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ABSTRACT: Lignin—poly(N-methylaniline) (lignin—PNMA) nanocomposites were
synthesized via a chemical oxidative polymerization of N-methylaniline in the presence
of enzymatic hydrolysis lignin (EHL). The lignin—PNMA composite consists of well
size-distributed particles of 68.3 nm in mean diameter. This nanocomposite was further
used as a novel sorbent for silver ions from aqueous solution. The lignin—PNMA
nanocomposite particles exhibited excellent an adsorption property of silver ions
compared to those of poly(N-methylaniline) and EHL. The saturated capacity of silver
ions onto the lignin—PNMA nanocomposites was up to 1556.8 mg g~ at 30 °C.
Characterization results of the sorption product, ie., lignin—PNMA nanocomposite
particles after sorption, revealed that silver nanoparticles were achieved on the surface
of lignin—PNMA nanocomposite particles. The results indicated that lignin—PNMA
nanocomposites can be effectively used as a reactive sorbent to remove and recover
silver ions from aqueous solution.
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icochemical properties and applications of nanostructural

Environmental pollution from industrial wastewaters containing
heavy metal ions is a major worry because of the potential
environmental and biological problems it may cause to humans
and other life forms.'™ In particular, silver has been used
commonly in daily life owing to its unique character and
antimicrobial and antiviral properties.*> Thus, effluents
containing substantial silver ions have been dumped into rivers
from these industries. Therefore, the removal and recovery of
these silver ions from wastewaters have become important
issues.”® Adsorption of silver ions from effluents is considered
to be a useful technique for product control of adsorbents.””
Up to now, various adsorbents have been applied for removal of
silver ions.”™” However, low-cost and effective adsorbents for
silver ion removal need to be developed.

Polyaniline (PANI) derivatives have received great interest
for their ease of preparation, good stability, and optimizable
electrical properties. Specifically, they possess better enhanced
processability than PANL'®™"> Although a lot of research on
substituted PANIs have been reported, they are mainly on ring
alkyl-substituted"*'> and ring alkoxy-substituted PANL'®""
Among the substituted PANIs, amino-N-substituted PANI
derivatives, such as poly(N-methylaniline) (PNMA), are useful
in certain applications including electrocatalytic electrodes,'”°
cathode active material in rechargeable batteries,*"*>
protection,”** and microwave shielding materials.”> Recently,
poly(N-methylaniline) nanowires’® and three-dimensional
microspheres”® were obtained by adjusting the concentration
of N-methylaniline monomers. Poly(N-methylaniline) micro-
spheres have also been prepared via a template-free route’” and
electrochemical polymerization.”® However, studies on phys-
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PNMA and its composites remain to be exploited.

Lignin is a reproducible polymer generated from industrial or
agricultural biomass wastes. Because lignin possesses a three-
dimensional structure, which includes a great quantity of O-
containing functional groups,””** it has been widely applied to
removing heavy metal ions such as Cu(II),***° Co(1I),”
Cr(V1),>**' Cr(111),** and Pb(11)* from industrial effluents. In
particular, lignin and lignin-based materials also exhibit high-
performance for the regeneration of Au(III),**~>¢ Pd(11),*® and
Pt(IV).>® The utilization of lignin and its derivatives not only
presents an effective method for adsorptive regeneration of
these metal ions but also achieves high value-added utilization
of biomass wastes.

Moreover, lignin and its derivatives can also be used as
dispersants in various industrial fields.*”*® Recently, we
developed a controlled preparation of polyaniline—lignosulfo-
nate nanocomposites,” poly(N-butylaniline)—lignosulfonate
composite nanospheres,* and self-assembled poly(N-methyl-
aniline)—lignosulfonate spheres*' by using lignosulfonate as a
dispersant. It was found that the introduction of lignosulfonate
into the composites greatly affects their structure and
properties. In light of polymers from aromatic amines®*~*°
and polyaniline-based materials>*’ " that possess high reactive
adsorption performance of heavy metal ions including Pb-
(II),M_46Ag(I),S’8’9’42 Hg(H),46_48 Au(IH),49 and Cr(VI),SO’Sl
the poly(N-butylaniline)—lignosulfonate composite nano-
spheres and self-assembled poly(N-methylaniline)—lignosulfo-
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Scheme 1. Preparation Process of Lignin—PNMA Composite
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Figure 1. SEM and TEM images of PNMA (a) and lignin—PNMA composite (b,c).

