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Abstract

Poly(1,5-diaminonaphthalene) microparticles with abundant reactive amino and imino groups on their surface were synthesized
by one-step oxidative polymerization of 1,5-diaminonaphthalene using ammonium persulfate as the oxidant. The molecular,
supramolecular, and morphological structures of the microparticles were systematically characterized by IR and UV-vis spec-
troscopies, elementary analysis, wide-angle X-ray diffractometry, and transmission electron microscopy. The microparticles
demonstrate electrical semiconductivity and high resistance to strong acid and alkali, and strong adsorption capability for
lead(IT), mercury(II), and silver(I) ions. The experimental conditions for adsorption of Pb(Il) were optimized by varying the
persulfate/monomer ratio, adsorption time, sorbent concentration, and pH value of the Pb(II) solution. The maximum adsorption
capacity is 241 mg-g " for particles after a 24 h-exposure to a solution at an initial Pb(II) concentration of 29 mM. The adsorption
data fit a Langmuir isotherm and follow a pseudo-second-order reaction kinetics. This indicates a chemical adsorption that is
typical for a chelation interaction between Pb(II) and amino/imino groups on the sorbent.

Keywords 1,5-diaminonaphthalene polymer - Oxidative polymerization - Particle adsorbent - Metal chelate - Lead ion removal -
Mercury ion sorption - Silver recovery - Polyaniline derivative - Amino polycondensate - Water purification

adsorbents should have several crucial characteristics includ-
ing a large specific surface area, strong water/acid/alkali resis-

Introduction

The adsorption of heavy metal ions is still facing big chal-
lenges due to the difficulty of simultaneously realizing strong
adsorption and sustainable preparation of the adsorbents. Ideal
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tance, environmental innocuousness, readily and sustainable
preparation. Such sorbents also should possess many func-
tional groups that can strongly and reversibly interact with
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the metal ions [1, 2]. It is reported that some thio-
functionalized materials and porous modified silica seem to
be two of powerful adsorbents [1-4]. An activated carbon
based on potato peels exhibited the maximum Pb(II) adsorp-
tion capacity of 167 mg'g ' [5]. The thiol-functionalized
activated carbon and hybrid macroporous modified silica
had the maximum Pb(II) sorption capacity of 238.1 mg-
g ' [3] and 256.7 mg-g ' [4], respectively. A mesoporous
silica-grafted graphene oxide (GO) can achieve the max-
imum Pb(Il) adsorption capacity of up to 255.1 mgg '
within 10 min and also selectively adsorb more than
99% of Pb(l) ions in the presence of other metal ions
[6]. Cross-linked melamine-based polyamine/CNT com-
posites have a high removal efficacy of up to ~99% of
Pb(II) ions in wastewater [7]. However, it should be no-
ticed that thiolating agents (such as Na,S, HSCH,COOH,
(CH30)3SI(CH2)3SH, HSCHQCstO_?,H, and
HS(CH,)3SO5H) and sophisticated multistep preparation
procedures are generally required [1-4]. Moreover, so-
phisticated multistep procedures together with high-
temperature carbonization or activation at up to
600~850 °C in an ultrapure (99.999% pure) inert atmo-
sphere are also necessary for the preparation of the
carbon-based adsorbents [5—7]. These consequently lead
to new environmental polluted problems or low cost-
efficacy because of the high toxicity and fetid odor of
thiolating agents or lengthy and energy-consuming prep-
aration process.

Fortunately, the above-mentioned problems can be
avoided to some extent if choosing oxidative polymeriza-
tion of ultra-low volatile aromatic diamines in aqueous re-
action media at room temperature under an ambient air at-
mosphere for the one-stage direct preparation of the sor-
bents. In fact, as multifunctional organic conducting poly-
mers, aromatic amino polymers have received much atten-
tion due to their straightforward preparation, unique prop-
erties and potentially wide applications including heavy
metal ions adsorbents [8, 9] and noble metal recovery agent.
As one of multifunctional oxidative polymers of aromatic
diamines [8], poly(1,5-diaminonaphthalene) (P15DAN)
should have great potential to serve as a rapid and efficient
adsorbent to eliminate/recover heavy metal ions because of
the existence of a large amount of -NH, amino/-NH- and -
N =imino groups on its macromolecular chains. 1,5-
Diaminonaphthalene (15DAN) not only has ultra-low vapor
pressure of 2.3 pPa that is 565 million times lower than that
of thioglycolic acid (1.3 kPa) but also oxidatively polymer-
izes into self-stabilized P15SDAN nanoparticles at the inter-
faces between propylene carbonate and acid [10]. The for-
mation mechanism and morphology, Cu(Il) interaction,
voltammetric response, colorful fluorescence emission,
and Cu(Il) and Zn(II) fluorescence detection of P1SDAN
nanoparticles have been elaborated [10]. The synthesis,
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high-resolution solid-state '*C-NMR spectra, and Ag(I)
sorption of the poly(1,8-diaminonaphthalene) (P18DAN)
with 1,8-diaminonaphthalene as monomer has been report-
ed [11]. However, the preparation, characterization, and Pb/
Hg/Ag ion adsorbability of the microparticles by a homo-
geneous chemical oxidative polymerization of 15DAN in
neutral acetonitrile/water solution without any acid have
not been reported yet till now.

It has been demonstrated that heavy metal ions including
Pb(II), Hg(Il), and Ag(I) can readily be trapped by the
P15DAN films via a complexation and also an ion-exchange
between the metal ions and -NH,/-NH—/-N = groups through
sharing electron pairs on the N atoms [8, 10]. Obviously,
P15DAN as a nonvolatile, harmless, and water—/acid—/alka-
li-resistant polymer can potentially be used for collection and
removal of precious and hazardous heavy metal ions from
water effluents without having to use any external energy
source.

