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Abstract
Naturally occurring ceramic tubular clay, Halloysite nanotubes (HNTs), having a significant amount of surface hydroxyls 
has been coated by self-polymerized dopamine in this work. The polydopamine-coated HNTs acts as a self-reducing agent 
for  Ag+ ion to  Ag0 in nanometer abundance. Herein, nano size  Ag0 deposited on solid support catalyst has been used to 
mitigate water pollution within 10 min. To establish the versatility of the catalyst, nitroaryl (4-nitrophenol) and synthetic 
dye (methylene blue) have been chosen as model pollutant. The degradation/reduction of the aforementioned pollutants was 
confirmed after taking UV–visible spectra of the respective compounds. All the study can make sure that the catalyst is green 
and the rate constant value for catalytic reduction of 4-nitrophenol and methylene blue was calculated to be 4.45 × 10−3 
and 1.13 × 10−3 s−1, respectively, which is found to be more efficient in comparison to other nanostructure and commercial 
Pt/C nanocatalyst (1.00 × 10−3 s−1).
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Introduction

Recently, applications of organic pollutants, such as dyes 
and derivatives of phenol, are escalated due to extensive 
use in various field such textile, paper, leather industries and 
the uncontrolled discharge of these organic pollutants into 
main stream water leads to environmental hazardousness 
which in turn affects the aquatic life as well as unsuitable 
esthetic facet (Almeida et al. 2009; Choudhary et al. 2017; 
El Qada et al. 2008; Küncek and Şener 2010; Venkatesham 
et al. 2014). Moreover, the presence of the organic dyes in 
the ground water is unsuitable for irrigation and drinking. 
So elimination of these organic pollutants from wastewater 
has been now gained attention towards researchers. Basi-
cally, the dyes and phenol derivatives chemically contain 

a wide range of chemical structures, mainly based on the 
aromatic groups with substitutions. Due to this complex-
ity in its structure, it is very difficult to degrade by physi-
cal, chemical or biological treatments (Forgacs et al. 2004; 
Zhao and Liu 2008). Already various conventional meth-
ods such as biological treatment, flocculation, coagulation, 
chemical oxidation, adsorption, and ozone treatment have 
been adopted for treatment of wastewater to degrade pol-
lutant (Gong et al. 2009). Biological treatment of industrial 
wastewater leads to the formation of toxic material which is 
resistant to degrade by biological treatment. Therefore, the 
separations of these toxic materials require additional cost 
(GarcíaMontaño et al. 2006). On the other hand, the major 
disadvantage of flocculation and coagulation process is the 
production of high amount of sludge and further chemical 
treatment is needed to reduce sludge (Golob et al. 2005). 
Wastewater treatments by ozonization generate sometimes 
carcinogenic small molecules which require simultaneously 
a physical method to prohibit this (Robinson et al. 2001). 
Whereas in case of adsorption process, extra charges deal 
with removal of pollutants from the surface adsorbent and 
treatments of the surface is prerequisite for the next cycles 
(Crini 2005). Only single chemical oxidation process is 
not sufficient to decompose organic pollutant completely. 
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Therefore, after oxidation another treatment of pollutants 
is required for complete destruction (Gupta et al. 2012). 
So, these methods are considered as ineffective degradation 
for further treatments, which results in additional costs and 
makes the process more expensive. But the latest developed 
nanocatalyst decomposes the wastewater pollutants in such 
a way that it neither requires extra cost for further treatment 
nor produces toxic materials that can affect living organism. 
Hence, it is very crucial for choosing a method to ascertain 
an efficient eco-friendly way of pollutants treatment to pro-
tect our environment.

Recently, few studies reported on the novel metal nano-
particles as convincible catalyst for degradation of such pol-
lutants in the presence of visible light under normal atmos-
pheric condition (Mohamed et al. 2012; Raza et al. 2017). 
Degradation of this type of complex pollutant structure 
can be accomplished by increment of optical path length 
of photons commanding towards higher absorption rate 
under localized electrical field (García 2011). Nanoparticles 
showed unique morphology and improve properties, which 
are completely different from their bulk structure (Guruna-
than et al. 2009). Hence, researchers have shown ample 
importance in using nanoparticles for catalytic degradation 
of dyes and phenol derivatives.

