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Recently, research interest in the application of lignin is growing, especially as adsorbent material. However,
single lignin shows unsatisfactory adsorption performance, and thus, construction of lignin-based
nanocomposites is worth considering. Herein, we introduced graphene oxide (GO) into lignin to form

lignin/GO (LGNs) composite nanospheres by a self-assembly method. FTIR and *H NMR spectroscopy

illustrated that lignin and GO are tightly connected by hydrogen bonds. The LGNs as an environmental
friendly material, also exhibit excellent performance for Cr(vi) removal. The maximum sorption capacity
of LGNs is 368.78 mg g™, and the sorption efficiency is 1.5 times than that of lignin nanospheres (LNs).
The removal process of Cr(v) via LGNs mainly relies on electrostatic interaction, and it also involves the
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reduction of Cr(vi) to Cr(m). Moreover, LGNs still have high adsorption performance after repeating five

times with the sorption capacity of 150.4 mg g~* in 200 mg g~* Cr(w)) solution. Therefore, the prepared
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1. Introduction

In environmental and ecological pollution, heavy metal pollut-
ants in water have become a crucial issue worldwide due to their
strong diffusibility, huge virulence, and non-biodegradability.*””
Hexavalent chromium (Cr(v1)) is assessed as one of the eight
most adverse chemicals to humans. Long-term exposure to
Cr(vi) can cause serious diseases such as allergic dermatitis,
skin ulcers and bronchial cancer.® The US Environmental
Protection Agency and the Ministry of Ecology and Environment
the People's Republic of China also define Cr(vi) as the highest
priority of key pollutants.’** Numerous remediation techniques
are used to remove Cr(vi) including chemical precipitation,
biological repair, electrochemical methods, ion exchange,
photocatalytic reduction and adsorption."*?* Among them,
adsorption has unique advantages of low cost and ease of
handling because no additional equipment is required.***
Consequently, it is of importance to design and create an
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lignin-GO composite nanospheres have enormous potential as a low-cost, high-absorbent and
recyclable adsorbent, and can be used in wastewater treatment.

adsorbent with an economic and environmental friendly
nature, and excellent adsorption effect.

Lignin is one of the richest green resources that can be used
by humans in the 21st century.?*** However, the utilization of
lignin is greatly restricted due to its complex structure. Lignin,
a low-cost and environmentally friendly material, has shown
good results in the removal of heavy metal pollutions. Fu and
co-workers used lignin which grafted by N,N'-methylene-
bisacrylamide prepared lignin-based acrylic nanocomposites
with acrylic acid. The composite material has good adsorption
capacity for Pb**.?* Wang and his colleagues used lignin to make
lignin-based phenolic resin which can reduce the concentration
of chromium ions.?® However, the lignin adsorbents invented by
these studies have poor mechanical property, stability, and
adsorption efficiency. Therefore, further research is urgently
needed on reusable lignin-based adsorbents with higher
adsorption capacity. In recent years, graphene oxide (GO)
materials prepared by self-assembly methods such as graphene
hydrogels and aerogels have received comprehensive attention
in the field of adsorption.>”** Suhr and co-workers synthesized
GO-based sponges with hierarchical porous structures, which
could effectively adsorb dye molecules.®® We can make
a prediction that the introduction of GO into lignin will greatly
improve the adsorption performance due to the hierarchical
porous structures and abundant functional groups on GO.

Generally, adsorbents with a spherical structure are prom-
ising materials in wastewater treatment due to their appropriate
size, transport capacity, and large surface area. Herein, we
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combined lignin and GO to prepare lignin/GO composite
nanospheres (LGNs) by a facile self-assembly method. The
LGNs show high removal effect for Cr(vi). The structure of LGNs
was tested by Fourier transform infrared spectroscopy (FTIR),
dynamic light scattering (DLS) and "H nuclear magnetic reso-
nance ("H NMR). Then, the influences of temperature, pH, and
other ion concentrations on Cr(vi) adsorption efficiency were
also studied. Finally, the isotherm/kinetic analysis was per-
formed on the adsorption process to clarify the possible Cr(vi)
repair mechanism. And the recycling capacity of LGNs was
determined through adsorption and desorption.

