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ABSTRACT

Lignin modified three-dimensional porous graphene (denoted as 3D PG/L) were synthesized via a
green hydrothermal and freeze-drying method. The as-prepared 3D PG-L was characterized by scan-
ning electron microscopy, transmission electron microscopy, Fourier transform infrared spectros-
copy, thermo-gravimetric analysis, X-ray photoelectron spectroscopy and N, adsorption-desorption
measurements. A series of adsorption experiments for heavy metal ions were used to investigate the
effects of lignin on the graphene structure. It was found that 3D PG-L showed a significant increase
in oxygen-containing groups and adsorption capacity contrast to 3D PG. These impressive results
demonstrated that the as-prepared porous composites achieved the improved adsorption capacity
for heavy metal ions from an aqueous solution. The results indicated that the adsorption process
matched well with the Langmuir isotherm model and the pseudo-second-order kinetic model. This
study provides a novel functional 3D porous graphene as adsorbent for the removal of heavy metal
ions from an aqueous solution.
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1. Introduction

Three-dimensional porous graphene (3D PG) have been
widely applied in super-capacitors, batteries, and nanocar-
rier [1-3], which exhibit large surface area, continuously
interconnected porous structure and high electrical conduc-
tivity. 3D porous graphene-based frame works also have an
increasing number of applications in the area of new mate-
rials. Similarly, the porous carbon materials exhibit excel-
lent performance in environmental concerns, including dye
and heavy metal ions adsorption [4,5]. The contaminants in
geochemical systems whether inorganic metal ions or orga-
nic dyes are quite harmful to human and other life [6,7]. The
disposal of an increased discharged wastewater containing
heavy metal ions is one of the most serious environment
problems in the modern life. It is significative to explore
novel materials for the efficient removal heavy metal ions,
which are not biodegradable [8]. Experimental investigati-
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ons suggested that modified 3D PG materials are regarded
as an ideal candidate of the excellent adsorbent for water
purification [9]. Previous studies developed several modi-
fication methods to exploit deeply potentiality of 3D PG,
such as doping graphene with heteroatom [2,10], incorpo-
rating with biocompatible polymer [3], introducing with
functional groups [11,12].

Lignin is an available and heterogeneous biopolymer
to modify 3D PG, due to the highly-branched and three-
dimensional structures [13]. Lignin is composed of three dif-
ferent phenylpropanoid subunits, namely, sinapyl alcohols,
p-coumaryl and coniferyl [14]. Specifically, lignin provides
with various oxygen groups, including many hydroxyl,
aromatic methoxyl, carbonyl, and carboxyl [15]. Because of
increasingly requirement for removal of metal ions, lignin is
an ideal candidate incorporating graphene to improve bio-
compatibility and adsorption ability [16,17]. Furthermore,
lignin provides more oxygen-containing functional groups
and adsorption sites [18]. It is suitable for a wide range of
advanced applications, including drug delivery, detection
of heavy metal ions and chemical adsorption. However, the
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lignin modified three-dimensional graphene for pollutants
removal has been hardly reported.

In this paper, a green-synthesis functional 3D PG was
prepared by a one-step hydrothermal and freeze-dry-
ing method with the assistance of lignin. . In contrast to
other methods, such as chemical activation, annealing and
inclusion of templates; the facile hydrothermal method
is more efficient and environmental [19]. Moreover,
some unique features could be retained, such as good
dispersibility in water or a propensity to self-assemble into
monolithic gels under hydrothermal treatment. The as-pre-
pared material was characterized by various analytical
methods, which was expected to combine the advantages of
ease of preparation and excellent metal ions absorbing abil-
ity. In addition, the applications of 3D porous graphene/
lignin (PG/L) for the removal of Cd(II) and Pb(II) from an
aqueous solution were investigated by adsorption experi-
ments. The adsorption kinetics and isotherms were also
analyzed by interpreting the experimental data. Moreover,
the characterization and adsorption results were used to
evaluate the influences of lignin on the morphology, struc-
ture and adsorption ability of 3D PG.

2. Experimental
2.1. Materials

Natural flaky graphite (purity >90%) was purchased
from Shenzhen Nanotech Port Co., Ltd. Lignin was obtai-
ned from Tianjin Guangfu Fine Chemical Research Institute.
All chemical reagents were of analytical grade and used as
received without any further treatment. Ultra-pure water
was produced using a Milli-Q water purification system
(Millipore, Milford, MA).

