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ABSTRACT

In this work, ordered mesoporous MnO, for the adsorptive removal of Pb(II) from aqueous solutions
was prepared using KIT-6 silica as a template, followed by plasma modification. For comparison, a
bulk MnO, adsorbent with the same crystal structure was also prepared by thermal decomposition.
The MnO, adsorbents were characterized using X-ray diffraction, transmission electron microscopy,
X-ray photoelectron spectroscopy, and N, adsorption-desorption measurements. The characteri-
zation results showed that plasma modification did not affect the porous structure of mesoporous
MnO,, but resulted in an increased number of surface hydroxyl groups. The results of adsorption
experiments showed that plasma-modified mesoporous MnQO, exhibited a significantly higher Pb(II)
adsorption capacity than bulk MnO,. The adsorption kinetics of Pb(II) onto the modified MnO, was
best described by a pseudo-second-order kinetic model. Moreover, enhanced Pb(Il) adsorption was
observed at higher solution pH and in the presence of coexisting Na* and Ca* ions. Regeneration
experiments confirmed that the modified MnO, could be effectively recycled. In conclusion, plas-
ma-modified mesoporous MnQO, could be used as a recyclable adsorbent for the effective removal of

Pb(II) from aqueous solutions.
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1. Introduction

Water contamination by high Pb(II) concentrations is
raising global concerns, as lead is one of the most toxic heavy
metals for humans [1]. Traces of Pb(II) can cause cancer and
have other harmful health effects when accumulated in the
human body [2]. The US Environmental Protection Agency
limits the maximum Pb(II) concentration in wastewater to
0.05 mg L. To date, considerable efforts have been made
to develop techniques for removing Pb(II) from wastewater,
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including chemical precipitation, ion exchange, adsorption,
and reverse osmosis [3,4]. Due to its easy operation and
high efficiency, adsorption is one of the most promising and
widely used approaches for Pb(II) removal from wastewater.

Ubiquitous manganese oxides are extensively utilized as
adsorbents for the removal of Pb(II) from wastewater, due to
their competitive cost and high adsorption affinity for metal
ions. Wang et al. [5] found that layered MnO, adsorbents
with low isoelectric points have high adsorption capacities
for the removal of Pb(Il) from acidic solutions. He and Xie
[6] prepared hydrous manganese oxide and found that this
adsorbent exhibits high adsorption capacities for heavy metal
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ions. Manganese oxides with different morphologies, such as
a tube, sheet, rod, sphere, and porous structures, possess a
variety of specific surface areas and available surface adsorp-
tion sites that affect the Pb(II) adsorption capacity [4,7-9]. In
particular, Zhang et al. [10] demonstrated that the adsorption
capacities of MnO, adsorbents for Pb(II) are highly correlated
with their morphology and structure. Hence, it has been pro-
posed that manganese oxides with larger specific surface
areas have higher adsorption capacity for Pb(II).

In the past decade, mesoporous materials (e.g., SiO, and
carbon) have attracted widespread interest in wastewater
treatment due to their ordered mesostructure, high surface
area, and large pore volume [11-13]. Wang et al. [14] found
that SBA-15 mesostructured silica exhibited high adsorption
affinity for different heavy metal ions, such as Cu*, Zn?"
and Ni*. Yang et al. [15] reported that ordered mesoporous
carbon CMK-3 showed high adsorption capacities and good
diffusion properties as potential adsorbents for the removal
of pollutants in water. Moreover, these hierarchical struc-
tures have been found to promote mass transfer and the
generation of active sites, enabling the effective adsorption
of Pb(II). Mesoporous manganese oxides have been success-
fully prepared and widely applied in many fields, such as
lithium-ion batteries [16], supercapacitors [17], and catalysts
[18]. Mesoporous MnO, is usually prepared using nanocast-
ing methods with mesoporous SiO, or carbon structures as
a template [19,20]. To produce mesoporous MnQO,, the final
products need to be heated to a high temperature (>350°C)
to maintain their hierarchical structure during the template
removal. Unfortunately, the heating procedure can sub-
stantially reduce the number of active adsorption sites (e.g.,
hydroxyl groups) on the adsorbent surface and therefore
decrease the adsorption capacity of m-MnQO, [21]. Plasma
treatment is an effective technique to generate large amounts
of active adsorption sites on the channel surfaces of meso-
porous materials [22-25]. It has been speculated that plas-
ma-modified mesoporous MnO, could be used as an efficient
Pb(II) adsorbent with high adsorption capacity for wastewa-
ter treatment. However, only a few studies have been pub-
lished on this subject.

In this paper, we employ plasma treatment to modify the
surface of mesoporous MnO,, to increase its Pb(II) adsorp-
tion capacity. We report the synthesis of plasma-modified
mesoporous MnO, using mesoporous SiO, (KIT-6) as a hard
template. For comparison, an additional adsorbent based on
bulk MnO, nanoparticles was prepared by thermal decompo-
sition. The results show that plasma-modified mesoporous
MnQO, can achieve both rapid Pb(II) adsorption kinetics and
extraordinarily high Pb(II) adsorption capacity, highlighting
the promising potential of the modified mesoporous MnO,
as an effective adsorbent for the removal of Pb(Il) from
wastewater.

