The specific surface area of EG decreased
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slightly from 98.55 mz/g to 87.60 mz/g after the attachment of MONPs (Table 2); this decrease is
attributed to augmentation of the material density [39]. Meanwhile, the average pore size increased
from 6.20 nm to 13.91 nm, which might be due to the insertion and trapping of MONPs in the narrow
pores between graphene sheets of the EG.

(b)

Figure 1. Scanning electron microscope (SEM) images of: (a) expanded graphite (EG); (b) manganese
oxide nanoparticles (MONPs)-EG composite.

(a) | (b)

Figure 2. Transmission electron microscope (TEM) images of: (a) EG; (b) and (c) MONPs-EG composite
at different magnifications.

Table 1. Elemental compositions of EG and MONPs-EG.

El Weight % Atomic %
ement
EG MONPs-EG EG  MONPs-EG
C 97.25 49.43 97.90 71.30
(@) 2.75 16.68 2.10 18.00
Mn 0 33.89 0 10.70

Figure 3 presents XRD patterns of EG, Mn3O4 nanoparticles, and MONPs-EG samples. The XRD
pattern of EG exhibited typical diffraction peaks of graphite carbon around 26 = 26.5° and 54.5°,
indicating the crystalline nature of the EG [40,41]. The MONPs-EG pattern revealed a relatively poor
crystallinity in its structures compared to that of EG; the additional peaks at 26 = 18.0°,29.0°, 31.1°,
32.7°,36.1°,50.2°, and 60.0° are characteristic peaks of Mn3O4 (hausmannite), which can be observed
from the XRD pattern of Mn3O,4 nanoparticles.
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Figure 3. X-ray diffraction (XRD) patterns of EG, Mn3Oy4 nanoparticles, and MONPs-EG composite.

Table 2. Elemental compositions of EG and MONPs-EG.

Material BET Surface Area (mz/g) Pore Volume (cm3/g) 1 Mean Pore Size (nm)

EG 98.55 0.16 6.20
MONPs-EG 87.60 0.13 13.91

1 Pore volume was calculated at P/Py = 0.990.

3.2. Adsorption Isotherms

Experimental adsorption isotherm data for Pb>* and Ni?* on the prepared MONPs-EG in single
and binary metals systems, and their fitting with the selected isotherm models, are presented in
Figure 4. The corresponding parameters of the models are summarized in Table 3. The experimental
data were better fitted to the Langmuir model, which provided much higher correlation coefficient
values compared to those given by the Freundlich model, suggesting that the Langmuir model can
effectively described the experimental results in both single and binary metals adsorption systems
including the presence of HA. As a consequence, the estimated maximum adsorption capacities (Gmax)
agree well with the experimental data (qmax, exp.) at the highest level of initial metal concentrations.

The prepared MONPs-EG exhibited much higher adsorption capacity for Pb?* than for Ni?*.
The maximum adsorption capacities at 298 K were calculated at 0.278 and 0.113 mmol/g for Pb** and
Ni?*, respectively. There is evidence that the effectiveness of an adsorption process is dependent on
the size of the ions in the solution; higher ionic radius (or lower hydrated radius) of heavy metals
generally led to higher maximum adsorption capacity [42—45]. In this respect, because the ionic radius
of Pb?* (119 pm) is larger than that of Ni?* (70 pm), higher adsorption capacity of MONPs-EG for Pb?*
can be anticipated (Table 3). In addition, higher molecular weight metals (such as Pb) can be removed
more easily than lower weight ones (such as Ni) [43].

In binary metal systems, the adsorption capacity of MONPs-EG for metal ions was reduced in
the presence of other metal species (Figure 4). The numbers of heavy metal ions in binary systems
are high compared to the availability of adsorption sites. It was observed that the removal efficiency
of metal ions depends on the initial concentration and decrease as the initial metal ion concentration
increases (Figure 4b). The maximum adsorption capacity of MONPs-EG for Pb?* decreased slightly
in the presence of the same level of Ni?*. However, the MONPs-EG adsorption ability for Ni?* was
seriously inhibited when it coexisted with Pb?* in the system. The maximum adsorption capacity for
Ni2* in a single metal system was 0.113 mmol/g, while it dropped to 0.021 mmol/g in the binary metal
system. The existence of Pb%* in the solution had a stronger impact on Ni>* adsorption than vice versa.
This suggested that competitive adsorption occurred when two metal ions coexisted in the solution.
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Figure 4. (a) Adsorption isotherm of prepared MONPs-EG for metal ions; (b) heavy metals removal
efficiencies at different initial concentrations in single and binary metals solutions.

