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Abstract Well-dispersed gold nanoparticles (Au 
NPs) anchored by polymeric three-dimensional 
hydrogels for catalysis have received great attention, 
especially in aqueous-phase catalysis. In this study, 
thiol-functionalized chitosan poly(protic ionic liq-
uids) hydrogel (TCPPILH) is delicately designed and 
prepared as a selective support material to anchor Au 
NPs by taking advantages of Au-thiol chemistry and 
facile preparation of protic ionic liquids (PILs). The 
TCPPILH was successfully synthesized by a proto-
nation reaction of chitosan with 3-mercaptopropi-
onic acid (MPA) and mercaptosuccinic acid (MSA) 
in water, and followed by shaping in ethanol coagu-
lation bath via solution-gelation transition, and the 

properties can be facilely adjusted by changing the 
feed ratio of MPA and MSA. It is found that the TCP-
PILH can act as a selective support for adsorption of 
 Au3+ ions, and a maximal anchoring capacity for Au 
NPs could reach up to 151.5 mg/g. The as-prepared 
TCPPILH@Au NPs catalysts were systematically 
characterized by FTIR, XPS, SEM, TEM, XRD and 
ICP-OES analysis, and the findings demonstrated that 
the TCPPILH could effectively inhibit the agglomera-
tion of Au NPs (ca. 4.20 nm in diameter). As a proof 
of concept, hydrogenation of water pollutes, such as 
4-nitrophenol and azo dyes with  NaBH4 as reductant 
was selected as model applications, and the results 
indicated that TCPPILH@Au NPs catalysts exhibited 
high catalytic activity and satisfactory reusability.
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Graphical abstract 

Thiol-functionalized chitosan poly(protic ionic liquids) hydrogel (TCPPILH) was delicately designed and pre-
pared as a selective support material to adsorb  Au3+ and anchoring Au NPs by taking advantages of Au-thiol 
chemistry and facile preparation of protic ionic liquids (PILs). This TCPPILH@Au NPs catalysts exhibited 
desired catalytic activity for the hydrogenation of 4-nitrophenol and azo dyes in water.
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Introduction

Noble metal nanoparticles as catalysts have found 
broad applications in hydrogenation/dehydrogena-
tion, oxidation, coupling reaction and so on (Brat-
lie et  al. 2007; Jiang et  al. 2011; Wang et  al. 2019; 
Wei and Chen 2012). Specifically, gold nanoparticles 
(Au NPs), representing a relevant example of noble 
metal nanoparticles, have created growing interest in 
the catalysis area because of their superior catalytic 
activity (Miyamura et  al. 2015; Zubair Iqbal et  al. 
2021). For example, Au NPs perform high catalytic 
activity for hydrogenation of nitrophenols and azo 
dyes in aqueous environment, and thus function as 
precious catalysts in terms of water environmental 
protection (Fu et  al. 2019; Hong et  al. 2022). How-
ever, there still remains agglomeration challenge due 
to the high surface energy of Au NPs, which usually 
leads to significantly reduced catalytic activity (Fu 
et  al. 2019; Ilgin et  al. 2019). Therefore, the design 
and preparation of rational supporting materials capa-
ble of inhibiting agglomeration and preserving cata-
lytic activity of Au NPs have obtained much attention 
(Alle et al. 2021). Many studies have been carried out 

on the anchoring of Au NPs on supporting materi-
als, such as graphene (Ventura-Espinosa et al. 2021), 
mesoporous silica (Yan et  al. 2020), metal–organic 
frameworks (MOF) (Dhakshinamoorthy et al. 2017), 
and hydrogels (Jayaramudu et al. 2013). Among these 
materials, hydrogels have obtained particular inter-
ests, as their three-dimensional, hydrophilic network 
structure and high structural tunability not only pro-
vide cross-linked polymer network to host, disperse 
and stabilize NPs, but also provide an ideal environ-
ment especially for sustainable aqueous catalysis (Li 
et al. 2019; Thoniyot et al. 2015). It is believed that 
the particular molecular structure of hydrogel deliv-
ers significant correlations with the in situ adsorption 
and reduction of metal ions in the hydrogel, as well as 
inhibits the agglomeration of NPs during the prepa-
ration process and even the practical application (Li 
et  al. 2019; Zhu et  al. 2021). For example, with the 
use of tannic acid (a plant polyphenol), Au NPs deco-
rated graphene hydrogel was successfully developed, 
and tannic acid aided in formation of hydrogel and 
also worked as reducing agent and stabilizer for Au 
NPs (Luo et  al. 2015). Poly(N-isopropylacrylamide) 
(PNIPAM) hydrogels loaded with Au NPs presented 
a good temperature-controlled catalyst system for the 
reduction of 4-nitrophenol (4-NP) to 4-aminophenol 
(4-AP) (Marcelo et  al. 2014). Therefore, innovated 
and elegant design of chemical molecular struc-
ture of hydrogels capable of anchoring Au NPs will 
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significantly promote the development of sustainable 
catalytic chemistry.