nate spheres were used as adsorbents for silver ions. The results
showed that they exhibited high-performance reactive adsorp-
tion for silver ions because of the introduction of lignosulfonate
into the composite spheres. In addition, another novel and
abundant lignin, enzymatic hydrolysis hgnln (EHL),” was used
to prepare polyaniline—lignin composites.” The polyaniline—
lignin composite exhibited better enhanced reactive heavy
metal ion adsorbability than that of polyaniline.>*’

The high reactive adsorbability of these composites was
attributed to the existence of imino groups on polyaniline units
and O-containing groups on lignin units. Synergistic effects
between these functional groups endowed the composite with a
high performance of heavy metal ions. For PNMA, its chemical
properties are essentially different from those of PANI because
the proton exchange sites on PNMA chains are irreversibly
blocked by methyl substituents. Therefore, physicochemical
properties of PNMA need to be studied in depth.

In this work, a new adsorbent, poly(N-methylaniline)—lignin
(lignin—PNMA) nanocomposite particles, was prepared via a
chemical oxidative polymerization of N-methylaniline in the
existence of lignin. Furthermore, the lignin—PNMA nano-
composite particles were used to remove silver ions by using a
batch adsorption technique. Adsorption kinetics and isotherms
were determined by kinetic and linearized isotherm models.
Specifically, the methyl groups, which have an electron-
donating ability on the PNMA chains, are a benefit to
increasing the adsorption properties of lignin—PNMA nano-
composites. The introduction of EHL into lignin—PNMA was
responsible for the formation of low-cost nanocomposite
particles.

B EXPERIMENTAL SECTION

Materials. N-Methylaniline (NMA), ammonium peroxydisulfate,
AgNOj;, ammonia—water, and N-methylpyrrolidone were obtained
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Enzymatic hydrolysis lignin was extracted from cornstalks and supplied
by Shandong Longlive Biotechnology Co. Ltd. (Shandong, China).
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Preparation of Lignin—PNMA Nanocomposites. Lignin—
PNMA nanocomp051tes were simply prepared following our reported
method,” with an EHL concentration of 10 wt % and a molar ratio of
ammonium peroxydisulfate to NMA of 1.0 (Scheme 1). First,
enzymatic hydrolysis lignin (EHL) (0.238 g) and ammonium
peroxydisulfate were dissolved in a reaction medium, i.e., an aqueous
solution of ammonia. Second, N-methylaniline (2.175 mL) was added
into the EHL solution and stirred vigorously. Then, the ammonium
peroxydisulfate solution was dropped into the N-methylaniline—lignin
mixture. Lastly, the polymerization proceeded at 25 °C for 24 h. The
lignin—PNMA nanocomposite was separated from the polymerization
solution by filtration and thoroughly washed. The filter cake was dried
at 60 °C to acquire lignin—PNMA nanocomposite powder. The pure
poly(N-methylaniline) sample was prepared via the similar procedure
above without EHL.

Silver lon Sorption. Sorption of silver ions was performed in
batch experiments.' Typically, the lignin—PNMA nanocomposite (30
mg) was dispersed in an AgNO; aqueous solution (15 mL). Then, the
sorption solution was put in a 25 °C water bath for 48 h. After
sorption, the nanocomposite was filtrated from the sorption solution.
The silver ion concentration in the filtrate was determined using a
Mohr method.>*

Characterization. Morphologies of pure PNMA and lignin—
PNMA were observed by SEM and TEM using a Carl Zeiss ULTRA
5S FESEM and JEM-2010 HRTEM, respectively. FT-IR and UV—vis
spectroscopy measurements were performed on Nicolet FT-IR 5700
and Varian CaryS0 Conc spectrometers, respectively. X-ray diffraction
measurements were performed on a Rigaku Ultima III X-ray
diffractometer using Cu Ka radiation. The thermal properties of
pure PNMA and lignin—PNMA were carried out by thermogravi-
metric analysis (SDT-Q600, U.S.A.) in the 25—1000 °C temperature
range under a nitrogen atmosphere. The pore volumes and Brunauer—
Emmett—Teller (BET) surface areas were tested on a Micromeritics
ASAP 2020 sorptometer by N, adsorption at 77 K.