Table 3. Adsorption isotherm parameters of prepared MONPs-EG in different metals solutions at 298 K.

Metal ion Qs exp. Langmuir Model Freundlich Model
(System) (mmol/g) (mcIlIIln(:i(/g) (L/IIIfII;IOI) R2 I(iF/I(nHIlnH;;J)II//%) 1/n R2
Pb 0.276 0.278 189.1 1 0.37 0.28 0.79
Pb (Pb + Ni) 0.207 0.209 174.2 1 0.33 0.32 0.81
Pb (Pb + HA) 0.297 0.298 217.0 1 0.40 0.27 0.61
Pb (Pb + Ni + HA) 0.219 0.220 186.8 1 0.30 0.26 0.67
Ni 0.110 0.113 26.5 1 0.14 0.36 091
Ni (Pb + Ni) 0.020 0.021 21.0 0.98 0.02 0.30 0.77
Ni (Ni + HA) 0.172 0.174 36.3 1 0.25 0.40 0.87
Ni (Pb + Ni + HA) 0.026 0.027 22.3 0.99 0.03 0.24 0.97

3.3. Adsorption Kinetics

Figure 5 elucidates the fitting of the pseudo-second order model with the experimental kinetics
data of Pb?* and Ni?* adsorbed by the prepared MONPs-EG in single and binary metal systems.
The adsorption of both metal ions occurred through two stages, a rapid stage in which most of the
adsorption took place within 30 min of contact followed by a slow stage that lasted until the adsorption
equilibrium had been reached. The adsorption processes gradually slowed down due to limitation in
available active sites of adsorbent, which was supported by the decrease in metal removal efficiency at
higher initial concentration (Figure 4b).

Pseudo-first order and pseudo-second order kinetic model fitting parameters are summarized
in Table 4. The results show that the adsorption capacities (qe, ca1) of MONPs-EG for metals in all
investigated systems, calculated by the pseudo-first order model, are quite different from those
obtained experimentally (qe, exp), while the values achieved from the pseudo-second order model
are very close to the experimental data. In addition, the correlation coefficient values obtained from
the pseudo-second order model are quite good (R?> > 0.99) and much higher than those from the
pseudo-first order model. These observations suggest that the pseudo-second order kinetic model
can be used to better describe the kinetic mechanism of Pb?* and Ni?* adsorption on to the prepared
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MONPs-EG. The pseudo-second order kinetic rate constant (k;) values calculated for Pb?* are much
higher than those for Ni?* in all systems (Table 4), implying that the adsorption of Pb>* by MONPs-EG
can occur more quickly and easily than can that of Ni?*. These observations again confirm that
MONTPs-EG is capable of removing Pb?* better than Ni>* in aqueous solution.

O Ni
Ni (Ni + HA)
1.0 - 1.0 N (p;) + Ni) i
Ni (Pb + Ni + HA)
0.8 ﬁg EEE : nﬁ) 08 L Plseudo selcond-order
: Pb (Pb + Ni + HA) '
--\ —— Pseudo second-order
o 0.6 o 0.6
Q Q
© © 04
0.2 -
0.0 1 ] I ] I ] I ] 0.0 ! ] ! ] ! ] ! ]
0.0 1.0 ?.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
Time (h) Time (h)
(a) (b)

Figure 5. Kinetic profiles of: (a) Pb?*; (b) Ni** adsorption onto the prepared MONPs-EG in single and
binary metal systems.

Table 4. Pseudo-first order and pseudo-second order kinetics parameters of prepared MONPs-EG in
different metals solutions at 298 K.

Pseudo-First Order Pseudo-Second Order
Metal Ion e, exp. X

(System) (mmol/g) e, cal 2 e, cal 2 2

Y (mmol/g) ka (1/h) R (mmol/g) (g/mmol/h) R

Pb 0.187 0.114 0.49 0.80 0.171 32.96 1

Pb (Pb+Ni) 0.169 0.111 0.39 0.90 0.168 24.37 1
Pb (Pb+HA) 0.190 0.152 0.53 0.90 0.191 9.19 0.99
Pb (Pb+Ni+HA) 0.170 0.121 0.59 0.87 0.168 16.73 0.99