Therefore, we report a preliminary result on the pro-
ductive one-step direct synthesis, structure and properties
of P15SDAN microparticles from water-insoluble 15DAN,
especially on the powerful adsorption toward lead, mer-
cury, and silver ions in the aqueous solution. The adsorp-
tion time, the ion concentration and pH were systemati-
cally optimized to reveal an appropriate adsorption condi-
tion of the metal ions onto the microparticles. The mech-
anism of the ion adsorption on the PISDAN is proposed
for the first time.

Experimental

Reagents and materials: 1,5-diaminonaphthalene (15DAN)
was purchased from Sigma-Alderich (https://www.
sigmaaldrich.com). Ammonium persulfate (APS), ferric
chloride (FeCls), acetonitrile, Pb(NO3),, Hg(NOs),, and
AgNOj; of analytical reagent grade were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China,
http://www.sinoreagent.com). All of those reagents were
used as received.

Synthesis of poly(1,5-diaminonaphthalene)
microparticles: P15SDAN microparticles were synthesized
by a chemically oxidative polymerization of 15DAN in
acetonitrile/water solution by using APS and FeCl; as oxi-
dants, respectively. As a typical procedure,

1) 15DAN (0.79 g, 5 mmol) monomer solution in acetoni-
trile (50 mL) in a 200 mL glass flask at 20 °C was
prepared;

2) the Pt working and SCE reference electrodes connected to
a pH meter were inserted into the 15DAN (0.79 g,
5 mmol) solution;
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3) APS (1.14 g, 5 mmol) aqueous solution (50 mL) was
prepared and then added dropwise at a rate of one drop
(60 uL) every 3 s to the ISDAN monomer solution in
acetonitrile at 20 °C with continuously stirring;

4) Once the APS solution was added, the open-circuit
potential was intermediately followed by a technique
of open-circuit potential that is the potential at which
there is no current. The open-circuit potential refers to
the potential difference between the working and ref-
erence electrodes in the reaction solution system,
which was recorded by a pH meter. The open-circuit
potential can be used to reflect the variation of the
concentration of the oxidants and reductants in the
polymerization solution system.

5) The reaction mixture was constantly and vigorously
stirred for 24 h at 20 °C;

6) The resulting polymer precipitates were filtered and
washed thoroughly with distilled water to remove the
residual oxidant and water-soluble oligomers.

7) Finally, the solid powders were dried for 3 days in ambi-
ent air at 40 °C until a constant mass was reached.
Nominal one-step directly chemical oxidative polymeri-
zation of 15DAN in acetonitrile/water solution with am-
monium persulfate as oxidants for the synthesis of
P15DAN microparticles is shown in Scheme 1.

Characterization of structure and properties: The infra-
red (IR) spectra were recorded on Nicolet Magna 550 FT-IR
Spectrometer made in USA at 2 cm™ ' resolution on KBr pel-
lets. UV-vis absorption spectra were measured on a Hitachi U-
3000 Spectrophotometer made in Japan in a wavelength range
of 290-900 nm with a 20 mg-L ™' homogeneous solution of
the P1SDAN in DMSO. The elemental analysis experiments
were carried out on a Carlo Erba 1106 Element Analyzer.
Wide-angle X-ray diffraction was performed with a Bruker
D8 Advance X-ray Diffractometer made in Germany with
Cu K« radiation at a scanning rate of 0.89° min~'. The
morphology of the particles was observed by an H-800

NH
7n+1 HzN ?in CH,CN

(NHg4),2S,0g in H,0 l Chemical oxidatve

at 17-21°C for 24 h | polymerization
in ambient air Yield: 98.2%

C)yNHz  ¢)-NH, NH, HNH2 NH,
HaNTQ ) 9-N=O) NN
QINH; QINH;
Scheme 1 Nominal chemically oxidative polymerization of 1,5-

diaminonaphthalene (15DAN) in acetonitrile/water solution with ammo-
nium persulfate as oxidant

=

Hitachi transmission electron microscope (TEM) by dropping
a water suspension of the virgin particles onto a copper net-
work. The bulk electrical conductivity of the microparticles
was measured by a two-disk method using a UT 70A
multimeter at ambient temperature. The solubility of the mi-
croparticles was evaluated by adding PISDAN powders of
5 mg into the solvent of 1 mL and dispersing thoroughly for
24 h at room temperature.

Adsorption of heavy metal ions: Adsorption of Pb*",
Hg”* or Ag* ions onto the PISDAN microparticles was per-
formed in batch experiments. For batch tests, a given amount
of particles was added into 25 mL Pb(NOs),, Hg(NO;), or
AgNOj; aqueous solution at 30 °C. After a desired treatment
period, the microparticles were filtered from the aqueous so-
lution. The concentration of the metal ions in the filtrate was
measured by a chemical titrimetric analysis [12] at a residual
ion concentration of higher than 50 mg-L™' or inductively
coupled plasma (ICP) at a residual ion concentration of lower
than 50 mg-L~". The adsorbed amount of the ions on the
particles was calculated [11, 12]. The number of repetitive
experiments for metal-ion adsorption onto the microparticles
is 3.

Results and discussion

Synthesis of poly(1,5-diaminonaphthalene) (P15DAN)
microparticles: The chemical oxidative polymerization of
15DAN with APS or FeCl; as oxidants in acetonitrile/water
solution simply affords black and uniform microparticles as
synthetic products. Progress in the polymerization reaction
has been in-situ followed by testing the solution temperature
and potential. With slowly and regularly dropping the oxidant
solution, the polymerization solution turns black accompanied
by a sudden temperature fall from 20.0 to 17.1 °C for an initial
1 min of the reaction (Fig. 1a). This phenomenon is opposite
to the chemical oxidative polymerization of 1,8-
diaminonaphthalene (18DAN) [11], indicating that more en-
ergy is required to oxidize 15DAN monomer to radical cation
for the polymerization. The oxidation potential of 15DAN
monomer (0.58 V) is higher than that of 18DAN (0.41 V).
With further dropping oxidant solution, the solution tempera-
ture increases gradually, and finally reaches a nearly constant
value. This suggests that the polymerization is initially endo-
thermic and then traditionally exothermic. The polymerization
rate is not constant but self-accelerated, depending on the ox-
idant species and oxidant/1SDAN ratio. Note that the poly-
merization at the oxidant/15SDAN ratio of 2/1 is the most
strongly endothermic due to the fastest reaction rate.

