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Abstract. In order to effectively realize the removal of low concentrations of lead ions in wastewater
via capacitive deionization technology, MnQO> composite electrodes were prepared by a galvanostatic
co-deposition approach, where polyaniline (PANI) and graphene were added to an MnQO; deposition
solution and nickel foam was chosen as the substrate of the electrode. The microstructure, capacitance
characteristics and adsorption behavior of Pb*" ions of the electrodes were analyzed by scanning
electron microscopy, X-ray diffraction, X ray photoelectron spectroscopy, laser Raman spectroscopy,
cyclic voltammetry and capacitance deionization processes. The experimental results showed that the
MnQO;-PANI-graphene composite electrode has a high specific capacitance (132.8 F/g) and a 61.8%
removal rate for simulated wastewater containing 20 mg/L Pb** ions under the conditions of 30°C and
1 mA/cm?, with the addition of 1 g/L PANI and 3 g/L graphene, respectively. Electroadsorption process
was in accordance with the Lagergren quasi-second-order kinetic equation. The co-deposition of PANI
and graphene oxide could play obvious role in enhancing the adsorption capacity and stability of the
electrodes.

Keywords: MnO:-based capacitive composite electrodesm composite electrodepositionm Pb*" ionsm
electroadsorption

1.Introduction

A large amount of wastewater containing Pb*' is inevitably produced from non-ferrous metal
mining and smelting [1-3], lead-acid batteries [4,5] and other chemical production processes [6].
Because of its non-degradability and the enrichment in natural circulation systems Pb** may cause
serious harm to humans, animals and plants [7,8]. Therefore, the effective treatment of wastewater
containing lead is an important and urgent issue for ecological security and the environment.

Compared with the current industrial main applications of ion exchange [9-11], chemical
precipitation, physical/biological adsorption and other lead-containing wastewater treatment
technologies, capacitive deionization (CDI) technology has some advantages, such as low energy
consumption, high efficiency, environmental friendliness, simple operation, strong adaptability and so
on, with broad application prospects for ion removal, including heavy metal ions [12,13]. CDI
technology based on the principle of an electric double layer capacitor and a pseudocapacitor is an
electrochemical controlled deionization method in which an external electric field (0.8-2.0 V) is
applied to both electrodes to drive the charged ions to move towards the electrode with opposite charge
to be adsorbed. When the adsorption achieves balance, the ions adsorbed on the electrode return to the
solution to achieve the purpose of desorption through disconnecting the power supply or reversing the
polarity of the applied power. The adsorption and desorption performance of CDI mainly relies on the
physical and chemical properties of the electrode materials, which can directly determine the removal
ability and electroadsorption efficiency of heavy metal ions. As a result, the preparation and
application of electrode materials with high adsorption capacity are keys for the development of
electroadsorption technology.
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Graphite, activated carbon, carbon nanotubes (CNT), mesoporous carbon, ordered mesoporous
carbon, graphene and other carbon material electrodes [14] have large specific surface areas and good
conductivity but their double-layer capacitance and adsorption capacity are limited, their subsequent
treatment is more complex and their costs are high. For this reason, metal oxide materials, such as
MnO,, with high Faraday pseudocapacitance are often selected. MnO; has the characteristics of a wide
voltage window, a high theoretical specific capacitance (1380 F/g), rich reserves, low cost and good
environmental compatibility. Moreover, MnO; can also react with water to produce a large number of
hydroxyl groups and manganese minerals have strong adsorption capacity for heavy metal ions,
especially for lead [15,16], so MnO> is expected to have a huge application value in the field of
environmental engineering as a CDI electrode material. However, pure MnO: thin-coated electrodes
generally have the disadvantages of large charge transfer resistance and low adsorption efficiency,
which limit their application in the CDI process [17].

