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A novel polyvinylidene fluoride/tetrabutylammonium chloride (PVDF/TBAC) tree-like nanofiber mat loaded
with manganese dioxide (MnO,) as a highly efficient lead adsorbent was successfully fabricated. The
adsorbent was prepared by in situ polymerization of pyrrole monomer on the surface of the PVDF/TBAC
tree-like nanofiber mat, and subsequently reacted with KMnO,4 solution to deposit MnO,. The
morphology and structure of the as-prepared adsorbent were measured by field emission scanning
electron microscopy (FE-SEM) and the tree-like structures can be clearly seen from the FE-SEM images.
Fourier transform infrared spectroscopy (FT-IR) results confirmed the presence of PPy and MnO, layers
on the surface of PVDF/TBAC tree-like nanofibers. Thermo-gravimetric analysis (TGA) results exhibited
that MnO, accounted for about 43.27% in the PVDF/TBAC—polypyrrole—-MnO, (PVDF/TBAC—-PPy—MnO,)
nanofiber mat. The kinetics of Pb?* adsorption was found to follow a pseudo-second-order rate model.

The adsorption isotherms were fitted best with the Langmuir isotherm model. The thermodynamic
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Accepted 20th January 2017 analysis confirmed that the adsorption process was endothermic and spontaneous. The regeneration

experiments showed that the obtained tree-like PVDF/TBAC-PPy—MnO, nanofiber mat also exhibited

DOI: 10.1039/c6ra27865e high recyclable removal efficiency. XPS analysis showed that ion exchange was the main mechanism for

www.rsc.org/advances Pb2* adsorption.

1. Introduction

Recently, heavy metal contamination in wastewater with the
rapid increase in global industrial activities has received
considerable attention due to the high toxicity and non-
biodegradability of the heavy metal ions.”* Pb>" is one of the
most common heavy metal ions in polluted water bodies
due to its widespread use in industry, especially in battery
manufacturing and metal plating.*® Besides, it is one of the
most toxic heavy metal ions to humans due to its accumulation
in the bone, brain, kidney and liver, which may cause many
serious diseases.®” Hence, it is essential to remove Pb*" from
drinking water or lower the concentration of Pb*".

Various techniques have been used for this aim, including
chemical precipitation,®® chemical reduction,' ion exchange,'***
membrane separation,'® ultrafiltration,'* biological treatment,*
and adsorption, etc."*®* Among them, adsorption is an effective
and versatile method that is capable of removing trace levels of
heavy metal ions from dilute solutions.

“School of Textile, Tianjin Polytechnic University, Tianjin 300387, PR China. E-mail:
kweimin@126.com

College of Packaging and Printing Engineering, Tianjin Vocational Institute, Tianjin
300387, PR China

“State Key Laboratory of Separation Membranes and Membrane Processes, Tianjin
Polytechnic University, Tianjin 300387, PR China. E-mail: bowen15@tjpu.edu.cn

8220 | RSC Adv., 2017, 7, 8220-8229

Currently, nano-sized metal oxide adsorbents were used for
the removal of heavy metal ions, including nanoparticles of
ferric oxides (Fe,03),>***° aluminium oxides (Al,03),%* cerium
oxides (Ce0O,),” zinc oxides (ZnO)* and manganese oxides
(MnO,).>*** MnO, with advantages of high adsorption capacity
and selectivity, have recently been receiving considerable
attention.”**” However, owing to the high surface energy, nano-
sized MnO, particles are inclined to agglomerate during the
adsorption process which limits their practical application.”® In
addition, the separation of nano-sized MnO, particles from
solutions is still a challenging issue. To solve these problems,
nano-sized MnO, particles can be loaded on supports. Brandao
et al.® first fabricated a new composite material, cellulose
acetate-supported MnO, particles (CA-MnO,), which exhibited
excellent Pb>" adsorption performance. As an increasingly
popular nanofabrication technique, electrospinning has
emerged as a versatile and effective method for manufacturing
long continuous fibers with diameters ranging from several
micrometers down to a few nanometers.**** Owing to the large
specific surface area, electrospun nanofibers become promising
candidates for the load of MnO,. As we all know, polyvinylidene
fluoride (PVDF) is a material with extraordinary properties
including easy mouldability, good toughness, flexibility, dura-
bility, excellent chemical and thermal resistance.**** Through
physical or chemical modification, electrospun PVDF nano-
fibers can be used in the application of heavy metal ions

This journal is © The Royal Society of Chemistry 2017
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adsorption.***” As reported by the literatures, polypyrrole (PPy)
was widely used to reduce high valence of Mn compounds to
prepare MnO,.*** However, the uniform coating of PPy by in
situ polymerization of pyrrole monomer usually occurred on the
surface of polymer nanofiber with hydrophilicity.”” Therefore, it
was difficult to homogeneously load MnO, on the surface of
PVDF nanofibers due to its hydrophobicity. In our previous
work, a novel PVDF/TBAC tree-like nanofiber mat was fabricated
via one-step electrospinning for the first time.* The addition of
TBAC significantly enhanced the hydrophilicity of the PVDF/
TBAC tree-like nanofiber mat.** Meanwhile, the emergency of
the tree-like branch fibers dramatically increased the specific
surface area of nanofiber mat.*” Therefore, the PVDF/TBAC tree-
like nanofiber mats are promising supports for the loading of
MnO,.