2. Experiments
2.1 Materials

Kraft lignin (KL, the extraction method is shown in ESIf}).
Tetrahydrofuran (THF, chromatographic grade) was got from
Sinopharm Chemical Reagent Co. Ltd. Graphene oxide
(Advanced Materials Supplier, Nanjing, China). 2.8286 g
potassium dichromate (K,Cr,0,, Superior Grade Pure, Aladdin
Reagent Company) was dried at 105 °C for 2 h and cooled to
25 °C in a desiccator. After dissolving K,Cr,O, in ultrapure
water, we transfer it to a 1000 ml volumetric flask, dilute it with
water to the mark, and shake it up to acquire a standard solu-
tion with a concentration of 1000 mg 1~*. Other concentrations
of Cr(vi) solutions were acquired by diminishing the above
1000 mg 1~ * standard solution to a certain multiple.

2.2 Preparation of lignin nanospheres

Firstly, add 20 mg KL to 20 ml THF and ultrasound for 5
minutes to promote the dissolution of lignin. Then, the above
solution was magnetically churned at about 300 rpm at 25 °C. At
the same time, the ultrapure water was equably added to the KL/
THF solution by a peristaltic pump; it occupied 70% of the total
system, and the addition rate was 2 ml min~". Then, place the
nanoparticle suspension in a dialysis bag and immerse it in
excess ultrapure water to remove THF. Finally, the prepared
lignin nanospheres (LNs) were freeze-dried and collected.

2.3 Preparation of lignin-GO nanospheres

Firstly, add 20 mg KL to 20 ml THF and ultrasound for 5
minutes to promote the dissolution of lignin. Then, add 20 mg
GO to 47 ml ultrapure water and ultrasound for 10 minutes to
promote the dissolution of GO. Next, the KL/THF solution was
magnetically churned at about 300 rpm and 25 °C. At the same
time, the solution of GO was evenly added to the KL/THF
solution by peristaltic pump to prepare LGNs; it occupied
70% of the total system, and the addition rate was 2 ml min—".
Finally, the obtained samples were freeze-dried and collected

until use.

2.4 Characterizations

The shape of LNs and LGNs were performed on a Quanta FEG
250 field emission scanning electron microscope (FE-SEM, FEI,
USA). Transmission electron microscopy (TEM) images were
attained by an FEI Tecnai G2 F20 TEM (FEI, USA). The chemical
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structure of LGNs was tested by the FT-IR, (Nicolet iS10 Fourier
Infrared Spectrometer, Nicolet, USA). Firstly, the sample was
mixed with potassium bromide in a mass ratio of 1/50. Then it
was finely ground and pressed into a sheet for testing, and the
scanning wave number of the instrument is between 400 and
4000 cm™'. 'H nuclear magnetic resonance (*"H NMR) spectra
was observed with a Bruker AVIII 600 MHz spectrometer
(Bruker, Germany). 30 mg of lignin was dissolved in 1 ml
deuterated dimethyl sulfoxide (DMSO-dg), and performed
nuclear magnetic resonance spectroscopy at 60 °C. The size and
zeta potential of samples were determined by Nano ZS ZEN 3600
Zeta (Malvern, UK). X-ray photoelectron spectroscopy (XPS) was
measured on Thermo Scientific Escalab 250Xi (XPS, Thermo,
USA). Concentrations of Cr(vi) were analyzed with inductively
coupled plasma (ICP, Agilent 720ES, USA).

2.5 Adsorption experiments

10 mg of adsorbent (LNs or LGNs) was added to the conical
flask, which contains 10 ml of K,Cr,0, aqueous solution and
the concentration of Cr(vi) was 200 mg 1. The pH of 200 mg1~*
Cr(v1) solution was regulated to 1-14 by HCl and NaOH solution
for exploring the influence of pH. Unless otherwise specified,
the adsorption experiments were accomplished under the
condition of pH = 2. And the used adsorbent was moved to
20 ml of desorbent and stirred at 300 rpm for 2 hours to perform
cyclic adsorption. The Cr(vi) removal efficiency (Q.) was counted
by formula (1):

Qe = (CO X VO - Ce X Ve)/W (1)

where Q. is the equilibrium capacity (mg g™ '); C, and C. are the
Cr(vi) concentration before and after sorption (mg 17, respec-
tively; V, and V. are the volume of solution before and after
sorption (1), respectively; W is the mass of sorbents (g).

