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Abstract

It has been a research goal to develop macroscopic materials with an optimized surface structure to affix silver
nanoparticles which could contaminate water and maximize their practical functions. Cellulose paper is a versatile
biomass material valued for its abundance, low cost, biocompatibility, and natural composition. Until now, its
potential application in water purification has not been adequately explored. In this study, gallic acid-modified silver
nanoparticles (GA@AgNPs) were loaded onto commercial cellulose filter paper using a simple lipoic acid
modification process (GA@AgNPs-LA-CP). Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD) were used to characterize the GA@AgNPs-LA-CP. The catalytic activity of the
GA@AgNPs-LA-CP was evaluated by the reduction reaction of methylene blue (MB), Rhodamine B (RhB), and 4-
nitrophenol (4-NP) with sodium borohydride (NaBH4). The GA@AgNPs-LA-CP exhibited excellent catalytic activity
toward MB, RhB, and 4-NP, taking advantage of its high specific surface area generated by the cellulose fiber
network structure. Interestingly, due to the electrostatic interactions between the cationic dyes and the GA@AgNPs,
the as-prepared catalytic composite material serves as a better catalyst for MB and RhB, suggesting dual
applications of the composite materials for organic wastewater treatment and the removal of harmful dyes. This
implies that the immobilization of AgNPs on cellulose papers is an effective method and can be applied to efficient
wastewater treatment applications.
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1 Introduction
Pollution in large bodies of water has become a serious
environmental problem [1, 2]. In many organic pollut-
ants, there are significant health issues due to the exten-
sive application of organic dyes in leather [3], paper [4],
textiles [5], printing [6], and the paint [7] and plastics

industries [8], it is particularly important to solve the
pollution problem of organic dyes [9]. Uncontrolled re-
leases of wastewater containing organic dyes prevents
sunlight from penetrating into the water, thus reducing
the photosynthetic response of plants [10]. In general,
water can change colors at dye concentrations as low as
1 ppm [11, 12]. So, removal of organic dyes in wastewa-
ter treatment is critical. Specifically, 4-nitrophenol (4-
NP) is a kind of nitroaromatic compound that is difficult
to degrade. It is listed by the U.S. Environmental Protec-
tion Agency (EPA) as one of the most important 114 or-
ganic pollutants [13, 14]. Meanwhile, these aromatic
contaminants pose immediate and potential toxicity to
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aquatic plants and animals and microorganisms [15, 16].
Furthermore, some aromatic pollutants can also cause car-
cinogenic and teratogenic effects [17]. Hence, various organic
pollutant removal technologies has been developed, includ-
ing adsorption [18, 19], membrane filtration [20], photocata-
lytic degradation [21, 22], chemical oxidation [23],
flocculation [24] and electrooxidation [25]. Catalytic technol-
ogy has been widely studied because of its high efficiency,
simple operation, low cost, and wide range of applications
[26, 27]. Among these methods, the reduction of 4-NP to 4-
aminophenol (4-AP) by sodium borohydride is the most ef-
fective and environmentally friendly method [28]. 4-AP is an
important intermediate for the synthesis of corrosion inhibi-
tors and developers and analgesic and antipyretic drugs [29].
However, this relatively simple and clean reaction progresses
slowly without a suitable catalyst. In addition, silver nanopar-
ticles (AgNPs) are effective catalysts for the conversion of 4-
NP to 4-AP [30, 31]. Before 4-NP is discharged into the en-
vironment, it is necessary to develop a new catalyst with
good dispersion and stable catalytic performance.
With the rapid development of modern nanotechnology

[32, 33], silver [34], gold [35], and other nanoscale pre-
cious metal particles [36] have been widely used as nano-
catalysts, which have aroused great interest. AgNPs have
high catalytic activity and are widely used in the reduction
and degradation of organic compounds [37, 38]. However,
virgin AgNPs tend to aggregate in the catalytic process,
thus inhibiting its catalytic performance and practical ap-
plication [39]. To overcome this shortcoming, the
immobilization of silver nanoparticles on a support mater-
ial has been considered as an effective method to improve
the stability of AgNPs, which is conducive to maintaining
the catalytic ability of AgNPs [40, 41].
In recent years, biomass materials have been used as