Three main strategies, namely, chemical doping [18,19], surface microstructure controlling [20,21]
and compositing with other conductive materials [22-24], are commonly used to improve the
adsorption performance of MnO> electrodes. Among them, the use of conductive material composites
has proved to be one of the most effective approaches, therefore significant research has been focused
on composite design and preparation [17]. manganese dioxide was electrodeposited on a carbon
nanotube-chitosan composite to fabricate a MnO2/CNT-CS composite electrode by Liu [25], that can
achieve a specific capacitance of 42.3F/g at a sweep speed of 5mV/s, a removal capacity of 6.01 mg/g,
and show good cycling performance, but low specific surface area results in lower adsorption capacity.
Shi [26] prepared manganese oxide (MnOy)-coated vertically aligned carbon nanotubes (VACNTSs) via
atomic layer deposition, which successfully achieved both a high load and a large specific surface area.
The specific capacitance of the electrode material was 215+7 F/g at a 5 mV/s sweep speed and its
adsorption capacity for Na" reached 490+30 umol/g at 1.2 V, which is twice that of the original
VACNTs. However, this electrode material is also difficult to apply commercially due to its high cost.
Chen [27] synthesized poly(2-aminothiophenol) (PATP)/MnO; through in situ growth of MnO>
nanoflakes on surfaces of PATP nanofibers and found the removal rate of 20 mg of adsorbent added
into 20 mg/L lead ion solution was up to 99.5%, but its complex preparation process, inconvenient
recovery and difficult subsequent regeneration hinder its practical use.

Based on the above research, considering the selection of conjugated polymer materials with good
electrochemical performance and carbon materials with excellent conductivity as composite
reinforcement materials, MnO> composite electrodes with excellent capacitance and adsorption
performance can be obtained. Therefore, polyaniline (PANI) with a special P-electron structure and
graphene with high specific surface area and conductivity were chosen as composite reinforcements in
this study. Currently, the synthesis of MnO; with graphene and PANI as binary hybrids has been
reported only in the field of energy and catalysis [24,28], with no research on the adsorption of heavy
metal ions reported. In this study, foam nickel was chosen as the substrate and PANI and graphene
were selected to enhance the comprehensive performance of MnQO: electrodes by one-step
electrodeposition. New composite binary MnO;-PANI and ternary MnO;-PANI-G capacitance
electrode materials were prepared to achieve the effective adsorption of low concentration lead ions in
wastewater.

2.Materials and methods
2.1 Materials and reagents

Nickel foam (38020 g/wt.%, Taiyuan Li Yuan Company) was used as the base material of the
electrode. PANI (Sinopharm Chemical Reagent Co., Ltd.), water soluble graphene (5 wt.%, Nanjing
Xianfeng Nanometer Materials Technology Ltd.), manganese sulphate, hydrochloric acid and other
reagents (Tianjin Fuchen Chemical Reagent Factory) were used as received to blend an
electrodeposition bath solution in which deionized water was regarded as a solvent (resistivity of ~18.2
MQcm) obtained through a Milli-Q system.
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2.2 Fabrication of MnO2 composite electrodes

The nickel foam with 1.5mm thickness was cut into 6 cm % 7 cm shapes, treated by acetone and 3
M hydrochloric acid washed to neutral by deionized water and then dried to constant weight at 60°C
under a vacuum. A 0.1 M MnSOy solution is used as the basic formula of the electrodeposition bath. A
certain amount of PANI and graphene nano-flake dispersion was selected as reinforcements of the
composite deposition. The suspension solution was obtained by ultrasonic dispersion. MnO-based
composite electrodes were anode electrodeposited at a current density of 1 mA/cm? at 30°C, with
nickel foam and nickel plate used as the anode and cathode, respectively. Finally, composite electrodes
were repeatedly washed with deionized water to remove the adhesion of the ions from the deposition
solution and then dried for 6 h at 60°C in a vacuum. MnO>-PANI electrodes were prepared by
composite deposition with PANI particles and MnO>-PANI-G electrodes were prepared by composite
deposition with PANI particles and graphene nano-flake dispersion.