Halloysite nanotubes (HNTs),  [Al2Si2O5(OH)4·2H2O] 
naturally abundant eco-friendly and biocompatible kaolin-
ite clay family, belong to hollow tube-like structure (Zhang 
et al. 2013). Layer of abundant aluminum and silicate at a 
ratio of 1:1 is the primary constituent of HNTs and surface 
–OH groups attach to aluminum and silicon making HNTs 

strongly hydrophilic (as shown in Fig. 1) which also pro-
vides further modification to perform through these groups 
(Hebbar et al. 2016). In comparison to other nanomaterials 
like carbon nanotubes (CNT), boron nitride tube, etc., HNTs 
are much inexpensive and easily accessible. Hence, currently 
researchers are trying to explore HNTs as nano-template in 
place of CNT-like expensive materials.

Stimulating by gumminess characteristic of 3,4-dihy-
droxy-L-phenylalaine (commonly known dopamine), which 
is found lavishly in mussel foot proteins (Lee et al. 2007) 
and its polymer, poly-dopamine (PDA) have been com-
prehensively used in diverse range of application such as 
surface modification, metallization from its ionic state, pro-
tein immobilization, biomineralization, cell adhesion, drug 
delivery etc.  (Ganguly et al. 2016; Kang et al. 2010; Ku 
et al. 2010; Lee et al. 2011, 2009; Liu et al. 2012). PDA is 
prepared by simple oxidative polymerization of dopamine 
in the presence of aqueous alkaline solution. Though accu-
rate chemical structure of PDA is still unknown, there is an 
agreement that it is composed of various states of hydro-
genated indole units connected by C–C bond in between 
benzene rings (Liu et al. 2014). The coating of PDA can 
not only strenuously adhere on the surface of organic or 
inorganic surface through polymerization of dopamine but 
also from environmental point of view it is non-toxic and 
biocompatible (Lynge et al. 2015).

Herein, we report a facile and green approach to prepare 
HNTs-supported AgNPs composites using bio-inspired 
in situ oxidative polymerization of dopamine for highly effi-
cient and reusable catalytic reduction of toxic 4-nitrophenol 

Fig. 1  Chemical structure of cross-section of halloysite nanotube
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(4-NP) and degradation methylene blue (MB). HNTs are 
firstly modified by PDA coating and then AgNPs are deco-
rated on the surface of HNTs via adsorption of silver nitrate 
 (AgNO3) and simultaneously in situ reduction by mussel 
inspired PDA. Here, PDA coating not only serves the pur-
pose of reduction but also acts as a stabilizer for the depos-
ited nanoparticles over HNTs surface. AgNPs-decorated 
HNTs catalysts exhibit an efficient catalytic performance 
towards reduction of 4-NP as well as degradation of meth-
ylene blue in the presence of sodium borohydride. Anchored 
AgNPs are so tightly bound on the surface of HNTs that 
the catalyst shows almost same performance after several 
cycles. This highly active and recyclable catalyst would 
endorse as heterogeneous catalytic application, purification 
of water and other separation and purification fields of green 
chemistry.

Experimental

Materials

HNTs having surface area 65  m2 gm−1, dopamine hydrochlo-
ride (≥ 98% pure), tris (hydroxyl methyl) amino methane 
(Tris base, ≥ 99% pure), silver nitrate (ACS reagent ≥ 99% 
pure), 4-nitrophenol (≥ 99% pure), and sodium borohydride 
(ACS reagent, ≥ 98% pure) were obtained from Sigma-
Aldrich and used without further purification. Methylene 
blue was purchased from Loba-Chemie and used as received. 
For all experimental studies, distilled water was used.

Synthesis of PDA‑coated halloysite nanotubes 
(HNTM)

PDA-coated HNTs were prepared in the following pro-
cedure: 300 mg of HNTs was dispersed by sonication in 

100 ml water to obtain HNTs suspension. After half an hour 
sonication, the pH of the suspension was adjusted to 8.5 
by adding Tris–HCl base (10 mM solution maintained at 
pH 8.5). Subsequently, 50 mg of dopamine hydrochloride 
(DOPA) powder was added on to HNTs suspension and 
stirred for next 6 h maintaining temperature at 30 °C. As the 
reaction time progresses, the white color HNTs dispersion 
was changed to black color insoluble PDA-coated HNTs as 
shown in Fig. 2. The black color product was recovered from 
final mixture by centrifugation and followed by thoroughly 
washing with distilled water until the filtrate became color-
less. Finally, solid black color product was obtained after 
drying at 60 °C under reduced pressure for 24 h in vacuum 
drying oven.

