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Rapid Gram-Scale Synthesis of Au/Chitosan Nanoparticles catalysts by 
Using Solid Mortar Grinding
K. Paul Reddy a, R. S. Meerakrishnab, P. Shanmugamb, Biswarup Satpatic and A. Murugadoss*a

Owing to the abundant functional groups present in the chitosan polymer, high density catalytic tiny gold particles 
with greater dispersion can be anchored on chitosan powder by using simple mortar and pestle. Chitosan supported gold 
nanoparticles (NPs) with excellent control of size and shape has been synthesized rapidly in gram-scale by solid-grinding 
without the need of any toxic solvents. The structure of the catalysts and products was established by advanced 
instrumental and spectroscopic methods. The supported gold NPs possesses as heterogeneous catalyst for the 
homocoupling of phenylboronic acid and the aerobic oxidation of benzyl alcohol in water. The catalytic behaviour and 
activity of the supported gold NPs was tuned/modulated by varying the ratio of chitosan polymer and gold precursor. 
Comparative studies showed that the solid chitosan supported gold catalyst exhibits superior catalytic activity and 
selectivity than the well known hydrophilic polymers stabilized gold NPs catalysts prepared by conventional solution based 
methods.

Introduction
The gram scale synthesis of highly stable with excellent size 

and shape controllability of gold nanoparticles (NPs) catalysts 
is continuing as one of the attractive research areas in various 
fields of science and technology, specifically in catalysis1-4. The 
unique catalytic performance of polymer protected nanogold 
catalysts has been demonstrated in a number of chemical 
transformations such as alcohol oxidations5-7, carbon-carbon 
bond formation reactions8-10, and hydrogenations11 etc. In the 
last two decades, various hydrophilic functional polymers such 
as poly vinyl alcohols, thiol linked polyethylene glycol, poly 
vinyl 2-pyrrolidone, starch, and cellulose have been used as 
stabilizers as well as capping agents for the synthesis of well-
defined size and shape tuneable colloidal nanogold catalysts12-

17. In contrast to solid metal oxide support, this hydrophilic 
polymers act as a catalytically inert stabilizer by multiple 
coordination sites, which weakly bound to gold NPs surface 
without affecting the intrinsic chemical properties of gold. 
Multifunctional groups present in the hydrophilic polymers 
have also potential to control both catalytic activity by 
donating the electronic charge and selectivity by activating the 
substrates during the catalytic reactions18-19. 

These unique features make the colloidal nanogold as 
promising model catalysts for fundamental studies of 
heterogeneous catalysis.  

Although significant progresses have been made for the 
synthesis of such polymers stabilized colloidal nanogold 
catalysts, these methodologies are mostly solution-based 
synthetic procedures, which are complex, tedious, consume 
large amounts of solvents20. In addition, these solution-based 
methods are always slow in progress of nanogold catalysts 
based technologies and difficult to scale-up for laboratory/ 
industrial synthetic procedures21-23. Another important 
constraint in the solutions-based approaches using functional 
polymers as a protective matrix is severely restricts in both 
scaling-up process and catalysis24-27. Due to their inherent 
viscous nature, it not only requires multiple purifications/ 
washing processes with excessive solvents, but also needed 
sophisticated equipment for purifications and drying to obtain 
the polymer protected colloidal nanogold catalysts24-25,28. In 
addition, high loading of catalytically active gold NPs with good 
dispersion is always crucial to achieve excellent catalytic 
performance in the functional polymer stabilized nanogold 
catalysts using solution-based methods. Therefore, it is highly 
desirable to develop an alternative strategy that can overcome 
these drawbacks for the gram-scale preparation of the 
hydrophilic functional polymer supported gold NPs.    

Chitosan is β-1,4-linked poly(d-glucosamine) derived from 
partial deacetylation of chitin29-30. In contrast to other 
hydrophilic functional polymers, chitosan is an inexpensive, 
highly stable solid polymer with rich multifunctional groups 
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Table 1. Content of gold before and after reduction (determined by ICP-OES), gold loading on chitosan supports (aglucosamine monomer 
unit), and their effective surface area (bdetermined from Langmuir-adsorption isotherm) and particles sizes of gold NPs supported on solid 
chitosan.

possesses great potential as an excellent support for metal 
cluster catalysts31-34. For example, Ag NPs can be supported on 
solid chitosan which was subsequently used for the synthesis 
of bimetallic Au-Ag alloy NPs, where the chitosan powder used 
as both reducing as well as stabilizer for Ag and Au-Ag alloy 
NPs. Contrary to the solution-based processes, gram-scale 
quantity of solid chitosan supported Au-Ag alloy NPs catalysts 
can be synthesized by mortar grinding35. Because of the weak 
reducing nature of chitosan, it is incapable to synthesize other 
noble metal NPs such as palladium and gold NPs by solid 
grinding. On the other hand, the gram-scale syntheses PVP 
stabilized Au NPs of achieved by using vibrating ball milling. 
However, this method produces inhomogeneous size 
distribution of Au NPs, which limits the practical applications36. 
Since solid grinding requires a small amount of solvent or does 
not need any solvent, it would have been highly promising if 
one could able to synthesize the solid chitosan supported gold 
NPs in gram-scale through solid-grinding method. This 
achievement would surely advance their practical applications. 