Ag nanoparticle carriers due to their low cost and easy
availability, compared to other matrix carriers such as
graphene and carbon nanotubes [42, 43]. In addition,
biomass materials also have many advantageous proper-
ties, such as excellent thermal stability and chemical
durability, high specific surface area, and rich pores and
functional groups [44]. These important characteristics
enable excellent nanocatalytic support material. Liang
and his group [45] reported that AgNPs on a naturally
fixed eggshell membrane (ESM) had good catalytic activ-
ity through proanthocyanidins (Pro) and AgNPs@pro-
esm composites. Due to the interwoven fiber structure,
the reduction of 4-NP is highly reusable. Although ESM
has shown great potential as an immobilized biomass
material of nanocatalysts, biomass materials with inter-
woven fibrous three-dimensional structures are rare in
nature, difficult to collect, and challenging to process.
These defects will restrict its large-scale application.
Zeng and his group [15] reported facile fabrication of sil-
ver nanoparticles deposited with a poly-dopamine-

coated magnetic biochar (MC-PDA-Ag) catalyst. The
catalytic reduction experiments confirmed that MC-
PDA-Ag catalysts had good catalytic properties on
model dyes (MB, RhB, and MO). However, it is not easy
to recover these nanocomposites from solution due to
the material instability.
In this work, a convenient lipoic acid modification method

was developed to immobilize AgNPs on cellulose paper to
catalyze harmful 4-NP into a more environmentally friendly
4-AP. In previous work [42], a negatively charged gallic acid-
modified silver nanoparticles (GA@AgNPs) was synthesized
with a large number of carboxyl groups on the surface and an
average particle size of 8 nm and was used as a nanocatalyst.
Lipoic acid modification on the surface of cellulose fibers
could drive uniform immobilization of GA@AgNPs. In
addition, two dyes, methylene blue (MB) and Rhodamine B
(RhB), were also tested in this study. The catalytic experiment
showed that GA@AgNPs-LA-CP had good catalytic perform-
ance, which verified the immobilization of GA@AgNPs on
LA-CP. The catalytic properties of GA@AgNPs-LA-CP are
primarily determined by the silver nanoparticles on its surface.
Based on the electrostatic interaction between cationic dyes
(MB, RhB) and negatively charged GA@AgNPs-LA-CP, the
GA@AgNPs-LA-CP showed excellent catalytic effects on cat-
ionic dyes. More importantly, the GA@AgNPs-LA-CP pre-
pared in this study show great potential in large-scale practical
applications for the removal of organic dyes and 4-NP from
leather organic wastewater.

2 Experimental section
2.1 Materials
Lipoic acid (99%), N, N′-dicyclohexylcarbodiimide
(DCC, 99%), 4-(dimethylamino) pyridine (DMAP, 99%)
and dimethylsulfoxide (DMSO, 99%) was purchased
from Aladdin Technology Co. Ltd. (Shanghai, China).
Sodium borohydride (NaBH4, > 96%), p-nitrophenol (4-
NP), methylene blue (MB) and Rhodamine B (RhB) are
purchased from Jinshan Chemical Reagents Corporation
(Chengdu, China). Cellulose filter papers were purchased
from Whatman (Shanghai, China). All other chemicals
were analytical reagents.

2.2 Preparation of lipoic acid-modified cellulose paper
(LA-CP)
A cellulose filter paper (0.5 g) was immersed in an aque-
ous solution of 10 wt% NaOH (10mL) for 18 h. The
sample was then repeatedly washed with absolute etha-
nol until a solution was obtained around neutral pH.
The paper was used for further reactions after the soggi-
ness of the paper was removed by air. A cellulose filter
paper (0.5 g, 9.1 mmol of active -OH groups), 4-
(dimethylamino) pyridine (0.15 g, 1.23 mmol), N, N
′-dicyclohexylcarbodiimide (0.15 g, 0.73 mmol) and
lipoic acid (0.24 g, 1.16 mmol) were added in DMSO (20
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mL), respectively. The reaction beaker was shaken in a
rotary shaker (100 rpm) for 48 h under nitrogen at 30 °C.
The product was isolated by precipitation in cold etha-
nol, washed several times with ethanol, and dried in
vacuo. Lipoic acid modification of the cellulose paper
was carried out by coupling the -COOH group of lipoic
acid with the -OH group of the cellulose paper in the
presence of DCC and DMAP.