2.3 Microstructural characterization of MnQO:2 composite electrodes

The microstructure of the electrodes was observed by field emission scanning electron microscopy
(FESEM, Helios G4 CX FEI company). The phase composition of the electrodes was identified by an
XRD-7000 Shimadzu X-ray diffractometer. The chemical composition of the electrode materials was
analyzed by PHI5700 X-ray photoelectron spectroscopy (Cls calibration) with Al Ka X-rays as the
excitation source and a Renishaw reflex confocal-micro Raman spectrometer.

2.4 Determining specific capacitance of electrodes

Cyclic voltammetry in 20 mg/L lead nitrate test solution was performed at a scan rate of 50 mV/s in
the potential range of 0—1 V and in a three-electrode system in which the prepared electrodes were
used as working electrodes, platinum plate was the counter electrode and saturated calomel was the
reference electrode by employing a model PARSTAT4000 potentiostatic/galvanostatic instrument
(Ametek, USA). According to the measured current-voltage curve, the corresponding specific
capacitance of the electrodes was calculated by Eq. (1):

1
¢= Zm-v-AVfIdV (1)

where C is the specific capacitance (F/g), M is the mass of the active substance (g), V is the scanning
rate (mV/s), I is the current (A) and V is the scanning potential (V).

2.5 Electroadsorption characteristics and stability test

The CDI unit for the electroadsorption treatment (Figure 1), designed and assembled in our lab,
consisted of an acrylic plate, a silica gel gasket, electrodes, a peristaltic pump, a DC power supply and
a conductivity meter. The electroadsorption experiment was carried out in continuous inflow mode.
First, 100 mL of distilled water was continuously pumped through the CDI unit by the peristaltic pump
and then flowed out from the upper part, before being finally returned to the original solution beaker.
When the conductivity of the outlet was stable, distilled water was replaced with 20 mg/L of solution
containing lead ions at the intake. Subsequently, the voltage of 1.2 V is applied using the DC power
supply at both electrodes (a composite electrode as the cathode and a blank nickel foam electrode as
the anode) in the CDI unit. Electroadsorption experiments were carried out at room temperature
(25°C). Finally, the conductivity of the solution no longer changed after a period of adsorption, the
electroadsorption treatment was considered to reach equilibrium and the adsorption process is
completed.
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Figure 1. Schematic diagram of electrosorption experimental device

According to Egs. (2) and (3), the removal efficiency (p) and electroadsorption capacity (Q) of the
electrode for Pb?" ions are calculated, respectively:

pzci—‘OCtXIOO% )
—cp)V
0, = (co nft) (3)

where Co (mg/L) and C; (mg/L) are the initial concentration of Pb** ions in the raw solution and its
concentration at time t, respectively, V' (L) is the volume of the Pb*" ion solution, m (g) is the mass of
the electrode and Q; (mg/g) is the specific adsorption amount (i.e. electroadsorption capacity) at time t.

The adsorption stability of the composite electrodes was tested by the adsorption/desorption cycle
process. After having finished adsorption and desorption for one cycle, the following adsorption and
desorption cycle was conducted by using a fresh raw solution instead of the solution used in the
previous experiment. Adsorption and desorption cycles were repeated three times. The stability of the
electrode was evaluated by comparing the reduction of the removal efficiency of Pb*" ions in each
cycle.