In this contribution, polyvinylidene fluoride/tetrabutylammo-
nium chloride (PVDF/TBAC) tree-like nanofiber mat loading
MnO, as highly efficient lead adsorbent was designed by in situ
polymerization of pyrrole monomer, and subsequently reacted
with KMnO, solution to deposit MnO,. The obtained PVDF/
TBAC-PPy-MnO, adsorbents were characterized, and their
adsorption properties for removal of Pb®*" from aqueous
solution under varied experimental conditions were also
investigated. The adsorption kinetics, adsorption isotherm,
adsorption thermodynamic, competitive adsorption and reus-
ability of PVDF/TBAC-PPy-MnO, adsorbent were further
studied.

2. Experimental

2.1. Materials

PVDF (M,, = 520 000) was purchased from Shanghai 3F New
Materials Co., Ltd., China. TBAC was purchased from Aladdin
Co., Ltd., China. N,N-Dimethylformamide (DMF), acetone,
pyrrole, potassium permanganate (KMnO,), NaOH, manganese
sulfate (MnSO,), iron(m) chloride hexahydrate (FeCl;-6H,0),
lead nitrate [Pb(NOj3),], copper nitrate [Cu(NO3),] and cadmium
nitrate [Cd(NO3),] were purchased from Tianjin Kermel Co.,
Ltd., China. All of the materials were used as received without
further purification.

2.2. Preparation of tree-like nanofiber mat

The PVDF/TBAC tree-like nanofiber mat was fabricated by
adding certain amount of TBAC into PVDF solution via one-step
electrospinning. The exhaustive methods were reported in our
published paper.*® The in situ polymerization of pyrrole mono-
mer and redox reaction between the PPy and MnO,  was re-
ported by Wang.””** Typically, 1.3 g FeCl;-6H,0 was firstly
dissolved in 30 mL deionized water and then a piece of PVDF/
TBAC tree-like nanofiber mat was added into the solution.
3.2 g pyrrole was dissolved in 100 mL of deionized water. The
polymerization was started by mixing the two solutions
together. The mixed reaction solution was shaken in a thermo-
static shaker bath, operating at 25 °C and 100 rpm for 2 h. Then
the PVDF/TBAC-PPy nanofiber mat was taken out, and subse-
quently added to a 250 mL round bottomed flask which
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contains 100 mL of KMnQ, solutions. The KMnO, concentra-
tions were 0.01, 0.05, 0.10 and 0.15 mol L™ ", respectively. The
reaction solution was shaken in a thermostatic shaker bath,
operating at 25 °C and 100 rpm for 10 h. MnO, was spontane-
ously deposited onto the surface of PVDF/TBAC-PPy nanofiber
through a direct redox reaction between the PPy and MnO, .
Finally, the PVDF/TBAC-PPy-MnO, nanofiber mat was taken
out, washed with deionized water repeatedly to remove MnO,
particles, and then dried in vacuum overnight. As a control, the
common PVDF-PPy-MnO, nanofiber mat was prepared by the
same process. Meanwhile, the PVDF-MnO, and PVDF/TBAC-
MnO, nanofiber mats were prepared as the control samples.
The exhaustive processes were as follows. A piece of nanofiber
mat was added into 50 mL KMnO, solution (70 °C, 0.1 M)
solution and then NaOH solution (0.5 M) and MnSO, solution
(0.5 M) were added drop-wise to the KMnO, solution using two
separate burettes until a brown precipitate formed. The reaction
solution was stirred at 100 rpm by using a heater/magnetic
stirrer at 70 °C. Finally, the PVDF-MnO, and PVDF/TBAC-
MnO, nanofiber mats were taken out, washed with deionized
water repeatedly to remove MnO, particles, and then dried in
vacuum overnight.

2.3. Adsorption experiments

Pb(NOj3), was used as the source of Pb**, 10 mg dry PVDF/TBAC-
PPy-MnO, nanofiber mat was directly added into a beaker
containing 30 mL 100 mg L~ " Pb** solutions with pH value of
6.0 for 24 h. During this process, the beaker was shaken in
a thermostatic shaker bath, operating at 25 °C and 100 rpm.
0.1 M HNO; and 0.1 M NaOH were used to adjust the pH value
of the Pb>" solution. The removal percentage of Pb** can be
calculated by the following equation:

G — G

0

% removal = x 100 (1)
where C, is the initial concentration of Pb*>* in solution (mg L™")
and C, is the equilibrium concentration (mg L™").