2. Experimental
2.1. Materials and reagents

All chemical reagents were of analytical grade. Triblock
copolymer P123 (M =5,800) and humic acid were purchased
from Sigma-Aldrich (St. Louis, USA). Manganese nitrate
hexahydrate (Mn(NO,),-6H,O, >98% purity) was obtained

from Alfa Aesar (Ward Hill, USA). Tetraethyl silicate, n-bu-
tanol, lead nitrate (Pb(NQ,),), sodium nitrate (NaNQO,), cal-
cium nitrate (Ca(NQO,),), sodium hydroxide (NaOH), ethanol,
and hydrochloric acid (HCl) were purchased from Nanjing
Chemical Reagents Co., Ltd. (Nanjing, China). Stock solu-
tions of inorganic salts were prepared by dissolving appro-
priate amounts of NaNO,, Ca(NQO,),, and Pb(NQO,), in deion-
ized water.

2.2. Adsorbent preparation and modification

Mesoporous MnO, was prepared as described in previ-
ous studies [19,20], using mesoporous SiO, (KIT-6) as a tem-
plate. Briefly, 12 g of Mn(NQO,),-6H,0 was dissolved in 50 mL
of ethanol under fast stirring; then, 4 g of KIT-6 was added
to the solution and ultrasonically dispersed for 30 min. The
mixture was magnetically stirred for 6 h and heated at 200°C
for 3 h. The above impregnation step was repeated two more
times. Finally, the sample was heated in an oven at 450°C
for 3 h. The mesoporous MnO, sample, denoted as m-MnO,,
was obtained by removing the KIT-6 template using a 2 mol
L NaOH solution at room temperature followed by filtra-
tion, washing, drying at 105°C for 12 h, and heating at 450°C
for 3 h.

Plasma-modified mesoporous MnO, was prepared fol-
lowing a previously reported procedure [22]. The plasma
system consisted of a high-voltage generator (CTP-2000K,
Nanjing Suman, Nanjing, China) and a quartz reaction cham-
ber. One gram of m-MnQO, powder was spread in the reaction
chamber to form a thin layer. Under O, flow (40 mL min™) at
normal pressure, the m-MnO, powder was treated for 30 min
with an output powder of 90 W. The material obtained from
the plasma treatment is denoted as p-MnO,. As a control sam-
ple, bulk MnO, was prepared by heating Mn(NO,),"6H,0 at
450°C for 3 h. The obtained bulk MnQ, is denoted as t-MnQO,.

2.3. Adsorbent characterization

Small-angle X-ray diffraction (XRD) patterns were
recorded on a D/max-RA powder diffractometer (Rigaku,
Tokyo, Japan) equipped with a Cu K _ radiation source oper-
ating at 40 kV and 40 mA, in the 20 range of 0.8-8°. Wide-
angle XRD patterns were collected in the 20 range of 10-80°.
The morphologies of the adsorbents were inspected by trans-
mission electron microscopy (TEM; H-800, Hitachi, Tokyo,
Japan) and field-emission scanning electron microscope
(FESEM; S-480011, Hitachi, Tokyo, Japan), and energy disper-
sive spectrometer microscope detection to observe the com-
position. Fourier transform infrared spectroscopy spectra
were collected with KBr pellet with an IRPrestige-21 instru-
ment (FT-IR, Shimadzu, Kyoto, Japan) with a wavelength
range of 400-4,000 cm™. The Brunauer—-Emmett-Teller sur-
face areas and pore size distributions of the adsorbents were
determined by N, adsorption-desorption measurements
on an ASAP 2020 porosimetry analyzer (Micromeritics,
Norcross, USA) at —196°C. The chemical states of the Mn and
O elements in the adsorbents were analyzed by X-ray photo-
electron spectroscopy (XPS) on a PHI5000 VersaProbe system
(ULVAC-PHI, Kanagawa, Japan) equipped with a monochro-
matized Al K excitation source (hv = 1486.6 eV). The C 1s
peak (284.6 eV) was used for the calibration of the binding
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energy values. The zeta potentials of m-MnO, and p-MnO,
were performed to evaluate the pH influence on the surface
charge. The experiments were done for m-MnO, and p-MnO,
within a pH range of 1-10 using 0.1 mol L' NaOH or HNO,
to adjust the desired pH value.

2.4. Batch adsorption experiments

The adsorption of Pb(II) onto the adsorbents was investi-
gated using a batch equilibrium technique [10]. Twenty milli-
grams of adsorbent was introduced in a 50 mL glass-stopped
conical flask containing 40 mL of Pb(Il) solution, with initial
concentrations ranging from 5 to 70 mg L. The pH was
adjusted to four using a 0.1 mol L HCI or NaOH solution
before adding the adsorbent. After shaking for 24 h and fil-
tering out solid particles, the concentration of Pb(Il) in the
filtrates was determined by atomic absorption spectropho-
tometry (AAS; model 2380, Perkin Elmer, Waltham, USA).
The adsorbed amount g, (mg g™) of Pb(Il) on the adsorbents
was calculated according to Eq. (1):

g =L C=C) )

m

where C, and C, represent the initial and equilibrium Pb(II)
concentration (mg L™), respectively, V is the volume of the
solution (L), and m is the mass of added adsorbent (g).

To examine the Pb(II) adsorption kinetics, 0.25 g of
m-MnO, or p-MnO, was added to 500 mL of a Pb(II) solution
with a concentration of 50 mg L. The mixtures were then
stirred in an incubator at 25°C. Sampling was carried out by
fast filtration from the flask at preset time intervals during
the adsorption process. The Pb(Il) concentration in the fil-
trates was determined by AAS.

