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The preparation, characterization, and adsorption characteristics of lignin/silica nanocomposites are
described. The nanocomposites were obtained from cellulosic ethanol residue (CER) by an in situ
method. The lignin was used as a structure directing reagent, and sulfuric acid as precipitating reagent
during the synthesis of lignin/silica nanocomposites. The effects of pH on the properties of the

nanocomposites have been investigated in detail. The prepared nanocomposites were characterized by
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1 Introduction

Nowadays, with the shortage of petrochemical resources and
the development of biomass refining technology, cellulosic
ethanol has received increasing attention because of its char-
acteristics of cleanness, environmental friendliness and
renewability. Corn stalk, an agricultural residue, can be bio-
chemically converted to cellulosic ethanol through thermo-
chemical pre-treatment of the biomass followed by microbial
fermentation of sugars.' Cellulosic ethanol residue (CER) is
generated during the conversion, which mainly consists of
lignin and silicon dioxide. With increasing usage of cellulosic
ethanol, more and more CER will be available. However, it is
usually combusted for energy generation, while its efficiency is
lower than existing coal-fired burners."* Its utilization needs to
be further developed. Thus researchers' interest has been
aroused in the high value-added utilization of CER.

Lignin, the second most abundant bio-renewable non-food
polymer next to cellulose, is a three-dimensional and renew-
able natural polymer consisting of methoxylated phenyl-
propane structural units through carbon-carbon and ether
bound linkages.® It has a large amounts of active groups, such
as phenolic hydroxyl and alcoholic hydroxyl,*” which imparts it
chemically reactive activity.® It can be used as a potential
component for hydrogels,® antioxidants,® antibacterial agents,"
sunscreens,' solubilizer, stabilizing agents, lubricants, coat-
ings, plasticizers, surfactants, thermosetting polymer compos-
ites, thermoplastic polymer composites, lignin-reinforced
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(MB) were also studied, respectively. The results indicated that the lignin/silica nanocomposite is a good
candidate for a biosorbent, providing a potential route for the high value-added utilization of CER.

biodegradable polymer matrix-based composites, rubber
composites, foam-based composites and so on."

Silica is a common inorganic oxide and possesses excellent
physical and chemical properties, such as high chemical resis-
tance, strong adhesion, and large specific surface area. The
massive hydroxyl groups on the surface of silica render the
intrinsically hydrophilic,”** which is favorable for colloidal
stability. Silica has been applied in many fields,** especially in
nanocomposites as inorganic fillers.'* Modification of silica
further widens its application in cartridges, composites prepa-
ration and so on.**'7"*?

So far, some researchers have studied the synthesis of new
silica/lignin hybrid materials, in which lignin acts as an
important basic material. Cui et al.>® prepared siliceous lignin
microparticles through reaction of certain amount of wheat
husk and sodium hydroxide solution, followed by filtration of
the mixture and titration of the collected filtrate to required pH
with HCI, and then reaction for a period of time at the pH. Xiong
et al.** adopted co-precipitation process to prepare hydrophobic
lignin-based silica composite submicronparticles via the
hydrogen bonding interaction between the hydroxyl groups in
lignin and silica. Zhang et al.** used rice straw black liquor as
raw material and CO, as acid precipitator to prepare lignin-
modified silica nanoparticles by in situ composite method;
Thulluri et al.>® summarized the synthesis and development
prospect of lignin-based nanocomposites. Saad et al.>* prepared
lignin/silica nanocomposites with lignin silylated by triethoxy-
chlorosilane and nanosized silica. *'P-NMR analysis showed
that the hydroxyl groups on the lignin were replaced by the Si-
O-LIG ether bond in the composites, and TEM showed that the
lignin in the composites were grafted onto the nanosized silica
surface, and the composites had a large surface area (560 m>

This journal is © The Royal Society of Chemistry 2017
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g~ 1). Klapiszewski et al.® reported the synthesis, characteriza-
tion and potential applications of silica/lignosulfonate hybrid
materials. Three types of silica were used to optimize silica
species. Its experimental results showed that the composite
material had high stability and porous structure, which made it
a potential biosorbent to dispose hazardous metal ions and
harmful organic compounds.***” In addition, it can be utilized
in other respect as a polymer filler or antioxidant.