The adsorption isotherms for Pb** were established by
batch adsorption experiments. 10 mg dry PVDF/TBAC-PPy-
MnO, nanofiber mat was immersed into 30 mL Pb** solu-
tions with different initial concentrations ranging from
50 mg L' to 250 mg L '. The initial pH value of the Pb*"*
solution was adjusted to 6.0. The solution was shaken in
a thermostatic shaker bath at different temperature (25 °C,
35°C and 45 °C) for 24 h to establish adsorption equilibrium.
The equilibrium adsorption amount was calculated by the
following equation:

(Co—C)V

qe = —m (Z)

where ¢. is the equilibrium adsorption amount (mg L"), C, is
the initial concentration of Pb** in solution (mg L"), C. is the
equilibrium concentration (mg L"), m is the mass of adsorbent
(2), and V is the volume of solution (L).

The kinetic adsorption performance was studied by adding
10 mg of PVDF/TBAC-PPy-MnO, nanofiber mat into Pb**
solutions of different initial concentrations. The initial pH value

RSC Adv., 2017, 7, 8220-8229 | 8221
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of the Pb*" solution is 6.0. The adsorption was carried out with
constant shaking at 25 °C. Samples were taken out of the
solution at different time, each time 50 pL. The adsorption
amount was calculated by the following equation:

qr = 7(CO —G)Y 3)

m

where ¢, is the adsorption amount at time ¢ (mg L™"), C, is the
initial concentration of Pb*>" in solution (mg L"), C, is the Pb*"*
concentration at time ¢ (mg L"), m is the mass of adsorbent (g),
and V is the volume of solution (L).

2.4. Desorption experiment

Reusability is one of the important aspects for the practical
application of the adsorbent. In order to study the reusability
of the adsorbents, 10 mg dry PVDF/TBAC-PPy-MnO, nano-
fiber mat was first contacted with 30 mL 100 mg L™" Pb**
solution for 24 h at 25 °C to reach adsorption equilibrium.
The adsorbents were immersed into 50 mL 0.05 M, 0.10 M,
0.20 M, 0.30 M and 0.50 M HCI solution for 5 h at 25 °C,
respectively, and then washed thoroughly with deionized
water for using in next cycle of adsorption. The above proce-
dure was repeated for 5 times to test the reusability of the
adsorbents.

2.5. Characterization

The morphology of nanofiber mats was observed by field
emission scanning electron microscopy (FE-SEM) (S-4800,
Hitachi Ltd., Japan). The structural information of nanofiber
was characterized by Fourier transform infrared spectroscopy
(FT-IR) (TENSOR37, BRUKER, Germany). The Thermo-
gravimetric analysis (TGA) (NETZSCH, Germany) for tempera-
tures ranging from 30 to 900 °C was performed at a heating rate
of 10 °C min~" and an air flow of 60 mL min". The adsorption
mechanism was studied by X-ray photoelectron spectroscopy
(XPS) (ThermoFisher K-alpha, England). Ions concentration was
measured with an inductively coupled plasma mass spectrom-
etry (Varian 715-ES, USA).
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3. Results and discussions

3.1. Characterization of the PVDF/TBAC-PPy-MnO,
nanofiber mat

The FE-SEM images of the pure PVDF, PVDF-PPy, PVDF-PPy-
MnO,, PVDF-MnO,, PVDF/TBAC, PVDF/TBAC-PPy, PVDF/
TBAC-PPy-MnO, and PVDF/TBAC-MnO, nanofiber mat were
shown in Fig. 1. It was clear that the surface of the pure PVDF
nanofiber and PVDF/TBAC tree-like nanofiber became much
coarser after the coating of PPy and MnO,. It was worth noting
that the hydrophilicity of nanofiber mat reduced after coating
with PPy, whereas significantly enhanced after the coating of
MnO,. Meanwhile, the tree-like branch fibers provided larger
specific surface area for the coating of PPy and MnO,, which was
beneficial for the adsorption performance of nanofiber mat. In
addition, due to the hydrophobicity of pure PVDF nanofiber
mat, PPy couldn't be uniformly coated on the surface of PVDF
nanofiber, which led to the lower MnO, loading amount. For
the PVDF-MnO, and PVDF/TBAC-MnO, nanofiber mat, a large
area of MnO, agglomerate could be observed and the MnO,
couldn't be homogeneously coated on the surface of nanofiber.