The effect of pH on the Pb(Il) adsorption on p-MnO,
was tested by adjusting the pH level of the Pb(II) solutions
using a 0.01 mol L' HCI or NaOH solution. The p-MnO, dos-
age and initial Pb(II) concentration were 20 and 50 mg L7,
respectively. After reaching the adsorption equilibrium, the
mixtures were filtered and the Pb(II) concentrations deter-
mined. The influence of coexisting ions on Pb(II) adsorption
was investigated by the addition of NaNO, or Ca(NO,), solu-
tions with different concentrations (0-0.2 mol L) at pH 4 and
25°C. The mixtures were then shaken for 24 h and filtered,
and the Pb(Il) concentrations were determined as described
above. To further evaluate the adsorption selectivity of
pP-MnO, for Pb(Il), adsorption isotherms of Pb(II) on p-MnO,
were measured from batch adsorption tests with the same
procedure used for Pb(II) in the presence of Cu(II), Ni(Il) and
Zn(Il), respectively.

2.5. Column adsorption tests

Column adsorption tests of the removal of heavy metal
ions were carried out at 25°C using a polyethylene column
(Omnifit Co., UK) with an inner diameter of 15 mm and a
length of 130 mm containing p-MnQO,. Three milliliters of
wet p-MnO, powder (4.1 g) was packed in the column.
At the top and bottom of the column, quartz sand (diameter
~0.2 mm; does not adsorb Pb(Il)) was packed to prevent the
loss of adsorbents and control the flow. The influent solution

containing 75 mg L™ Pb(II) was continuously pumped through
the column at a rate of 60.0 mL h™ using a calibrated syringe
pump (Longerpump Co., Baoding. China) for 10 h. This con-
centration is greater than the maximum concentration per-
mitted by China’s quality standard for groundwater (GB/T
14848-2017), which stipulates a threshold of 0.1 mg L™ for
Pb(Il). Effluent samples were collected regularly using a BSZ-
100 fraction collector (Huxi Analysis Instrument Factory Co.,
Shanghai, China) and subjected to AAS.

To investigate the feasibility of p-MnO, for removing
heavy metal ions from real wastewater, we collected sewage
from the sewage discharge port of an electroplating factory
in Yangzhou, China. The wastewater was used directly with-
out treatment. The pH and chemical oxygen demand (COD)
were 4.51 and 864.7 mg L, respectively. The concentrations
of Pb(Il) in the wastewater were 25.6 mg L™.

2.6. Desorption and regeneration experiments

The reusability of p-MnO, was tested by repeated Pb(II)
adsorption and desorption for eight consecutive cycles. In
each cycle, 50 mL of a 50 mg L™ Pb(II) solution was mixed with
20 mg of p-MnQ, for 24 h. Desorption of saturated p-MnO,
was conducted by dissolving Pb(II)-loaded p-MnO, in 40 mL
of 0.1 mol L' HCI, HNO, and H,SO, solution, respectively,
at room temperature for 12 h. The p-MnO, adsorbent was
then separated and washed thoroughly with deionized water
until pH 7, before the next adsorption cycle.

3. Results and discussion
3.1. Material characterization

The small-angle XRD spectra of m-MnO, and p-MnO, are
shown in Fig. 1a. The XRD pattern of m-MnO, shows diffrac-
tion peaks at 20 angles of 1.03° and 1.83°, corresponding to
the (211) and (332) planes, respectively, denoting an ordered
mesoporous structure with cubic Ia3d symmetry [26,27]. In
the case of p-MnO,, the XRD pattern displays a strong (211)
peak and a rather weak (332) signal, suggesting that the
mesoporous structure was retained after plasma modifica-
tion. The wide-angle XRD patterns of t-MnO,, m-MnO,, and
p-MnO, are shown in Fig. 1b. Their sharp and intense dif-
fraction peaks indicate that the MnO, absorbents were well
crystallized. The XRD patterns of all adsorbents exhibit dif-
fraction peaks at 20 values of 28.6°, 37.3°, 41.0°, 42.8°, 56.6°,
59.4°, 65.1°, and 72.4°, which could be indexed to the (110),
(101), (200), (111), (211), (220), (002), and (112) planes, respec-
tively [28,29]. These features indicate that the MnO, adsor-
bents consisted of a 3-MnO, crystalline phase, corresponding
to the rutile structure of pyrolusite [10].

The structure and morphology of the MnO, adsorbents
are shown in transmission electron microscopy (TEM)
images (Fig. 2). The t-MnO, sample (Fig. 2a and b) possessed
a flake-like morphology with aggregated MnO, particles.
The m-MnO, sample (Fig. 2c and d) had a well-ordered mes-
oporous structure with aligned nanorods and uniform pore
dimensions. The m-MnO, pore diameter estimated from the
TEM images was 10.3 nm on average, whereas the diame-
ter of the nanorods was approximately 4.0 nm. Similarly, an
ordered assembly of MnO, rods was observed for p-MnO,,
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Fig. 1. (a) Small-angle and (b) wide-angle XRD patterns of the
samples.

confirming that the mesoporous MnO, structure was retained
upon plasma modification.