2.3 Preparation of GA@AgNPs immobilized cellulose
paper by lipoic acid modification (GA@AgNPs-LA-CP)
Gallic acid-modified silver nanoparticles (GA@AgNPs)
with concentration of 100 mg/L were prepared ac-
cording to our previous work [42]. Briefly, aqueous
AgNO3 solution (17 mM) was mixed with an equal
volume of GA solution (18 mM). Then, the above
mixture was added into NaBH4 solution (37 mM) and
reacted for 2 h to obtain GA@AgNPs with average
diameter of 8 nm and concentration of 400 ppm. The
LA-CP samples were then immersed in the
GA@AgNPs solution, and the reaction beaker was
shaken in a rotary shaker (100 rpm) for 30 min at
room temperature. The brown paper (GA@AgNPs-
LA-CP) was washed with deionized water until the
washing liquid appeared clear. The brown papers dec-
orated with AgNPs were then dried in air and stored
in a desiccator.

2.4 Characterizations
The surface morphologies of the synthesized
GA@AgNPs-LA-CP samples were accomplished

using field emission scanning electron microscopy
(FESEM, JEOL, Japan) operated at an accelerating
voltage of 15 kV. The elemental compositions of the
synthesized paper samples were determined by an
energy dispersed X-ray spectrometer (EDS) coupled
with the FESEM. The chemical states of the elem-
ent on the paper surface were investigated by X-ray
photoelectron spectroscopy (XPS, XSAM800, Kratos
Ltd., U.K.). Wide-angle X-ray diffraction (XRD) pat-
terns were recorded at ambient temperature on a
Philips X’ Pert pro MPD diffractometer with Cu-Kα
radiation in the 2 θ range from 30 to 80°. The sur-
face zeta-potential value of samples was detected
using the streaming potential method via an elec-
trokinetic analyzer (Mütek SZP-10, BTG, Germany)
with 1 mmol/L KCl solution electrolyte solution.
0.05 M NaOH and 0.05 M HCl solutions were used
to adjust the pH during the measurement.
Ultraviolet-visible diffuse reflectance spectra (UV-
vis DRS) were recorded by means of UV-vis-NIR
spectrophotometer (UV-3600, Shimadzu, Japan)
equipped with an integrating sphere and using
BaSO4 as reference.

2.5 Measurement of Ag content on GA@AgNPs-LA-CP
To quantify the amount of silver in the
GA@AgNPs-LA-CP, we performed an acid digestion
of the paper and analyzed the amount of dissolved
silver with an inductively coupled plasma atomic
emission spectrometer (ICP-AES, model JY38S,
France). Briefly, approximately 100 mg of dried

Fig. 1 Schematic illustration of the fabrication process of GA@AgNPs-LA-CP
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paper was reacted with 5 mL of 70% nitric acid in
5 mL of water and then boiled until the paper disin-
tegrated. After a few minutes of cooling, 5 mL of
hydrogen peroxide (30%) was added and the sus-
pension was reboiled. After cooling, the suspension
was diluted to 100 mL with water. Lastly, the Ag
content in suspensions were tested by ICP-AES and
the Ag content on paper was calculated.

2.6 Catalytic reduction of 4-NP, MB and RhB
To investigate the catalytic efficiency and reusability of the
GA@AgNPs-LA-CP, the reduction of 4-NP was per-
formed according to the previously reported procedure. In
a typical experiment, 500mg GA@AgNPs-LA-CP was
added into a mixed solution containing 35mL deionized
water and 7.5 mL 4-NP aqueous solution (3mM). In ex-
periment process, 500mg GA@AgNPs-LA-CP was added