Synthesis of AgNPs‑decorated PDA‑coated 
halloysite (HNTAgX) nanocomposite

For synthesis of AgNPs-decorated HNTs, different concen-
tration of silver nitrate solution was prepared in 20 ml water. 
After that 100 mg of PDA-HNTs samples was separately 
dispersed in 80 ml of distilled water using a bath-sonicator 
for half an hour. Then, to each dispersed solution 20 ml of 
different concentrated silver nitrate solution was added to 
maintain 1, 2, 3, 4, 5 and 6 mM silver nitrate conc. in the 
final solution and immediately the mixture was stirred for 
24 h at 30 °C. The synthesized products are denoted by 
HNTAgX where X stands for conc. of silver nitrate. Later, 
gray color AgNPs-decorated HNTs product (shown in the 
Fig. 2) was obtained by centrifugation and washing repeat-
edly with water to remove unreacted silver nitrate. Lastly, 
the centrifuged products were dried at 60 °C under reduced 
pressure for 24 h in drying oven to get AgNPs-decorated 
HNTs. To study the optimum rate constant for catalytic 
reduction of 4-NP in the presence of  NaBH4, we prepared 

Fig. 2  Digital image of aqueous dispersion of a pure HNTs, b HNTM and c HNTAgX
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another three HNTAgX nanocomposites based on 4, 5, and 
6 mM silver nitrate conc.

Catalytic study of p‑nitrophenol (4‑NP) reduction 
and methylene blue (MB) degradation

Catalytic activities of the synthesized nanocomposites 
were evaluated using reduction of 4-NP and degradation 
of MB in the presence of  NaBH4 as model catalytic study 
for reduction of nitrophenol derivatives and degradation 
of synthetic dye, respectively. Aqueous solution of 4-NP 
(20 ml, 1 mM) was stirred with freshly prepared  NaBH4 
(3 ml, 0.2 M). After that, immediately 1 g of synthesized 
catalyst was added to the mixture. Subsequently, in each 
1-min interval aliquot was withdrawn from the reaction 
mixture and UV–vis absorption spectra was recorded to 
monitor the reduction process of 4-NP. The stability of 
the catalysts was evaluated by repeating the same reduc-
tion process for six numbers of cycles with same catalyst. 
After each catalytic conversion, catalysts were separated 
from the reaction mixture by centrifugation and followed 
by repeatedly washing with distilled water and ethanol 
for next cycle. In the study of catalytic MB degradation, 
the same procedure as stated above was followed where 
aqueous solution of MB (50 ml, 3 gm/l) was stirred with 
freshly prepared  NaBH4 (10 ml, 0.2 mM) and 5 mg of 
nanocomposites sample was used.

Characterization technique

The alteration of microstructural changes of HNTs and its 
modified samples were resolute by Fourier transform infra-
red spectroscopy (FT-IR, model spectrum-2, Singapore) 
using KBR pellets with scanning range 600–4000 cm−1 and 
resolution 4 cm−1. To examine the crystalline structure of 
the prepared samples, X-Ray diffraction (XRD, X Pert PRO 
manufactured by PAN analytical B.V. Netherlands) was 
performed using Ni-filtered Cu Kα (λ = 1.534 Å) radiation 
source with rate of scanning 0.005o (2Ɵ/s) from 5° to 80º. 
High-resolution transmission electron microscopy (HRTEM, 
JEM-2100, JEOL, Japan accelerated voltage 200 kV) and 
FESEM (Field emission scanning electron microscope, 
MERELIN with tungsten; Carl ZESISS, SMT, Germany, 
stimulating voltage set to 15 kV) were carried out to ana-
lyze morphology of the prepared samples. For quantita-
tive determination of elements present in the synthesized 
material, during FESEM analysis energy dispersive X-ray 
spectroscopy (EDX) was recorded and evaluated using 
Oxford X-max detector. The diameter of Ag nanoparticles 
was resolute by IMAGE J software using FESEM image. 
Spectra of water dispersed HNTs, HNTM and HNTAgX 
samples and monitoring data of catalytic reduction of 4-NP 

to 4-aminophenol (4-AP) by HNTAgX samples were docu-
mented by UV–Visible spectrophotometer (UV-1601, Shi-
madzu, Japan).