Fig. 2 shows the FT-IR spectroscopy results for the PVDF/
TBAC, PVDF/TBAC-PPy, PVDF/TBAC-PPy-MnO, and PVDF/
TBAC-MnO, nanofiber mats. By comparing the spectrums of
PVDF/TBAC and PVDF/TBAC-PPy nanofiber mats, the new
band at 1534 ecm ™" was assigned to the pyrrole ring vibration.
The bands located at 1124 cm™"' was ascribed to the C-N
stretching vibrations. The new peaks at 958 and 896 were
attributed to C-H stretching vibrations and C-H deforma-
tions, respectively.** In the spectrum of PVDF/TBAC-PPy-
MnO, nanofiber mat, a new broad band at 1628 cm ™" and 3401
em ™' was corresponded to the stretching vibrations of ~OH,
which indicate that MnO, was coated on the surface of PVDF/
TBAC-PPy nanofiber mat, and in the presence of MnOOH.*” In
the spectra of PVDF/TBAC-PPy-MnO, and PVDF/TBAC-MnO,
nanofiber mats, the expected characteristic absorption peaks
of Mn-O at 450 cm ™%, 520 cm ™" and 720 cm ™" did not emerge
because of the amorphous state of MnO,, which was consis-
tent with other researches.?

Fig.1 FE-SEM images of (al) PVDF, (a2) PVDF-PPy, (a3) PVDF-PPy—MnO,, (a4) PVYDF-MnO,, (b1) PVDF/TBAC, (b2) PVDF/TBAC—-PPy, (b3) PVDF/
TBAC-PPy—MnO, and (b4) PVDF/TBAC-MnO, nanofiber mat (insert: contact angle of nanofiber mat).
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Fig.2 FT-IR spectra of (a) PVDF/TBAC, (b) PVDF/TBAC—-PPy, (c) PVDF/
TBAC-PPy—MnO, and (d) PVDF/TBAC-MnO, nanofiber mat.

The thermal stabilities of PVDF/TBAC, PVDF/TBAC-PPy and
PVDF/TBAC-PPy-MnO, nanofiber mats were studied by TGA,
and the results were shown in Fig. 3. It was clear that degra-
dations of the three materials finished (almost 0, 10.30% and
53.57% remained) at around 550, 480 and 500 °C for PVDF/
TBAC, PVDF/TBAC-PPy and PVDF/TBAC-PPy-MnO, nanofiber
mat, respectively. In PVDF/TBAC-PPy nanofiber mat, the resi-
dues were the catalyst particles and impurities came from the
preparation of PVDF/TBAC-PPy nanofiber mat.”” According to
researches, MnO, particles were stable up to 800 °C. Therefore,
the loading amount of MnO, in PVDF/TBAC-PPy-MnO, nano-
fiber mat can be estimated to be about 43.27%.

3.2. Adsorption study

3.2.1. Effect of MnO, loading ratios. To show the superi-
ority of PVDF/TBAC-PPy-MnO, nanofiber mat on Pb** removal,
contrast tests were done between PVDF/TBAC, PVDF/TBAC-PPy,
PVDF-PPy-MnO,, PVDF/TBAC-MnO, and PVDF/TBAC-PPy-
MnO, nanofiber mats, and the results were shown in Fig. 4. It was
clear to see that the Pb>* adsorption amount of PVDF/TBAC-PPy-
MnO, nanofiber mat was significantly higher than that of other
adsorbents. This was caused by the fact that the tree-like branch
fibers could offer large specific surface area for the loading of
MnO,. Meanwhile, the improvement of the hydrophilicity caused

100 ——PVDF/TBAC
—— PVDF/TBAC-PPy

8oL —— PVDF/TBAC-PPy-MnO,
-
E" 60 -
=
< 40r

20+

0 C 1 L 1 1
200 400 600 800
Temperature ('C)

Fig. 3 Thermo-gravimetric curves for (a) PVDF/TBAC, (b) PVDF/
TBAC-PPy and (c) PVDF/TBAC—-PPy—MnO, nanofiber mat.
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Fig. 4 The adsorption amount of Pb%* by different adsorbents.

by the addition of TBAC enabled the PPy to uniform load on the
surface of nanofiber, and then promoted the uniform loading of
MnO,. The combination of both gave the PVDF/TBAC-PPy-MnO,
nanofiber mat excellent Pb>* adsorption performance. However,
the PVDF-PPy-MnO, nanofiber mat showed lower Pb*" adsorp-
tion amount due to the less MnO, loading amounts caused by its
poor hydrophilicity (Fig. 1). According to literature research, the
chemical mechanism for the adsorption of polypyrrole (PPy) to
metal ions included two steps. Firstly, the N atoms in the PPy
chains could be partly changed to N" after the treatment with HCI
solution, therefore CI~ can be recovered via the electrostatic
interaction between N and Cl~ ions. Secondly, the doped Cl~
ions were replaced by metal ions through ion exchange.®
However, lead ions are cations, and therefore this apparent
selectivity is not related to the anion exchange process as
mentioned above. Then, the adsorption capacity of PVDF/TBAC-
PPy adsorbent for the lead ion was very low. For the PVDF/TBAC-
MnO, nanofiber mat, the large area of agglomerate of MnO, led
to its low adsorption capacity.