into 20mL each dye solution (MB, 10mg/L; RhB, 10mg/
L). N2 gas was then purged through the solution for 20
min to remove the dissolved O2. Subsequently, 5 ml of
freshly prepared NaBH4 solution (0.3M) was injected
under continuous stirring to initiate the catalytic reduc-
tion reaction at pH 10. At each time interval, part of the
mixture was transferred into a quartz cuvette, and UV-vis
absorption spectra were recorded in the range 250–550
nm (500–750 nm; 450–650 nm) to monitor the catalytic
reaction of 4-NP (MB; RhB). The reaction was conducted
at 295 K, using a temperature-controlled water bath to
keep the temperature at the 295 K. Then, kinetic data was
fitted with a pseudo-first-order model:

ln Ct=C0ð Þ ¼ ln At=A0ð Þ ¼ −kappt ð1Þ

where C0 and Ct represent the actual concentration of 4-

Fig. 2 SEM images of surface morphologies at different magnifications of a, e CP, b, f LA-CP, c, g GA@AgNPs-CP, d, h GA@AgNPs-LA-CP. The
inset images in a, b, c, and d are photographs of corresponding cellulose paper samples

Fig. 3 EDS-mapping images a C, b O, c S, and d Ag of GA@AgNPs-LA-CP
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NP, MB, and RhB, respectively, at the first time and at
time t. In this experiment, the ratio of Ct to C0 could be
directly given by the ratio of the respective absorbances,
At/A0. (A is the absorbance at 400, 660, and 555 nm, re-
spectively.) kapp is the apparent first-order rate constant
(s− 1). According to the apparent first-order rate equation
(eq. 1), when ln (At/A0) is proportional to time t, the reac-
tion rate corresponds to the slope of the curve, kapp. A lin-
ear relationship between ln (At/A0) and reaction time t
was observed, which matches first-order reaction kinetics.

3 Results and discussion
3.1 Preparation and characterization of GA@AgNPs-LA-CP
Silver nanoparticles with an average diameter of 8 nm
and several carboxyl groups on the surface were synthe-
sized using gallic acid as the stabilizer, according to our
previous work, which are defined as GA@AgNPs. In this

work, as shown in Fig. 1, lipoic acid was selected to
introduce the modification of cellulose fibers, with sim-
ultaneous incorporation of GA@AgNPs to form a
GA@AgNPs-LA-CP. After washing, the resultant
GA@AgNPs-LA-CP was brown, as shown in Fig. 2d.
There were significant differences in the appearance of
the paper before and after the deposition of GA@AgNPs.
After being treated with GA@AgNPs solution for 30
min, the LA-CP color changed from white to brown, in-
dicating the fixed state of GA@AgNPs on paper (the
photographic images of LA-CP and GA@AgNPs-LA-CP
are shown in Fig. 2b and d). Compared with the light-
yellow color of GA@AgNPs-CP in Fig. 2c that formed
only by the physical deposition of GA@AgNPs on the sur-
face of cellulose papers, the brown color of GA@AgNPs-
LA-CP is considered to be inherited from the
immobilization of GA@AgNPs due to the interaction be-
tween thiol and GA@AgNPs [46]. As illustrated in Fig. 1,
the immobilization between thiol and GA@AgNPs on the
surface of the cellulose fibers contributed to the lipoic acid
modification (Fig. 2d), which may be stronger than the
single physical deposition on cellulose fibers (Fig. 2c).
Therefore, the GA@AgNPs on the surface of the cellulose
fibers was investigated by SEM, using pristine cellulose pa-
pers (CP) and lipoic acid-modified cellulose paper (LA-
CP) as the blank control (shown in Fig. 2a and b). In
Fig. 2h, the quantity of GA@AgNPs on the surface of
GA@AgNPs-LA-CP is significantly more than GA@AgNPs-

Fig. 4 XPS fully scanned spectra of a CP, b LA-CP, c GA@AgNPs-CP, and d GA@AgNPs-LA-CP

Table 1 Percentages of aliphatic C-C, C-O, C=O, and O-C=O
bonds from XPS C1s peak fitting for pristine CP, LA-CP,
GA@AgNPs-CP, and GA@AgNPs-LA-CP

Simple bond percentage (%)

C-C C-O C=O O-C=O

pristine CP 51.5 48.5 – –

LA-CP 28.6 43.8 20.9 6.7

GA@AgNPs-CP 49.4 50.6 – –

GA@AgNPs-LA-CP 25.3 44.2 20.3 10.2
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Fig. 5 XPS spectra of the samples in the S 2p region a CP, c LA-CP and in the Ag 3d region b GA@AgNPs-CP, d GA@AgNPs-LA-CP