Results and discussion

Morphological properties

Though previously modifications of HNTs have been 
already explored but the process through which modifica-
tion has been done either under strident condition or with 
assorted stages (Mu et al. 2013; Zhang and Yang 2012). 
In our study, catalytic AgNPs-decorated HNTs nanocom-
posites were fabricated via simple two-step process. In 1st 
step negatively charged PDA was used to coat the surface 
of positively charged HNTs in Tris buffer solution where 
dopamine can be spontaneously polymerized to PDA and 
adhere to the HNTs surface. In the next step, positively 
charged amine groups of PDA make a complex with 
 AgNO3 which will be instinctively reduced to metallic 
silver nanoparticles resulting in situ generation of AgNPs 
on the surface of PDA modified HNTs. Basically, PDA 
layers act as a reducing agent as well as provide stabili-
zation for AgNPs on an inexpensive, naturally occurring 
HNTs support.

The morphology and length of HNTs were investigated 
through FESEM image as shown in Fig. 3. HNTs exhibited 
open-ended rod-like structure having more or less uniform 
width about 100 nm. The distribution of lengths obtained 
from FESEM image of HNTs was measured statically and 
its histogram is represented in Fig. 4a. As HNTs are natu-
rally occurring substances, the length of nanotubes (here 
HNTs) lies in a wide range of length distribution. The 
lengths of HNTs were varied from 200 to 1300 nm main-
taining the characteristic of polydispersity which is a com-
mon and trustworthy fact reported (Pasbakhsh et al. 2013; 
Zhai et al. 2010). Fig. 3b shows FESEM image of HNTs 
after surface coated with oxidative polymerized dopamine. 
It is clearly demonstrated that those nanotubes which have 
a tendency to form agglomerate along its axis are likely 
to be isolated from each other. This may be due to HNTs 
coated with negatively charged PDA which repels each 
other. Furthermore, in Fig. 3c, a lot of isolated and ran-
domly distributed white spots were clearly observed on the 
nanotube surface. This white spot indicates the presence 
of AgNPs which were reduced by PDA and deposited on 
the HNTs surface. The diameter of AgNPs was measured 
from Fig. 3c by Image J software and the corresponding 
histogram is represented in Fig. 4b. The average diameter 
of AgNPs after fitting with Gaussian distribution curve 
was found to be 9.06 ± 1.987 nm.
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The elemental analysis of HNTs and HNTM was per-
formed by energy dispersive X-ray spectrum (EDX) which 
shows that HNTs are composed of Al, Si and O (shown 
in Fig. 5a), whereas HNTM is belonged to Al, Si, O and 
C (shown in Fig. 5b). Addition of C as element in HNTM 
appeared from the contribution of PDA indicating success-
ful attachment of PDA on the surface of HNTs. To ratify 
the successful formation of HNTAgX nanocomposites 
along with FESEM, EDX of constitute elements was also 
recorded and represented in Fig. 5c. It clearly shows that 
the intensity of Si and Al is very high in comparison to 

Ag indicating small amount of AgNPs distributed over the 
circumference of nanotubes. EDX analysis also revealed 
that the presence of carbon and high intensity oxygen peak 
(contribution of both PDA and HNTs) signifies a success-
ful coating of PDA over HNTs.

Figure 6 represents TEM images of HNTs, HNTM 
and HNTAgX. TEM image of HNTs (Fig. 6a) revealed 
that the halloysite samples exhibit open-ended hollow 
cylindrical geometry. The length of the tube is around 
400 nm and the diameter is in the range of 50 nm. After 
modification with dopamine, HNTM showed increase 

Fig. 3  FESEM image of a pure HNTs, b PDA-coated HNTs (HNTM) and c HNTAgX nanocomposites

Fig. 4  a Histogram of length distribution of HNTs and b particle size distribution of AgNPs obtained from FESEM image of Fig. 3a, c, respec-
tively
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wall thickness (Fig. 6b) indicating successful coating of 
HNTs by polymerization of dopamine. The inset of this 
Fig. 6b clearly exhibits distinct coating of PDA layers on 
the surface of HNTs. The increase in wall thickness is 
found to be ≈ 20 nm (measured by IMAGE J software). 
Figure 6c of HNTAgX clearly represents that black spots 

of spherical shape AgNPs, having diameter in the range 
of 10-20 nm, were attached to the surface of cylindrical-
shaped HNTs. The inset of Fig. 6c exhibits selected area 
electron diffraction (SAED) pattern of HNTAgX nano-
composite. The ring-shaped diffraction pattern implies 
that the particles present in the nanocomposites are 

Fig. 5  EDX spectrum of a pure HNTs, b HNTs modified with PDA and c HNTAgX nanocomposite

Fig. 6  TEM images of a pure HNTs, b PDA-coated HNTs (HNTM) and c HNTAgX nanocomposite. The inset of b shows distinct thin layer 
polydopamine coating of about ~ 20 nm thickness upon HNTs and the inset of c represents SAED pattern of HNTAgX nanocomposite
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polycrystalline in nature (Annamalai and Nallamuthu 
2016; Liu et al. 2010).