Bl RESULTS AND DISCUSSION

Morphology. The morphology of PNMA and the lignin—
PNMA composite was characterized by SEM and TEM (Figure
1). The lignin—PNMA composite is composed of particles with
a mean diameter of 68.3 nm in a range from 46.3 to 78.0 nm
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(Figure 1b), whereas the PNMA sample was composed of
spheres with smooth surfaces and average diameters of 417 nm
(Figure 1a). The composite particles were further confirmed by
the TEM image (Figure 1c), which revealed that the lignin—
PNMA composite was composed of solid nanoparticles.
Clearly, there was a significant decrease in the average diameter
of the lignin—PNMA composite with adding EHL. The
decrease in the diameter of the composite particles was
attributed to the formation of hydrogen bonds between
—OCH; and —OH groups on EHL backbones and imino
groups on PNMA units.*>>* The hydrogen bond interaction is
ensured by the EHL chain adsorbed on the PNMA chains
during the polymerization process. EHL therefore serves as the
template during the formation of the composite and further
efficiently stabilizes the nanocomposite particles. Furthermore,
the introduction of these oxygen-containing groups into the
lignin—PNMA composite will enhance the sorption perform-
ance of the lignin—PNMA composite for heavy metal ions.
FT-IR Spectra. As shown in Figure 2, the absorption peak at
3430 cm™' is attributed to an O—H stretching vibration of
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Figure 2. FT-IR spectra of PNMA, lignin—PNMA nanocomposite,
and EHL.

hydroxyl groups on the EHL chain.”” The characteristic bands
at 1640, 1510, and 1460 cm™ are the aromatic ring vibrations
of EHL.”® While absorption peaks at 3440—3450 cm™’
correspond to the N—H stretching vibration of PNMA and
lignin—PNMA composites, indicatin% the existence of secon-
dary amino groups in their chains.”*****> It can also be seen
that the ring stretch of the benzenoid form of the two samples
was observed at about 1500 cm™'. The ring stretch of the
quinoid form of PNMA appeared around 1630 cm™ as a
notably broad band, whereas this band of the lignin—PNMA
composite shifted to 1600 cm™,%° which was attributed to the
interaction between the two. Bands for the C—N stretching
vibration of the quinoid rings were at 1310 cm™.*’

UV-Vis Spectra. As displayed in Figure 3, for the EHL
sample, one characteristic peak at 310 nm was observed, which
was attributed to the a,f-unsaturated and/or a-carbonyl
groups.®® In the UV—vis spectra of PNMA and lignin—
PNMA, peaks of the m—n* transitions in the benzenoid
structure were at 322 nm.**” In the spectra of PNMA, the
peak at 581 nm was ascribed to the n—z* transitions in
quinoid.>”**%” For the lignin—PNMA nanocomposite, how-
ever, the n—z* band exhibited a red-shift to 623 nm, indicating
an increased extent of conjugation. The reason for this might be
due to a doped effect of EHL into the PNMA chains. This
result agreed with the FT-IR result, which suggested that a
close combination was formed between the EHL and PNMA
chains.
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Figure 3. UV—vis spectra of PNMA, lignin—PNMA nanocomposite,
and EHL.

Thermogravimetric Analysis. As shown in Figure 4,
compared with PNMA and EHL, the lignin—PNMA nano-
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Figure 4. TGA curves of PNMA, lignin—PNMA nanocomposite, and
EHL.

composite exhibited higher thermal stability. The nano-
composite exhibited a first weight loss of 1.62% before 200
°C for the evaporation of water in the sample.” The second
weight loss at 200—500 °C mainly resulted from the thermal
elimination of the alkyl and alkoxy side groups.”*® The weight
loss of the lignin—PNMA nanocomposite occurred between
500 and 600 °C because of the breakdown of lignin—PNMA
backbone. The pyrolytic process became gentle at temperatures
higher than 600 °C. The higher thermal stability of the
nanocomposite was probably due to the existence of an
interaction between the two components. Furthermore,
compared with the polyaniline—lignin composite,” lignin—
PNMA possessed higher thermal stability. This is because the
oxidative degradation of imino groups on the lignin—PNMA
nanocomposite was reduced.>

Sorption of Silver lon. The variation of sorption
performance of silver ions onto lignin—PNMA, PNMA, and
EHL is listed in Table 1. The adsorption capacity (Q.)
andadsorptivity (g) of lignin—PNMA nanocomposites were up
to 1215.0 mg g~' and 45.0%, respectively, when initial silver ion
concentration was S0 mmol L™" at 30 °C for 48 h. Clearly, the
lignin—PNMA exhibits higher sorption performance than
PNMA and EHL. This enhanced adsorption capacity and
adsorptivity of lignin—PNMA nanocomposites resulted from

Table 1. Variation of Sorption Performance of Silver Ions on
PNMA, Lignin—PNMA, and EHL

sample Q. (mgg™) q (%)
PNMA 548.6 20.3
lignin—PNMA 1215.0 45.0
EHL 631.3 234
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the synergistic effect between the functional groups from
PNMA and EHL.’