The variation of the reaction solution potential may provide
a deeper insight into polymerization process. It is found that
there are three district stages in the potential-time profile.
After the oxidant solution was initially dropped to the
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Fig. 1 a Typical plots of the solution potential and temperature with polymerization time at APS/I5DAN molar ratio 1/1 in CH3;CN/H,0. b)
Polymerization yield and maximal UV-vis absorbance wavelength of the P1ISDAN microparticles with increasing APS/15DAN ratio from 0.5 to 3.0

15DAN solution, an immediate rise of potential was recorded.
This drastic potential rise in initial polymerization time of
5 min is ascribed to dissociation of the persulfate ions into
radical anions in the presence of the 15SDAN monomer and
subsequently the formation of oligomers. As the reaction pro-
ceeds, the potential gradually reaches the second maximum in
40 min, signifying the formation of PISDAN. In the third stage,
the potential declines slowly and continually from the maxi-
mum potentials in 2 h, but it would not fall back to the initial
potential because of the change of solution composition. The
three stages indicate that the polymerization proceeds unstead-
ily and is autoaccelerated. As seen in Table 1, the 1st potential
rise and the time at the 1st maximal potential both show a
maximum at the APS/I5SDAN molar ratio of 1/1, indicating
the slowest polymerization that is confirmed by the longest
time at the minimal temperature among five APS/15DAN ra-
tios. The polymerization with higher APS/15DAN ratio takes
less time to reach a maximum potential, which suggests more
polymerization active sites because more 15DAN monomers
can be more easily oxidized to radical cations.

Therefore, the polymerization yield also depends remark-
ably on the oxidant species and APS/15DAN ratio (Fig. 1b).
The APS with higher standard reduction potential of 2.01 V
provides much higher yield than FeCl; with lower potential of

Table 1

0.77 V. The yield increases monotonically and significantly
from 30.9 to 98.2% as the APS/15DAN molar ratio rises from
1/2 (0.5) to 3/1 (3.0), because more oxidant will produce more
active sites for polymerization.

Structure of poly(1,5-diaminonaphthalene) (P15DAN)
microparticles: IR, UV-vis, elemental analysis, wide-angle
X-ray diffraction, and TEM have all been used to analyze
the structure characteristics of the microparticles. A very pro-
nounced change of the IR spectral characteristics is observed
before and after the chemical oxidative polymerization with
increasing APS/15DAN molar ratio from 0/1 to 3/1(Fig. 2a).
The IR spectrum of 15DAN monomer at 3400 and 1600 cm
due to amino and naphthylene units is quite different from the
spectra of the P1SDAN products at four APS/15DAN ratios of
1/2 to 3/1. Three absorption bands at 3200, 3300 and
3400 cm ' due to symmetric and asymmetric —NH, stretching
vibrations of 15DAN monomer merge into a broad band cen-
tered at 3433 cm ! for the products. Two bands at 1629 and
1521 cm™" due to naphthylene rings of 15DAN monomer also
merge into an overlapped doublet centered at 1600 for the
products. Particularly, a strong shoulder peak at 1650 cm
is associated with the stretching of the C=C and C=N bonds
on quinoid rings. The PISDAN at APS/DAN molar ratios
between 1/1 and 3/1 demonstrates stronger absorbance at

The variation of the temperature and potential of polymerization solution with APS/I15DAN molar ratios in CH;CN/H,O at initial 20 °C

APS/15DAN molar ratio  Polymerization solution temperature (°C)

Solution potential (mV vs. SCE)

Minimal temperature®  Temperature fall

Time at minimal

Initial / maximal  Potential rise ~ Time at maximal

temperature (min)  potential potential (min)
12 18.2 1.8 2.0 11/278;233 267,222 1.5;42
1/1 17.1 2.9 2.2 148/461,671 313;523 4.2:43
2/1 17.0 3.0 0.52 55/295,690 240;635 1.2;140
3/1 17.4 2.6 1.0 55/289;690 234;635 0.3;153
1(FeCl3)/1 14.5 5.5 2.5 25/189;235 164;210 0.6;16.4

 The initial temperature of polymerization solution was fixed at 20 °C
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Fig. 2 a IR spectra before and a)
after lead-ion adsorption and b)
UV-vis spectra of the DMSO
solution at a concentration of

20 mg'L ™" of 15DAN and
P15SDAN prepared at various
APS/15DAN feed molar ratios.
Wide-angle X-ray diffractograms
of ¢) PISDAN salt microparticles
prepared at different APS/1SDAN
ratios and d) lead, mercury and
silver ions-adsorbing PISDAN
salt/base microparticles prepared
at APS/15SDAN molar ratio of 1/1
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Transmittance —

3433N-H

2/1+Pb**
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1600-1650 cm ™' and weaker absorbance at 1520—1540 cm ™'
than that at the APS/DAN molar ratio of 1/2. This indicates
overoxidation of the PISDAN by more oxidant. The C-N
stretching band at 1291 cm™' of 15DAN monomer is much
weaker than that of the products at four APS/15SDAN molar
ratios of 1/2 to 3/1. On the contrary, the C-H stretching and
bending bands at 766 and 615 cm ™' of 15DAN monomer are
stronger than those of the products. That is to say, the forma-
tion of the secondary N-H and C=N bonds, the increase of C-
N bond content but the decrease of C-H bond content all imply
that the oxidative polymerization proceeds through the forma-
tion of C-NH-C and C=N-C bridge bonds, i.e., the formation
of a real polymer. Especially, only the PISDAN formed at the
APS/15DAN ratio of 1/2 exhibits two distinct IR absorptions
with equivalent intensity at 1590 and 1520 cm™' that corre-
spond to quinoid and benzenoid rings respectively. This IR
spectral characteristics is similar to that of highly conducting

16 26 36 46 50 60 70
Bragg angle 26/ degree

1I0 2I0 3IO 4IO 5I0 6IO 70
Bragg angle 26/ degree

polyaniline with a typical large 7t-conjugated structure, signi-
fying that the P1SDAN has a similar main chain structure like
polyaniline.