XRD pattern

X-ray diffraction pattern of HNTs, MHNT and HNTAgX is 
represented in Fig. 7. For HNTs sample, all noticeable peaks 
are very much close to the characteristic peak of halloysite 
(JCPDS No. 29-1487) (Zhong et al. 2014). After modifi-
cation with polydopamine (PDA), there is no observable 
change indicating that coating with PDA does not affect the 
crystalline structure HNTs. XRD pattern of all HNTAgX 
samples exhibits distinct peak at 2Ɵ = 38.4°, 44.5°, 64.7 
and 77.7 along with characteristic HNTs peaks. The added 
peak positions can be harmonized with (111), (200), (220) 
and (311) planes of face-center cubic silver nanoparticle 
(JCPDS No.04-0783) (Ganguly et al. 2017; Zia et al. 2016). 
The full width at half maximum (FWHM) values was cal-
culated for both HNTs and AgNPs from their correspond-
ing broadness (001) and (111) reflection plane, respectively. 
Later, well-known Debye–Scherrer equation was used to 
measure crystallite sizes (Holzwarth and Gibson 2011). 
The mean crystallite size of HNTs and AgNPs was found 
to be 50 and 12.26 nm, respectively. The size obtained from 
broadening of XRD peaks was well consistent with results 
obtained from FESEM and TEM results. It suggested that 
silver nanoparticles were successfully synthesized by PDA 
on the surface of HNTs (Liu et al. 2010).

FT‑IR studies

FT-IR spectra of HNTs and HNTM were accomplished and 
represented in Fig. 8. From the figure, it is clearly noticed 
that HNTs exhibit strong absorption peak at 905 cm−1 due 
to the presence of Al–OH groups. The peak at 3692 and 
3625 cm−1 was attributed to hydroxyl groups attached to the 

surface of HNTs molecules. Other strong peaks appearing 
around 1000 cm−1 and in between 800 and 500 cm−1 were 
corresponding to Si–O bond stretching and bending, respec-
tively (Krishnaiah et al. 2017). HNTM showed a broad band 
around 3400 cm−1 due to the stretching of –NH2 groups and 
another new peak appeared at 1655 cm−1 attributed to the 
presence of carbonyl moiety of PDA molecules. The char-
acteristic peaks associated with HNTs remained also intact 
in HNTM though changes of peaks intensity may take place 
and small shifting of peaks signified chemical interaction 
between HNTs and PDA (Chao et al. 2013). These results 
indicate that PDA-modified HNTs (HNTM) were synthe-
sized favorably.

UV–visible absorption studies

UV–visible absorption spectroscopic studies of water dis-
persed HNTs, HNTM and HNTAgX samples are represented 
in Fig. 9. UV–vis absorption spectra of dispersed HNTs and 
HNTM exhibited no characteristic absorption peak in the 
spectral region, while HNTAgX samples showed broad 
absorption band around in the range of 400 to 425 nm. This 
characteristic absorption band emanated due to surface 

Fig. 7  XRD pattern of pure HNTs, PDA-coated HNTs (HNTM) and 
various concentration AgNPs loaded HNTAgX nanocomposites

Fig. 8  FT-IR spectra of pure HNTs and PDA-coated HNTs (HNTM)

Fig. 9  UV-Visible spectra of aqueous dispersion of pure HNTs, PDA-
coated HNTs (HNTM) and various concentration AgNPs-loaded 
HNTAgX nanocomposites
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plasma resonance (SPR) of AgNPs decorated on the surface 
of HNTs (Kumar-Krishnan et al. 2015).