Fig. 6 XPS spectra of the samples in the C 1 s region a CP, b LA-CP, c GA@AgNPs-CP, and d GA@AgNPs-LA-CP
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LA-CP primarily immobilized by physical deposition. The re-
sults reveal several GA@AgNPs with multiple carboxyl
groups immobilized on the surface of GA@AgNPs-LA-CP.
The morphology of the GA@AgNPs-LA-CP and the distri-
bution of GA@AgNPs on paper was directly observed with
FESEM. The natural cellulosic structure and fibers on the
surface of the paper are shown in the low-magnification
SEM images (Fig. 2a-d). At the same time, in Fig. 2e-h, the
complete network structure on the cellulose fiber surface
can be observed through high magnification. These results
showed that LA or GA@AgNPs had no damage or effect on
the natural structure of the paper and could maintain the
original properties of the cellulose paper. However, com-
pared with the magnified image of cellulose fibers on the ori-
ginal cellulose paper (Fig. 2e), many evenly distributed
GA@AgNPs can be observed on the cellulose fibers (Fig. 2h).
To obtain better insight on the elemental distribution in
different papers, EDS was performed on the above sam-
ples. As shown in Figure S1, EDS results indicate that S
and Ag atoms were successfully immobilized onto
GA@AgNPs-LA-CP, and it is also confirmed that lipoic
acid plays an important role in the uniform distribution of

GA@AgNPs, which is consistent with SEM results. More-
over, the S signal of the LA-CP samples was detected by
EDS spectroscopy (Figure S1), proving the successful
lipoic acid modification on cellulose paper surface. Fur-
thermore, the EDS mapping of C, O, S, and Ag elements
in Fig. 3a-d also confirms the uniform distribution of
GA@AgNPs on the surface of GA@AgNPs-LA-CP at low
magnification. Since GA@AgNPs were immobilized onto
cellulose fibers by lipoic acid modification in the
GA@AgNPs-LA-CP, the silver loading content of the
paper determined by ICP-AES was 6.7mg per gram of dry
paper, which is higher than the value of 2.3 mg per gram
on GA@AgNPs-CP. These results verify that GA@AgNPs
were immobilized onto cellulose fibers by thiol after the
lipoic acid modification, leading to uniform distribution of
GA@AgNPs on the interface of cellulose fibers. Mean-
while, signals measured by EDS mapping are beneficial to
high loadings of GA@AgNPs.
XPS full spectra of pristine cellulose paper (CP) only

showed peaks for C 1 s (286 eV) and O 1 s (531 eV)
(Fig. 4a). Lipoic acid modification of the cellulose paper
(LA-CP) surface was detected by the appearance of the S