3.Results and discussions
3.1 Microstructure of composite electrodes

Figure 2(a) shows the XRD spectrum of the MnO2 and MnO-PANI-G composite electrodes. The
diffraction peaks at 44.3° and 51.7° of 20 correspond to the Ni phase, while the diffraction peaks at
76.2° of 20 correspond to the y-MnQO; (450) crystal surface (JCPDS No.14-0644), illustrating that the
XRD results mainly reflect the crystal structural information of the Ni substrate due to thin MnO>
electrodeposited film. When PANI particles (1 g/L) and graphene nanosheet (3 g/L) were added to the
deposition solution, the crystal structure of the composite electrodes is similar to the pure MnO>
electrode; however, the half-width of the MnO; diffraction peak for the composite electrodes slightly
increases, with broadening of the diffraction peak occurring, which indicated that the grain size
decreased and the grains were refined due to co-deposition. The Raman spectra of the three electrodes
are exhibited in Figure 2(b). It can be seen that the characteristic band centered at 260 and 298 cm’
between 200 and 400 cm™ should be assigned to the bending vibration of Mn-O-Mn in the MnO,
lattice, and the two bands observed at 556 and 636 cm™! between 500 and 700 cm™! corresponded to the
stretching vibration of Mn-O in the MnOg octahedra [29,30]. For the MnO,-PANI and MnO,-PANI-G
electrodes, three Raman bands observed at 779, 1161 and 1491 cm’!, corresponding to the deformation
of the imino group in PANI, the in-plane bending of C-H bonds and the stretching vibration of C=N in
the quinone ring, respectively, demonstrated that PANI obviously existed on the MnO» coating. The
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characteristic bands of the MnO,-PANI-G electrode at 1348 and 1580 cm™ corresponded to the D-band
caused by lattice disorder of graphene and the G-band caused by the vibration in plane of sp2 hybrid
carbon atoms, respectively, but the Raman bands of graphene were weak due to the lower graphene
amount and the more complex components. It indicates PANI and graphene doped composites with y-
MnO; as the main body were successfully prepared.
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Figure 2. XRD (a) and Raman spectra (b) of different manganese dioxide electrodes

The morphologies of the nickel foam substrate, MnO;, MnO>-PANI and MnO.-PANI-G
electrodes are shown in Figure 3. As shown in Figure 3(a), the rough skeleton surface of nickel foam
with a three-dimensional cross-linked porous structure can provide a large number of adhesion sites for
the following deposition that can effectively reduce the contact and transfer resistance. The surface
morphology of the MnO, electrode (Figure 3(b)) manifested that the surface of the nickel foam
substrate was covered with a layer of MnO; thin film (the upper right corner inset, low-magnification
imagine) and the fine grains of the surface MnO- film were evenly distributed and in the form of nano-
crosslinking (high-magnification image), which was favorable for obtaining a large specific surface
area and providing more adsorption sites. Compared with Figure 3(b), the MnO>-PANI composite
electrode presents an obvious increase in its particles size, owing to the PANI co-deposition influence,
and became no longer compact and flat like the morphology of MnO: (Figure 3(c)), but the film
became loose and its surface appeared rough. This fact suggests that PANI co-deposition may promote
the nucleation process of MnOz. As a result, MnO; formed more nucleation sites on the foamed nickel
substrate due to PANI electrochemical co-deposition, which increased the disorder of grains and
enhanced the utilization of active materials. For the MnO»-PANI-G electrode, the MnO, grains, as
shown in Figure 3(d), were more uniform than those in (b) and (c), and the film surface should be
covered with flaked graphene.

In sum, more nucleation centers were formed and MnO> grains became disorder, and the surface
roughness of the composite electrode was gradually increased due to adding PANI and PANI grapheme
that indirectly indicated the specific surface area of the electrode was increased, which meant the
adsorption performance of the composite electrode could be enhanced. Meanwhile, the composite
electrode could synergistically play the role of both double-electric-layer capacitance of graphene and
pseudo-capacitance of PANI, especially the addition of graphene will help to increase the solid-liquid
interface contact area to make the adsorbed liquid fully infiltrate the electrode surface and to enhance
the diffusion process of ions. Finally the electrode’s electrical adsorption performance can be
improved.