2.6 Adsorption kinetics and isotherm

10 mg of adsorbent (LNs or LGNs) was added to the conical
flask, which contains 10 ml of K,Cr,0; solution (pH = 2) and
the concentration of Cr(vi) was various (100, 200, 300, 400,
500 mg 1™ "). Each admixture was sealed and saved in an oscil-
lator at 298 K for 24 h so that the adsorption got the equilib-
rium, and then leached respectively through a 0.22 pum
membrane filter. Kinetic adsorption was tested at 298 K, and
10 mg of adsorbent (LNs or LGNs) was added to conical flask
containing 10 ml of Cr(vi) solution. Samples were gained at
diverse times and the concentration of Cr(vi) was measured by
ICP.

3. Results and discussion

3.1 Morphology, zeta potential and size of LGNs

Fig. 1(a-d) are the SEM and TEM figures of LNs and LGNs.
These figures show that both LNs and LGNs have good spherical
shapes. Moreover, we can find from Fig. 1(b and d) that the
surface of LGNs was smoother than that of LNs, and KL can be
combined with GO very well. However, the size of LGNs was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bigger than LNs. Previous studies have proved that the w7
interaction acted a crucial role in the preparation of lignin
nanospheres.***> The larger size of LGNs may be due to the
formation of hydrogen bonds between lignin and GO, which
weaken the T-7 interaction between lignin molecules. To
evaluate the stability of the adsorbent, we measured the particle
size of LNs and LGNs at various pH. In the range of pH 3-12, the
size of LNs and LGNs had no apparent changes. And the average
size of LNs was 124.1 nm, while the size of LGNs was 242.9 nm.
Moreover, the size of LNs increased with the increase of acidity
under intensively acidic circumstance (pH 1-2). This is due to
the surface charge of LNs was diminished, leading to the
conglomeration of LNs.*® The size of particles decreased under
strongly alkali conditions (pH 13-14). This may be due to the
dissolution of lignin increase in strongly alkali environment.
Additionally, the size of LGNs fluctuated less compared with
LNs, indicating that the addition of GO can enhance the
stability of the adsorbent.

Previous studies have shown that the sorption ability for
Cr(v1) is closely correlated with the charge of the adsorbent.****
Therefore, the zeta potential at different pH values was analyzed
(Fig. 2b). The KL and LNs showed negative charges under all
qualifications except strongly acidic environment (pH = 1). This
is because some functional groups of KL and LNs can ionize in
the solution.***¢ In addition, the negative potential of KL, LNs
and LGNs gradually augments with the augment of pH (pH 0-
12). It is because the deprotonation of the oxygen-containing

View Article Online
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functional groups of the materials increases the concentration
of negative charges.***” However, the surface charges of the
LGNs were changed to be more positive through the GO
modification process. When the pH of the colloidal fluid
increases from 1.0 to 12.0, the zeta potential of the LGNs varies
from +23.6 to —41.1 mV. It can be speculated that the GO has
interacted with the negatively charged functional groups in
lignin during the preparation process, reducing its negative
charge.*®* This result also proved the successful combination
of GO and lignin. However, the absolute value of zeta potential
decreased under pH 13-14. This is because adding too much
alkali will increase the salt ion concentration, thereby com-
pressing the electric double layer.

3.2 Synthesis mechanism of LGNs

In order to explicate the impact of GO modification, the results
of FTIR are shown in Fig. S5.f KL showed distinctive peak at
3500 cm ™', and this peak becomes wider and stronger,
demonstrating that lignin includes numerous hydroxyl groups,
which can form hydrogen bonds. The hydrogen bonds are
beneficial for the combination of KL. and GO. Nevertheless, the
absorption peaks of aromatic rings at 1513.1 cm ' and
1426.4 cm™ ! in the LNs have shifted to low wave number,
1512.2 em ™" and 1425.4 cm™ ! respectively. This is due to the
stronger w-7 interaction of LNs than KL. Compared with KL
and LNs, LGNs have a wider absorption peak at 3600 cm
which is caused by the strong hydrogen bonds between KL and

Fig.1 SEM images of LNs (a) and LGNs (b). TEM images of LNs (c) and LGNs (d) (the red circle marks the graphene oxide attached to the particle

surface).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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GO. It is speculated that KL combined with GO together by
hydrogen bonding. The formation of hydrogen bonds also
corroborated the trend of zeta potential. The hydrogen from the
hydroxyl and the oxygen from the carboxyl could form hydrogen
bonds, which promoted the dissociation of hydrogen and led to
increase in positive potential.