Application of synthesized catalysts

4‑Nitrophenol (4‑NP) reduction studies

The catalytic activity of Ag/HNTs nanocoposites was exam-
ined by way of reduction 4-NP to 4-aminophenol in the pres-
ence of  NaBH4 as a model pseudo-first-order reaction. Such 
type of reaction catalyzed by novel metal particles has been 
comprehensively reported as this reaction can be easily mon-
itored by UV–visible spectroscopy (Das et al. 2017; Hervés 
et al. 2012; Hu et al. 2015; Krishna et al. 2016; Majumdar 
et al. 2016). Figure S1 shows representative time-dependent 
UV–visible absorption spectra of reduction of 4-NP in the 
presence of  NaBH4. On addition of Ag/HNTs nanocom-
posites to the reaction mixture, the bright yellow color of 
the mixture slowly changes to colorless with time as shown 
in Fig. 10. The characteristic UV–visible absorption peak 
at 400 nm of 4-NP in the presence of  NaBH4 disappeared 
within 10 min and a new absorption peak at 300 nm, due to 
the formation of 4-AP, increased as the reaction progressed 
with time. After 10 min, no absorption peak at 400 nm is 
noticeable indicating almost complete reduction of 4-NP. As 
200 times excess concentration of  NaBH4 (0.2 M) was used 
in comparison to that of 4-NP (1 mM), it can be assumed 
that the concentration of  NaBH4 remained constant through-
out the reduction reaction. Hence, in order to determine the 
rate constant of this reaction pseudo-first-order kinetic can 
be implemented. The pseudo-first-order kinetic equation of 
reduction of 4-NP could be given as follows:

(1)ln

(

A
t

A0

)

= −kapp t

where At and A0 are the concentrations of 4-NP at time t = t 
and t = 0 obtained from intensity of absorption peak at 
400 nm, kapp = apparent rate constant and t = time. Exponen-
tial decay plot of (At/A0) versus time (as shown in Fig. 11a) 
indicates that the reduction reactions follow first-order reac-
tion kinetics. A liner correlation of ln (At/A0) versus time 
(Fig. 11c) also suggests the reduction reaction dawdles 
first-order reaction kinetics. The rate constants (k) for reduc-
tion of 4-NP obtained from liner relation for each catalytic 
HNTAgX nanocomposites have been shown in Table 1.The 
rate constant and time required for catalytic conversion of 
4-NP are higher than commercially available Pt/C nanocata-
lyst (Liu et al. 2015) and previous reported results (as shown 
in Table 2) (Cao et al. 2017; Hareesh et al. 2016; Sahoo 
et al. 2014; Wang et al. 2012, 2013, 2015). To determine 
the ideal concentration of  AgNO3 at which rate constant 
of catalytic reduction will be maximum, we performed the 
catalytic reduction of 4-NP in the presence of  NaBH4 for 
six different HNTAgX nanocomposite. Plot of At/A0 versus 
reaction time is shown in Fig. 11a. The exponential decrease 
of curve is faster as we shifted from HNTAg1 to HNTAg5 
nanocomposite. But for HNTAg6 nanocomposite, the expo-
nential decrease is not so significant in comparison to that 
of HNTAg5 nanocomposite. These two nanocomposites 
curves almost overlap with each other. The comparison is 
clearly established after liner fitting of the data (shown in 
Fig. 11b) and rate constant (kapp) obtained from the slope 
is represented in the Table 2. Plot of rate constant versus 
 AgNO3 concentrations is represented in Fig. 11c. It undoubt-
edly demonstrated that kapp value continuously increases 
with incremental addition of  AgNO3 up to 5 mM (HNTAg5 
nanocomposite) and after that kapp value for 6 mM  AgNO3 
(HNTAg5 nanocomposite) decreases. But the decrease in 
kapp value for 6 mM is very small (more or less constant). 
Hence based on the observation, it can be implied that 5 mM 
(HNTAg5 nanocomposite) is the optimum concentration of 
 AgNO3 for catalytic reduction of 4-NP in the presence of 
 NaBH4. The variation of rate constant of nanocomposites 
mainly depends on the size of the nanoparticles, amount 
of nanoparticles formed and aggregation of them which 
directly related to the synthesis parameters such as reaction 
time, concentration of reducing agent (here PDA), pH of 
the medium and molar ratio of reducing agent to metal salts 
added as precursor for nanoparticles (Wang et al. 2017). 
During the synthesis of AgNPs in our work, as all other 
synthesis parameters are kept fixed except molar ratio of 
reducing agent to metal salt, it can affect morphology of the 
synthesized AgNPs over HNTs surface. Lower amount of 
AgNPs is easily achievable by adding lower amount of metal 
salts, whereas an increasing amount of metal salts leads to 
the formation of aggregation(Sobczak-Kupiec et al. 2011; 
Zeng et al. 2013). Here in our work, the ability of PDA to 
reduce salt into AgNPs is feasible up to 5 mM concentration 

Fig. 10  Representative time-dependent UV–vis spectra of 4-NP 
reduction in the presence of  NaBH4 by nanocomposite
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of  AgNO3 and beyond this formation of aggregation takes 
place which reduces the rate constant to some extent. Hence, 
enhanced catalytic activities of the nanocatalyst indicate that 
the catalyst can be used in purification of water and other 
separation and purification from hazards 4-NP.