In addition, it should be noted that polyaniline doped with sulfosalicylic acid was chosen, in
which hydroxyl, carboxyl, sulfo, and amine are coexist in structural chain. And graphene surface has
active functional groups and n-m interaction. Thus, during the elctrodepositing, the oxygen-containing
functional groups can be acted as the "interface", become the electrochemically active nucleation site,
and combine with the positively charged Mn?*. Once MnO> is formed on the surface of PANI and
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graphene, which can in turn promote the degree of MnO: dispersion. On the other hand, because of the
hydrophobicity and agglomeration of PANI and graphene as well as the usually controlled by diffusion
during the co-deposition process, MnO> shows non-directional random nucleation, and the nuclear
growth is disordered, as a result, its surface becomes roughening.

Figure 3. SEM images of (a) nickel fa ustrate, (b) MnOa,
(c) MnO2-PANTI and (d) MnO,-PANI-G electrodes

In order to further investigate the binding state of PANIL graphene and MnO: in the MnO»
composite electrodes, XPS analysis was performed on the PANI powder, MnO2-PANI and MnO>-
PANI-G composite electrodes. The XPS full spectrum of the PANI powder shown in Figure 4(a)
indicated that it was composed of C, O, N and other elements. Among them, the C1s peak of PANI was
fitted at 284.4, 285.5, 287.4, and 289.6 eV (Figure 4(b)), which should be assigned to C-C, C-N, C=0
and O=C-O functional groups, respectively. The abundant oxygen and nitrogen functional groups in
PANI will be beneficial to improve its surface polarity and thus endow certain hydrophilic properties,
which are favorable for the adsorption of Pb*" in the aqueous solution on the electrode surface. A
detailed analysis was conducted by deconvoluting the N1s peak of PANI powder into three constituent
components in Figure 4c¢ with binding energies of 398.6, 399.9 and 401.8 eV corresponding to quinone
imine (-N=), phenylcycloamino (-NH-) and positively charged diamine state imine (-NH'=) groups,
which meant PANI contained quinone and benzene rings that gave the polymer good conductivity.
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Figure 4. XPS spectrum of PANI powder (a)
full spectrum, (b) C1s XPS spectrum, (c) N1s XPS spectrum

The XPS analysis results of the MnO»-PANI electrode are displayed in Figure 5. The survey
spectrum (Figure 5(a)) indicated that the film of the electrode contained Mn, C, O and N elements.
This proved that PANI particles had been co-deposited and distributed in the MnO» film. Figure 5(b)
shows the Cl1s spectrum. Compared to the corresponding Cls of PANI powder, the decrease of binding
energy of C-C, C-N, C=0 and O=C-O was more than 0.5 eV, indicating that the main chain of PANI
and MnO: in the electrodeposition film had co-deposited by chemical bonds, and n-n conjugates and
hydrogen bonds were produced between the both, and the addition of PANI probably promoted the
deposition of MnO>. The spin separation energy difference between the two main peaks of Mn2p
(642.6 eV (Mn2p3/2) and 654.4 eV (Mn2pl/2) shown in Figure 5(c) is 11.8 eV, indicating that the
main valence state of manganese is +4 [31,32]. Therefore, it was confirmed that the manganese oxide
in the composite electrode film should be MnO; and the fitting of the peaks corresponded to three
states of Mn*", Mn?", and Mn?*, and the conversion reaction of oxidation and reduction between Mn**
and Mn** improved the pseudocapacitance of MnO, electrode material to a certain extent, which will
be beneficial to the electroadsorption reaction. In addition, the XPS spectrum of Figure 5(d) Ols is
fitted to four peaks, corresponding to Mn-O (529.9 eV), -OH (531.2 eV), H-O-H (532.6 ¢V) and N-O
bonds (533.8 eV) [33], respectively.