Thus, herein we report an efficient solid-grinding approach 
for the synthesis of gram-scale quantity of solid chitosan 
supported gold NPs using sodium borohydride (NaBH4) 
reducing agent. Hence, large amount of gold NPs (0.47-12.5 wt 
%) can be loaded onto the solid chitosan support with gold NPs 
sizes in the range of 2.8 to 9.5 nm. This solid chitosan 
supported gold NPs used as heterogeneous catalysts for the 
oxidative homocoupling of arylboronic acids into biphenyls 
and the aerobic oxidation of benzyl alcohols into 
corresponding aldehyde and acids in water under open air. In 
contrast to conventional solution-based synthesis, solid 
chitosan supported gold NPs catalysts showed higher activity 
and selectivity for homocoupling of arylboronic acid reactions. 
More importantly, the catalytic activity of chitosan-supported 
nanogold easily modulated by changing the mole ratio of 
chitosan polymer and gold precursor using the simple solid 
grinding method. The best of our knowledge, this is the first 

report that catalytic activity of hydrophilic polymer supported 
metal NPs can be tuned/modulated by varying the ratio of the 
polymer and metal precursor using simple mortar and pestle 
without the need of solvents.  

Results and Discussion
Grinding of white solid chitosan with few microlitres of 

highly concentrated HAuCl4 results in the formation of the 
yellow solid, which was subsequently changed into dark 
greyish powder by addition of solid NaBH4, indicating the 
formation of gold NPs in the solid mixtures. As shown in Table 
1, the mole ratio of gold and chitosan polymer (in glucosamine 
monomer unit) was to be 1:42. This solid mixture was then 
purified with water using filter paper. It should be mentioned 
that neither unreduced gold ions nor gold NPs are leached out 
from the solid chitosan during washing and filtration (Figure 
S1: ESI). This observation indicates that the reduction of gold 
ions proceeded quantitatively and the gold NPs are effectively 
anchored on chitosan polymer. In this synthetic strategy, the 
process of supporting the gold NPs on the solid chitosan 
completed within 5-10 minutes, much shorter than 3 to 12 hrs 
or even a day often required by the solution-based process. 
More specifically, no solvents are needed; hence, the solubility 
of hydrophilic polymers, molecular weight and their viscosity 
problem can in principle be ignored37. In order to verify this, 
conventional solution approach was used to prepare the 
chitosan stabilized gold NPs with maintaining the 1:42 mole 
ratio of gold and chitosan. For example, when the chitosan 
was dissolved in an aqueous acidic solution and followed by 
addition of HAuCl4 and a NaBH4 a gel formation was occurred 
(see Figure S2: ESI)33. Further, it was observed that gold NPs 
are severally aggregated in the gel. This result clearly reveals 
that solid-grinding strategy is facile and effective for the direct 
dispersion of gold NPs on the chitosan polymer support. More 
loading of catalytically active metals in the form of tiny NPs 
with greater dispersion onto solid support materials is of 

Sample 
name

Initial amount 
of gold  
(mmol)

Amount of 
chitosan
(mmol)a

Gold loading 
(wt %)

Mole ratio of 
gold

and chitosana

Particle 
size (nm)

Effective surface 
area (m2/g)b

Amount of Au 
from ICP-OES 

(mmol)
Chit-Au1 0.02 0.84 2.4 1:42 5.6±1.5 5.5 × 103 0.0198
Chit-Au2 0.1 0.84 12.5 1:8 9.5±2.7 1.5 × 103 0.0981
Chit-Au3 0.02 4.2 0.47 1:210 3.8±1.7 4.9 × 103 0.0195
Chit-Au4 0.02x5 0.84x5 2.4 1:42 2.8±1.7 2.8 × 104 0.0197
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paramount importance for the development high performance 
metal catalyst38-39. Owing to the significant content of primary 
amines, hydroxyls and esters functional groups in the chitosan 
polymer, the solid chitosan might function as an excellent 
platform for loading high density gold NPs without significant 
aggregations. To investigate whether chitosan would be a 
superior support material for loading of large amounts of gold 
NPs, we have prepared different solid chitosan supported gold 
NPs by changing the mole ratio of chitosan and gold precursor 
using solid-grinding. 