Our previous research showed that CER contains a small
amount of un-enzymolyzed cellulose, a large amount of lignin,
ash, etc.,' in which the main component of ash was silica. Most
of silica and lignin could be dissolved out from CER in NaOH
solution. The main aim of this work was to prepare lignin/silica
nanocomposites from corn stalks CER by in situ co-precipitation
method, and to study the influences of pH value on their
morphology, composition, and adsorption behavior for methy-
lene blue, thus to provide a new way for the high value-added
utilization of CER.

2 Materials and methods

2.1. Materials

The CER of corn stalks was supplied by China National Cereals,
Oils and Foodstuffs Corporation, Beijing, China. The chemical
composition (%, w/w) of the CER was determined according to
National Renewable Energy Laboratory standard analytical
method,”® which was ash 19.2%, acid-soluble lignin 3.51%,
holocellulose 8.62% and Klason lignin 65.39%. The CER was
pre-treated with sulfuric acid (1%) for 1 h at 120 °C to remove
holocellulose,* then the precipitate was filtered, washed with
deionized water to neutral, dried at 65 °C overnight, and por-
phyrized to pass 100 meshes before employment. Then it was
used to prepare lignin/silica nanocomposites.

All chemical reagents, such as sulfuric acid (98%), NaOH
(99%), methylene blue (>80%), hydrochloric acid, dioxane
(99.5%) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. Deionized water was applied for all treatment and synthesis
processes, and all chemicals were AR grade.

2.2. Preparation of lignin

5.0 g of pre-treated CER was mixed with NaOH solution (125
mL, 7.0 wt%) at 95 °C for 1 h in three-neck round-bottom flask
quipped with a water bath. The solid phase was collected by
centrifugal separation, and washed twice with 10% NaOH
solution afterwards. The liquid phase obtained by centrifugal
separation and the washing filtrate were combined and poured
into three volumes of acid water with pH of 2.0. The pH value of
the solution was re-adjusted back to about 2.0 with hydrochloric
acid. The crude lignin was obtained after further process of the
precipitate by centrifugation followed by washing with acidic
water (pH 2.0) for several times, and then freeze-drying for 48 h.

The crude lignin was purified by liquid-liquid extraction to
remove impurities.*™** A 1.0 g sample of crude lignin was dis-
solved in 28 mL of pyridine/acetic acid/water (9 : 1 : 4, v/v/v).
The solution was mixed with 36 mL chloroform then centri-
fuged to separate the nonaqueous and aqueous layers. The
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nonaqueous layer was isolated and evaporated to remove
solvent. The lignin was re-dissolved in 10-20 mL of 1,2-
dichloroethane/ethanol (2:1, v/v) and precipitated by drop-
wise addition into 250 mL diethyl ether. The precipitated lignin
was washed twice with ether, air-dried, then dried further over
P,05 under vacuum.

2.3. Preparation of lignin/silica nanocomposite

The lignin/silica nanocomposite were prepared by two
methods: the pre-treated CER (5.0 g) was dissolved in NaOH
(125 mL, 7.0 wt%) in a three-neck round-bottom flask placed in
a water bath equipped with a motor stirrer and thermometer
and heated to 75 °C. The initial pH of the solution was in the
range of 11 to 12 and the final pH values of the solution were
adjust to pH 2.0, 3.5, 5.0 and 6.5, respectively, by adding sulfuric
acid (2 mol L") at flow rate of 18 mL h™ " under stirring (1000
rpm). Sulfuric acid was used as a precipitating reagent to form
silica colloidal in the solution.>"** After stirring for 2 h, the flask
was taken out from the water bath. Then aging was started. After
aging for 12 h, the precipitate was collected by centrifugation.
The final product, which was the lignin/silica sample, were
filtrated, washed several times with dioxane/water solution
(9: 1, v/v) to dissolve unreacted lignin, and then washed with
deionized water and freeze-dried for 48 h to obtain the nano-
composite.**** The prepared lignin/silica nanocomposite
samples at pH 2.0, 3.5, 5.0, 6.5 were named as LS1, LS2, LS3 and
LS4, respectively.