The N, adsorption-desorption isotherms and pore
size distributions of the MnO, adsorbents are displayed
in Figs. 3a and b, respectively. The calculated structural
parameters of the adsorbents are listed in Table 1. Both
m-MnO, and p-MnO, (Fig. 3a) displayed well-defined
type IV isotherms with hysteresis loops, indicative of the
presence of mesostructured phases [30]. The specific sur-
face area and pore volume of m-MnO, were 56.5 m* g
and 0.16 cm® g7, respectively, which are superior to those
obtained for t-MnQO, (Table 1). Such high specific surface
areas and pore volumes would facilitate the adsorption and
diffusion of Pb(II) and provide more active sites for Pb(II)
adsorption. No difference in specific surface area or pore
volume was observed after plasma modification. The pore
sizes of p-MnO, were 3.7 and 10.1 nm, which were identi-
cal to those of m-MnO, (Fig. 3b). This result confirms that
the porous structure of m-MnQO, remained unchanged upon
plasma treatment.

The XPS spectra of t-MnO, m-MnO, and p-MnO,
samples are presented in Fig. 4. The Mn 2p, , spectra of all
absorbents exhibited an asymmetric shape with numerous
peaks (Fig. 4a), revealing a mixed-valence manganese sys-
tem with Mn?, Mn*, and Mn* species [5]. Due to the low
Mn* contents in MnO, materials, the Mn 2p,, spectra were
deconvoluted into only two peaks at 640.7-641.2 and 642.2—
642.7 eV, assigned to Mn* and Mn*, respectively [21]. The
fitting parameters of the Mn 2p, , spectra are summarized in
Table 2. The percentage of Mn* in m-MnO, was higher than
that in t-MnQO,, indicating that the mesoporous MnO, sam-
ple exposed a higher amount of Mn*" species on the surface,
which may lead to an increased number of cationic vacancies
and enhanced adsorption of heavy metal ions for the Mn*
ions [5]. After plasma modification, the Mn*" content on the
mesoporous MnQO, surface decreased from 58.2% to 40.3%,
which was attributed to the formation of additional complex-
ation involving surface Mn*" sites during the modification
process.

The O 1s XPS spectra of t-MnO,, m-MnO,, and p-MnQO,
samples were highly asymmetrical (Fig. 4b) and could
be deconvoluted into two peaks assigned to lattice and
adsorbed oxygen, respectively [31]. The fitting parameters
of the O 1s XPS spectra are listed in Table 2. The binding
energies of lattice and adsorbed oxygen species ranged from
528.2 to 528.7 eV and from 530.2 to 530.9 eV, respectively. The
content of lattice oxygen in m-MnQO, (63.0%) was higher than
that of t-MnO, (59.9%), which showed a significant shift to
higher binding energies. This result confirms the formation
of Mn-O-Mn bonds in m-MnO,, due to the greater electron
density of Mn-O-Mn than Mn-O-H groups [5]. The adsorbed
oxygen fraction in p-MnO, was 40.1%, much higher than that
observed in m-MnO, (37.0%; Table 2), reflecting an increase
in adsorbed oxygen content after plasma modification. This
result can be attributed to the formation of new Mn-O groups
on the surface of the channels after the breaking of Mn-O-Mn
bonds by oxygen radicals during plasma treatment.

The surface hydroxyl groups of the three MnO, adsor-
bents were determined by the Boehm titration method [32].
The contents of surface hydroxyl groups on the MnO, adsor-
bents are listed in Table 1. The hydroxyl group contents in
t-MnO,, m-MnO,, and p-MnO, were 0.0045, 0.0409, and
0.1091 mmol g™, respectively. The hydroxyl group content of
m-MnO, was substantially higher than that of t-MnO,, likely
due to its larger specific surface area and more accessible
pores. Moreover, the hydroxyl group content on the meso-
porous MnO, surface increased markedly after plasma mod-
ification, revealing that the modification was effective for
generating a large number of hydroxyl groups on the surface
of the channels.

The surface zeta potentials of m-MnO, and p-MnO, as
a function of solution pH were studied and the results are
shown in Fig. 5. The zeta potentials of the adsorbents mono-
tonically decreased with increasing pH due to the continuous
de-protonation of surface hydroxide groups. The isoelectric
point (IEP) of m-MnQO, was 1.7. Notably, the much lower zeta
potential was observed in p-MnQO, than in m-MnQO, in the test
pH range of 1-10, and the IEP of p-MnO, was calculated to be
1.4. The negative surface zeta potentials observed on p-MnO,
over a wide pH range suggested the potential for adsorptive
removal of Pb(Il) in water.
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Fig. 2. TEM images of (a and b) t-MnO,, (c and d) m-MnO, and (e and f) p-MnQO,,.

3.2. Pb(1I) adsorption dynamics

The effect of the agitation time on the Pb(II) adsorption
by m-MnO, and p-MnO, is shown in Fig. 6a. The adsorption
of Pb(Il) by m-MnQO, and p-MnO, was rapid within the first
60 min and reached equilibrium after 100 min. The adsorp-
tion rate constant was evaluated using the pseudo-first-order
and pseudo-second-order rate expressions in Egs. (2) and (3),
respectively [21]:

In(q, —q,) =Ing, + kt 2)
t 1 t
Se ot )
9, k4 q,

where ¢q, q, k, and k, are the equilibrium adsorption
capacity (mg g7), the adsorption capacity (mg g™) at time
t (min), the pseudo-first-order rate constant (min™), and

the pseudo-second-order rate constant (g mg? min™),
respectively.