Effect of Initial Solution pH Value. As illustrated in
Figure S, the initial solution pH value greatly affects the silver

100
2400} ]
Ay L . 80
o 2000 | | R
(=]
E | S
= 1600 160
le] [ { ©
1200 | — o 140
800 L 20

ok

2 4
Initial pH value

Figure S. Effect of initial pH value on sorption of lignin—PNMA
nanocomposites at a silver ion concentration of 50 mmol L™" at 30 °C
for 48 h.

ions sorption on the lignin—PNMA nanocomposite. The
adsorption capacity and adsorptivity exhibit significant increases
in the silver ions sorption when the initial pH value increased
from 1.0 to 6.0. The adsorption capacity gradually enhanced
within the pH range of 1.0—5.65 and reached a maximum value
at 6.0. At lower pH, the adsorption capacity and adsorptivity for
silver ions is low. This is because an excess proton in the
sorption solution can compete with silver ions for the available
exchange sites.”” At the same time, the hydroxyl and imino
groups on the lignin—PNMA nanocomposite were protonated,
i.e., the adsorbent surface carry more positive charges at lower
pH values. With increasing the initial pH value from 1.0 to 5.65,
imino and hydroxyl groups were gradually deprotonated; and
hence, the silver ions sorption capacity was greatly enhanced.**
However, silver ions will precipitate when the pH value is
higher than 5.65. Therefore, the adsorption capacity and
adsorptivity for silver ions at a pH value of 6.0 resulted from the
precipitate of silver ions from the adsorption solution. This
result is different from the sorption of silver ions on poly(o-
phenylenediamine)** and poly(1,8-diaminonaphthalene) mi-
croparticles.® Thus, an initial pH value of 5.65 is optimal for
silver ions sorption, and it is fixed at 5.65 for the following
study.

Effect of Sorption Time. The effect of sorption time on
the sorption of silver ions on lignin—PNMA is shown in Figure
6. Clearly, the sorption ability greatly increased with sorption
time. The adsorption capacity and adsorptivity greatly
enhanced at first and then gradually slowed to equili-
brium.>***> The silver ion adsorption capacity reached
1220.1 mg g~' when the sorption time was up to 72 h.
Apparently, the lignin—PNMA nanocomposite has higher
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Figure 6. Effect of sorption time on sorption of lignin—PNMA
nanocomposites.
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sorption ability than the polyaniline—lignin composite.” The
high-performance of lignin—PNMA for silver ions is due to the
synergistic effect between the functional groups.

Moreover, the lignin—PNMA nanocomposite has a higher
Bruauer—Emmett—Teller surface area (32.65 m* g™') than the
polyaniline—lignin composite (13.66 m*> g~') because the
former is made up of nanoparticles. The smaller diameter and
higher surface area can improve the metal ion adsorbility of the
lignin—PNMA nanocomposite.

Effect of Initial Silver lon Concentration. The
adsorption capacity increased while adsorptivity decreased as
the initial silver ion concentration increased (Figure 7). Similar
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Figure 7. Effect of initial silver ion concentration on sorption of
lignin—PNMA nanocomposites at 30 °C for 48 h.

results were reported for silver ions sorption on poly(N-
butylaniline)—lignosulfonate composite nanospheres™ and
poly(1,8-diaminonaphthalene).® The saturated capacity is up
to 1556.8 mg g~ at a silver ion concentration of 0.16 mol L™".
Furthermore, the saturated capacity is higher than that of
polyaniline—lignin composite.” The reason is that the methyl
groups on PNMA have an electron-donating ability. They can
strengthen the activity of N atoms, although the increase is a
small steric hindrance. Hence, the lignin—PNMA nano-
composite exhibits higher sorption properties for silver ions.
Sorption Kinetics and Isotherm. From the analysis
results of kinetics models®*”**** (Table 2), we can see that

Table 2. Kinetic Parameters for Silver Ion Sorption on
Lignin—PNMA

pseudo-first-order model pseudo-second-order model

Q. (mg g™ 7304 Q(gg™" 12322
k (b7 0.07009 k, (g gt h7™) 0.07182
R? 0.9616 R? 0.9950

this sorption process agreed better with the pseudo-second-
order model (R* = 0.9950) than the pseudo-first-order model.
Because the former was based on a chemical sorption process,
the sorption process in this work was chemical sorption.*®
The silver ion sorption process was further analyzed by using
Langmuir and Freundlich models®*® (Table 3). Obviously, the
correlation coefficient (R* = 0.9986) of the Langmuir model is
higher than that of the Freundlich model (R* = 0.9841). So, the