In the last years, Au-thiol chemistry is being high-
lighted for the relatively strong affinities (184  kJ/
mol), which has proven to be an excellent strategy for 
selective adsorption of  Au3+ ions and anchoring or 
stabilization Au NPs (Biswas et al. 2016; Nutan and 
Jewrajka 2020; Wang et al. 2017; Zhao et al. 2021). 
Several hydrogels containing thiol (-SH) or disulfide 
(S–S) groups have demonstrated their strong bond-
ing feature with Au (Cao et  al. 2010; Laomeephol 
et  al. 2020; Lin et  al. 2021). As an example, thiol-
functionalized PNIPAM microgels were designed 
for incorporation of Au NPs, and the distribution of 
Au NPs within the microgels can be easily controlled 
by the distribution of thiol groups (Shi et  al. 2013). 
Special attention should be given to a novel thioether-
functionalized hydrogel prepared from the polym-
erization of acrylamide and N-methacrylamidothi-
omorpholine (MTM), which was used as a selective 
support material to anchor Au, demonstrating good 
catalytic activity for the reduction of 4-NP (Ilgin 
et  al. 2019). Although significant progress has been 
achieved, these synthetic strategies to induce thiol 
chemistry into hydrogel still remain shortages, such 
as use of complex and expensive functional monomer 
containing sulfur element, and multi-step synthesis; 
therefore, the development of new synthetic protocol 
aiming a facile preparation of thiol-functionalized 
hydrogel for Au NPs catalysis is still an important 
research topic.

One of the important factors to construct hydrogel 
is the synthesis or selection of a hydrophilic cross-
linked polymer matrix. Chitosan, the second most 
abundant polysaccharide after cellulose, has attracted 
much attention as raw material for constructing 
hydrogel networks (Ge et  al. 2016; Liu et  al. 2022; 
Tabassum et al. 2021). Notably, the structure of chi-
tosan is featured by abundant amino and hydroxyl 
groups, offering great opportunities for anchoring 
metal NPs and post-modification for further func-
tionalization to prepare chitosan-based materials with 
enhanced properties (Lasko et  al. 1993; Liu et  al. 
2016; Wu et  al. 2020; Zhao et  al. 2014). For exam-
ple, surface-functionalization of activated coke by 
chitosan was capable of anchoring and stabilizing 
Au NPs due to the surface-rich amino and hydroxyl 
groups of chitosan (Fu et al. 2019).

Ionic liquids (ILs) are generally recognized as 
organic liquid salts, consisting of organic cations and 
organic/inorganic anions, which have been widely 
used in green catalysis, electrochemistry, and func-
tional material fields (Fabre and Murshed 2021). 
ILs can be distinguished into aprotic ILs (AILs) and 
protic ILs (PILs), and the PILs are easily formed by 
the proton transfer from a Brønsted acid to a Brøn-
sted base (Li et al. 2019; Qian et al. 2017). If a par-
ticular functional group was introduced onto the ILs 
structure, a concept of task-specific ILs or functional 
ILs was proposed (Singh and Savoy 2020). For exam-
ple, thiol-functionalized ILs have been prepared and 
immobilized on the Au electrode by the stable Au–S 
bond for electrochemical/electrochemiluminescence 
sensors (Chen et  al. 2016). A class of poly(ILs) 
materials, featured by the pendant AILs or PILs on a 
polymer chain, have been proposed and prepared aim-
ing to combine the polymer material properties and 
the unique properties of ILs (Qian et  al. 2017). The 
design, preparation and application of poly(AILs) 
have obtained extensive concerns during the past dec-
ades (Qian et al. 2017). However, the design, prepara-
tion and application of poly(PILs) are still in fancy, 
although it can be facilely prepared.

As aforementioned, there are amount of amino groups 
in chitosan, indicating facile proton transfer reaction sites 
for the construction of PILs moiety onto chitosan by 
using various inorganic and organic acids (Cheng et  al. 
2019). While the design, preparation and application of 
poly(PILs) derived from chitosan by taking its inherent 
feature of amino groups structure is over-neglected, in 
comparison to poly(AILs). Particularly, there is no report 
in terms of chitosan-derived task-specific poly(PILs) 
materials. Herein, taking the structural features of chi-
tosan and 3-mercaptopropionic acid (MPA) as well as 
mercaptosuccinic acid (MSA), a series of thiol-func-
tionalized chitosan poly(protic ionic liquids) hydrogel 
(TCPPILH) were delicately designed and prepared via 
ionic crosslinking (Scheme 1). The TCPPILH presented 
outstanding performance in selective absorption of  Au3+ 
ion and could stabilize and disperse Au NPs due to the 
presence of the thiol functional moieties in the hydrogel. 
Furthermore, the TCPPILH@Au NPs catalysts presented 
satisfactory catalytic performance in the reduction treat-
ment of typical water pollutes under mild conditions.
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Materials and methods

Materials

Chitosan (degree of deacetylation of 96.5%), mer-
captosuccinic acid (MSA), 3-mercaptopropionic acid 
(MPA), 3-hydroxypropionic acid, DL-malic acid, 

sodium borohydride  (NaBH4), Congo red (CR), Eri-
chrome black T (EBT) and methyl orange (MO) were 
provided by Aladdin Reagent Co., Ltd. The viscosity-
average molecular weight of chitosan was calculated 
to be 6.6 ×  105  g/mol, based on its intrinsic viscos-
ity according to the Mark-Houwink-Sakurada equa-
tion (Kasaai et  al. 2000; Tan et  al. 2021). 4-Nitro-
phenol (4-NP) was supplied by Energy Chemical 
Co., Ltd. Sodium tetrachloroaurate (III) dihydrate 
 (NaAuCl4·2H2O) (Aladdin) was used as metal ion 
source. All chemicals were used as received.