Similarly, a great UV-vis spectral difference between
I5DAN monomer and P15SDAN bases has been revealed
(Fig. 2b). Four P15DANs show a strong absorbance peak
around 300 nm assigned to 7t-7t* transition from the benze-
noid ring and a broad absorbance peak at 477-529 nm
assigned to n-7t* excitation band or interband charge transfer
that is associated with the excitation of benzenoid to quinoid
rings. With increasing APS content, the absorbance around
477-529 nm rises steadily, indicating an increased concentra-
tion of the quinoid units. Especially, the PISDANs at two
APS/15DAN ratios of 1/2 and 1/1 exhibit an additional small
absorbance at the wavelength of 739 and 737 nm (Figs. 1b and
2b), indicating that the both polymers have even larger 7t-
conjugated structure than other two. In particular, the.
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P15DAN formed at the APS/15DAN ratio of 1/2 displays
the two absorbance bands at the longest wavelength at 529
and 739 nm, suggesting the longest 7t-conjugated length. This
is coincided with the results of above-mentioned equivalent
IR absorptions at 1590 and 1520 cm ™" and their highest elec-
trical conductivity discussed below. The elemental composi-
tion and chain structure of PISDANS are listed in Table S1.
The molecular structure varies remarkably with APS/I15SDAN
ratio from 1/1 to 2/1. Obviously, a denitrogenation during the
oxidative polymerization of 15DAN becomes stronger at
higher oxidant content, like the denitrogenation phenomenon
during the chemical oxidative polymerization of IS8DAN [11].
Excrescent experimental H content in the P1ISDAN must be
ascribed to the presence of the water trapped firmly in
P15DAN. It appears that the 7t-conjugated structure is better
in P1SDAN(1/1) than P15DAN(2/1), which is confirmed by
UV-vis spectra and a relatively high electrical conductivity of
the former in Table S2. In particular, there are more amino(-
NH,) groups in PISDAN(1/1) than PISDAN(2/1), which is
coincident with much stronger Ag* adsorbability of the for-
mer, as discussed below.

The wide-angle X-ray diffractograms of P1SDAN mi-
croparticles are shown in Fig. 2c. Unlike crystalline
I5DAN monomer, four PISDAN particles are all amor-
phous, signifying that they are real polymers. They exhibit
a broad diffraction peak centered at a Bragg angle of 25°,
and their diffraction characteristics vary slightly with APS/
I15DAN molar ratio. The TEM images in Fig. S1 reveal
that the dried P1SDAN salts particles have irregular shape
and rugged surface, and the size ranging from 600 to
4500 nm. Here, 41 different particles shown in TEM im-
ages have been taken into account to estimate the particle
size. The amorphous, irregular, rugged and small particles
are advantageous to their full interaction toward the metal
ions to achieve a high ion adsorbability [13].

Properties of poly(1,5-diaminonaphthalene) (P1SDAN)
microparticles: Table S2 summarizes the conductivity, solu-
bility and solution color of the PISDAN microparticles with
different APS oxidant/I15DAN ratios. Two P15DANSs synthe-
sized at APS/15DAN molar ratios of 1/2 and 1/1 have higher
electrical conductivity than those synthesized at APS/15SDAN
molar ratios of 2/1 and 3/1 and FeCls/15DAN molar ratio of
1/1. In particular, the PISDAN formed at the APS/15SDAN
molar ratio of 1/2 has the highest electrical conductivity,
which has been confirmed by the equivalent IR absorptions
at 1590 and 1520 cm ™" and the longest wavelength at 529 and
739 nm of UV-vis absorbances in Figs. 2a,b. The 15DAN
monomer and five PISDANs are all soluble in high polar
organic solvents like NMP, DMSO, and DMF and mainly
soluble in THF. The solutions of P15DANs look dark red in
NMP, DMSO, and DMF and red in THF. All of these indicate
that the P15DANS have potential solution processibility. Note
that the PISDANs formed with APS oxidant are mainly
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soluble in some common organic solvents like THF but
completely insoluble in H,O, HCI and NaOH aqueous solu-
tions. In other words, the P15SDANs exhibit much higher in-
solubility or resistance to strong acid or alkali aqueous media
than organic solvents. The PI15SDAN particles by FeCl; are
partly soluble in aqueous acid and alkali and water. This indi-
rectly verifies that the PISDAN particles by APS have higher
molecular weight or higher resistance to acid, alkali and water
than those by FeCl;. All of these imply that the PISDANs
produced by APS are real polymers and also appropriate for
the elimination and recovery of heavy and noble metal ions
even in the wastewater containing acid and alkali.