In order to investigate the optimal loading ratios of MnO,,
relevant experiments were performed. Adsorbents loaded
with different amounts of MnO, were obtained by regulating
the concentration of KMnO, solutions. The morphologies of
PVDF/TBAC-PPy-MnO, nanofiber mats obtained from different

Ipm

Fig. 5 FE-SEM images of PVDF/TBAC—-PPy—MnO, nanofiber mat
obtained from different KMnO,4 concentration: (a) 0.01 M, (b) 0.05 M,
(c) 0.10 M and (d) 0.15 M.
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Fig. 6 The adsorption amount of PVDF/TBAC—-PPy—MnO, nanofiber
mat obtained from different KMnO, concentrations.

KMnO, concentrations were shown in Fig. 5 and the effect of
KMnO, concentrations on Pb>" removal was presented in Fig. 6.
It can be clearly seen that the adsorption amount was correlated
to the KMnO, concentration to some extent. This was because
that the MnO, content increased with the increase of KMnO,
concentration to some extent and the coarser surface could
provide more effective adsorption sites. However, further
increase the KMnO, concentration, the adsorption amount
decreased, which may be attributed to that the dense MnO,
reduced the effective adsorption sites of the PVDF/TBAC-PPy-
MnO, nanofiber mats. It can be concluded that the large
specific surface area and the high MnO, content contributed to
the good adsorption performance.

3.2.2. Effect of adsorbent dose. The dosage of adsorbent
used in the adsorption process determines the adsorption
performance of adsorbent for a given initial concentration of
heavy metal ions solution. To study the effect of adsorbent
dosage on the Pb>" removal performance, different amounts of
PVDF/TBAC-PPy-MnO, nanofiber mats were added into 30 mL
100 mg L' Pb>" solution for 24 h. The results were shown in
Fig. 7. The results indicated that the Pb>" removal rate increased
slowly (from 85.50% to 99.04%) with the increase of adsorbent
dosage (from 10 to 20 mg), which meant that extra PVDF/TBAC-
PPy-MnO, nanofiber mat was waste for 30 mL 100 mg L' Pb>*
solution. So we use 10 mg PVDF/TBAC-PPy-MnO, nanofiber
mat to study the effect of PH on the Pb*" adsorption.

100 §
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Dose of PYDF/TBAC-PPy-MnO, mat (mg)

Fig. 7 Effect of PVDF/TBAC-PPy—MnO, nanofiber mat dose on the
Pb2* removal performance.
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Fig. 8 Effect of pH on the removal of Pb?* by the PVDF/TBAC-PPy—
MnO, nanofiber mat.

3.2.3. PH effect on the Pb>" adsorption. Aqueous solution
pH value plays a key role on the Pb*>" adsorption behavior
because it affects both adsorbent and adsorbate.”” According to
the literature, lead ions will precipitate at alkaline solution.*®
Therefore, the effect of solution pH on the Pb>" adsorption of
was studied in the pH range of 2.0-6.0, and the results were
shown in Fig. 8. It was clear that when the pH of the Pb**
solution changed from 2.0 to 6.0, the adsorption performance
of adsorbent increased from 97.57 mg g~ ' to 233.69 mg g~ . The
possible mechanism was reported by the literature.”” The
increase of pH may cause the less competitive interaction
between the hydronium (H;O") ions and Pb>* for the same
sorption sites on the adsorbent surface. Additionally, the
elevated levels of hydrogen ions may damage the surface
structure of PVDF/TBAC-PPy-MnO, nanofiber mat due to the
reaction between the metal oxide and hydrogen ions. Therefore,
we choose pH value of 6.0 for the remaining experiments.

3.2.4. Adsorption kinetics. Fig. 9 shows the results of
adsorption kinetics experiments within 24 h at 298 K. During
the first 2 h, the adsorption capacity increased rapidly. But the
adsorption rate became slow for the next 10 h and adsorption
equilibrium was obtained after approximately 12 h. The
adsorption equilibrium adsorption amounts of PVDF/TBAC-
PPy-MnO, nanofiber mat for Pb** were 233.69 mg g ' and
277.26 mg g ' for 100 mg L' and 200 mg L™ initial Pb**
solution, respectively.

200 -

150 |

—=—100 mg/L
—0—200 mg/L

100 |

Adsorption amount (mg/g)
173
(=}

0 1 ] 1 1 Il 1 1
0 200 400 600 800 1000 1200 1400
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Fig. 9 Effect of contact time and initial concentration on the
adsorption of Pb?* by PVDF/TBAC—PPy—MnO, nanofiber mat.
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In order to better understand the adsorption behaviors,
adsorption kinetic data are often analyzed using two commonly
used kinetic models, namely, the pseudo-first-order kinetic
model and the pseudo-second-order kinetic model.*”** These
two kinetic models are used to describe the adsorption of solid/
liquid systems, which can be expressed in the linear forms as
eqn (4) and (5), respectively:

K
log(g. — ¢,) = log g — ml (4)
t 1 1
Z= ot 5
@ Kq? o q. ®)

where K; and K, are the pseudo-first-order and the pseudo-
second-order rate constants, respectively.