Preparation of TCPPILH beads

The synthesis of TCPPILH beads with different 
amounts of thiol groups were carried out via a sim-
ple dropping method (Dong and Xiao 2017). Briefly, 
chitosan, MSA and MPA with the formula listed in 
Table  1 were added into deionized water, and the 
mixture was stirred under mechanical agitation at 
80 °C for 6 h to complete the dissolution of chitosan. 
After centrifugation at 10,000  rpm, the degassed 
chitosan solution was injected to ethanol through 
a syringe needle. The droplets formed at the outlets 
because of surface tension and the capillary forces, 

Scheme 1  A Mechanism of the formation of TCPPILH by using chitosan, MPA and MSA; B Schematic representation of the TCP-
PILH@Au NPs catalysts

Table 1  The formula for preparation of TCPPILH beads and 
the loading of Au  NPsa

a chitosan (1.25  g), water (20  mL), dissolution temperature 
(80 °C), and dissolution time (6 h)
b  “-” means the beads were too fragile to maintain structural 
integrity

Sample MPA
(mmol)

MSA
(mmol)

nCOOH(MPA):
nCOOH(MSA)

Anchored 
Au NPs
(mg/g)b

TCPPILH-1 13.368 0 10:0 –
TCPPILH-2 10.694 1.337 8:2 –
TCPPILH-3 8.021 2.674 6:4 68.1
TCPPILH-4 6.684 3.342 5:5 151.5
TCPPILH-5 5.347 4.010 4:6 114.8
TCPPILH-6 2.674 5.347 2:8 93.8
TCPPILH-7 0 6.684 0:10 59.8
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then the alcogel beads formed by the precipitation 
effect of ethanol. After solidification in ethanol for at 
least 12 h and then soaked in fresh deionized water, 
the as-prepared TCPPILH beads were preserved for 
further use.

Swelling properties of TCPPILH beads

The swelling ratio of the prepared TCPPILH beads 
was determined by a gravimetric method. The mass 
of fully swollen hydrogel beads after soaking in 
deionized water for 2 days (Ws), and the mass of dry 
beads after complete drying at 50 °C (Wd) were meas-
ured. Then the swelling ratio was determined based 
on at least ten hydrogel beads by using Eq. (1) (Nunes 
et al. 2017):

Preparation of TCPPILH@Au NPs catalysts

Fifty TCPPILH beads were immersed in 1.5  mM 
(50  mL) neutralized  AuCl4– aqueous solution for 
12 h under gentle shaking. Then the hydrogel beads 
were rinsed with deionized water and immersed 
in 0.5  M (50  mL)  NaBH4 aqueous solution for 2  h. 
The obtained hydrogel beads anchoring Au NPs 
(expressed as TCPPILH@Au NPs) were separated 
and rinsed with water.

Adsorption of the TCPPILH beads for various 
metal ions were conducted in  Ni2+,  Cu2+,  Co2+, 
 Pd2+ and  Au3+ aqueous solutions (50 mL, 1.5 mM) 
by using 50 mg hydrogel beads, respectively. After 
 NaBH4 treatment, the amounts of anchored metal 
NPs were determined by inductively coupled 
plasma-optical emission spectroscopy (ICP-OES).

Catalytic procedures

The catalytic activity of the as-prepared TCP-
PILH@Au NPs catalysts for the hydrogenation 
of 4-NP was carried out using  NaBH4 as reduct-
ant. Typically, 0.5  mL of 4-NP aqueous solu-
tion (0.5  mM) and 2.5  mL of fresh  NaBH4 solu-
tion (0.1 M) were mixed in a quartz cuvette. Then 
the TCPPILH@Au NPs catalysts were added to 
start the catalytic reaction. UV–vis spectra of the 

(1)Swelling (%) =
[(

Ws −Wd

)

∕Wd

]

× 100

mixture with time were recorded to track the reac-
tion progress.

The apparent rate constant (kapp) values were 
determined by using Eq. (2):

where C0 and Ct refer to the concentration of 4-NP at 
initial time and t time, respectively; A0 and At refer to 
the absorbance (λ = 400 nm) at initial time and t time, 
respectively.

Activation energy (Ea) of the TCPPILH-4@Au 
NPs catalysts was also determined using the Arrhe-
nius equation. Activation enthalpy (ΔH#) and activa-
tion entropy (ΔS#) were determined using the Eyring 
equation (Ilgin et al. 2019; Sahiner et al. 2010b):

where T is the absolute temperature, kB is the Boltz-
mann constant (1.381 ×  10−23  J/K), h is the Planck 
constant (6.626 ×  10−34  J  s), and R is the ideal gas 
constant (8.314 J/(K mol)).