Fig. 6a displays the fitting curves obtained using the
pseudo-first-order and pseudo-second-order models to
describe the adsorption of Pb(Il) on m-MnO, and p-MnO,.
Table 3 lists the calculated kinetics parameters for Pb(II)
adsorption on m-MnO, and p-MnO, obtained according to
the equations. The correlation coefficients obtained for the
pseudo-second-order model (R? > 0.99) were higher than
those of the pseudo-first-order model (R* > 0.93), indicating
that the pseudo-second-order model was more suitable for
describing the kinetics of Pb(II) adsorption on m-MnQO, and
p-MnO,. Also, the equilibrium adsorption amounts (q_) cal-
culated for the pseudo-second-order kinetic model were very
close to the experimental data (q, ), further confirming that
the adsorption kinetics were well fitted by the pseudo-sec-
ond-order kinetic model. The calculated pseudo-second-or-
der rate constants for m-MnO, and p-MnO, were 0.0058
and 0.0027 g mg™ min™, respectively. The adsorption rate
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Table 1
Structural properties of the adsorbents

Sorbents Sper Vp” dph -OH*
(m*g") (m’g’) (nm) (mmol g™)
m-MnO, 56.5 0.16 3.7/10.1 0.0409
p-MnO2 57.7 0.16 3.7/10.1 0.1091
£-MnO, 0.1 - - 0.0045

“Total pore volume, determined at P/P0 =0.97.

"Most probable pore diameter, determined by BJH pore size
distribution.

‘Determined by Boehm titration method.

of m-MnO, was higher than that of p-MnQO,, indicating that
m-MnO, achieved the adsorption equilibrium faster.

Given that m-MnO, and p-MnO, are porous adsor-
bents, intraparticle diffusion may be an important factor in
the adsorption process of Pb(II). Hence, the Weber—Morris

(a) 642.2 640.7 Mn 2p3/2
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Fig. 4. (a) Mn 2p, , and (b) O 1s XPS spectra of t-MnO,, m-MnO,
and p-MnO,.

model, described by Eq. (4) [33], was applied to further inves-
tigate the Pb(II) adsorption process:

9= kidtl/z +C, 4)

where k, (mg g min™?) is the intraparticle diffusion rate
constant and C, is the intercept of the g, vs. 2 plot, which
provides an estimate of the thickness of the boundary layer.
Fig. 6b displays the g, vs. t** plots for the adsorption of
Pb(II) on m-MnO, and p-MnQO,. The plots were multilinear,
indicating that multiple adsorption steps were involved in the
global adsorption processes. The g, vs. ' plots fitted using
the linear regression method could be divided into three lin-
ear regions (Fig. 6b). The fitting parameters are summarized
in Table 4. The initial, intermediate, and final linear regions
were assigned to bulk diffusion, intraparticle diffusion, and
adsorption equilibrium, respectively [34]. Moreover, the k,
values calculated from the slope of the first region of the plots
for m-MnO, and p-MnO, were 24.94 and 35.43 mg g™ min™~,
respectively, at the initial Pb(I) concentration of 50.0 mg L.
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Table 2
Results of XPS Mn 2p, , and O 1s multiplets peak fitting
Sorbents Mn?* Mn* O, OH_,
BE* FWHM'  Atc BE FWHM At BE FWHM At BE FWHM At
V) (V) (%) V) (V) (%) V) (V) (o) (V) (V) (%)
m-MnO, 640.7  1.93 41.8 642.1 270 58.2 528.7 145 63.0 530.9 3.66 37.0
p-MnO, 640.8 2.04 57.9 642.2 2.81 421 528.2 1.22 59.9 530.2 3.06 40.1
t-MnO, 640.7 1.85 54.4 642.1 2.84 45.6 528.2 1.22 59.9 530.2 3.00 40.1
‘Binding energy.

"FWHM of all peaks was constrained.

‘At. represents the percentage of the contribution for each peak to the total number of counts under the Mn 2p,, or O 1s peak, and all peaks

modeled as 70% Gaussian-30% Lorentzian.

10
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Fig. 5. Zeta potential of m-MnQO, and p-MnQO, as a function of pH.

The higher intraparticle diffusion rate of p-MnO, denotes an
enhanced Pb(Il) diffusion in mesoporous MnO, after plasma
modification. Also, the greater C, value for m-MnQO, is possi-
bly due to a larger diffusion resistance, which led to a lower
diffusion rate.

3.3. Pb(1I) adsorption isotherms

The adsorption isotherms of Pb(II) on the MnO, adsor-
bents at 25°C are shown in Fig. 7a. The amount of Pb(II)
adsorbed on m-MnQO, was significantly higher than that on
t-MnO, at the same equilibrium concentration, but lower
than that adsorbed on p-MnO,, highlighting the enhanced
adsorption capacity of mesoporous MnO, after plasma
modification. The equilibrium data were fitted using the
Freundlich and Langmuir isotherm models, described by
Egs. (5) and (6):

.= K,C)" (5)
K.C
qe — 1qm L~e (6)
+K,C,

g
___--'...7--?7'. -
m
. Tt
o
(o]
E
o
A m-MnO,
| p MnO,
--------- Pseudo first-order kinetic model
- - -Pseudo second-order kinetic model
100 200 300 400 500
t(min)
80
tb] '(J",—I"'/._‘
60 A
‘—.g /
£ 40 -
&
20 A
4 m-MnO,
| p-MnQ,
0 : - : :
0 5 10 15 20 25

t12 (min12)