The adsorption kinetic plots for the adsorption of Pb>" were
shown in Fig. 10 and the obtained kinetic parameters were
summarized in Table 1. High correlation coefficients (R* >
0.998) and the proximity between the experimental adsorption
amount (geexp) and the calculated equilibrium adsorption
amount (ge co;) indicated that heavy metal ions adsorption onto
PVDF/TBAC-PPy-MnO, nanofiber mat could be approximated
favorably by the pseudo-second-order model. And pseudo-first-
order model did not show goodness of fit. Therefore, the
adsorption on PVDF/TBAC-PPy-MnO, nanofiber mat may be
a chemical process through sharing or exchange of electrons
between PVDF/TBAC-PPy-MnO, nanofiber mat and metal
ions.*

3.2.5. Adsorption isotherm and thermodynamic study. The
results of adsorption isotherms of Pb>* removal by PVDF/TBAC-
PPy-MnO, nanofiber mat at temperature of 25 °C, 35 °C and
45 °C were shown in Fig. 11. The results indicated that there was
an increase of the adsorption amount with an increase of
solution temperature. Meanwhile, the increase of adsorption
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amount with the increase of initial solution concentration was
slightly faster at higher solution temperature than at low solu-
tion temperature. This may be due to an increase in thermal
energy of the adsorbing species, which leads to higher adsorp-
tion amount and faster adsorption rate. The maximum
adsorption capacities of the PVDF/TBAC-PPy-MnO, adsorbent
for heavy metals were evaluated using the two well-known
models of Langmuir and Freundlich isotherms.**** The
Langmuir model is based in the assumption of adsorption
homogeneity, representing equally available adsorption sites,
monolayer surface coverage, and no interaction between
adsorbed species. The linear form of Langmuir isotherm
equation is given by eqn (6):

Ce 1 Ce

= 4= 6
ge  qmb  gm (©)

where C. (mg g ") is the equilibrium concentration on heavy
metal ions in solution, g. is the adsorption amount at equilib-
rium concentration (mg g '), ¢m (mg g ') is the maximum
adsorption capacity and b (L mg™ ') is the Langmuir constant
relate to the energy of adsorption.

The Freundlich isotherm describes reversible adsorption
and is not restricted to the formation of the monolayer. The
Freundlich model takes the following form:

In C,
Ing. =In K; + n G

(7)

where Ky and 1/n constants are related to the adsorption
capacity and intensity of adsorption.

The values of these parameters, as analyzed from the plots
shown in Fig. 12, were summarized in Table 2. The higher
values of correlation coefficient revealed that Langmuir model
better fitted the isotherm data well compared to the Freundlich
model. The results indicated that this adsorption process took

or (b)
= 100 mg/L
e 200 mg/L

t/qt (min g'l mg'l)
w

0 L L L L 1 L L
0 200 400 600 800 1000 1200 1400

Time (min)

Fig. 10 Pseudo-first-order kinetic model (a), pseudo-second-order kinetic model (b) for adsorption of Pb?* onto PVDF/TBAC-PPy—MnO,

nanofiber mat.

Table 1 Kinetics parameters for Pb?* adsorption onto the PVDF/TBAC—-PPy—MnO, nanofiber mat

Pseudo-first-model

Pseudo-second-model

Co (mg LY Geexp (Mg g7Y) Ky (min™) Gecal (Mg g™Y) R K (min g™t mg™) Gecal (Mg g™") R
100 233.69 0.0043 206.50 0.9900 2.11 x 107° 263.85 0.9980
200 277.26 0.0049 175.18 0.9763 5.62 X 10°° 290.70 0.9997

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Equilibrium isotherms of Pb?* onto PVDF/TBAC—PPy—MnO,
nanofiber mat.

place on the adsorption sites acted as monolayer adsorption on
the surface of the PVDF/TBAC-PPy-MnO,, adsorbent under the
applied test conditions. The maximum adsorption capacity
calculated from the Langmuir model increased from 318.47 to
355.87 mg g~ " as the temperature increased from 25 °C to 45 °C.
This value was larger than those reported in literatures for other
MnO, adsorbents, as shown in Table 3.