In order to further confirm the catalytic activity 
of the TCPPILH@Au NPs catalysts, the catalytic 
hydrogenation of three typical azo dyes (MO, CR 
and EBT) were also conducted. Typically, 4 mg (dry 
weight) of TCPPILH@Au NPs catalysts were added 
into a mixed solution of 0.5  mL of dye aqueous 
solution (1.5 mM) and 2.5 mL of fresh  NaBH4 solu-
tion (0.1  M). UV–vis spectra of the mixture with 
time were recorded to track the reaction progress.

Characterization

The FTIR spectra were recorded on a Thermo Sci-
entific Nicolet iS50 spectrometer, and the spectra 
were recorded using 32 scans over a 4000–650  cm−1 
range. The X-ray diffraction (XRD) experiments were 
performed on a PANalytical X’pert Powder X-ray 
diffractometer. The patterns with CuKα radiation 
(λ = 0.15406 nm) at 40 kV and 30 mA were recorded 
in the region of 2θ from 5 to  70°. Thermogravimet-
ric analysis was performed on a TGA instrument 
(STA 409 PC, Netzsch, Germany) in an atmosphere 
of nitrogen from room temperature to 800  °C at a 

(2)ln
(

Ct∕C0

)

= ln
(

At∕A0

)

= −kappt

(3)Arrhenius equation ∶ lnkapp = lnA −Ea∕RT

(4)
Eyring equation: ln

(

kapp∕T
)

= ln
(

kB∕h
)

+ ΔS#∕R−ΔH#∕RT
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heating rate of 10 °C/min. The elemental analysis (C, 
H, N, S) was performed on a Vario EL Cube Elemen-
tar analyzer. The surface element composition was 
measured using a Thermo Scientific K-Alpha X-ray 
photoelectron spectrometer. The morphology of 
hydrogel beads was observed by scanning electron 
microscopy (SEM, JSM-7500 F, JEOL). The trans-
mission electron microscope (TEM) analysis was 
carried out with a FEI Tecnai G2 F20 electron micro-
scope. The UV–vis measurements were conducted on 
a Shimadzu UV-2700 UV/vis spectrophotometer. The 
metal amount adsorbed in the hydrogel beads was 
determined using Agilent 5110 ICP-OES. Prior to 
determination, the solid samples were treated by acid 
digestion assisted by microwave using aqua regia.

Results and discussion

Preparation of TCPPILH and TCPPILH@Au NPs 
catalysts

The study started with the successful dissolution 
of chitosan in a new 0.67 M MPA aqueous solution 
(molar ratio of –NH2 of chitosan to –COOH is 1:1.8, 
TCPPILH-1 in Table  1). It was found that with the 
addition of chitosan under mechanical stirring at 
80 °C for 6 h, a transparent and viscous solution was 
achieved, indicating the successful dissolution of chi-
tosan. This was also further confirmed by a polariza-
tion optical microscope (POM), demonstrating the 
disappearance of crystalline structure of chitosan, as 
shown in Fig. 1A and B. With the new chitosan solu-
tion in hand, we subsequently extruded the solution 
(Fig. 1C) into ethanol through a syringe needle, and a 
gelation phenomenon occurred immediately. Regret-
fully, the attempt of using the pure MPA-chitosan 
solution for the preparation of satisfactory TCPPILH 
is not successful via the typical solution-gelation 

Fig. 1  Polarizing images of A chitosan suspended in MPA 
aqueous solution and B chitosan dissolved in MPA aqueous 
solution, pictures of C chitosan/MPA aqueous solution, D 

TCPPILH beads (TCPPILH-4) and E TCPPILH@Au NPs cat-
alysts, and F swelling properties of TCPPILH-3 to TCPPILH-7
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transition in ethanol and the TCPPILH-1 are too frag-
ile to get self-supporting ability. The main reason is 
that the linear MPA and chitosan derived poly(PILs) 
is water-soluble. To our delight, with the increase in 
the molar ratio of MSA to MPA (Table  1), a series 
of TCPPILH beads were successfully prepared by 
the chitosan/MSA/MPA solutions, and the MSA 
could act as a crosslinker due to the ionic interactions 
between amino groups and the two carboxylic groups 
(Scheme  1), thus facilitating the formation of satis-
factory gel. Regular spherical hydrogel beads with 
smooth surface and adequate structural integrity were 
achieved (Fig. 1D). It was found that at higher content 
of MSA, it was practically difficult to be handled to 
prepare TCPPILH-6 and TCPPILH-7 due to the high 
viscosity caused by a higher degree of crosslinking. 
Figure 1F shows the swelling properties of the TCP-
PILH beads, and the swelling ratio of TCPPILH-3 
to TCPPILH-7 are determined to be 847% to 553%, 
respectively, indicating that the swelling ratio is sig-
nificantly correlated with the crosslinking degree.