Fig. 7 a XRD patterns and b Surface ζ-potential of different samples

Fig. 8 Schematic illustration of the catalytic process via application of GA@AgNPs-LA-CP
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2p peak (163 eV) (Fig. 4b), and then the immobilization
of GA@AgNPs on the LA-CP was confirmed by the ap-
pearance of the divisive doublet of Ag 3d near 370 eV,
Ag 3p at 571.8 and 602.6 eV, and Ag 3 s at 717.2 eV
(Fig. 4d). The Ag 3d spectrum shown in Fig. 5d consist of
two distinct peak components with binding energies of Ag
3d3/2 and Ag 3d5/2 at 368.72 and 374.72 eV, respectively, both
ascribed to the Ag0 species, which indicated the
immobilization of GA@AgNPs. Moreover, the 6 eV splitting
of the 3d doublet due to the spin-orbit coupling confirms the
existence of the Ag0 state on the GA@AgNPs-LA-CP surface.
Further characterization by XPS was performed to probe the
surface functionalization of the cellulose paper, as illustrated
in Fig. 1. The high-resolution C 1 s spectra of CP, LA-CP,
GA@AgNPs-CP, and GA@AgNPs-LA-CP are shown in Fig. 6,
panels a, b, c, and d, respectively. The peak of C 1 s XPS spec-
tra of GA@AgNPs-LA-CP exhibited four peaks at 284.95 eV,
286.52 eV, 287.88 eV, and 289.19 eV, which can be assigned to
the saturated C-C bonding of cellulose, the C-O groups, car-
bonyl groups (C=O), and ester groups (O-C=O), respectively.
As cellulose is a natural biomass material [47], it shows the
peaks for C-C (284.82 eV) and C-O (286.06 eV) for pristine
CP. The lipoic acid-modified cellulose paper (LA-CP) showed
a significant changes at the peak position, and the peak of the
high-resolution C 1 s peak showed four components which
were assigned to C-C (284.85 eV), C-O (286.31 eV), C=O
(287.66 eV), and O-C=O (288.97 eV). The new peak at 288.97
eV indicated the formation of O-C=O bonds because of the
coupling reaction between the hydroxyl group of cellulose and
the carboxyl group of lipoic acid. It was observed that the ratio
of the chemical bonds C-O originating from the cellulose
structure, to O-C=O, which was ascribed to lipoic acid modifi-
cation, increased in the C 1 s XPS spectra of LA-CP (Fig. 4b).
This results confirmed that lipoic acid modification was suc-
cessfully accomplished. Next, the C 1 s XPS spectra of the
GA@AgNPs-LA-CP exhibited no major changes in the peak

positions (Fig. 4d). The bond percentages of different
bonds based on the C 1 s spectra for pristine CP, LA-
CP, GA@AgNPs-CP, and GA@AgNPs-LA-CP are cal-
culated in Table 1.
The X-ray diffraction patterns confirm the

immobilization of GA@AgNPs on the surface of cellu-
lose paper by the lipoic acid modification method
(Fig. 7a). The largest peaks were observed from
GA@AgNPs-LA-CP. Furthermore, compared to the
XRD curves of CP samples without other crystal diffrac-
tion peaks, for both GA@AgNPs-CP and GA@AgNPs-
LA-CP, The Bragg reflection peaks of 2θ arise at 33.5°,
46.4°, 66.8°, and 77.5°, which are coincident with the (1 1
1), (2 0 0), (2 2 0), and (3 1 1) facets of the face-centered
cubic structure of crystalline Ag and indicate the
immobilization of GA@AgNPs on cellulose fibers, re-
spectively [41, 48]. Lower peak intensities were observed
in the GA@AgNPs-CP samples and most peaks were in
similar locations. No peaks were observed for the pris-
tine cellulose paper. To further understand the surface
charge of GA@AgNPs-LA-CP, the surface ζ-potential of
four cellulose papers were analyzed under water envi-
ronments with three different pH values. In Fig. 7b, pris-
tine cellulose paper exhibits a negative surface with a
zeta-potential of − 20.6 ± 0.46 mV at pH 7 due to a large
number of -OH groups on the cellulose fibers [49, 50].
By contrast, the GA@AgNPs-LA-CP shows a more nega-
tive charge (− 23.5 ± 0.51 mV), which is ascribed to the
immobilization of several GA@AgNPs with negatively
charged anionic carboxyl groups. As illustrated in Fig. 8,
the resultant negatively charged surface can adsorb more
cationic dyes through electrostatic attractive forces.

4 Catalytic properties of GA@AgNPs-LA-CP
The catalytic activities of the GA@AgNPs-LA-CP was
tested via the catalysis of 4-NP. The catalysis from 4-NP

Fig. 9 Catalytic performance of GA@AgNPs-LA-CP for the catalysis of 4-NP to 4-AP. Time-dependent UV-vis spectral changes a and the reaction
kinetics curve b
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to 4-AP was difficult to proceed without the catalyst,
which is ascribe to the absence of electronic relay sta-
tions between the reactants and products of catalysis
[41, 51]. Whereas, as shown in Fig. 8, AgNPs could en-
hance the catalysis as an electronic relay station to over-
come the electronic obstacles in the catalytic process,
which can transfer the electron from AgNPs to 4-NP. As
mentioned in many previous papers [13], the absorption
peak of 4-NP in NaBH4 aqueous solution is 400 nm.
Many studies [15, 45] have reported that during the
catalytic process, the absorption peak strength at 400 nm
gradually decreased and the absorption peak strength at
300 nm increased, which corresponds to the yellow-
green fading of 4-nitrophenol and the formation of 4-
AP. The catalysis process were recorded by UV-vis-NIR
spectrophotometer with the absorption bands of 250–
550 nm. At the same time, 4-AP, which is the product of
the catalysis, is a useful industrial chemicals for dye