Ni 0.015 0.006 0.61 0.73 0.014 875.98 1

Ni (Pb+Ni) 0.007 0.003 0.25 0.66 0.006 4486.45 1

Ni (Ni+HA) 0.015 0.011 0.72 0.93 0.016 168.52 1

Ni (Pb+Ni+HA) 0.008 0.005 0.34 0.72 0.007 991.41 1

3.4. Thermodynamic Study

The effects of temperature on the adsorption capacities of MONPs-EG for Pb>* and Ni** were
investigated through a series of experiments at 298 K, 308 K, and 323 K in single metal solutions. The
results are shown in Figure 6. The adsorption capacities were found to decrease with the increase
of temperature, suggesting that the adsorption of metal ions onto MONPs-EG was favorable at low
temperature. At higher temperature, the attractive forces between MONPs-EG and metal ions could
be weakened, leading to a decrease in adsorption capacity. Thermodynamic studies were performed
to determine the nature of the adsorption processes; the calculated parameters are summarized in
Table 5. The negative values of AH? confirm the exothermic nature of the adsorption of both metal
ions onto the prepared adsorbent in single metal systems at 298-323 K [46,47], which is supported by
the results of the temperature effect on the adsorption processes. Negative values of AS? reflected that
the randomness decreases at the MONPs-EG and solution interface during the adsorption of metal
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ions [48,49]. The higher magnitude of AS” obtained in the Pb?* system signified that it had a better
affinity toward and was more stable on the MONPs-EG compared to Ni?*. Furthermore, negative
values of AG? at all investigated temperatures indicated that the adsorptions of both metal ions onto
the prepared MONPs-EG were thermodynamically favorable and spontaneous in nature [28,50].
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Figure 6. Effect of temperature on adsorption behaviors of prepared MONPs-EG for: (a) Pb?*; (b) Ni%*

in single metal solutions.

Table 5. Thermodynamic parameters of adsorption of Pb>* and Ni?* onto the prepared MONPs-EG in
single systems.

Metalion Temperature (K) 1nKy AG? (kJ/mol) AS? (kJ/mol/K) AHO (kJ/mol)

298 14.42 -35.16

Pb2+ 308 12.21 —-31.90 -0.27 -115.65
323 10.47 —27.82
298 8.92 —21.83

Ni2+ 308 8.04 —-20.81 —-0.08 —46.68
323 7.32 -19.54

3.5. Effect of Humic Acids (HA)

Humic acids (HA) are the major components of dissolved organic matter in natural surface water.
They can have excellent binding characteristics and electrostatic interactions with metal ions in solution,
leading to the formation of metal-organic complexes, which might affect the adsorption of metal ions
on the prepared adsorbent [51-53]. The effect of HA on the adsorption behaviors of metal ions onto the
prepared MONPs-EG in single and binary systems are shown in Figures 5 and 7. It can be seen that the
presence of HA in the systems reduced the adsorption rates of metals ions onto the MONPs-EG. This
reduction is clearly observed for single metal systems, while it is indistinct in binary metal systems
(Figure 5). However, with the supporting data shown in Table 4, the changes in the adsorption rates
are noticeable in binary metal systems with the coexistence of HA. Indeed, wide variations in the
pseudo-second order kinetic rate constants (ky) are observed in these systems, which are decreased from
24.37 to 16.73 and 4486.45 to 991.41 (g/mmol/h) for Pb?* and Ni?*, respectively. Interestingly, despite
the fact that the adsorption rate is hindered with the presence of HA, the adsorption capacity was
promoted, especially in single systems (Figure 7). The maximum adsorption capacity of MONPs-EG
for Pb?* in single metal systems was 0.278 mmol/g at 298 K; this value increased to 0.298 mmol/g
in the presence of 10 mg/L HA (Table 3). A similar trend was observed for Ni**: the adsorption
capacity increased from 0.113 to 0.174 mmol/g when HA coexists in the system. The presence of HA in
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binary metal systems can also promote the overall adsorption process, but increases in the adsorption
capacities of MONPs-EG in these cases are insignificant, probably due to adsorption competition
between metal ions, as discussed above. However, the results also verified the positive effect of HA
coexistence in the systems on overall adsorption processes. The increase of metal ion adsorption
capacities in the presence of HA might be due to the chelation of Pb?* and Ni?* with functional groups
on HA, and adsorption of HA onto exposed carbon and manganese oxides structure on the MONPs-EG
composite [53-56].
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Figure 7. Effect of humic acids (HA) on adsorption behaviors of MONPs-EG for: (a) Pb2*; (b) Ni%* in
single and binary metal solutions.