With the successful preparation of the TCP-
PILH beads, the rich content of thiol moieties in 
the gel stimulated us to identify their Au anchoring 
capability. The addition of TCPPILH into neutral-
ized  AuCl4– solution under gentle shaking and fol-
lowed by washing with deionized water and reduc-
tion with  NaBH4 solution achieved TCPPILH@Au 
NPs catalysts. This process was associated with the 
color change from white (Fig. 1D) to black (Fig. 1E). 
The EDS spectra of TCPPILH-4@Au NPs illustrate 
that the Au NPs are not homogeneously distributed 
in the hydrogel beads; that is, a negative gradient of 
the amount of anchored Au NPs exists from the sur-
face to the interior of the hydrogel beads (Fig. S1). 
The whole content of the anchored Au NPs in the 

TCPPILH based on at least thirty dried beads were 
determined by ICP-OES, and the results are shown 
in Table  1. It was found that the loading amount of 
Au NPs are 68.1, 151.5, 114.8, 93.8 and 59.8  mg/g 
for TCPPILH-3, TCPPILH-4, TCPPILH-5, TCP-
PILH-6 and TCPPILH-7, respectively, indicating that 
the amount of anchored Au NPs highly correlates 
to the feed ratio of MPA and MSA in the prepara-
tion of TCPPILH beads. The initial increasing and 
then decreasing tendency of the Au content in the 
TCPPILH with the increase in molar ratio of MSA 
to MPA demonstrates the synergetic effect of cross-
linked hydrogel network and the content of thiol 
moieties on the anchoring capability to Au. To fur-
ther demonstrate the important role of thiol moieties 
in the hydrogel, a hydrogel similar to TCPPILH-4 
was prepared by using chitosan, 3-hydroxypropionic 
acid and malic acid (chemical structure, Fig. S2), 
and it was found that the loading capacity of Au NPs 
by this hydrogel is only 3.5  mg/g (Fig.  2A). These 

Fig. 2  A The anchoring 
amount of TCPPILH-4 for 
different kinds of metal 
NPs. The last column (Au* 
column) represents the Au 
NPs anchoring amount for 
a similar chitosan hydrogel 
prepared by 3-hydroxypro-
pionic acid and malic acid. 
B Selective adsorption of 
Au.3+ from a laboratory 
mimicked wastewater by 
TCPPILH-4

Fig. 3  FTIR spectra of native chitosan, TCPPILH-4, and TCP-
PILH-4@Au NPs catalysts
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comparative results further indicate that the high 
loading amount of Au NPs mainly results from the 
strong Au–S bonding between gold and thiol groups 
in the hydrogel beads (Laomeephol et  al. 2020; Lin 
et al. 2021; Wang et al. 2017).

It is also found that the TCPPILH has specific 
anchoring capacity to Au, which is evidenced by the 
low anchoring capacity of TCPPILH-4 to Ni, Cd, 
Co and Mn NPs (Fig.  2A). The selective adsorp-
tion experiment was further carried out by using a 
laboratory mimicked wastewater containing  Au3+, 
 Ni2+,  Cd2+,  Co2+ and  Mn2+ ions (Zhao et al. 2019a, 
2019b). As shown in Fig. 2B, it can be observed that 
the TCPPILH-4 hardly adsorbs the coexisting ions, 

while almost all  Au3+ ions can be adsorbed. This is 
attributed to the stronger affinity of gold ions with 
S and/or N on TCPPILH-4 than other kinds of ions. 
The findings demonstrate the potential of this TCP-
PILH for Au enrichment from industrial waste water 
and metallurgical industry (Zhao et al. 2019a, 2019b). 
These results also further confirm the strong driv-
ing force of Au-thiol chemistry in the preparation of 
TCPPILH@Au NPs catalysts.

Fig. 4  A XPS full scan spectrum, high resolution spectra of B 
C 1 s and C N 1 s of native chitosan; D XPS full scan spec-
trum, high resolution spectra of E S 2p and F N 1 s of TCP-

PILH-4 beads; high resolution spectra of G Au 4f, H S 2p and 
I N 1 s of TCPPILH-4@Au NPs catalysts
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Characterization of TCPPILH and TCPPILH@Au 
NPs catalysts

The structure evolution is clearly indicated by the 
FTIR spectra (Fig.  3). For TCPPILH-4, the peak at 
1595   cm−1 assigning to N–H stretching of amino 
groups for native chitosan disappears, and the 
strong band of carbonyl stretching vibration at about 
1700  cm−1 of MPA and MSA (Fig. S3) is also absent. 
And the newly formed peak at 1560   cm−1 can be 
attributed to the overlapped band between the asym-
metric deformation of –COO– and the variable angle 
vibration absorption of –NH3

+ (Ghosh et  al. 2014). 
The minor peak at 2510  cm−1 can be assigned to the 
symmetric stretching vibration of –SH. These results 
indicate the successful preparation of cross-linked 
polymer matrix via protonation reaction between 
chitosan, MPA and MSA (Huang et  al. 2007). The 
spectrum of TCPPILH-4@Au NPs indicates that the 
band intensity assigning to MPA and MSA decreases, 
indicating the leaching of MPA and MSA during the 
NPs preparation process due to the basicity of  NaBH4 
aqueous solution, which destroyed the electrostatic 
interactions between chitosan, MPA and MSA. This is 
also evidenced by the element analysis results, show-
ing that the S element is 6.27% in the TCPPILH-4, 
and 0.71% in TCPPILH-4@Au NPs (Table  S1). 
Direct treatment of TCPPILH-4 with  NaBH4 aqueous 
solution achieved similar results (Fig. S4). In addi-
tion, for the TCPPILH-4@Au NPs sample, the slight 
blue shift of N–H stretching of amino groups from 
1595 (native chitosan) to 1584   cm−1 (TCPPILH-4@
Au NPs) implies the interaction between N atoms and 
Au NPs.