2.2. Pretreatment of graphene oxide (GO)

Graphene oxide (GO) was obtained by a modified
Hummers method. Briefly, a mixture of natural flaky gra-
phite (300 mg) and KMnO, (1.5 g) was placed in a flask,
which was then cooled using an ice bath. Next, 40 mL of
mixed acid, containing concentrated sulfuric acid and phos-
phoric acid (9:1, v/v), was slowly added dropwise. Then,
this reaction system was transferred to an oil bath and
stirred continuously for 12 h to introduce oxygen groups
onto the graphene surface. The mixture was cooled with
ice cubes and 20 mL of 30% H,O, solution was added to
reduce any remaining KMnO,. A brilliant yellow dispersion
was obtained, which was then washed with a 1 mol/L HCl
aqueous solution three times to remove metal ions. Finally,
the remaining salt was separated by centrifugation with
ultra-pure water until a neutral pH was reached.

2.3. Prepration of 3D porous graphene/lignin composites
(PG/L)

3D porous graphene/lignin composites (PG/L) were
prepared from hydrothermal self-assembly in a homoge-
neous aqueous mixture of GO (5.5 mg/L) and lignin, fol-
lowed by a freeze-drying process. Specifically, 20 mL GO
suspension and 100 mg lignin were added into a breaker

and treated with sonication for several minutes until a
homogeneous dispersion was formed. Then, the mixture
was transferred into a 25 mL Teflon-lined stainless-steel
autoclave and maintained at 180°C for 1 h. Upon comple-
tion of the hydrothermal reaction, a three-dimensional gra-
phene hydrogel column was obtained by freeze-drying for
48 h [20].

2.4. Characterizations

The morphology and composition of 3D PG and 3D
PG/L were characterized with a field emission scanning
electron micro-scopes (SEM, TESCAN MIRA3 LMH/
LMU) and X-ray photoelectron spectroscopy (XPS,
ESCALab220i-XL, VG Scientific), using Al K as the X-ray
source. Thermogravimetric analysis (TGA, NETZSCH
STA 449C) and Fourier transform infrared spectroscopy
(FT-IR, Nicolet 6700) measurements were performed.
The specific surface areas and porous microstructures of
the materials were analyzed with N, adsorption-desorp-
tion measurements and Barrett-Emmett-Joyner-Halenda
(BJH) method.

2.5. Adsorption experiments

Batch adsorption experiments were conducted to
investigate the adsorption capacity of 3D PG/L on heavy
metal ions. Briefly, 5.0 mg of adsorbent and 20.0 mL of Pb
(IT) and Cd (II) solution with different concentrations were
added to 50 mL flask, respectively, which were shaken in
a thermostat shaker for a certain amount of time. After fil-
tration, the residual concentration of metal ions and the
adsorption capacities were determined by ICP and calcu-
lated with Eq. (1):

(C,-C.)xV
Jo=——"_—— 1)
m
where C and C, (mg/L) are initial and equilibrium con-
centrations of Pb(II), respectively, m (mg) is the mass of the
absorbent, V (L) is the volume of the solution, and g, (mg/g)
is the adsorption capacity of metal ions. All the experimental
data were the averages of triplicate determinations and the
relative error of the data were about 5%.

Adsorption kinetic experiments were carried out to
determine the equilibrium time and adsorption rate. The
equilibrium sorption experiments were performed to assess
the metal ions uptake capacity of the as-prepared materials.
Definitely, 5.0 mg of adsorbent was weighted into the flasks
with 20.0 mL of metal ions solution (C; = 10-100mg /L, 25°C,
pH 6). To further investigate the mechanism of adsorption,
most commonly theoretical models were employed to inter-
pret the experimental data.

The adsorption kinetic models, pseudo-first-order and
pseudo-second-order [21,22] can be expressed with Eqs. (2)
and (3), respectively.
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The adsorption isotherms models, Langmuir isotherm
and Freundlich isotherm [23,24] can be presented with Egs.
(4) and (5), respectively.

C_e = C_e + 1 (4)

qe qm qud

Ing, =Ink +llnc (5)
q4. = f n e

where g, is the adsorption capacity at a certain time (mg/g),
k, (1/min) and k, (g/mg-min) is the rate constant in the
kinetic model; g, is the maximum adsorption capacity
(mg/g), k, and k, is the equilibrium constant of Langmuir
and Freundlich isotherm, and 1/# is a heterogeneity mea-
surement of the adsorption sites and an indicator of iso-
therm nonlinearity.