The results of potentiometric titration show that the
phenolic hydroxyl content in LNs is lower and the m-m inter-
action between LNs molecules are stronger (Fig. S41). Elemental
analysis shows that the O/C ratio of LGNs had a significant
increase. It is because of the incorporation of oxygen-containing
functional groups from GO. Moreover, nano-fabrication can
expose more oxygen-containing functional groups. Fig. 2c
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shows that both LNs and LGNs contain methoxyl groups (3.48-4
ppm). Furthermore, LGNs have absorption peak at 10.2 ppm,
marking the formation of intermolecular hydrogen bonds.
Subsequently, the intensity of characteristic peaks such as C=0
of LGNs is significantly higher than that of LNs. It is proved that
the introduction of GO is beneficial to increasing the effective
content of oxygen-containing groups in the adsorbent.
According to the above analysis, the feasible synthesis
mechanism of LGNs is described as the following. GO contains
a multitude of oxygen-containing functional groups, so that it
can be dispersed in water well.** Additionally, KL can be easily
dissolved in THF and formed well-mixed solutions. As the
solution of GO was added to KL/THF solution, the active groups
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Fig.2 (a) Zeta potential of particles and (b) average diameter in aqueous media with different pH values. (c) *H NMR spectrum of LNs and LGNs.
(d) Element contents and (e) C1 XPS peaks of LNs. (f) C1 XPS peaks of LGNs.
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(hydroxyl groups) of the lignin molecules were in contact with
the active groups (carboxyl groups) of the GO. Then the two
materials were combined by hydrogen bonds which formed
between the hydroxyl and carboxyl. This is coincident with the
experimental data proved by the previous FTIR analysis.
Furthermore, as the water content in the mixed solution
increased, phase separation occurred between water and mixed
solution. Due to the strong hydrophobicity of KL molecules,
a film layer was formed at the interface between the mixture
solution and water.**** With the further increase of water
content, GO was also tightly bound to KL through hydrogen
bonding and then aggregated on the surface of the membrane.
In order to reduce surface energy, the nanoparticles tended to
form spherical structures through m-m interaction.***> The
introduction of oxygen-containing functional groups into LGNs
could effectively increase the number of active groups of the
adsorbent, conducive to the increase of the adsorption effect
(Fig. 3).*

3.3 Cr(vi) adsorption with LGNs

500 mg 1~ " Cr(vi) solution was applied to explore the influence of
temperature on sorption efficiency (Fig. 4e). The study
confirmed that the Cr(vi) removal rate of LGNs increased with
temperature. Here, we compared the results of literature whose
experimental conditions are close to our work. The maximum
adsorption capacity of LGNs is 368.78 mg g ', higher than many
previously reported adsorbents (Table 1). The result proves that
lignin and graphene oxide have great value in the sorption of
heavy metal ions.

In fact, Cr(vi) doesn't exist individually in the effluent, but
exists with diverse ions (such as Cl~, NO;~ and PO,*").** The
coexisting anions may interfere with the sorption of Cr(vi) by
competing for adsorption sites. The pH of the sewage can also
influence the characters of the materials and the existent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) KL and GO were combined by hydrogen bonds which formed between the hydroxyl and carboxyl. (b) Synthetic schematic diagram of

species of Cr(vi). Therefore, we evaluated the impact of other
anions and different pH on Cr(vi) removal. The results suggest
that CI” and NO;~ had no obvious effect on Cr(vi) removal.
Nevertheless, the SO,>~ and PO,*>~ reduced the adsorption rate
of Cr(vi) distinctly, and the effect of PO,>~ was stronger than
SO;>". This competitive trend is concordant with other previous
studies, suggesting electrostatic interaction plays a crucial role
in the sorption process.*>*¢

The process of Cr(vi) removal is closely correlated to the pH
value (Fig. 4a and b), and acidic conditions are profitable to
Cr(vi) removal. When pH = 2, the two adsorbents reached the
maximum absorption capacity, which was 109.2 and 166.7 mg
¢ ' respectively. This may be caused by changes in electric
potential and the existent species of Cr(vi), with the main
species of Cr(vi) being HCrO,~ and Cr,O0,> at lower pHs.”
Overall, electrostatic attraction occurred between the positively
charged adsorbents and the negatively charged anion, and the
more positive charge brought the stronger adsorption force.*®
Although the zeta potential was the largest at pH = 1, the
adsorption effect failed to reach the optimum. It is because the
strong acid environment has affected the structure of the
adsorbents, and the size changes of LNs and LGNs also
confirmed this result.