XPS analysis was further conducted to charac-
terize the chemical constitution of native chitosan, 
TCPPILH-4 and TCPPILH@Au NPs (Fig. 4). It can 
be seen that only C, O and N exists in native chi-
tosan (Fig. 4A). The high resolution C 1 s spectrum 
of native chitosan can be deconvoluted into three 
types of carbon species (Fig. 4B), including 285 eV 
(C–C and/or C–H bonds), 286.4  eV (C–N, C–O 
and/or C–O–C bonds), and 288.0  eV (O–C–O and/
or C=O groups in residual chitin-like rings) (Kang 
et  al. 2010; Zhao et  al. 2019a, 2019b). And there is 
only one single N 1 s peak at 399.5 eV in the N 1 s 
spectrum of native chitosan (Fig. 4C). For the TCP-
PILH-4 beads, C, O, N and S exist in the full scan 
spectrum (Fig.  4D). The binding energy of S 2p 

bands at 164.0 eV (Fig. 4E) is close to the reported 
values (Castner et al. 1996; Laiho et al. 2003). The N 
1 s peak (Fig. 4F) exhibits two peaks: 400.0 eV cor-
responding to neutral N in the forms of –NH2 and/or 
–NH groups, and 402.2  eV assigning to protonated 
N (–NH3

+), indicating that the protonation reac-
tion between chitosan and MPA as well as MSA is 
an equilibrium reaction (Dambies et  al. 2001; Kang 
et al. 2010). Figure 4G shows high resolution Au 4f 
spectrum of TCPPILH-4@Au NPs, and this spectrum 
consists of two peaks at 84.0 and 87.8 eV assigning 
to Au  4f7/2 and Au  4f5/2 energy levels, respectively. 
This is nearly identical to reported literature, indicat-
ing a metallic Au(0) state (Zhao et al. 2019a, 2019b; 
Zhou et  al. 2018). Furthermore, after loading Au 
NPs, the weakness of S 2p peak (Fig.  4H) and the 
disappearance of protonated N (Fig.  4I) suggest the 
transformation of the protonated N to its neutral form 
and removal of some MPA and MSA, which is in 
accordance with the FTIR results as shown in Fig. 3. 
The peak of N shifts to a higher binding energy 
(399.4 eV) as compared to the N peak of native chi-
tosan (399.0 eV), suggesting the interaction between 
the N atoms and Au NPs. Although  NaBH4 treatment 
would partially destroy the ionic interactions between 
chitosan and MPA/MSA during the reduction of  Au3+ 
to Au NPs, the Au NPs can still be readily anchored 
in the TCPPILH beads through the synergistic effect 
of Au–S chemistry and N atoms. These integrated 
results reveal that the thiol groups in the hydrogel 
beads can be regarded as sacrificial groups. That is, 
although the poly(protic ionic liquids) structure is 
substantially destroyed in the  NaBH4 treatment in 
order to prepare Au NPs, the design of thiol-function-
alized hydrogel structure contributes to the selective 
adsorption of  Au3+ and thus leads to an impressive 
anchoring amount of Au NPs.

The thermo-stability of chitosan and TCPPILH-4 
was evaluated, and the TG-DTG curves of native 
chitosan and TCPPILH-4 are given in Fig. S5. Dif-
ferent from the two-stage weight loss of native chi-
tosan, the TCPPILH-4 sample mainly involves 
three decomposition stages. The first stage around 
50–120  °C can be attributed to water evaporation. 
The second stage occurring at 195 °C of TCPPILH-4 
is mainly ascribed to the degradation of PILs moieties 
from MPA and MSA (Zhang et  al. 2020). The third 
stage begins from ~ 250  °C and reaches a maximum 
at ~ 300  °C, which is similar to the native chitosan 
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sample; therefore, this stage can be assigned to the 
decomposition of chitosan chains. This difference 
implies decreased thermal stability for the TCP-
PILH-4 sample, which is in accordance with other 
reports on protonated chitosan structure (Wei et  al. 
2022; Zhang et al. 2022).