Figure 6(a—d) show the XPS survey spectrum and Cls, Mn2p and Ols spectra of the MnO,-PANI-
G electrode. Compared to the Cls spectra of Figures 4(b) and 5(b), it can be seen that the binding
energies corresponding to C-C, C-N, C=0 and O=C-O were shifted to the direction of low binding
energy when graphene was involved in the electrodeposition. The energy difference between the two
peaks (Mn 2p1/2 and Mn 2p3/2) for Mn2p was still 11.8 eV in Figure 6(c), indicating that the co-
deposited product by adding graphene is still MnO,. Comparing to the Ols spectrum of Figure 5(d),
the binding energy of the fitted peaks of the MnO2-PANI-G electrode obviously migrated towards the
direction of low energy too. It is ascribed to the formation of more manganese-oxygen bonds lead to
the increasing of lattice oxygen content in the composite film, it also shows that the chemical bond is
formed between graphene and MnO; during the co-deposition process.
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Figure 5. XPS spectrum of the MnO>-PANI electrode (a) survey spectrum,
(b) Cls XPS spectrum, (c) Mn2p XPS spectrum and (d) O1s XPS spectrum
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3.2 Capacitance characteristics of composite electrodes

The specific capacitances of different composite electrodes were measured by cyclic voltammetry
(Figure 7). It can be seen that the cyclic voltammetry curves of the unmodified MnO; electrode and the
modified composite electrodes presented good symmetrical shuttle shapes. The specific capacitances
of the MnO; electrodes were calculated from Eq. (1) to be 29.9, 12.9, 12, and 2.9 F/g corresponding to
deposition times of 1, 3, 5 and 10 min, respectively, indicating that a longer electrodeposition time led
to the increase of surface resistance and the decrease of specific capacitance. The specific capacitances
of the MnO,-PANI composite electrodes were 30.3, 51.3, 37.2, and 34.8 F/g corresponding to different
additions (0.5, 1, 3, and 5 g/L) of PANI in the deposition solution. The numerical variation of the
specific capacitances for the MnO>-PANI composite electrodes suggested that the addition of PANI
improved the conductivity of the electrode and the synergistic effect of PANI and MnO> might increase
the specific capacitance of the composite electrode. However, the agglomeration and encapsulation
caused by the excessive PANI addition that hindered the path of electron transport and the effective
utilization of material capacitance resulted in a decrease in the specific capacitance of the composite
electrode. Given this, in order to make good use of adsorbing each other both PANI and graphene, and
to participate in the deposition process to achieve MnO> composite modification, fabrication MnQO»-
PANI-G composite electrodes were chosen to deposit for 1 min in the MnSOg solution including 1 g/L
PANI and graphene with adding different amounts of 1, 3, 5, and 10 g/L, respectively. The
corresponding specific capacitances of each composite electrode were 66.8, 132.8, 89.8, and 50.7 F/g,
indicating a non-monotonic relationship of specific capacitance varying with the amount of graphene
was similar to that of PANI. According to corresponding relation between MnO> morphology and
capacitance performance via anodic electrodeposition in MnSO4+H2SO4 solution obtained by Ye [34],
the composite electrodes with MnO; nanosphere morphology have similar value of specific
capacitance in this investigation. Compared to the CV curves of the three electrodes, it was seen the
current density of MnO2-PANI-G composite electrode increased fastest with the increase of voltage
under the same conditions. The addition of PANI or/and G enhanced electrode specific capacitance
value by 71.6% and 344.1% compared to that of the MnO; electrode due to the improvement of film
conductivity Electrodes prepared by co-deposition composite had higher capacitance performance that
should benefit PANI and graphene involved in the depositing process of MnO», promote the dispersion
of MnO> nanostructures, increase the solid-liquid contact area of electrodes, reduce the interface
resistance and improve the electrical conductivity of the composite electrodes. Simultaneously,
accomplishing the composite can improve the utilization of MnO; and contribute to its pseudo-
capacitance effect.
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Figure 7. CV curves of different electrodes