Methylene blue degradation studies

To investigate the diversity of as-prepared Ag/HNTs nano-
catalyst, the catalytic reduction of methylene blue (MB) was 
also studied as model pseudo- first-order reaction due to its 
rapid and easy analysis (Xie et al. 2014). MB shows two 
characteristic UV–vis peaks at 668 and 608 nm due to the 
existing equilibrium between MB and its dimer (as shown 
in Fig. S2) (Patil et al. 2000). Reduction process could be 
monitored by decrease of maximum absorption peak at 
668 nm (characteristic peak of MB) with time in UV–visible 
spectra and ratified by gradual change in color of the MB 
solution after addition of nanocatalyst and  NaBH4. Without 
addition of nanocatalyst, mixed solution of MB and  NaBH4 
showed no noticeable color change for several hours indicat-
ing either MB cannot reduce only in the presence of  NaBH4 
or rate of reduction is very slow (as shown in Fig. S3). But 
immediately after addition of nanocatalyst, blue color of 
the solution disappeared within 8 min and finally became 

Fig. 11  a Plot of At/A0 versus reaction time b plot of ln (At/A0) versus reaction time for catalytic reduction of 4-NP in the presence of  NaBH4 for 
different HNTAgX nanocomposite sample and c plot of concentration of silver nitrate versus rate constant obtained from (b)

Table 1  Obtained rate constant along with regression coefficient of 
different catalytic nanocomposites towards reduction of 4-NP

Nanocomposites Rate constant  (s−1) R-square 
value of liner 
fit

HNTAg1 2.57 × 10−3 0.99578
HNTAg2 3.16 × 10−3 0.98953
HNTAg3 4.45 × 10−3 0.99035
HNTAg4 5.65 × 10−3 0.98466
HNTAg5 6.35 × 10−3 0.98015
HNTAg6 6.28 × 10−3 0.99123
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colorless indicating successful reduction of MB. Representa-
tive time-dependent UV–visible absorption spectrum of MB 

reduction is demonstrated in Fig. 12. It clearly exhibits that 
characteristic maximum absorption peak at 613 nm (due to 
MB-dimerization) and 668 nm (due to MB) slowly decreases 
with time. The result signifies the formation of leuco-meth-
ylene blue after reduction of MB by nanoctalysts (Woo and 
Park 2014). As the concentration of  NaBH4 used in reduc-
tion reaction is higher and assumed to be remain constant, 
pseudo-first-order kinetic can also be applied like 4-NP 
reduction to determine the rate constant of the reaction. 
Figure 13a, b shows the plot of (At/A0) versus time and liner 
relation of plot ln(At/A0) versus time which validates first-
order kinetic MB reduction in the presence of  NaBH4 over 
nanocatalyst surface. The rate constant (k) obtained from the 
slope of liner relation for each nanocomposites is tabulated 
in Table 3 which is higher than the previously published 
results (shown in the Table 4) (Das and Velusamy 2014; Luo 

Table 2  Comparison of rate 
constant and time of 4-NP 
reduction

Italics words are used to emphasize on our results

Serial no. Nanocomposites Rate constant  (s−1) Time References

1 Reduced GO/Pt-Ni 1.12 × 10−3 30 min Sahoo et al. (2014)
2 Pt @mesoporous alumina 3.26 × 10−3 18 min Wang et al. (2015)
3 SiO2@nano-Ag 3.56 × 10−3 12 min Wang et al. (2013)
4 Ag/HLaNb2O7 3.01 × 10−3 8 min Wang et al. (2012)
5 Ag0@ CMP 1.36 × 10−3 60 min Cao et al. (2017)
6 Ag-Au-rGO 3.47 × 10−3 6 min Hareesh et al. (2016)
7 Our work (HNTAg3) 4.45 × 10−3 8 min –

Fig. 12  Representative time-dependent UV–vis spectra of MB degra-
dation in the presence of  NaBH4 by nanocomposite

Fig. 13  a Plot of At/A0 versus reaction time and b plot of ln (At/A0) versus reaction time for catalytic degradation of MB in the presence of 
 NaBH4 for different HNTAgX nanocomposite sample
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et al. 2015; Patel et al. 2007; Yao et al. 2014). The distin-
guished catalytic activity towards MB reduction may be due 
to electrostatic interaction between positively charge MB 
molecules and negatively charged PDA molecules resulting 
in rapid deposition of MB molecules on the surface of the 
catalytic surface (Ma et al. 2015). So, catalytic activity of 
nanocatalyst and rate of MB are greatly improved.