Selective adsorption and its mechanism of Pb**/Hg**/
Ag" ions onto PISDAN microparticles: The microparticles
exhibit dramatically variable metal-ion adsorbability, depend-
ing on ion species and APS/15DAN ratio used, as summarized
in Table 2. With changing APS/15DAN molar ratio from 0/1
to 3/1, the Ag" adsorbability declines significantly, the Pb>*
adsorbability illustrates a maximum at APS/15DAN molar
ratio of 1/1, but the Hg”* adsorbability fluctuates in a narrow
range between 72 and 94 mg-g . Particularly, the Pb**
adsorbability is always the lowest, while the Ag" adsorbability
is generally the highest except for the PISDAN(3/1).
However, the Ag" adsorbability is still lower than that onto
the P18DAN microparticles [11], because of the presence of
many more -NH, groups in the PISDAN macromolecular
chains. Similarly, it has been confirmed in our laboratory that
the Hg?" adsorbability is also lower than that onto the
P18DAN microparticles. It should be noted that the Pb**
adsorbability is actually stronger than that onto the PISDAN
microparticles. This huge difference of the metal ions on both
types of isomeric polymer microparticles must be ascribed to
quite distinct adsorption mechanism, i.e., the chelation adsorp-
tion of Pb>* and the redox adsorption of Ag", as elaborated
below. It is concluded that the adsorption capacity of three
heavy-metal ions onto the PISDAN microparticles can be
ranked in an increasing order below:

Pb’" < Hg*" < Ag"

The adsorptivity of three heavy-metal ions onto the
P15DAN microparticles can be ranked in an increasing order
below:

Ag" < Pb*" < Hg?t

The selective or competitive adsorption of the heavy metal
ions onto the particles over common nontoxic metal
ions including Na(I), K(I), Ca(Il), and Mg(II) ions in real-
world samples at a higher excess has also been briefly inves-
tigated. It is found that the P1SDAN particles demonstrate
much stronger adsorbability toward Ag(l), Hg(II), and Pb(II)
ions than relatively light Na(I), K(I), Ca(II), and Mg(II) ions
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Table 2 The adsorption of heavy metal ions onto the poly(l,5-
diaminonaphthalene) (P15DAN) salt particles synthesized by a chemical-
ly oxidative polymerization with the particle adsorbent dosage of 50 mg

in 25 mL ion solution at an initial Pb>* {or Hg**} concentration of
200 mg-L ™" and an initial Ag" concentration of 10.044 g-L ™" at 30 °C
for24 h

APS/15DAN molar ratio  Adsorption capacity (mg'g ") Adsorptivity (%)

Pb2+ H g2-+— A g+ Pb2+ H g2+ A g+
0/1 (15DAN monomer) 0(16+0.5)" 9428 (47429  1975+25°  0(16+0.5)° 94428 (97+29)" 84+2.5°
12 72+22(38+1.1)° 72423 522+0.3 72422 (38+1.1)° 72+23 11+03
1/1 81+£2.4(66+2.0)° 91+2.7 680+0.4 81 +£2.4(66+2.0)° 91+2.7 14+04
2/1 48+1.4 83+2.5 110+0.1 48+1.4 83+2.5 22+0.1
3/1 14+04 82+2.5 33+£0.02 14+04 82+2.5 0.65+0.02

*Onto 18DAN monomer at initial Hg** concentration of 979 mg-L ™"
®Onto 15DAN monomer at initial Ag™ concentration of 4.644 g-L™!
¢ Onto the dedoped P15DAN base particles

because of the much stronger complexation interaction be-
tween the heavy metal ions and P1SDAN molecules [14].
Therefore, the particles are useful to efficiently and selectively
extract Ag(l), Hg(Il), and Pb(Il) from their mixture including
real-world polluted water and wastwaters with Na(I), K(I),
Ca(Il), and Mg(Il) ions, accomplishing proper decontamina-
tion of toxic heavy metals.

Note that it has been discovered that the aniline/
sulfoanisidine copolymer nanosorbents have demonstrated
even both higher adsorption capacity and higher adsorptivity
of Hg** ions [15] than the P15DAN microparticles. Therefore,
the P1SDAN microparticles are not the strongest adsorbent
toward Hg”*, but they are the most appropriate for Pb** ad-
sorption because of a combination of high Pb** adsorptivity,
low cost and good insolubility in water, acidic, and alkaline
solutions. Detailed optimization of adsorption conditions of
Pb** will be performed in the following section.

Generally, the main adsorption sites for heavy metal ions
locate between the = N-, -NH- and -NH, groups in the macro-
molecular chains because three types of nitrogen atoms all
have a lone pair of electrons that can efficiently bind a metal
ion through sharing an electron pair to form a metal complex.
However, the preference of three ions towards the three nitro-
gen atoms is dissimilar. For example, Pb** would not allow a
ligand-to-metal charge transfer complex to be formed due to
the Pb** electronic configuration of 4f'*5d'°6s?6p°, which is
confirmed by the fact that the 1SDAN monomer with a lot of
isolated amino(-NH,) groups each other has no adsorbability
to lead ions. Lead ion can form a stable chelation with N
between amino and imino groups, a six-membered heterocy-
clic chelating ring. It has been known for many years that the
complex resulting from coordination with the chelating ligand
is much more thermodynamically stable. It is also known that
there should be some -NH;3* groups on the chain structure of
the PSDAN particles formed in acidic and neutral aqueous
solution. Therefore, another possible approach of the Pb**

adsorption is ion exchange between Pb** and H* on the -
NH;*. This has been proved by the fact that the final pH value
of the resultant Pb(NOs), solution after Pb** adsorption onto
the P15DAN salt particles is lower than the initial pH value
(Table 3). These indicate that some H* ions are released into
the solution as the Pb>* jons are bound onto the particles. On
the other hand, slightly increased pH value of the Pb** solu-
tion after the Pb>* adsorption onto P15DAN base particles
without H* also indirectly verifies above-mentioned ion ex-
change. As discussed below, the adsorption capacity is only
slightly influenced by the pH, suggesting that the ion ex-
change plays a minor role in the adsorption. In fact, the max-
imum adsorption amount of the ion exchange only accounts
for 4.07% of total adsorption capacity. In addition, the Pb**
can also be weakly bound to the P1SDAN particles in physical
adsorption by van der Waals force. It is reported that
electrosynthesized P1SDAN merely has a physical adsorption
with a low adsorption efficiency of one Pb** on every 31
15DAN units, whereas the total adsorption efficiency is one
Pb** on every 5.3 15DAN units. This means that the physical
adsorption should not be the main mechanism for the Pb**
adsorption. In summary, the chelation may be dominant dur-
ing the Pb®* adsorption.