production and biomedical applications. The catalysis re-
action was rapid and the solution became colorless within
30min after the GA@AgNPs-LA-CP were added to the 4-
NP solution, which is consistent with the results of UV-vis
spectra in Fig. 9. The catalytic reaction is quantitatively
verified by the changes in the absorbance of UV-vis spectra.
The catalysis performance for cation dyes of the

GA@AgNPs-LA-CP was tested and measured by adding
the GA@AgNPs-LA-CP paper pieces in methylene blue
(MB) and Rhodamine B (RhB) solutions, respectively. In
experiment, the two cation dyes were tested, which may
testify the practical catalytic applications for tannery
wastewater. Figures 10 and 11 demonstrate the dye re-
moval ratio and removal rate with time for two cation
dyes under the catalysis of GA@AgNPs-LA-CP. The dye
removal ratio of MB is almost 100% and fades colorless
in 14 min, which could prove high efficiency of
GA@AgNPs-LA-CP as a catalyst. In addition, the

Fig. 10 Catalytic performance of GA@AgNPs-LA-CP for the catalysis of MB. Time-dependent UV-vis spectral changes a and the reaction kinetics
curve b

Fig. 11 Catalytic performance of GA@AgNPs-LA-CP for the catalysis of RhB. Time-dependent UV-vis spectral changes a and the reaction kinetics
curve b
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catalytic kinetic experiments of the GA@AgNPs-LA-CP
were tested with the two cation dyes, as is shown in
Fig. 10. The GA@AgNPs-LA-CP indicated a high effi-
ciency catalytic applications for the two cation dyes of
tannery wastewater approximately. The high efficiency
of GA@AgNPs-LA-CP as a catalyst benefit from cellu-
lose fiber network structure and the uniform
immobilization of GA@AgNPs on the surface of cellu-
lose paper, which is especially on account of the electro-
static forces and hydrogen bonding between cation dyes
and GA@AgNPs-LA-CP. Furthermore, the data calcula-
tion model is listed to facilitate the analysis of its cata-
lytic performance. Furthermore, kapp values for the
reactions with 4-NP, MB, and RhB were calculated to be
0.136, 0.219, and 0.184 min− 1. The knor values of 4-NP,
MB, and RhB, which is on behalf of kapp values after the
normalization by the amount of GA@AgNPs-LA-CP
were 0.272, 0.438, and 0.368 min− 1 g− 1, respectively.

5 Conclusion
Facile, efficient, and robust immobilization of
GA@AgNPs on cellulose paper is a useful method in
materials chemistry and catalytic applications. In this
work, a facile lipoic acid modification method for the
immobilization of GA@AgNPs on cellulose paper was
developed. GA@AgNPs were uniformly distributed on
the surface of cellulose paper without aggregation. The
facile fabrication of a catalytic substrate with a 3D por-
ous cellulose fiber network has advantages of abundance
and low cost for practical wastewater treatment applica-
tions. Moreover, the GA@AgNPs-LA-CP exhibited good
catalytic activity for 4-NP, MB, and RhB. Given the
interwoven cellulosic fiber structure, lipoic acid modifi-
cation, and low cost of cellulose papers, immobilization
of GA@AgNPs onto the surface of cellulose fibers shows
great potential for tannery wastewater treatment applica-
tions. Using a simple, low cost, environmentally friendly
composite catalyst is novel and provides new avenues
for this technology.

6 Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s42825-020-00019-y.

Additional file 1: Figure S1. EDS spectra of a CP, b LA-CP, c
GA@AgNPs-CP, d GA@AgNPs-LA-CP. Figure S2. XPS spectra of the sam-
ples in the O 1 s region a CP, b LA-CP, c GA@AgNPs-CP, d GA@AgNPs-
LA-CP.
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