The adsorption isotherm expounds the equilibrium rela-
tionship between adsorbent and adsorbate. Langmuir and
Freundlich models (eqn (2) and (3)) were used to fit the
adsorption data of LNs and LGNs. Among them, Q. is the
adsorption capacity at equilibrium (mg g~ '); Ky, is the Langmuir
constant linked with the saturated sorption capacity and
energy; Ky and 1/n are the Freundlich constants linked with
sorption capacity and strength. The fitting curves of isotherm
adsorption models and related parameters are revealed in
Fig. S8(a and b)t and Table 2. The results of Freundlich model
are more similar to the experimental data according to the

RSC Adv, 2021, N, 4713-4722 | 4717
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Table 1 Comparison of efficiency for varied sorbents on Cr(vi) removal

LNs
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Influence of pH on Cr(vi) removal by (a) LNs and (b) LGNs. Effect of other ions on Cr(vi) adsorption capacity by (c) LNs and (d) LGNs. (e)

Cr(vi)

Sorbent removal efficiency (mg g ") Ref.
Lignin 31.6 35
Cellulose-PEI aerogel 229.1 44
PEI-silica nanocomposite 183.7 47
Lignocellulosic substrate 35 48
Coconut coir 50 49
Chitosan-coated sour cherry kernel shell beads 24.5 50
PEI-modified sericin bead 365.3 51
Electrospun chitosan nanofibers 68.3 52
Magnetic nanocomposite 78.2 53
Polymer nanotubes 147.8 54
Lignin-GO nanospheres 368.8 This work
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Table 2 Langmuir and Freundlich fittings of Cr(vi) removal by LNs and
LGNs

LNs LGNs
Langmuir model Om (mgg™) 263.16 333.33
K, (Img™) 0.0076 0.0309
R 0.9726 0.9782
Freundlich model Ky (mgg™) 9.6783 43.2912
1/n 0.3687 0.5234
R 0.9899 0.9938
Table 3 Pseudo-first-order and pseudo-second-order kinetics
fittings of Cr(vi) removal
LNs LGNs
Pseudo-first-order & (min™) 0.0045 0.0062
Q. (mgg™) 176.50 275.89
R 0.9891 0.9621
pseudo-second-order k, (min ' mg ") 1.96 x 10> 1.62 x 10°
Q. (mgg™ 243.90 384.62
R 0.9957 0.9839

correlation modulus R*. This Freundlich adsorption behavior
often arises in polymers or composite adsorbents because of
their uneven surface properties. Similar conclusions were found
in previous researches on the removal and treatment of
CI‘(V )'34,35,57

G_Co, 1 2
Qc Qm KLQm
1
log Q. = ;log C. +log K¢ 3)

Adsorption kinetics is also a vital factor in the sorption
process. The most widely used sorption kinetic models are

View Article Online
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Lagergren pseudo-first-order kinetic model and pseudo-second-
order model, which are described with the following forms
respectively (eqn (4) and (5)). k; and k, are the rate constants
related to the first-order kinetic model and the second-order
kinetic model respectively; Q, means the sorption capacity at
time ¢ (mg g ). It could be found that the linear correlation
coefficients of the first-order kinetic model and the second-
order kinetic model are good by analyzing the data in
Fig. S8(c and d)f and Table 3. However, according to the
correlation modulus R? the second-order model is more
appropriate for describing the removal process of Cr(vi) on LNs
and LGNs than the first-order model. This phenomenon shows
that the rate of Cr(vi) sorption on LNs and LGNs are controlled
by kinetics.

ln(Qe -0)= In 0. — kyt
t 1 t

Ql - kZch * @

(4)
(5)

The good recycling performance of adsorbent is of immense
significance in reducing the cost of sewage treatment and
realizing commercial applications. Previous studies have
confirmed that the desorption performance under alkaline
conditions is better than other conditions.** Therefore, 0.1 M
NaOH was used to achieve the desorption of chromium ions.
We can find from the Fig. 4f that as the number of recycling
increased, the sorption capacity decreased. When the number
of reuse reaches 5 times, LGNs still maintain a high adsorption
capacity, which is 150.4 mg g~ " in 200 mg g~ * Cr(vi) solution. Its
adsorption efficiency is only reduced by 9.7%. In general, LGNs
have great reusability and show excellent potential as effective
adsorbents for Cr(vi) removal.