Table 3. Isothermal Models for the Silver Ion Sorption on
Lignin—PNMA

Langmuir isotherm model

Freundlich isotherm model

Qn (gg™ 1.6603 1/n 0.1828
K (mL mg™") 1.0343 Ky (mg g™')(L mg™") /"] 280.59
R? 0.9986 R? 0.9841
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Langmuir model is a good fit for silver ions onto the lignin—
PNMA nanocomposite.**>** The theoretical saturated capac1ty
(Q.,) obtained from the Langmuir model was 1.8011 g g/,
agreeing with experimental saturated capacity.

Sorption Mechanism. The sorption mechanism was
further revealed by measuring the pH value variation of the
silver ion solution with sorption time and TEM image of the
sorption product (Figure 8). As shown in Figure 8a, the pH
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Figure 8. (a) Variation of pH value with sorption time. (b) TEM
image of the sorption product.

value declined sharply from 4.85 to 2.33 at the first 1 h, and
then declined gradually, and finally reached a plateau value of
1.79. This is because the hydrogen ions on the PNMA chains
were replaced by silver ions and then discharged into the
sorption solution.>****%” With prolonging the sorption time,
an increase in the number of hydrogen ions led to a drop in the
pH value. In the typical TEM image (Figure 8b) of the lignin—
PNMA nanocomposite after silver ion sorption, a product
containing silver nanoparticles was obtained. This result shows
that the lignin—PNMA nanocomposite possessed high
reductibility for the silver ions.>”***” Silver ions were reduced
to initial silver nanoparticles during the sorption process, and
then, these initial silver nanoparticles grew into larger silver
nanoparticles (Scheme 2).

To further prove the generation of silver nanoparticles, X-ray
diffraction curves of lignin—PNMA after silver ion sorption,
PNMA, lignin—PNMA, and EHL samples were characterized
(Figure 9). Clearly, PNMA, lignin—PNMA nanocomposites,
and EHL samples had amorphous structures*>**® (Figure 9b).
Compared with amorphous lignin—PNMA nanocomposites,
lignin—PNMA nanocomposites after silver ion sorption, ie,
lignin—PNMA—Ag complex, have four sharp diffraction peaks
at 38.08°, 44.27°, 64.42°, and 77.60°, exactly belonging to the
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Figure 9. (a) X-ray diffraction curves of lignin—PNMA after sorption
and (b) PNMA, lignin—PNMA, and EHL.

crystal planes of silver, (Figure 9a).>**" It is concluded that
silver ions can be successfully removed and recovered by using
the lignin—PNMA nanocomposite as an adsorbent. Thus, the
silver ions after sorption cannot be desorped from the lignin—
PNMA nanocomposite surface. However, because both the
silver nanoparticles*"®" and lignin®® exhibit antibacterial
activities, the lignin—PNMA nanocomposite containing recov-
ered silver nanocrystals, i.e., a lignin—PNMA—Ag complex, can
be directly used as an antimicrobial.

B CONCLUSIONS

Lignin—PNMA nanocomposites were successfully prepared
from N-methylaniline with enzymatic hydrolysis lignin as a
dispersant. The lignin—PNMA composite consisted of well
size-distributed particles with a mean diameter of 68.3 nm.
Introducing EHL into the poly(N-methylaniline) chains can
greatly affect the morphology, structure, and thermal property
of the lignin—PNMA nanocomposite. The lignin—PNMA
nanocomposite exhibited better thermal stability than poly(N-
methylaniline) and EHL because of the introduction of EHL.
Furthermore, the lignin—PNMA nanocomposite particles
possessed excellent silver ion reactive sorption ability. The
saturated adsorption capacity of silver ions onto the lignin—
PNMA nanocomposite was up to 1556.8 mg g~ at 30 °C.
Furthermore, silver nanoparticles were recovered via a redox
reaction between lignin—PNMA and silver ions. This result of
this study provides a facile preparation of lignin—PNMA
nanocomposites and their application to removing silver ions
from wastewaters. Because EHL is a renewable material, this
low-cost lignin—PNMA nanocomposite exhibits great potential
to treat wastewater containing toxic heavy metal ions.

Scheme 2. Possible Sorption Mechanism of Silver Ions on Lignin—PNMA
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