On these considerations, possible adsorption mechanisms
by chelation, complexation, redox, and ion exchange between

Table 3 The solution pH before and after Pb>* adsorption in 25 mL
solution at Pb>* concentration of 200 mg-L~' with poly(1,5-
diaminonaphthalene) (P15DAN) salt particle dosage of 50 mg at 30 °C
for24 h

Adsorbent APS/15DAN molar ratio Adsorbed solution

Initial pH Final pH ApH
P15DANsalt  1/1 5.1 44 -0.7
P15DANsalt 172 5.1 4.6 -0.5
P15DAN base 1/2 5.1 54 0.3
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the metal ions and the PISDAN chains may be displayed in
Scheme 2. On the basis of the adsorption mechanism, theoret-
ically every two chains of PISDAN(n = 1) should chelate 3
lead ions, so the maximum Pb** adsorption capacity of
P15DAN(n = 1) should be 256 mg-g ", which is slightly lower
than simulatively maximal adsorption capacity (265.3 mg-g™'
in Table 4) but slightly higher than experimentally maximal
Pb>* adsorption capacity (241.0 mg-g ') in Fig. 3b.

In the IR spectra of all the chelates, two new medium in-
tensity bands at 1168 and 1051 cm ™' assignable to Pb-N vi-
bration (Fig. 2a), which are nearly absent in the Pb**-free
polymers, suggest that Pb>* ions have been chelated onto the
polymers. This information is very similar to the IR spectra of
other Pb** complexes [16].

The occurrence of the metal-ion adsorption onto the
P15DAN microparticles has been further confirmed by the
variation of the X-ray diffraction of the microparticles with
Pb** adsorption. The P15DAN particles adsorbing Pb**/Ag*
ions exhibit a series of new sharp diffraction peaks in Fig. 2d

Scheme 2 Chelation,
complexation, redox, and ion
exchange between Pb>*/Hg>*/
Ag" ions and amino/imino groups
on the macromolecular chains of
the P15DAN at APS/15DAN
molar ratio of 1/1

Chelation, redox, and ion exchange

as compared with the original polymers, but the PISDAN
particles adsorbing Hg”* ions do not exhibit any sharp diffrac-
tion peaks. The characteristic diffraction peaks of the
P15DAN salt adsorbing Pb>* indicate the presence of PbSO4
from a reaction between Pb>* and SO,> rather than
Pb(NO;),, suggesting a reactive adsorption of Pb** on the
particles. The SO4>~ should result from residual free sulfate
and doping sulfuric acid in the particles when APS is used as
oxidant. Differently, no diffraction peak from PbSQ, crystal is
observed for the PISDAN base adsorbing Pb**, but the dif-
fraction characteristics of PbCOj; crystals are discovered,
which may be caused by the CO, from the air. The
P15DAN base prepared after dedoping process has relatively
weak Pb** adsorbability as compared with PI5DAN salt
(Table 2). PbSO,4 and the PbCO; chemical depositions con-
tribute 18.7 and 5.7% to the total Pb>* adsorption capacity on
P15DAN salt and base, respectively.

Note that the particles adsorbing 91 mg Hg** per gram of
the particles do not exhibit any crystalline peak (Fig. 2d),

Hg(NO3),

@ Springer
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Table 4  Isotherm model equations for Pb** adsorption onto PISDAN particles based on the data in Fig. 3

Isotherm model Equation Correlation Standard deviation Saturated adsorption
coefficient capacity 0,, (mg-g ")

Langmuir 0.=47797C. / (180C+1) 0.9852 1.0711 265.3

Freundlich 0,=¢% 3 0.9778 0.1156

Temkim 0.,=357.3+42.92 LnC, 0.9518 21.4542

signifying that the Hg** adsorption onto the particles results
from the complexation between Hg** and macromolecular
chains. However, the complexation and precipitation adsorp-
tions of Pb>* and Ag* onto the particles occur simultaneously.

A high adsorbability of Ag* onto P15DAN(1/1) micropar-
ticles (Table 2) is again confirmed by three strong sharp dif-
fraction peaks at 38°, 44° and 64° (Fig. 2d) corresponding to
the diffraction of lattice planes of Ag crystals. In fact, besides
the complexation of Ag" with -NH,/-NH—/-N = groups, some
Ag* can immediately be reduced to elementary Ag by -NH,/-
NH- groups after it is adsorbed onto the P1SDAN particles. It
is also reported that electrosynthesized PISDAN can be oxi-
dized by Ag®."” By the way, the lowest adsorbability of Ag*
onto the PISDAN formed at APS/15DAN molar ratio of 3/1
should be attributable to the least -NH,/-NH- groups because
most of -NH,/-NH- groups have been overoxidized into -N =
groups by the excessive APS.