2.4. Characterization

Fourier transform infrared spectra (FT-IR) were recorded using
KBr pellet samples with an instrument (FT-IR, Spectrum-B, PE,
UK); the morphology of nanocomposites were analyzed by
a scanning electron microscope (SEM, JSM-7800F, Japan); the
thermal behavior of the nanocomposites were studied through
a Thermogravimetric Analyser (TGA, Q50, TA Company, USA); the
surface elements of the sample were analyzed with X-ray photo-
electron spectroscopy (XPS, K-Alpha, Thermo Scientific, USA); the
particle size distributions were characterized by a particle-size
analyzer (Nano-ZS90, Malvern, UK); the specific surface area
and pore size of the lignin, silica and lignin/silica nano-
composites were measured by using the Brunauer-Emmett—
Teller (BET) method with an automated chemisorption/
physisorption surface area and pore size analyzer (ASAP 2010,
Micrometrics Instruments Co., USA).

2.5. Application in dye wastewater treatment

The nanocomposites were used as absorbent to treat methylene
blue solution, a representative of dye wastewater. As compar-
ison, silica and lignin treatment efficiencies were also investi-
gated. Absorbent of certain dosage (75 mg g~ " or 100 mg g~ )
was added into 100 mL pH-pre-adjusted (pH 7.0) methylene
blue solution. Then the solution was stirred for different times
between 0 min to 120 min at 35 °C in dark. The concentration of
methylene blue solution was determined according to its
absorbance at 664 cm ™~ '.3* The removal rate of methylene blue
was calculated according to eqn (1):

RSC Adv., 2017, 7, 41176-41181 | 41177
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n=(Cy— CHCy x 100% (1)

where 7 is the removal rate of methylene blue (%), C, is the
initial concentration of the methylene blue solution (mg L),
and C, is the concentrations of the methylene blue solution at
the treatment time of ¢ (mg L™).

3 Results and discussion

3.1. The composition of nanocomposite

The silica and lignin contents in the nanocomposites prepared
at different pH were shown in Table 1. As shown, silica content
increased with increasing of pH value. This indicated lignin/
silica nanocomposites were synthesized.

3.2. XPS analysis

The content of surface elements of LS4, lignin and silica was
listed in Table 2. It showed that element content of C increased
and elements contents of Si and O decreased in LS4 compared
to silica. Fig. 1 presented the XPS results of LS4, lignin, and
silica samples. Analysis of the XPS spectrum of lignin revealed
a peak C 1s at binding energy close to 285 eV and peak O 1s at
binding energy close to 531 eV. Meanwhile, silica consisted
mostly of silicon as evidenced by the peak Si 2p at binding
energy of 103 eV and peak Si 2s at binding energy of 150 eV, with
a large amount of oxygen (the O 1s peak at binding energy of
531 eV).** The trace carbon content in silica was mainly due to
the inevitable carbon pollution during XPS measurement. The
XPS spectrum of LS4 confirmed the formation of composites,
which was evidenced by the existence of the peak of C 1s at
binding energy close to 285 eV and the peaks of Si 2p and Si 2s.
The result indicated that there was a lot of silicon in the LS4,
which was consistent with the results of the composition
analysis.

3.3. FT-IR analysis

The FT-IR spectra were taken and analyzed to identify the
functional groups in the structure of lignin and lignin/silica
nanocomposites (Fig. 2). Based on the previous litera-
tures,>'®** the main peaks of lignin in FT-IR spectra were
assigned. The broad peak at 3436 cm ' assigned to the
stretching vibrations O-H groups. The peaks at 2932 cm ™" and
2854 cm™ " assigned to anti-symmetric stretching and stretching
in methylene groups, respectively. The peaks at 1733 cm™*
attributed to C=0 stretching vibration of carbonyl groups, and

Table 1 Silica and lignin contents in the nanocomposites at different
pH

Composition
Material SiO, (%) Lignin (%)
LS1 6.18 93.92
LS2 8.70 91.30
LS3 14.02 85.98
LS4 21.46 78.54
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Table 2 Analysis of XPS patterns about silica, lignin and LS4
Samples C (%) O (%) Si (%)
LS4 3.94 62.81 34.12
Sio, 75.00 23.86 1.14
Lignin 11.88 59.34 28.41

Intensity (a.u.)

Lignin

T T T T T T T T T
0 200 400 600 800 1000

Binding energy (eV)

1200

Fig. 1 XPS patterns of lignin, LS4 and silica.

the peak at 1611 cm™ ", 1502 cm ™', and 1423 cm ™' to charac-
teristic vibrations from aromatic rings.