Mechanism of catalytic activity

The catalytic reduction of 4-NP in the presence of  NaBH4 
on the surface of noble metal nanoparticles is considered to 
follow Langmuir–Hinshelwood mechanistic pathway. Fig-
ure 14a represents possible three steps mechanistic pathway 
of catalytic reduction. In the 1st and 2nd step both p-nitro-
phenolate ion and  BH4− are adsorbed on the surface of 
AgNPs decorated on the surface of HNTs. Previous studies 
reported that this adsorption on the surface of nanoparticles 
is very fast and assumed to be reversible in nature (Wunder 
et al. 2010). Finally in the last step, transfer of hydrogen spe-
cies from  BH4− to adsorbed p-nitrophenolate ion the last step 
is the rate-determining step of the catalytic reduction and the 
release of 4-AP from the surface of AgNPs takes place to 
undergo recycle. Most important steps of catalytic reduction 
are shown in Fig. 14b. Introduction of AgNPs on the surface 
of HNTs increases the rate of catalytic reduction reaction 
significantly due to lower work function of Ag (4.26 eV) and 

Table 3  Obtained rate constant along with regression coefficient of 
different catalytic nanocomposites towards reduction of MB

Nanocomposites Rate constant  (s−1) R-square 
value of 
liner fit

HNTAg1 6.63 × 10−4 0.97173
HNTAg2 9.64 × 10−4 0.96892
HNTAg3 1.13 × 10−3 0.96111

Table 4  Comparison of rate 
constant and time of MB 
degradation

Italics words are used to emphasize on our results

Serial no Nanocomposites Rate constant  (s−1) Time References

1 Au@TA-GH 3.2 × 10−5 9 min Luo et al. (2015)
2 Au@polypyrrole/Fe3O4 4.6 × 10−5 42 min Yao et al. (2014)
3 AuNPs stabilized by sesba-

nia grandiflora L
6.88 × 10−4 51 min Das and Velusamy (2014)

4 Ag@SiO2nanofiber 0.05183 × 10−5 8 min Patel et al. (2007)
5 Our work 1.13 × 10−3 10 min –

Fig. 14  a Proposed mechanism of reduction of 4-NP to 4-AP by catalytic sample and b schematic illustration of steps of catalytic reduction of 
4-NP
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it has the tendency to release electron more easier compared 
to the other noble metals (Akbarzadeh et al. 2017). Though 
surface areas of the nanoparticles have remarkable effect 
on catalytic reduction, organic–inorganic hybrid structure 
support for AgNPs may also contribute to reduction rate by 
increasing adsorption ability of reactant.

Reusability of the synthesized catalysts

For practical purpose, in addition to catalytic activity reus-
ability and stability of the nanocatlyst are other important 
concerns. So, these two parameters of our nanocatalyst were 
appraised with reduction of 4-NP and MB in the presence 
of  NaBH4. Figure 15 shows catalytic conversion efficiency 
of 4-NP and MB during recycling process catalyzed by 
HNTAg3 nanocatalyst. The catalyst can be successfully 
accomplished for eight cycles maintaining conversion effi-
ciency around 98% which signified robustness towards recy-
cling process. The stability of the catalyst is provided by 
strong interaction between Ag nanoparticles and PDA layer 
over HNTs surface.

Conclusion

In summary, we have manifested a simple facile green way 
to synthesize AgNPs-decorated HNTs-supported catalytic 
nanocomposites using mussel inspired PDA chemistry. 
The firmly bounded AgNPs deposited on the surface of 
PDA-coated HNTs where PDA layers not only function as 
reducing agent but also provide stabilization for in situ syn-
thesis of AgNPs. Synthesis of catalytic nanocomposite is 
very simple, rapid and environmental friendly according to 
the concept of green chemistry as the chemicals used for 
this reaction are not hazardous as well as treatment not so 
complicated. The HNTAgX nanocomposites show highly 
efficient catalytic activity towards reduction of 4-NP and 

degradation of MB in the presence of very minute amount of 
catalytic samples. In addition to these, the catalytic samples 
can be reused for eight cycles without too much loss of its 
catalytic activity. Contemplating its simple green synthe-
sizing process, highly efficient catalytic activity and reus-
ability, the HNTAgX nanocomposites can be potentially 
applied in catalytic application, purification of wastewater 
and also other separation and purification fields of industrial 
application.
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