The SEM image of TCPPILH-4 shows highly 
porous and interconnected network structure (Fig. 
S6), and after anchoring Au NPs, the porous struc-
ture still remains for TCPPILH-4@Au NPs catalysts 
(Fig. 5A and B). The porous structure of the hydrogel 
is anticipated to facilitate the diffusion of the catalytic 
substrates through these channels. The successful 
anchoring of Au NPs was further confirmed by TEM 
(Fig.  5D and E). Obviously, the Au NPs were suc-
cessfully anchored in the TCPPILH-4 beads with uni-
form spherical shapes, and distributed evenly without 
conspicuous aggregation. The average particle size of 
Au NPs was about 4.20 nm, determined from the size 
distribution histogram of Au NPs. The crystal lattice 
spacing of Au NPs from the HRTEM image (inset in 
Fig.  5E) was 0.235  nm, corresponding to the (111) 
faces of Au NPs (Zhao et  al. 2019a, 2019b; Zhou 
et  al. 2018). The energy dispersive X-ray spectros-
copy (EDX) analysis (Fig.  5F) further indicates the 
presence of Au NPs. XRD pattern of TCPPILH-4@
Au NPs (Fig.  5C) shows sharp diffraction peaks 

at 38.4, 44.5, 64.8 and 77.7°, corresponding to the 
(111), (200), (222) and (311) crystal plains of face-
centered cubic (FCC) Au NPs, respectively (Marcelo 
et  al. 2014; Zhao et  al. 2019a, 2019b; Zhou et  al. 
2018). These results strongly prove the formation of 
Au NPs in the TCPPILH.

Catalytic application

Catalytic performance for aqueous hydrogenation 
of 4‑NP by using TCPPILH‑4@Au NPs catalysts

The catalytic performance of the TCPPILH-4@Au 
NPs catalysts was firstly assessed by using the cata-
lytic hydrogenation of 4-NP to 4-AP with excess of 
 NaBH4 as a model reaction. The absorbance band at 
317 nm of 4-NP solution shifts to 400 nm after addi-
tion of  NaBH4, and the light yellow solution changes 
to a bright yellow one (Fig. S7). Although the reduc-
tion of 4-NP to 4-AP by  NaBH4 is a thermodynami-
cally allowed reaction, it is kinetically restricted with-
out an efficient catalyst (Yan et al. 2018). No obvious 
change can be observed in the absorbance of 4-NP 
at 400  nm without catalysts after 2  h, indicating no 
hydrogenation occurred (Fig. S8). On the contrary, 
in the presence of TCPPILH-4@Au NPs catalysts, 
the hydrogenation reaction can be clearly monitored 

Fig. 5  A, B SEM images of the cross-section of TCPPILH-4@Au NPs catalysts; C XRD pattern, D TEM image (inset: the size dis-
tribution histogram), E HRTEM image, and F EDX spectrum of TCPPILH-4@Au NPs catalysts
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as the gradual decrease in absorbance at 400 nm and 
the emergence of a new peak at 300 nm (assigned to 
4-AP) with an isosbestic point at 314 nm, and the pro-
cess is associated with the color change from bright 
yellow to colorless (Fig. 6A), indicating the efficient 
hydrogenation reaction of 4-NP to 4-AP catalyzed by 
TCPPILH-4@Au NPs catalysts.

In order to study the effect of the catalyst amount 
on the reaction kinetics, a series of catalytic reactions 
with different weight catalysts were carried out at 
25 °C, as shown in Fig. 6B. The kapp values are calcu-
lated according to these fitted curves, as 0.056, 0.132, 
0.217 and 0.271  min−1 for 2, 4, 8 and 12 mg catalysts 
(dry weight), respectively. Obviously, the kapp value 
increases with the increase in the amount of catalysts 
due to the availability of more catalytic sites. The 
TCPPILH-4@Au NPs catalysts present a high kapp 
value similar to that reported for Au NPs supported 
in a thioether-contained hydrogel (Ilgin et  al. 2019) 
or in a chitosan hydrogel (Wu et al. 2015). Reusabil-
ity of these TCPPILH-4@Au NPs catalysts was also 
investigated for five successive times in the hydro-
genation of 4-NP at 25 °C. As shown in Fig. 6C, after 
5 cycles, the reaction yield does not change and only 
13% reduction in the activity is determined, implying 

the good reusability of the TCPPILH-4@Au NPs 
catalysts.

In order to determine Ea, ΔH#, and ΔS#, hydro-
genation of 4-NP was carried out at 25, 35, 45 and 
55  °C in the presence of TCPPILH-4@Au NPs cat-
alysts (Fig.  6D). The kapp values are determined to 
be 0.132, 0.160, 0.227, and 0.330   min−1 for 25, 35, 
45 and 55  °C, respectively. The Ea = 25.14  kJ/mol, 
ΔH# = 27.74 kJ/mol, and ΔS# =  − 131.91 J/(mol K) of 
the reduction of 4-NP are identified in the presence of 
TCPPILH-4@Au NPs catalysts (Fig. 6E and F). The 
kapp, Ea, recovery and recyclability reported in the lit-
erature for the catalytic reduction of 4-NP are sum-
marized in Table S2. The kapp value of TCPPILH-4@
Au NPs catalysts is comparable with the earlier report 
for the gold catalyst. However, the TCPPILH-4@Au 
NPs catalysts are superior to some of the different 
catalysts reported in the literature for the reduction of 
4-NP. The kapp is reported as 0.043   min−1 for water-
washed fly ash supported Fe nanoparticles (Park and 
Bae 2018); as 0.033  min−1 for peptide-based hydrogel 
supported Ag NPs (Paul et  al. 2018); as 0.12   min−1 
for hydrogel supported Co NPs (Sahiner et al. 2010b); 
and as 0.0636   min−1 for hydrogel supported Ni NPs 
(Sahiner et al. 2010a). The Ea value of TCPPILH-4@