3.3 Electroadsorption behavior of composite electrodes for Pb>* ions

Figure 8(a) reveals the experimental results of the electroadsorption of different MnO»-based
composite electrodes at working voltage of 1.2 V in the lead nitrate aqueous solution with the initial
conductivity of 16.23 uS/cm. It can be seen from this figure that the significant decrease of
conductivity in the initial stage (within 0 to 40 min) corresponded to the distinct reduce of salt solution
concentration in the CDI cell, which suggested rapid adsorption of Pb** ions. Subsequently at 50—60
min, the conductivity tended to be constant, indicating that adsorption equilibrium was gradually
reached. In the initial stage of electroadsorption, different MnO»-based electrode surfaces all provided
a large specific surface area and there were many adsorption groups (active sites) exposed on the
surface and inside of the electrodes, which were transferred and diffused to the active sites of the
electrode in the electric field, so quick adsorption occurred. However, with the development of the
electroadsorption process, the active sites on the electrode surface were gradually occupied by Pb*",
the subsequent migration of ions was slowed due to the common ion effect and the diffusion process at
the electrode interface slowed down, so the adsorption rate of each electrodes gradually slowed down
until it reached the equilibrium point of electroadsorption when the conductivity of the solution did not
change. The change of Pb?" removal rate is exhibited in Figure 8(b). It can be seen from this figure that
after 60 min of electroadsorption, the Pb*" removal rates of MnO2, MnO,-PANI and MnO»-PANI-G
electrodes were 44.8%, 57.2%, and 61.8%, respectively, and the specific adsorption amounts reached
46.56, 67.05, and 72.95 mg/g. It can be seen that this facile method of composite electrodeposition can
obtain the similar or even better adsorption performance compared to that of the researchers (Table 1),
and overcome the problem of recycling these comparative adsorption materials, moreover the MnO»-
base composite electrodes can achieve repeated application. Compared with the MnO> electrode, the
adsorption capacity of MnO2-PANI-G and MnO»-PANI electrodes increased by 56.68% and 44.01%,
respectively. Reasons lie in that on the one hand, the functional group of the composite electrodes
makes their hydrophilicity to enhance, which was beneficial to the infiltration of the solution and
increased the diffusion and contact of Pb®" ions in the simulated solution. On the other hand, the
composite electrode might combine with the electric double layer capacitance and the pseudo-
capacitance to jointly enhance the electrode capacitance performance and effectively improve the
adsorption capacity, owing to the distributions of each composite component.

Table 1. Adsorption performance of Pb?>* on different adsorbents in recent literature

Preparation Adsorption
Adsorbents P Adsorption conditions capacity Reference
method
(mg/g)
Multi-lv)val/led e Solution:10mL 10 mg/L of lead
e 5 nitrate; pH: 7.0; temp: 25 °C;
e In-situ growth adsorbent amount: 10mg; el [35]
(MWCNTS/MnO3) adsorption time:120min;
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i metho . )
oxide (MHNTs@MnO:) adsorption time:60min;
MnO: modified biochar- free-radical Solution:150mL 50 mg/L of lead
. nitrate; pH: 4.0; temp: 25 °C;
based porous hydrogel polymerization dsorb 0.30/L: 59.61 [37]
(MBCG) method adsor ept at_nount. 3g .L,
adsorption time:1200min;
Mo—Al layered double Solution:50mL 20 mg/L of lead
g y one-pot : LT A - .95 o
hydroxides/MnO: hydrothermal nitrate; pH: 4.0; temp: 25 °C; 49 87 [38]
method adsorbent amount:50mg; ’
(Mg-Al LDHs/MnO2) adsorption time:1440min;
hydrothermal Solution: 10 mg/L of lead nitrate;
B-MnO: pH: 5.5; temp: 25 °C; Pb?" stock 13.57 [39]
method solution; adsorption time:1440min;
Solution:500mL 80 mg/L of lead
ALOs pillared layered nitrate; pH: 4.0; temp: 25 °C;
MnO: (p-MnO2) Template method adsorbent amount:250mg; 80.22 [40]
adsorption time:500min;
Solution:100mL 20 mg/L of lead
MnO»-PANI-G Electrodeposition nitrate; pH: 7.0; temp: 25 °C; 72.95 This work
adsorbent amount: 17.4mg;
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Figure 8. Electrosorption behavior of Pb*" by different MnO»-based electrodes

The quasi first-order kinetic equation (Eq. (4)) and the quasi second-order kinetic equation (Eq.
(5)) were used to fit the adsorption kinetics of Pb?" on different MnO»-based capacitive film

electrodes.