3. Results and discussion
3.1. Characterization of 3D PG/L

Fig. 1 shows the morphology and microstructure of 3D
PG and 3D PG/L by means of SEM and TEM. As shown
in Figs. 1a,b, the typical SEM images confirm the presence
of three-dimensional interconnected frame works inclu-
ding macroporous structure. The SEM image of 3D PG/L

(Fig. 1b) clearly reveals relatively rough surface morpho-
logy due to the presence of heterogeneous lignin. Remar-
kably, high-resolution TEM images (Figs. 1c,d) reveal that
thread-like lignin was homogeneously distributed. Compa-
red with single and sheet-like structure of 3D PG (Fig. 1c),
three-dimensional lignin was homogeneously grown on
functional 3D PG (Fig. 1d).

Representative nitrogen adsorption-desorption iso-
therms of 3D PG and 3D PG/L are shown in Fig. 2, and
both curves are very similar to typical IV isotherms. The
specific surface area of 3D PG-L (234.4 m? g™') is lower than
that of 3D PG (262.4 m? g™'), which might attribute to lig-
nin partial occupation of the surface. Furthermore, the pore
size distribution calculated by BJH methods demonstrated
the existence of massive mesopores with average sizes of
3.055 nm (3D PG) and 1.87 nm (3D PG/L), respectively.
Combined with the SEM and TEM images, these results
preliminary suggest the success of 3D porous graphene /
lignin synthesis.

FT-IR spectra of 3D PG and 3D PG/L are presented
in Fig. 3. The absorption peaks at 3430 cm™, 1708 cm™,
1577 cm™, 1159 cm™ and 1042 cm™ are assigned as typical
indication of vibration of O-H group, C=0 group, C=C
group, C-O-C group and C-O group, respectively. The
as-prepared materials show similar spectral patterns, but
differ from peak width and intensity.

To assess the reduction effect, Fig. 4 presents the TGA
curves of 3D PG and 3D PG-L. The TGA curves show a

Fig. 1. SEM images of (a) 3D PG, (b) 3D PG/L; TEM images of (c) 3D PG, (d) 3D PG/L.
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Fig. 2. N, adsorption-desorption isotherms and BJH pore distri-
bution (inset) of (a) 3D PG and (b) 3D PG/L.
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Fig. 3. IR spectra of 3D PG and 3D PG/L.

simple process due to the oxygen-containing functional
groups covalently bound to 3D PG. Compared with 3D PG,
3D PG/L exhibited most obvious weight loss at a relatively
higher temperature. It shows a significant stage for mass
loss, which can be attributed to the thermal decomposition
of the oxygen functional groups [25]. Furthermore, the oxy-
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Fig. 4. TGA curves of 3D PG and 3D PG/L at a heating rate of
10 °C min™ under the atmosphere of argon.

gen contents increased from 54% for 3D PG to 74% for 3D
PG/L, suggesting a decrease in the degree of reduction with
assistance of lignin.

XPS survey was used to access the purity and functiona-
lity of as-prepared materials. Fig. 5a shows strong peaks at
284.8 and 532.5 eV corresponding to Cls and Ols. Particu-
larly, C/O atomic ratios of 3D PG and 3D PG/L are 4.91 and
3.77, respectively [26]. Fig. 5b shows the high-resolution
Ols spectrum and the peak of 3D PG/L is higher than that
of 3D PG. The lower C/O atomic ratio and higher oxygen-
rich functional groups of 3D PG/L indicate the insertion of
some oxygen-containing functional groups with the assi-
stance of lignin during the hydrothermal treatment process.

3.2. Adsorption test

Fig. 6 shows the adsorption test of 3D PG and 3D PG/L
on the removal of Cu(II), Cd(II) and Pb(II) from aqueous solu-
tion. The maximum adsorption capacities of 3D PG-L were
calculated to be about 43, 41 and 133 mg/g for Cu(Il), Cd(II)
and Pb(II), respectively. In contrast, the adsorption capacities
of 3D PG were 36, 26 and 114 mg/g for the above three metal
ions, respectively. Interestingly, the adsorption capacity of
functional 3D PG toward metal ions was enhanced with the
assistance of lignin. The high adsorption capacities toward
metal ions might be attributed to the excellent complexation
between oxygen-containing functional groups on the surface
of adsorbent and metal ions. This is likely to refer to the impor-
tance of the amount of oxygen-containing functional groups
on the surface of adsorbent, while above characterization
analysis demonstrated that 3D PG-L showed a significant
increase in oxygen-containing groups contrast to 3D PG.
The presence of lignin effectively improved the metal ions
adsorption capacity, which agreed well with the characteri-
zation results of 3D PG and 3D PG/L.