The thermodynamic parameters such as changes in standard
Gibbs free energy change (AG®), enthalpy change (AH®) and entropy
change (AS®) for the adsorption of Pb>* by PVDF/TBAC-PPy-MnO,
adsorbent were determined by the following equations:***

AS"  —AH®
InKy= — +——
e Vs (8)
(CO - CC)V
Ky=~~° =<7
d mC, ©)
AG’ = —RTIn K4 (10)

0.5 (a)
0.4
a
2 03}
£
=
8 0.2+
= 25C
0.1r o 35C
4 45C
0.0+ ¢
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Table 3 Comparison of the maximum adsorption capacities for Pb2*
onto PVDF/TBAC-PPy—MnO, nanofiber mat with other MnO,
adsorbents reported in previous literatures

Qmax
Adsorbent (mgg™) References
Magnetic halloysite 59.9 52
nanotubes@manganese
oxide nanocomposite
Hydrous MnO,-poly(N-hydroxymethyl 100.18 24
acrylamide/2-hydroxyethyl acrylate)
hydrogel
MnO,-coated SD300 resin 140.9 53
Triethylenetetramine functionalized 196.84 54
cellulose acetate grafted with the
copolymer-MnO, composite
vy-MnO, 200 55
Magnetic Fe;0,-MnO, nanoplates 208.17 56
Nano manganese oxide 230 57
Polyacrylonitrile/PPy/MnO, 251.89 27
PVDF/TBAC-PPy-MnO, 318.47 This study

where R (J mol~" K™ ") is the gas constant, m (g) is the adsorbent
dose and T (K) is the absolute solution temperature.

The value of AH® and AS°® were obtained from the slope and
intercept of the plots of In K4 versus 1/T, as shown in Fig. 13.
The related parameters were calculated and presented in
Table 4. The positive value of AH° confirmed that the
adsorption process was endothermic in nature, while the
positive entropy change (AS°) suggested an increase in
randomness at the PVDF/TBAC-PPy-MnO, adsorbent-solu-
tion interface. And the decrease in AG® values with the
increasing temperature indicated that the adsorption process
was spontaneous.

6.0

(b) -
58+

5.6

Inqe

54p

5.0

0 20 40 60 80 100 120 140 160
Ce (mg/L)

InCe

Fig. 12 Langmuir isotherm model (a), Freundlich isotherm model (b) for adsorption of Pb?* onto PVDF/TBAC-PPy—MnO, nanofiber mat.

Table 2 Langmuir and Freundlich isotherm parameters for Pb?* adsorption onto the PVDF/TBAC-PPy—MnO, nanofiber mat

Langmuir model

Freundlich model

Temperature

(o) m (mg g™ b (Lmg™") R Ke(mgg™) 1n R

25 318.47 0.1260 0.9853 145.84 0.1434 0.9547
35 332.22 0.1420 0.9822 149.88 0.1516 0.9412
45 355.87 0.1648 0.9621 162.70 0.1537 0.8314
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Fig. 13 Plots to determine thermodynamic parameters of Pb%* onto
PVDF/TBAC—-PPy—MnO, nanofiber mat.

Table 4 Thermodynamic parameters for Pb?* uptake by the PVDF/
TBAC-PPy—MnO, nanofiber mat

Temperature AG° AH® AS°

(K) (kJ mol ™) (k] mol™) (g mol ' K™
298 —3.4882 — —

308 —4.1118 15.6655 64.3151

318 —4.8182 — —

3.3. Coexisting metal ions

It is very significant to investigate the adsorption process in
multicomponent heavy metal ion system since the natural and
industrial effluents rarely contain one kind of heavy metal. In this
study, Cu®>" and Cd*>* were used as the coexisting metal ions. 10 mg
PVDF/TBAC-PPy-MnO, nanofiber mats were immersed into 30
mL mixed solution, which contained Pb**, Cu** and Cd**. The
initial concentration of each metal ion was 100 mg L™, and the pH
value of the solution was 6.0. Fig. 14 shows the effects of coexisting
metal ions on Pb>* adsorption performance. As observed, the Pb>*
adsorption performance was slightly decreased due to the pres-
ence of Cu®* and Cd*" in the solution. However, the adsorption
amounts of Cu®" and Cd** were negligibly small. So the selectivity
of PVDF/TBAC-PPy-MnO, nanofiber mat to Pb*" was very good.

3.4. Regeneration study

In order to improve sustainable use of the adsorbent for subse-
quent application and reduce the overall cost treatment,

T

\

Adsorption amount (mg/g)

NNV
ot Cd

e et

2+

0 2+
Pb”" without
other cations

Pb2* with
cations

Fig. 14 Effect of coexisting metal ions on the Pb?* adsorption.
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Fig. 15 Effects of acid concentration on the regeneration
performance.

adsorbent regeneration study was performed. Since the adsorp-
tion of Pb>" onto the PVDF/TBAC-PPy-MnO, nanofiber mat was
pH-dependent and the higher pH was beneficial for the Pb**
adsorption. Desorption of Pb** from the adsorbent can be ach-
ieved by decreasing the pH values of the system. Different
concentrations of HCI were investigated to determine the condi-
tions for unloading the Pb*>" from the metal-adsorbed PVDF/
TBAC-PPy-MnO, nanofiber mat, and the results for four cycles
were exhibited in Fig. 15. It was clear that the adsorption efficiency
of the Pb>* decreased as the concentration of HCI increased from
0.05 M to 0.50 M. When 0.05 M HCl was used for the regeneration,
the Pb>" adsorption efficiency still remained more than 80% of its
original adsorption capacity after five times usage. However, when
the concentration of HCl was higher than 0.20 M, the adsorption
capacity of the adsorbent dropped dramatically after three
adsorption/desorption cycles. This was attributed to the instability
of MnO, at a high acid concentration and the MnO, was partially
off from the surface of PVDF/TBAC-PPy-MnO, adsorbents.”” Thus
0.05 M HCl was selected to be eluent for desorption of Pb*" from
the surface of adsorbent.