The comparison of adsorption performances of Pb** and Ni?* by the prepared MONPs-EG
achieved in this study with other similar adsorbents under various experimental conditions are
presented in Table 6. The MONPs-EG exhibited superior adsorption capacities, which are much higher
than those of previous studies that used various adsorbent such as expanded graphite (EG) and its
modifications (G-EG, P-EG) [57], manganese oxide-coated sand (MOCS) [21,24], manganese oxide
coated crushed brick (MOCB) [21], and manganese oxide-coated zeolite (MOCZ) [22,23]. This finding
suggested the applicability of the coating process and the prepared MONPs-EG can serve as a competent
adsorbent for removing heavy metals from the aquatic environment. Regarding the partition coefficient
(PC), the higher value of PC is generally referred to as a good adsorption affinity [32,57]. However, our
results found that the PC values are inversely proportional to the initial metals concentration in solution.
This mean that the higher affinity of metal ions towards the MONPs-EG could be achieved at lower
initial concentration. Therefore, an outstanding adsorption affinity might not necessarily correspond to
an excellent adsorption capacity. The partition coefficients obtained in this study are comparable to the
results of previous studies with various adsorbents although there are distinct differences in adsorption
capacities between them (Table 6). The magnitude of the computed PC values is generally higher when
the initial concentration loaded on to the batch system becomes lower due to the enhanced efficiency
of adsorptive processes. However, the occurrences of exceptionally high PC value for Pb?* at the
lowest initial concentration of 0.10 mM are still somewhat unusual. It may possibly be attributed to the
unusually preferential removal of Pb?* under the initial conditions which considerably stimulated the
interaction between the adsorbate (Pb>*) and the adsorbent (MONPs-EG). The strong affinity of Pb**
to MONPs-EG over that of Ni?* can also be ascribable in terms of thermodynamic consideration in
that the magnitude of AG? was significantly higher in Pb>* than in Ni?* (Table 5).
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Table 6. Adsorption behaviors of Pb?* and Ni?* in single systems by various adsorbents.

N;(e):ﬂ Adsorbent  Co (mM)  pH Tflrgp' Ce (mM) (mncll:)l/g) (mm(I:l/Cg/mM) Reference

Pb2* MOCS 053 50 293 0.021 0.026 1.240 [20]

MOCB 053 50 293 0.021 0.023 1.100 [20]

MOCZ 2.42 5.5 296 0.520 0.190 0.370 [21]

MOCS 338 40 288 2.700 0.240 0.090 [22]

MOCZ 154 40 295 1.360 0.008 0.006 [23]
MONPs-EG 010 50 298 0.006 0.187 31.167 This study
MONPs-EG 0.50 5.0 298 0.368 0.263 0.715 This study
MONPs-EG 100 50 298 0.861 0.276 0.321 This study

Ni2* EG 0.17 - 295 0.164 0.007 0.043 [58]

G-EG 0.17 - 295 0.163 0.009 0.055 [58]

P-EG 017 - 295 0.157 0.013 0.083 [58]
MONPs-EG 0.10 5.0 298 0.066 0.068 1.030 This study
MONPs-EG 050 50 298 0.447 0.105 0.235 This study
MONPs-EG 100 50 298 0.946 0.110 0.116 This study

4. Conclusions

Manganese oxides were successfully decorated onto the surface of expanded graphite, and the
newly formed composite MONPs-EG was employed as adsorbent for the removal of heavy metals
from aqueous solution. The adsorption isotherms were well described by the Langmuir model, and
the maximum adsorption capacity of MONPs-EG in a single metal system at 298 K can attain values of
0.278 and 0.113 mmol/g for Pb?* and Ni?*, respectively. The adsorption capacity values for individual
metal ions were reduced by coexistence with another metal, indicating substantial competition between
the metal ions for binding sites on the prepared MONPs-EG. The adsorption of both Pb?* and Ni?* onto
the prepared MONPs-EG followed the pseudo-second order kinetic model. The adsorption processes
were spontaneous and exothermic in nature, which were inhibited with increase in temperature. The
presence of humic acids in the systems significantly increased the adsorption of metal ions on to the
prepared adsorbent. This study suggests that MONPs-EG can be effectively used as an adsorbent for
heavy metal removal from aqueous solution.
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