Optimized adsorption of Pb** ions onto P15DAN
particles: The Pb>* adsorbability is strongly influenced by
the APS/15DAN ratio and Pb** concentration (Fig. 3), which
can be used to optimize adsorption conditions of Pb** ions
onto P15DAN particles. The P15DAN (1/1) has much higher
adsorbance and adsorptivity of Pb>* ions than P15DAN (2/1

a) 100
APS/15DAN
8o0r molar ratio
i
40+ —— 31

200} 241
160
120 7
801
401

0 2000 4000 6000 8000 10000
Initial Pb** concentration / mg- L

Fig.3 Effect of initial Pb>* concentration and APS/15DAN ratio on Pb**
adsorbability onto P15DAN microparticles

Pb”* Adsorbance /mg.g"’ Z Pb* Adsorptivity / %

and 3/1) in the same initial Pb* concentration range between
200 and 1000 mg-L™" because there are more -NH,/-NH- and
-NH,/-N = couples in PISDAN (1/1) chains (Table S1). With
increasing initial Pb** concentration from 0 to 1000 mg-L ™",
Pb** adsorbance monotonically rises but the Pb>* adsorptivity
declines. It seems that the microparticles demonstrate an op-
timal combination of high Pb** adsorbance and high
adsorptivity at an initial Pb** concentration of 200 mg-L ™.
The P15DAN(1/1) possessing the balanced strongest Pb**
adsorbability at an initial Pb** concentration of 200 mg-L™"
is selected for the following detailed investigation. Note that
the PISDAN particles demonstrate an increased Pb(II)
adsorptivity from 81.4 to 87.0% with decreasing Pb(II) con-
centration from 200 to 100 mg-L™". This indicates that the
extracting ability would be stronger at a lower Pb(Il) concen-
tration. In fact, the P1SDAN particles would be used to extract
the Pb(II) ions at a low concentration down to ca 5 mg-L ™.
This has been suggested by the longan shell adsorbent that has
similar Pb(II) adsorptivity to P1SDAN particles in the same
dilute concentration [14].

Adsorption Kinetics of Pb>* ions on PISDAN particles:
The time course experiments were carried out in order to an-
alyze Pb** content at a certain contact time. Adsorption kinet-
ics is studied to determine the time required for reaching equi-
librium adsorption of Pb>* ions. Figure 4 shows the profiles of
Pb** adsorption capacity and adsorptivity versus adsorption
time on the P1SDAN particles. Apparently, the adsorbance
and adsorptivity of Pb>* increase non-linearly with the adsorp-
tion time. The adsorption process consists of two steps: a
primary rapid step and a secondary slow step. The rapid step
lasts for about 1 h and accounts for approximately 98% in the
total Pb>* adsorption, while the secondary step contributes to a
negligible effect on the amount of adsorption. The fast step of
Pb>" adsorption may occur on the particle surfaces due to a
fast chelation between Pb** and the amino/imino groups in the
PI5SDAN chains, while the slow step might occur inside the
particles, representing the diffusion of Pb** ions into inner of
the P15SDAN particles over the period. It is concluded that the
cost-effective adsorption time would be 1 h.

A study on adsorption kinetics provides valuable insight
into the pathways and mechanism of adsorption reaction. In
addition, the kinetics can be used to describe the Pb>* adsorp-
tion rate that in turn controls the residence time of sorbate
uptake at the solid-solution interface. The experimental data
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Fig. 4 Effect of a) adsorption a)100 — Z b)
time at initial Pb>* concentration ool — 1100 f
0of 200 mgLf1 and b) initial - ; i 160} >
. s 24 ‘o 80} 1 I 1 e =
solution pH at two initial Pb - L s o S
; 2 180 = & ]
concentrations of 500 and g 70¢ > £ o
1000 mg'L™" for 24 h on Pb** e 60} z  G120f 8
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were fitted into the kinetic equations of Lagergren, pseudo-
first-order and pseudo-second-order. Their adsorption-rate ex-
pressions are as follows:

—Ln (1-F) =kt (1)

Where F equals Q./0;, O, the amount adsorbed (mg: gfl) at
equilibrium, @, the amount adsorbed (mg-g ') at time t, and &
the adsorption-rate constant (h™").

(Lagergren)

(pseudo—second—order) (2)
(3)

Where the &’ is the rate constant of pseudo-first-order
adsorption (min~') and A’ the initial adsorption rate of
pseudo-second-order adsorption (mg-g ''min”'). It is
found that the application of pseudo-second-order model
provides better correlation of the experimental data than
the pseudo-first-order and Lagergren models (Table 5).
Additionally, the equilibrium adsorbance determined
using the pseudo-first-order model gives much lower
value than experimentally determined value. It thus ap-
pears that the system under study is more appropriately
described by the pseudo-second-order model based on
the assumption that the rate limiting step may be chem-
isorption involving valency forces through sharing or
exchange of electron between adsorbent and adsorbate
[9, 11, 14, 15].

Effect of initial Pb*>* concentration and adsorption
isotherm: The effect of the initial Pb** concentration on the
equilibrium adsorption for 24 h has been investigated. The

t/Q, = (/Q.) + (1/h)

Log (Q.—Q,) = Log Q.—k t/2.303 (pseudo—first—order)

Pb?* solution pH

adsorption of Pb?* ions on PISDAN(1/1) particles is given
as a function of initial Pb** concentration in Fig. 3. Just like
most other adsorbents [4], the Pb>* adsorptivity decreases
with an increase in Pb®* concentration but the adsorbance rises
significantly up to 240 and 241 mg-g " at the Pb* concentra-
tion of 6 and 10 g-L™"', respectively. The elevated Pb**
adsorbance on P15DAN with increasing Pb>* concentration
must be attributed to a greater probability of collision between
Pb>* and P15DAN particles, as well as also the full use of the
adsorbing sites on the particles.