Fig. 6. Kinetics of Pb(II) adsorption onto m-MnO, and p-MnO,;:
(a) adsorption capacity vs. contact time and (b) the linear form of
the Weber-Morris model.

where K, and n are constants quantifying the adsorption
capacity (mg g™') and intensity, respectively, while g,, C, and
K, are the maximum adsorption capacity of the adsorbents
(mg g™), the equilibrium Pb(II) concentration (mg L™), and
the affinity constant (L mg™), respectively.
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Fitting parameters of Pb(II) adsorption kinetics using pseudo-first-order and pseudo-second-order model

Sorbents Pseudo-first-order Pseudo-second-order
IopME 8 k; min”? 1M 8~ R? k, g mg™ min™ famg g’ R?
m-MnO, 55.5 0.0047 54.1 0.95 0.0058 55.5 0.99
p-MnQO, 73.8 0.0031 73.3 0.92 0.0027 73.7 0.99
Table 4
Fitting parameters of Pb(II) adsorption kinetics using the Weber-Morris model
Sorbents Weber—-Morris model
C,mgL" k, mg g min~'? L R? k, mg g™ min™'? I R?
m-MnO, 50.0 24.94 11.12 0.99 1.68 38.35 0.95
p-MnO, 50.0 35.43 1.53 0.99 2.76 41.85 0.97
Table 5 lists the fitting parameters obtained from the
100 Freundlich and Langmuir isotherm models. For t-MnO,, the cor-
(@) ‘ relation coefficient (R? > 0.997) calculated from the Freundlich
’rz'*’:" . isotherm model was higher than that obtained with the
80 1 oo Langmuir model (R? > 0.942), suggesting that the Freundlich
,.’ model provided a better description of the adsorption data.
= 604 ﬁ - t""":':::i On the other hand, the adsorption isotherms of m-MnO, and
- .f‘.-" - S p-MnO, were better fitted by the Langmuir (R* > 0.978) than
E £ ‘.f':'“ ’ Freundlich (R? < 0.973) model. These results indicate that the
240 A 4‘#’ ® p-MnO, active sites for Pb(Il) adsorption on the surface of m-MnO,
:,' A m-Mno, and p-MnQO, exhibited a more homogeneous distribution than
: | MnO those on the t-MnO, surface [10]. Also, the calculated maximum
20 1 2 adsorption amount g, and Freundlich coefficient K, of m-MnO,
PR - - -Langmuir were both higher than those of t-MnO, (Table 5), reflecting
gmu® e Freundlich the enhanced Pb(Il) adsorption capacity associated with the
0 [') 1' o 2' 0 3' 0 4'0 50 mesoporous structure of MnO,. The higher Pb(II) adsorption
amount of m-MnQ, is likely due to its uniform pore structure
Ce (mg L) and high specific surface area, which improve the mass trans-
fer and the exposure of active adsorption sites [35]. The g, of
20 p-MnO, obtained from the Langmuir model was 88.7 mg g™,
(b) much higher than that of m-MnO, (59.9 mg g; Table 5).
To further evaluate the adsorption performance of
16 - __.-‘ m-MnO, and p-MnO,, the adsorption isotherms of the adsor-
X S bents were normalized by the specific surface area. Fig. 7b
T 4o .‘_'__-f"" displays the normalized adsorption isotherms and Table 5
E ‘_f-"' g A lists the normalized Pb(II) adsorption capacities of the adsor-
Ej 2" “‘:__:l--'-'-" - bents. The maximum normalized adsorption amounts of
.08 - ‘. s m-MnO, and p-MnO, were 1.12 and 1.75 mg m™, respectively.
= “ ® pMnO- The higher normalized adsorption capacity of p-MnQO, was
1 A m-MnO likely due to its higher adsorption site density, as a result of
04 & 2 the increased number of hydroxyl groups in mesoporous
= = -Langmuir MnOQ, after plasma modification.
""""" Freundlich After Pb(II) adsorption the p-MnO, adsorbent was fur-
0.0 ' ' ' j ther subjected to FI-IR analysis, and the results are shown in
0 10 20 30 40 50 Fig. 8. One strong peak and a shoulder hump were observed
Ce(mg L) at 620 and 3,410 cm™ in FT-IR spectra are attributed to the

Fig. 7. (a) Pb(Il) adsorption isotherms and (b) BET surface area
normalized Pb(Il) adsorption isotherms on the samples.

stretching vibration of the Mn-O and —-OH bonds, corre-
spondingly [36-38]. It is necessary to mention here that the
intensity of the -OH peak observed in the FT-IR spectra of
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Table 5

Fitting parameters of Pb(II) adsorption isotherms on the adsorbents using Langmuir and Freundlich isotherm models

Sorbents Langmuir model Freundlich model

K, (Lmgh  4g,(mggh q, (mgm™) R Ky (mg &™) n R
m-MnQO, 0.48 63.4 1.12 0.978 28.4 4.38 0.953
p-MnO, 0.27 101.1 1.75 0.988 30.0 2.80 0.973
t-MnO, 0.24 12.4 - 0.942 3.3 2.47 0.997
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Fig. 8. FT-IR spectra of p-MnQO, and p-MnO, after Pb(Il) adsorp-
tion.