In(qe — qt)1= Inq, — kit 4)
t t

ac k2q2

” (5

where qe is the adsorption equilibrium adsorption capacity (mg/g), q:is the adsorption capacity at the
time of T (mg/g), ki is the quasi first-order rate constant and k; is the quasi second-order rate constant.
The corresponding fitting results are shown in Figure 9 and the appropriated fitting parameters are
listed in Table 2. Judged by the R? value, the second-order rate equation of Lagergren can well
describe the adsorption kinetics of Pb*". It meant that the electroadsorption of Pb*" on electrode might
involve a series of processes, such as surface adsorption, diffusion in membrane and chemical

adsorption. It might speculate that the adsorption process is mainly controlled by chemical adsorption
[41].
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Figure 9. Fitting results of Lagergren pseudo-first (a) and pseudo-second
(b) kinetic equation
Table 2. Fitting parameters of Lagergren pseudo-first (a) and
pseudo-second (b) kinetic equation
electrodes Lagergren pseudo-first Lagergren pseudo-second
Qe ki R? e K2 R?
MnO: 46.56 0.0797 0.9052 46.56 0.010 0.9739
MnO:-PANI 67.05 0.0746 0.9279 67.05 0.0078 0.9975
MnO:-PANI-G 72.95 0.0763 0.8973 72.95 0.0072 0.9955

The cycle stability comparison of three types MnO»-based electrodes for the adsorption of Pb*" is
displayed in Figure 10. Experimental results revealed that the removal rate on MnO2-PANI-G, MnO»-
PANI and MnO; electrodes for Pb>" ion decreased by 20.7, 23.5 and 30.5% after three times of
adsorption and desorption cycles. The removal rate of MnO,-PANI-G electrode was still the highest
(41.1%) after three cycles of adsorption and desorption process, indicating the composite electrode is
suit for application for longer time. All the above-mentioned experimental facts presented that PANI
and G were used to modify MnO; film electrodes by means of electrochemical co-deposition
technique, which not only significantly reduced the grain accumulation of MnO:> during the
electrodeposition process to enhance the electrochemical performance of the electrode material, but
also enabled to endow more functional groups on the surface of the composite material to strengthen
the adsorption capacity. On the other hand, the combination of MnO, nanoparticles with PANI and
graphene enhanced the regeneration efficiency of the composite electrode, and it stemmed from the
excellent ion transport channels and more adsorption sites.
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Figure 10. Cyclic stability of electrosorption of Pb>" by different
MnO:>-based electrodes
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4.Conclusions

(1) MnO2-PANI-G composite electrode materials with a high specific capacitance of 132.8 F/g
were facilely fabricated via an anodic electrochemical co-deposition method on a nickel foam surface
in a 0.1 M MnSOys solution according to the optimum process parameters: temperature 30°C; current
density 1 mA/cm?; additions of polyaniline at 1 g/L and graphene at 3 g/L.

(2) The MnO2-PANI-G composite electrodes effectively removed 20 mg/L Pb*" in the simulated
solution. The adsorption equilibrium was reached after ~60 min and the Pb®" ion removal rate was
61.8%. The electroadsorption process conformed to the Lagergren quasi-second-order kinetic equation.
After three adsorption/desorption cycles, the electroadsorption removal rate still remained at 41.1%.
The addition of PANI and grapheme also helped to enhance the regeneration and adsorption capacity
of MnO> capacitive electrode materials.
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