The characteristic peaks of silica according to the litera-
ture'®'7*° were observed at 3412 cm ™" attributed to stretching
vibrations of O-H groups, and at 1095 cm ', 801 cm ' and
624 cm ™', attributed to the stretching vibrations of Si-0-Si, and
stretching vibrations and bending vibrations of Si-O bands,
respectively.

Compared with the characteristic structure of lignin and silica,
the LS4 had the characteristic peaks of lignin as well as silica
characteristic peaks, for example, the characteristic vibrations
from aromatic rings of lignin at 1611 cm™*, 1502 cm ™, and 1423
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Fig. 2 FT-IR spectra of lignin and lignin/silica nanocomposites.
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em ™', and the characteristic peaks reflecting the stretching
vibrations of Si-O-Si (1095 cm™"), and stretching vibration and
bending vibrations of Si-O (801 ¢cm™ ' and 624 cm™'). Since
unreacted lignin had been removed by dioxane/water solution
from the nanocomposite, the existence of peaks of lignin and
disappearance of the peak for the O-H group from SiO, all indi-
cated that the O-H group of SiO, might have reacted with lignin.*®

3.4. Thermal analysis

Thermal analysis is the main method for characterization of
thermal properties of chemical substances."*” Fig. 3 presented
TGA and DTA curves of lignin and lignin/silica nanocomposites
(LS1, LS2, LS3 and LS4). It was found that the thermal degra-
dation related to lignin structure®® occurred at the temperature
range of 200-600 °C. Generally, the weight loss in the range of
200-400 °C was attributed to the decomposition of methyl-aryl
ether bonds of lignin. The weight losses from 200 °C to
400 °C for lignin, LS1, LS2, LS3 and LS4 samples were 36.0%,
32.0%, 31.5%, 28.5%, and 24.0%, respectively. Another trans-
formation in the temperature of 400 °C to 600 °C was due to the
decomposition of aromatic rings and side chains in lignin. In
the temperature range of 400 °C to 600 °C, the weight losses of
lignin, LS1, LS2, LS3 and LS4 were 13.0%, 11.5%, 11.0%, 9.0%,
and 7.5%, respectively. The third stage of the composites mass
loss of about 3-10% observed in the range 600-800 °C was
interpreted as a consequence of the lignin molecules bonded
with silica.”® The similar phenomenon was also found by Kla-
piszewski et al.** The mass loss of the third stage increased with
the increasing of pH value, which was resulted from improve-
ment of silica content in the nanocomposite. Meanwhile, it was
found that the weight values of residues at 900 °C were 47% in
LS4 and 35% in lignin, indicating that more silica existed in
composite, which was consistent with XPS analysis.

3.5. Dispersive-morphological properties

The morphology and surface structure of nanocomposites
(LS1, LS2, LS3 and LS4) were characterized by SEM (Fig. 4).
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Fig. 4 SEM micrographs (A) and size (B) of nanocomposites prepared
at 75 °C under different pH: (a) SiO,, (b) lignin, (c) LS1, (d) LS2, (e) LS3
and (f) LS4.

Lignin was easier to adsorb and deposit on the surface of
silica to form lignin/silica nanocomposites than form nano-
sized aggregates by itself in the co-precipitation process.??
The morphology of the composites was a typical spherical and
porous structure. The SEM results showed the presence of
small particle of diameters below 100 nm and greater
agglomerate structure, which were consistent with the liter-
ature reported.”" Especially the sample obtained at pH 6.5
(LS4) had the smallest particle size and the most porous
structure than the rest of nanocomposites (LS1, LS2, and LS3),
which imparted it potential use in the field of adsorption. LS4
was chosen for further study.