3.3. Adsorption kinetics

After the adsorption test, the 3D PG/L showed superior
adsorption capacity compared to 3D PG, which was used
for the deep investigation of the adsorption process. In con-
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trol experiments, Fig. 7 displays the adsorption behaviors
of 3D PG/L towards Pb(Il). Obviously, Fig. 7a shows that
the adsorption occurred very fast initially, and the adsorp-
tion proceeded rapidly before reaching an equilibrium state
after 70 min. The high adsorption rate within the 5 min was
attributed to the large number of available adsorption sites.
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Fig. 7. (a) Effect of time on adsorption of Pb** by 3D PG/L; (b)
Pseudo-first-order kinetic model; (c) Pseudo-second-order ki-
netic model.
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Table 1
Kinetic parameters for the adsorption of Pb*

Equations Parameters 3D PG/L
First-order-kinetic q, (mg/g) 14.17

k, (min?) 0.066

R? 0.716
Second-order-kinetic g (mg/g) 124.5

k, (min) 0.048

R? 0.999

To further investigate the mechanism of the adsorption,
adsorption kinetic studies were interpreted as following.
Table 1 provides the related kinetic parameters and corre-
lation coefficients. The correlation coefficients (R?) for the
pseudo-first-order model (Fig. 7b, R* = 0.716) is relatively
lower than the pseudo-second-order model (Fig. 7¢c, R* =
0.999). Meanwhile, the calculated results of the adsorption
capacity of the pseudo-second-order (124.5 mg/g) is in
good agreement with the experimental data (128.6 mg/g).
It suggests that kinetic adsorptions are suitable for pseudo-
second-order model.

3.4. Adsorption thermodynamics

Equilibrium adsorption isotherms are usually used to
determine the capacities of adsorbents. Fig. 8a shows the
adsorption isotherms of PG/L composites toward Pb(II)
at 25°C and pH 6. The adsorption capacity increased with
increasing equilibrium concentration, which is fitted well
by Langmuir isotherm model (Fig. 8b). As presented in
Table 2, Langmuir isotherm and Freundlich isotherm
models were applied to fitting adsorption data. The sat-
uration adsorption capacity (g,) were calculated to be
about 135.69 mg/g for Pb(Il). Clearly, the adsorption of
metal ions on 3D PG/L is more inclined to Langmuir iso-
therm (R?> 0.99) rather than Freundlich isotherm (R%<
0.99), suggesting a homogeneous and monolayer adsorp-
tion process.

3.5. Adsorption mechanisms

Based on the above experimental results, the main
adsorption mechanisms of 3D PG/L composites are as
followings: (i) The properties of the functional groups
(oxygen functional groups) should be considered as
important impacting factors to the adsorption, which is
mainly attributed to the excellent complexation between
oxygen-containing functional groups on the surface of
adsorbent and metal ions. (ii) According to the theory of
hard and soft acids and bases (HSAB) [27], the functional
groups containing hydroxyl are considered to be soft base,
and the heavy metal ions like Pb(II), Cu(Il) and Cd(II) are
considered to be soft acids, so the lignin functionalized
3D PG can be used to remove Pb(II), Cu(Il) and Cd(II)
from aqueous solution. (iii) The integrating mesopores
into macroporous frameworks improve the adsorption
capacity. It is certainly that the more precisely characte-
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Fig. 8. (a) Adsorption isotherms of Pb* by 3D PG/L; (b) Lang-
muir model; (c) Freundlich model.

Table 2
Fitting results with Langmuir and Freundlich isotherm for Pb**

Equations Parameters 3D PG/L
Langmuir isotherm g, (mg/g) 135.69
b 0.75
R? 0.997
Freundlich isotherm  n 6.802
77437
R? 0.981
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rization for the understanding of the adsorption mecha-
nisms in detail are needed.

4. Conclusion

3D PG/L composites were successfully synthesized via
a green hydrothermal self-assembly method with assistance
of lignin. Using various characterization methods, the mes-
oporous structure was shown to be well integrated into the
3D macroscopic graphene-based structure. The as-prepared
material was a novel modified three-dimensional porous
graphene and used as adsorbent for removing heavy metal
ions from aqueous solutions. Due to the lignin-assistant
hydrothermal treatment, 3D PG/L showed obviously
enhanced adsorption ability for removing Pb (II) and Cd
(IT). Adsorption kinetic and isotherm processes for Pb(II)
were found to correlate with pseudo-second-order model
and Langmuir isotherm model, respectively. This study
provided a promising adsorbent for the removal of heavy
metal ions from aqueous solution.
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