Pb-loaded p-MnQO, is small. This could be probably due to
the formation of Mn-O-Pb bonds in Pb(Il)-loaded p-MnO,
[10,21], and suggested that hydroxyl groups might be
involved in metal ion uptake.

SEM images of p-MnO, and Pb(II)-loaded p-MnQO, as well
as their relevant elements mapping (O, Mn, and Pb) were
also detected to confirm the adsorption mechanism, and the
results depicted in Fig. 9. For p-MnO,, Pb element randomly
distributed on its surface, while a large amount of Pb was
dispersed closely on the surface of Pb(ll)-loaded p-MnO,
particles, reflecting a much higher Pb element content of
Pb(II)-loaded p-MnO, than that of clean p-MnQO,. Moreover,
the element distribution of Pb in Fig. 9 was closely related to
Mn and O distribution, suggesting that the Pb(II) uptake by
p-MnO, was fully dominated by the Mn-OH sites [10].

The maximum monolayer adsorption capacities of
m-MnO, and p-MnO, adsorbents for Pb(Il) removal were
compared with those of other adsorbents reported in the lit-
erature, and the values are shown in Table 6. It is clear from
Table 6 that the p-MnO, adsorbent exhibited a much higher
Pb(II) adsorption capacity than the previously reported adsor-
bents [21,39-42], which indicated that p-MnO, adsorbent is a
promising adsorbent to remove Pb(II) from aqueous solutions.

3.4. Effect of solution pH on Pb(I) adsorption

The effect of the solution pH on Pb(Il) adsorption on
p-MnQ, is shown in Fig. 10. The adsorbed amount of Pb(II)

Fig. 9. SEM and elemental mapping images of p-MnO, and
Pb(II)-loaded p-MnQO,.

on p-MnO, increased monotonically in the pH range of
1-6 and stopped increasing above pH 6, which indicates
that the adsorption process was pH-dependent. XPS and
Boehm titration results revealed that hydroxyl groups
were the main adsorption sites for Pb(II). Thus, the effect
of the solution pH on the Pb(Il) adsorption on p-MnO,
was controlled by the protonation-deprotonation reaction
of the surface hydroxyl groups [10]. The reported isoelec-
tric point of 3-MnO, is around 2 [43], and the p-MnO, sur-
faces are negatively charged at pH > 2. Hence, electrostatic
attractive interactions are expected to occur between the
negatively charged Mn-OH groups and the positive Pb(II)
cations at a solution pH > 2. In other words, higher Pb(II)
amounts are expected to be adsorbed at higher pH, and
vice versa. However, Pb(Il) adsorption was still observed
on p-MnO, at pH < 2.0, likely due to the strong adsorption
affinity of hydroxyl groups grafted on p-MnO, by plasma
modification.

3.5. Effect of coexisting ions on Pb(II) adsorption

Industrial wastewater contains many coexisting ions,
which may compete with Pb(Il) for the active adsorption
sites on the adsorbent surfaces. Here, the effects of different
concentrations of coexisting Na" and Ca* ions on the adsorp-
tion capacity of p-MnQO, are presented in Fig. 11. The Pb(II)
adsorption capacity of p-MnO, was higher in the presence
than in the absence of coexisting ions, with Ca*" having a
stronger influence than Na*. These results suggest a surface
complexation-based mechanism for Pb(II) adsorption onto
p-MnO, [44]. A similar adsorption mechanism for Pb(II)
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Table 6
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Comparison of maximum monolayer adsorption capacities for Pb(II) removal

Sorbents q, b R? Experimental conditions References
(mgg™)  (Lmg)
Sorbent dosage pH T (K)
(g mL™)
AlLO,-pillared layered MnO, 87.7 0.87 0.925 0.5/1,000 4.0 298 [21]
Polyethylene waste/nano-MnO, 50.5 1.78 0.983 0.5/1,000 5.0 295 [39]
Fe-Mn binary oxides-loaded biochar 73.7 0.32 0.989 2.0/1,000 4.0 298 [40]
Manganese oxide coated porous carbon  40.6 0.61 0.993 1.0/1,000 6.2 288 [41]
Amorphous manganese oxide 49.9 2.38 0.960 2.0/1,000 4.0 — [42]
m-MnO, 63.4 0.48 0.978 0.5/1,000 4.0 298 Present study
p-MnO, 101.1 0.27 0.988 0.5/1,000 4.0 298 Present study
120 100
100 ~ °® o o
@ 80 - - ] [ n
S I [ In A A
—~ 80 H P .
© & 60 -
o
2 60 - - g
[}
7 40 -
% 40 - o' 7 A Na’
[ ]
(] Caz+
20 20 A
O T T T O T T T T
0 2 4 6 8 0 0.05 0.1 0.15 0.2 0.25

pH

Fig. 10. Influence of solution pH on Pb(II) adsorption to p-MnQO,.

adsorption on manganese dioxide was reported in previous
studies [45,46].

Copper (Cu(II)), nickel (Ni(II)) and zinc (Zn(II)) ions are
commonly present in the industrial wastewater, and may
affect the adsorption of Pb(Il) onto sorbents. Experiments
were carried out to investigate the adsorption performance
of p-MnO, to Pb(Il) in the presence of 0.01 mol L™ of Cu(II),
Ni(II) and Zn(II), respectively, and the results are shown in
Fig. 12. Obviously, the presence of Cu(Il), Ni(II) or Zn(II)
invoked a decrease of the adsorption for Pb(II) over p-MnO,.
The decrease was possibly due to the competition between
Pb(II) and coexisting ions for the surface hydroxyl groups
of p-MnO,. Notably, p-MnQO, still showed high adsorption
capacities for Pb(II) in the presence of Cu(II), Ni(II) or Zn(II),
further suggesting that the p-MnO, is capable of selectively
adsorbing Pb(II) in wastewater.