To investigate the desorption efficiency of the lead-loaded
adsorbents, the adsorbents were desorbed with 50 mL 0.05 M
HCl solution for 5 h, 24 h and 48 h, respectively, and the results
were shown in Fig. 16. It could be seen that the desorption ratio
of adsorbents desorbed for 5 h were above 90%. When the
desorption time increased to 24 h and 48 h, both the desorption

100 :

80+ \§ \T\ \

60 -

40t

Desorption ratio (%)

20

Sh 24h 48h

Desorption time

Fig. 16 Desorption efficiency of different desorption time for lead-
loaded PVDF/TBAC—-PPy—MnO, nanofiber mat.
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Fig. 17 XPS spectra of O 1s of PVDF/TBAC—PPy—MnQ, nanofiber mat before (a) and after (b) Pb>* adsorption.
ratios were above 95%. This results indicated that desorption 2MnO~ + Pb** & (MnO™),Pb** (14)

equilibrium was obtained after approximately 12 h. However,
considering the practical application, the desorption time was
selected to be 5 h.

The regeneration experiments in this study indicated that
the PVDF/TBAC-PPy-MnO, nanofiber mat can be used repeat-
edly as efficient adsorbents for practical wastewater treatment
at an optimal concentration of acid. Furthermore, only a tiny
amount of MnO, might fall off from the surface of the adsor-
bents during the multiple desorption and washing steps. Due to
the low-toxicity of MnO,,*® there was almost no risk of secondary
contaminants. Therefore, the prepared PVDF/TBAC-PPy-MnO,
nanofiber mat in the present study will be an excellent candi-
date for the Pb®>" removal from the contaminated water based
on the high adsorption capacity, good regeneration together
with convenient separation.

3.5. Adsorption mechanism

The XPS spectra of O 1s before and after Pb>* adsorption were
compared to better understand the adsorption process, and the
results were shown in Fig. 17. Before the Pb>" adsorption, the O
1s spectrum of PVDF/TBAC-PPy-MnO, nanofiber mat can be
divided into three peaks at around 530.0 eV, 531.3 eV and
533.1 eV, which can be assigned to metal oxide (M-O), hydroxyl
boned to metal (M-OH) and adsorbed H,O in the adsorbent,
respectively.?>?” After Pb>" adsorption, it was clear that the area
ratio of the peak at 530.0 eV assigned to M-O increased by
6.24% (from 46.87% to 53.11%). While the area ratio of the peak
at 531.3 eV assigned to M-OH decreased by 6.64% (from 32.56%
to 25.92%). It was obvious that the decreased M-OH area ratio
equaled to that of M-O, which meant that the M—-OH and M-O
groups on the surface of PVDF/TBAC-PPy-MnO, adsorbent
participated in the Pb** adsorption process. The main adsorp-
tion mechanism maybe an exchange reaction between Pb*>* and
protons existed on the surface of manganese oxide,* which may
be written as eqn (11)-(14):

MnOH + Pb*" < (MnO Pb)* + H* (11)
MnO~ + Pb>* < MnO Pb** (12)
2MnOH + Pb** & (MnO"),Pb** + 2H* (13)

8228 | RSC Adv., 2017, 7, 8220-8229

4. Conclusions

Tree-like PVDF/TBAC-PPy-MnO, nanofiber mat with high
adsorption performance towards Pb>" was successfully fabri-
cated by electrospinning and followed by in situ polymerization
of pyrrole monomer, and subsequently reacted with KMnO,
solution. FT-IR results confirmed the presence of MnO, layer on
the surface of the PVDF/TBAC-PPy-MnO, nanofiber mat.
Kinetics of the Pb®>" adsorptions was found to follow pseudo-
second-order rate model. The adsorption isotherms were
fitted better with Langmuir isotherm model. The thermody-
namic analysis confirmed that the adsorption process was
endothermic and spontaneous. The regeneration experiments
showed that the obtained tree-like PVDF/TBAC-PPy-MnO,
nanofiber mat also exhibited high recyclable removal efficiency.
XPS analysis showed that ion exchange was the main mecha-
nism for the Pb*" adsorption. Therefore, the tree-like PVDF/
TBAC-PPy-MnO, nanofiber mat may be applied as a promising
adsorbent in heavy metal ions waste water treatment.
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