Fig. 6  A Time-dependent UV–vis spectra of hydrogenation of 
4-NP catalyzed by the TCPPILH-4@Au NPs catalysts (4 mg) 
in the presence of  NaBH4; B the ln(Ct/C0) plot versus time t 
with different amount of catalysts; C the reusability of the 

TCPPILH-4@Au NPs catalysts (4  mg); D the ln(Ct/C0) plot 
versus time t with the TCPPILH-4@Au NPs catalysts (4 mg) 
at different temperatures; E the Arrhenius plot and F Eyring 
plot of the catalytic hydrogenation of 4-NP
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Au NPs catalysts complies with reported values. The 
Ea was reported as 38.80  kJ/mol for thioether con-
tained hydrogel supported Au NPs (Ilgin et al. 2019); 
as 67.71 kJ/mol for chitosan supported Au NPs (Wu 
et al. 2015); as 34.8 kJ/mol for hierarchical Cu nan-
oparticle-aggregated cages (Jiang et al. 2018); and as 
68.6 kJ/mol for silver-adsorbed waste nanocomposite 
(Giri et al. 2017).

Catalytic performance for aqueous hydrogenation 
of azo dyes by using TCPPILH‑4@Au NPs catalysts

Azo dyes are typical organic pollutes in wastewa-
ter from textile industry and have caused consider-
able environmental problems. Thus the degradation 
of azo dyes in the wastewater from these industries 
is a one of the major tasks nowadays (Manzar et al. 
2019). The azo bond (-N = N-) in the azo dyes can 
be cleaved through hydrogenation into nontoxic 
substances by Au NPs (Alle et  al. 2021; Fu et  al. 
2019; Umamaheswari et  al. 2018). Hence, three 
typical azo dyes, including MO, CR and EBT, were 
employed as pollutant models to evaluate the cata-
lytic performance of the TCPPILH-4@Au NPs cat-
alysts. The characteristic absorption peaks of MO 
(465 nm), CR (486 nm) and EBT (556 nm) decrease 
gradually along with the decoloration of solutions, 
as shown in Fig.  7, indicating the successful deg-
radation of azo dyes. Moreover, a new absorption 
peak at 250 nm appears, indicating the formation of 
aromatic amines (Fan et  al. 2009; Fu et  al. 2019). 
From the corresponding ln(Ct/C0) ~ t fitted curves 
(Fig. S9), the kapp values for MO, CR and EBT are 
determined to be 0.089, 0.149, and 0.094   min−1, 
respectively. All these results illustrate that the 

TCPPILH-4@Au NPs exhibit effective catalytic 
performance in the degradation of azo dyes. The 
successful decolorization of azo dyes was reported 
to be related to the hydrogenation of -N = N- to 
-NH-NH- and then the cleavage of -NH-NH-bonds 
by catalytic hydrogenation (Fu et al. 2019).

Conclusion

Taking advantage of the sustainability nature and 
structure characteristics of chitosan as well as Au-
thiol chemistry, TCPPILH was successful designed 
and prepared through mild protonation reaction of 
chitosan and MPA as well as MSA in water. The find-
ings indicate that the materials properties and Au 
anchoring ability of the TCPPILH are significantly 
correlated with the molar ratio of MPA to MSA, and 
the TCPPILH shows satisfactory material properties 
and highest Au anchoring ability up to 151.5  mg/g 
when the molar ratio of MPA to MSA is set to be 
2:1. Furthermore, the TCPPILH shows selective 
anchoring ability to  Au3+ ions, and the outstanding 
performance in the Au anchoring ability is ascribed 
to synergetic effect of the cross-linked hydrogel net-
work and the rich content of the thiol moieties. The 
as-prepared TCPPILH-4@Au NPs shows satisfac-
tory catalytic activity and reusability in the hydro-
genation of 4-NP to 4-AP, as well as hydrogenation 
degradation of azo dyes by using  NaBH4. The acti-
vation parameters of the hydrogenation of 4-NP are 
calculated as Ea = 25.14 kJ/mol, ΔH# = 27.74 kJ/mol, 
and ΔS# =  − 131.91  J/(mol K). In words, this work 
provides significant insights for the design and prepa-
ration of sustainable functional hydrogel catalytic 

Fig. 7  Time-dependent UV–vis absorption spectra for the hydrogenation of A MO, B CR and C EBT catalyzed by the TCP-
PILH-4@Au NPs catalysts in the presence of  NaBH4
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materials, and the as-prepared TCPPILH has great 
potential in the fields of green aqueous catalytic pre-
treatment of wastewater containing organic pollutes, 
Au enrichment from waste water, and so on. Related 
work is in progress in our lab.
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