3.6. Fixed-bed column sorption

A fixed-bed column sorption test of p-MnO, was con-
ducted to investigate the potential of plasma-modified
mesoporous MnO, for applications in engineering, and

lonic strength (mol L")

Fig. 11. Influence of co-existing ions (Na* and Ca*) on Pb(II)
adsorption to p-MnO,.

100
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Fig. 12. Adsorption isotherms of p-MnO, to Pb(II) in the presence
of 0.01 mol L of Cu(II), Ni(Il) and Zn(II), respectively.
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the breakthrough curve is shown in Fig. 13. The break-
through point was set as 0.1 mg L™ for Pb(Il), as regu-
lated maximum concentration level by China’s quality
standard for groundwater (GB/T 14848-2017). As can be
seen in Fig. 13, the concentrations of Pb(Il) in effluents
maintained relatively lower in initial 170 min and then
increased much faster. The p-MnO, sorbent exhibited
a breakthrough point at the point of 730 min under the
experimental conditions. The Thomas model was adopted
to predict column sorption capacity (at C/C = 1), and the
Thomas model is as Eq. (7) [21]:

C Q Th ™~ in

1n[cm-4]=k“%“”—k C. t @)
out

where C, and C_ are the influent and effluent, respectively,
k., is the Thomas rate constant (ml min™ mg™), g is the max-
imum adsorption capacity (mg g™), Q is the flow rate (mg
min™), m is the mass of adsorbent (g), and ¢ is the adsorp-
tion time (h). The removal capacity at the breakthrough
point was 4.4 x 10* mg g™ for Pb(II), significantly higher
than for commercial BCs, nano-MnO,, or MnO,-loaded
resin [21,47,48]. This is mainly due to the highly dispersed
MnQO, on the surface of the BC. Therefore, p-MnO, is highly
effective for removing heavy metals from water in fixed-bed
and batch modes and is suitable for in situ environmental
remediations.

A sample of wastewater from a Chinese electroplating
plant in Yangzhou City was used as the influent to verify the
feasibility of p-MnQO, for decontaminating industrial waste-
water. After treatment in a p-MnQO, column for 10 h, the Pb(II)
concentration in the effluent was 0.013 mg L™. The removal
rate of total Pb(II) was >99.1%. Additionally, the pH and COD
of the effluent were 5.23 and 23.6 mg L, respectively. The
pH of wastewater increased slightly, as reported for MnO,
adsorbents for purifying electroplating wastewater [49,50].
The COD in effluent decreased by 97.3% compared to that in
influent, suggesting that the p-MnO, column was also highly
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Fig. 13. Breakthrough curves for Pb(Il) removal using p-MnO,
adsorbents.
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Fig. 14. Pb(Il) adsorption to virgin and regenerated p-MnO,
within eight adsorption-desorption cycles.

effective for the removal of COD from wastewater. Therefore,
the p-MnO, column shows promise for remediation of elec-
troplating wastewater in terms of removing Pb(II).

3.7. Adsorbent reusability

The reusability of an adsorbent is of crucial importance
for its practical applications. Because of the low Pb(II) adsorp-
tion capacity at low pH (Fig. 14), the adsorbed Pb(Il) on the
pP-MnO, adsorbent was eluted using 0.1 mol L' HCI, HNO,
and H,SO, solution, respectively. The regenerated p-MnO,
was employed in repeated Pb(II) adsorption tests. After three
adsorption-desorption cycles, the decrease in Pb(Il) adsorp-
tion capacity was calculated to be 19.4%, 19.5%, and 11.3%
by using HCl, HNO,, and H,SO, as desorption agent, respec-
tively. The higher desorption efficiency of H,SO, is likely due
to the higher concentration of hydrogen ions, resulting in
stronger competition between hydrogen ions and adsorbed
Pb(I) on p-MnO, surfaces. The Pb(II) adsorption remained
constant within the next five adsorption-desorption cycles
(Fig. 14), suggesting that p-MnO, could be used repeatedly
as a highly stable adsorbent for Pb(II) removal from aqueous
solutions.

4. Conclusions

In the current study, we prepared a mesoporous MnO,
(m-MnO,) material and modified it by plasma treatment
(p-MnO,) for the adsorptive removal of Pb(Il) from aque-
ous solutions. The characterization experiments showed
that the mesoporous structure of the absorbent was barely
affected by the plasma treatment, whereas the number of sur-
face hydroxyl groups increased considerably. Compared to
m-MnO,, p-MnO, exhibited a higher adsorption capacity for
Pb(II) and showed a maximum Pb(II) capacity of 88.7 mg g'.
The improved adsorption capacity of p-MnO, is likely due
to the large number of hydroxyl groups generated on the
absorbent surfaces by plasma modification. Also, p-MnO,
showed a high working adsorption capacity in the column
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test. The present results indicate that plasma-modified meso-
porous MnO, is a highly effective and reusable adsorbent for
Pb(II) from aqueous solutions.
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