To quantitatively establish the relationship between
Pb>* concentration and adsorption process, three linear-
ized mathematical models by Langmuir, Freundlich and
Temkin are used to describe and analyze the adsorption
isotherm and equilibrium, as listed in the following
equations:

Ce/Qe - (Ce/Qm) + [1/(K6Qm)} (4)
Log Q. = (1/n) Log Cc + Log K (5)
Qe = K]LI] K2 +K|Lll Ce (6)

where C, is the equilibrium Pb** concentration (M), Q,,
the maximum adsorption capacity of the system
(mg-g "), K, the adsorption coefficient related to the
energy of the adsorption (Lmg '), Ky K; K, the equi-
librium constants indicating adsorption capacity, and n
adsorption equilibrium constant. The values of these
constants are evaluated from the intercept and the slope,
respectively, of the linear plots of C./Q, vs. C,., Q, Vs.
Ln C, and Log Q. vs. Log C,, based on experimental

Table 5 Kinetic model equations for Pb** adsorption onto P15DAN particles based on Fig. 4a

Mathematical model Equation Correlation Standard deviation 7 (mg-g "min”")
coefficient

Pseudo-first-order Log (Qe-Q)=—10.047 t- 0.927 0.7360 0.4579

Pseudo-second-order t/Q;=0.01121 t+0.04594 1.0000 0.01965 21.8

Lagergren Q=90 (1-¢3797 Y 0.9987 0.3487
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data through a regression analysis. The parameters and
the correlation coefficients are listed in Table 4. It is
obvious that the results show that the adsorption behav-
ior of Pb> ions on PISDAN particles can be better
expressed by the Langmuir isotherm than Freundlich
and Temkin isotherms because Langmuir model yields
a higher correlation coefficient. Moreover, the saturated
Pb** adsorbance can be estimated to be 265.3 mgg '
by Langmuir simulation.

Effect of solution pH on Pb** adsorption: The effect of
pH on Pb** adsorption onto P15DAN particles is shown
in Fig. 4b by adding a certain amount of 50 mM HNO;
or CH3COONa. It is interesting that the adsorbance and
adsorptivity of Pb** ions keep the highest values despite the
variation of pH value in the range of 2.0 to 6.0. In this
case, the predominant chelation adsorption between the
Pb** and amino/imino groups on P15DAN is more sta-
ble but not affected by the pH value. A sharp diminu-
tion in the Pb** adsorbability is observed in a pH range
from 6 to 6.9. It can be speculated that the lead ions
may have lower mobility and solubility in higher pH
solution. Consequently, the PISDAN particles may have
less probability of collision with the Pb** jons.

Regeneration of the P15DAN microparticles

The P15DAN microparticles adsorbing Pb(II), Hg(Il),
and Ag(I) can directly be regenerated. The complexed
Pb(1l), Hg(Il), and Ag(l) ions on the microparticles can
be desorbed and thus regenerated with 0.5 M HNOj; as
desorbent. It seems that the regeneration step slightly
affects its following adsorbability [17, 18]. The reduced
element Hg and Ag metals on the microparticles can be
recovered by centrifugation of their aqueous dispersion,
accompanying by the regeneration of the microparticles
[15]. This is perhaps useful to take a pragmatic view on
this work.

Comparison of Pb>" adsorption onto the PISDAN par-
ticles with other sorbents: As discussed above, the experi-
mentally highest Pb>* adsorbance is found to be 241 mg-g ™'
for P1SDAN. Furthermore, the theoretically maximal Pb**
adsorption capacity can be 265.3 mg-g' for PISDAN
by Langmuir simulation. An overview on the typical
micro- and nanomaterial-based sorbents and other repre-
sentative sorbents toward Pb(II) ions has been summa-
rized in Table 6. Although it is hard to directly compare
the PISDAN with other adsorbents due to different ad-
sorption conditions, the thiol-functionalized activated
carbon, functionalized GO, biochar, porous modified sil-
ica, and P15DAN may have the strongest Pb(II)
adsorbability. Note that the former four materials were
prepared by a relatively sophisticated two- or multi-step
procedure sometimes including energy-consuming or
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environmentally harmful stages. This brings on relative-
ly low productivity, relatively weak cost-effectiveness,
and little environmental benefit in the case of Pb(II)
decontamination for environmental purification. It
should be noticed that the preparation of the PISDAN
microparticles by a one-step chemical oxidative precipi-
tation polymerization of 15DAN in neutral aqueous re-
action medium at room temperature in ambient air at-
mosphere is readily, highly efficient, and scalable.
Furthermore, the P1SDAN microparticles possess the
strong resistance to water, aqueous acid and alkali, and
odorlessness. All of these features demonstrate that the
P15DAN microparticles would have an important poten-
tial of application as a highly integral cost-beneficial
Pb** adsorbent for the elimination and recovery of toxic
Pb** from its polluted wastewaters.

Conclusions

The chemical oxidation polymerization of 1,5-
diaminonaphthalene in a mixture of equal volume of
acetonitrile and water with ammonium persulfate as ox-
idant at ambient temperature in ambient air has success-
fully generated fine PISDAN microparticles with a high
yield and productivity. The structure, properties and
functionality of the PISDAN microparticles can be sig-
nificantly optimized by adjusting the oxidant/monomer
ratio and also oxidant species. The microparticles at
(NHy4),S,0¢/15DAN molar ratio of 1/2 possess the lon-
gest mt-conjugated length, while the microparticles at
(NH4)2S,04/15DAN ratio of 1/1 exhibit the highest
Pb?* adsorbability by a dominant chelation between
Pb** and amino/imino groups. The Pb®* adsorption con-
sists of two steps, the first fast reactive adsorption on
the particle surface and the second slow interior adsorp-
tion inside the particles. The Pb** adsorption capacity of
241 mg-g ' (P15DAN) is slightly lower than theoretical
capacity (265.3 mg-g” ') by Langmuir simulation but
higher than those on most of other sorbents including
P18DAN, though the PISDAN possesses stronger Hg>*
and Ag* adsorbability than P15SDAN. The P15DAN mi-
croparticles formed by (NH,4),S,Og exhibit strong resis-
tance to aqueous HCI and NaOH, but much lower re-
sistance to organic solvents. On the contrary, the solu-
bility of the PISDAN in highly polar solvents including
NMP, DMSO, and DMF signifies its solution process-
ability. The P15DAN particles as a new cost-effective
sorbent are very useful in collection and removal of
lead/mercury/silver ions from water effluents without
highly polar organic solvents, simultaneously achieving
water decontamination and purification.
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