3.4 Mechanism

The XPS characterization was used to discover the species of Cr
during the Cr(vi) removal process. It can be found from Fig. 5
that peaks appeared at 578 and 587 eV, which correlates to the
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Fig. 5 XPS spectrum of (a) total spectra and (b) Cr 2p spectra.
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Fig. 6 Schematic diagram of Cr(vi) repair mechanism.

Cr 2p3/, and Cr 2p,,, orbitals respectively. The result indicates
that Cr(vi) has been successfully sorbed to the surface of LGNs.
According to the Cr 2p spectrum, it can be determined that this
region is divided into two characteristic peaks. The peaks at
576.9 eV and 586.5 eV are derived from Cr 2p;/, and Cr 2p,,, of
Cr(ur), and the binding energies of 578.4 and 587.8 eV belong to
Cr(vi). This phenomenon indicates that part of Cr(vi) was
reduced to Cr(m) during the adsorption process. In the previous
content, we have confirmed that electrostatic interaction acts an
essential role in Cr(vi) removal. Additionally, XPS results also
show that Cr(vi) is reduced to Cr(m) under acidic condition.
Therefore, the adsorption of Cr(vi) can be secured through
electrostatic attraction between positively charged groups (such
as protonated hydroxyl groups, carboxyl groups, etc.) on the
surface of adsorbent, or by reducing Cr(vi) to Cr(m) under
strongly acidic circumstances. The previous researches have
proved Cr(vi) remains in water as oxyanions (HCrO,  and
Cr,0,%" etc.) and its species is related to the pH.*® Furthermore,
that the removal process of Cr(vi) consumes a lot of protons has
also been confirmed.*® According to the above mentioned, the
feasible Cr(vi) repair mechanism of LGNs may be summarized
as the following: firstly, the hydroxyl groups of LGNs could be
availably protonated under acidic conditions, and Cr(vi) was
availably sorbed onto LGNs through electrostatic attraction.®
Secondly, partial Cr(vi) was reduced to Cr(u) by neighboring
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HCrO,

Cr,0>

HCrO,

Cr,0%

GO

HCrO,

electron-donor groups (such as C=0 and O-CHj;).***>* The
process of reducing Cr(vi) to Cr(m) is shown as eqn (6) and (7).
And then Cr(m) can be sorbed on the surface of LGNs by ion
exchange or surface complexation (Fig. 6).°*

HCrO,” + 7H* + 3¢~ — Cr** + 4H,0 (6)

Cr,0,”~ + 14H* +6e~ — 2Cr** + 7H,0 7)

4. Conclusion

Lignin is one of the most abundant biomasses in nature.
Herein, we introduced GO into lignin via a simple self-assembly
method to prepare LGNs, which can be used as an effective
sorbent for Cr(vi). Lignin and GO are tightly fitted together by
hydrogen bonds. The addition of GO can significantly improve
the stability of nanoparticles. In addition, the number of
adsorption sites increased because GO contains numerous
oxygen-containing functional groups. As a result, the maximum
adsorption capacity of LGNs can reach 368.78 mg g~ ', a 50%
increase in adsorption efficiency compared with LNs. It is found
that the sorption of Cr(vi) by LGNs obeys Freundlich and
pseudo-second-order kinetics forms. In the principle analysis,
we discovered that the sorption of Cr(vi) by LGNs through
electrostatic interaction and Cr(vi) was reduced to Cr(m). And

© 2021 The Author(s). Published by the Royal Society of Chemistry
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when the number of reuses reaches 5 times, LGN still maintain
a high adsorption capacity. LGNs have the superiority of great
adsorption efficiency, convenient formation and outstanding
recovery ability, thus being auspicious sorbents for Cr(vi)
removal from sewage.
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