0.40 4 —— Lignin
1 —LS1

0.35 —LS2

0.30 LS3

Deriv. Weight (%/°C)

T T T T T T T
400 500 600 700 800
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Fig. 3 TGA and DTGA of lignin and composites prepared at different pH.
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Table 3 Adsorptive properties of the silica, lignin and LS4

Surface area Total pore volume Average pore

Samples Sger (m* g7Y) (em® g™ diameter (nm)
LS4 384.69 0.43 4.21

Sio, 228.41 0.86 14.79

Lignin 7.13 0.03 13.46

3.6. Parameters of porous structure

The surface of the silica, lignin and LS4 samples were deter-
mined by measuring nitrogen adsorption-desorption isotherms
and BET modeling and their pore volume distributions were
analyzed by Barrett-Joyner-Halenda (BJH) method* using
desorption isotherm data. Table 3 presented the data charac-
terizing adsorption properties of silica, lignin, and LS4 samples.
The results showed that SiO, had the largest pore diameter,
while LS4 had the smallest. Lignin had the smallest surface area
and total pore volume, while SiO, had the medium level of
surface area and the highest total pore volume. The insertion of
lignin into SiO, decreased the total pore volume of LS4 and
increased its surface area. The nanocomposite prepared simply
by in situ method had the specific surface area of 384 m> g™/,
which was 81% higher than that of silica/magnesium ligno-
sulfonate hybrid materials prepared with sol-gel method by
L. Klapiszewski et al.*

Fig. 5 shown the nitrogen adsorption-desorption isotherms
and pore volume curves (inset) on silica, lignin and LS4. The
lower portion of the loop was traced out on adsorption, and the
upper portion on desorption. A hysteresis loop was found in the
adsorption-desorption isotherm of three samples, which
resembled type IV of Brunauer's classification.*® At the lower
relative pressure, the increasing speed of quantity adsorbed was
slower, indicating monolayer adsorption. However, with the
higher relative pressure, the increasing speed became faster,
owing to the capillary condensation. Both BET and SEM

o w0 » 0 1@ 0

200

Pore Diameter (nm)

—=s— adsorption o i
500 e pu S 4 SiO,
—e— desorption & i
g i
) PRTIRY —e— LS4 % /.
mE 400 + £ 4 $i0, d /'
S :: = Lignin /.I ./I
o ™ o7
L3004 Zu e r LS4
S = -
I} B A
(2} %) - - a
el
©
=
<
®
3
(e

-

o

o
1

Lignin
04 . g
T ol T % T * T . T v T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p,)

Fig. 5 Nitrogen adsorption—desorption isotherms and pore volume
curves (inset) of LS4, silica, and lignin.
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Fig. 6 Removal rate of methylene blue at different concentrations (75
and 100 mg g~} of LS4, silica and lignin.

analyses confirmed that the lignin/silica composites had
excellent adsorption property.**

3.7. Treatment of dye wastewater containing methylene blue

Methylene blue (MB) is one of widely used synthetic dyes in
textile, leather tanning, food processing, paper, plastics, rubber,
cosmetics, printing and dye manufacturing industries, and its
use generates colored effluents which is harmful to environ-
ment. Considering adsorption is one of the most effective way to
treat dye effluent,*” the adsorption abilities of silica, lignin and
LS4 towards MB solution were studied, respectively. The effects
of adsorption time on the removal rate of MB were shown in
Fig. 6. The removal rate of MB decreased from 83.8% to 63.0%
when the initial mass concentration of MB solution increased
from 75 mg g~ ' to 100 mg g~ and the LS4 was used to treat MB
solution for 120 min. The adsorption capacity of the LS4 to MB
was constant. Therefore, when the initial mass concentration of
MB solution increased, and the removal rate decreased. Anal-
ysis of the results indicated that a state of adsorption equilib-
rium was being reached at about 20 minutes for MB, and the
adsorption efficiency of LS4 on MB was much more than that of
lignin. This was because the LS4 with higher specific surface
area had more functional groups on its surface and thus its
sorption ability towards MB was stronger.

4 Conclusions

With lignin as a structure directing reagent and sulfuric acid as
a precipitating reagent, the proposed method of lignin/silica
nanocomposites preparation permits obtaining products with
well-defined dispersive, morphological and adsorption proper-
ties. FT-IR result showed that under these conditions lignin can
form chemical bonds with SiO,-probably silanol groups in the
silica structure. The thermal and composition analysis con-
formed successful synthesis of the nanocomposites from CER,
as proved by TG and XPS analysis. SEM and BET result showed
that the composite had porous structure with great surface area,

This journal is © The Royal Society of Chemistry 2017
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which imparted the nanocomposites a good adsorption ability.
The nanocomposites may serve as adsorbent material in the
field of adsorption industry.
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