Figure 1. (a) Photographic images of solid chitosan supported gold NPs 
powder, b) corresponding powders dissolved in 1 % (V/V) aqueous acetic 
acid solution and their (c). UV-Visible absorption spectra. 

As summarized in Table 1; hereafter, the different content of 
gold NPs supported on chitosan are denoted as Chit-Au1, Chit-
Au2, Chit-Au3, and Chit-Au4. The gold content in each solid 
chitosan was determined using ICP-OES, indicating the gold 
ions reduced quantitatively and successfully anchored onto 
the solid chitosan support. Notably, the synthesis of gold NPs 
supported on solid chitosan using simple mortar and pestle 
was reproducible for several times (See Figure S3: ESI). Figure 
1a shows the photographic images of chitosan supported 
nanogold powder. Depending on the content of gold and 
chitosan or vice versa, the color of the solution changes from 
dark to pale red. The color in the aqueous acidic solutions 
caused by the light scattering due to surface plasmon 
resonance band (SPR) of gold NPs40. UV-Visible spectra of 
Figure 1c demonstrate that the wavelength maxima and 
intensity of the SPR band are highly sensitive to the content of 
gold and chitosan polymers in the samples. As compared to 
Chit-Au1, Chit-Au2 exhibit intense SPR band at longer 
wavelength (550 nm). Though both samples contain same 

amount of chitosan support (Table 1), more amount of gold 
content in chit-Au2 may causes the aggregation of gold NPs on 
the support, which resulted the shifting of SPR band at longer 
wavelength than chit-Au1. In contrast, as the amount of 
chitosan is increased in five times, the SPR peak significantly 
reduced in Chit-Au3. This result indicating the more content of 
the chitosan support leads to the high dispersion of gold NPs. 
when the content of both gold and chitosan increased in the 
chit-Au4 resulted in narrow SPR band at 525 nm. In order to 
understand the shifting of SPR band and to investigate the size 
and morphology of chitosan supported nanogold, high-
resolution TEM analysis were performed. As shown in Figures 
2a-2d and Figure S4: ESI, the morphology of gold NPs in all four 
samples exhibits nearly spherical in shapes, and are distributed 
homogeneously in the chitosan support. This particles exhibits 
clear diffraction rings in SAED patterns (Figure S4d insert 
image, ESI), and corresponding to d-spacing of 2.27, 1.96, 1.39 
and 1.19 A˚ for (111), (200), (220) and (311) planes of the fcc 
structure of metallic gold (JCPDS No. 04-0784)41-43. The size 
distribution histogram plots were constructed for all four 
samples by analyzing more than 250 particles from the HRTEM 
images of corresponding samples and particles sizes were 
determined to be 5.6±1.5, 9.5±2.7, 3.8±1.7 and 2.8±1.7 nm for 
chit-Au1, chit-Au2, chit-Au3, and chit-Au4, respectively 
(Figures 2e-2h and Table 1). Both HRTEM images and 
histogram plots revealed increasing the chitosan support in 
chit-Au3 and chit-Au4, not only reduce the size of gold NPs but 
also the particles were greatly dispersed homogeneously 
without bulk or lumps of aggregations on the solid chitosan 
support (see Figure S4: ESI). It is reported elsewhere that more 
amount of stabilizing polymer increases large number of 
nucleation sites for growth of more number of tiny particles44-

45. Because of this high dispersion of smaller gold NPs on the 
chitosan support, the SPR band was significantly blue shifted in 
both chti-Au3 and chit-Au4. In contrast to chit-Au1, the bigger 
sized gold NPs were obtained for chit-Au2. Obviously, the 
loading of more amounts of gold NPs on less amount of solid 
support tends to form bigger sized particles due to aggregation 
that causes the red shifting of SPR band in chit-Au2. It is 
noteworthy to mention that more loading of metals on solid 
support materials like metal organic framework and other 
mesoporous materials leads to formation of rods and wire like 
structures by aggregation due to weak interaction between 
metals and support functional groups46-48. In contrast, the 
multifunctional groups present in the chitosan not only 
strongly interacting with the gold atoms and also providing a 
large number of adsorption site for high dispersion of gold 
NPs. This observation further supports from the FTIR study of 
chitosan supported gold NPs (Figure S5: ESI). The absorption 
bands at 1659 cm-1, (amide I for C=O vibration), 1598 cm-1 (NH2 
bending in primary amines), 1552 cm-1 (NH bending in amide II 
vibration and 3422 cm-1 (OH and NH vibration) are slightly 
shifted with reduced intensities. The shifting of absorption 
bands with peak intensity reduction compared to free chitosan 
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can be attributed to the interaction between chitosan and gold 
NPs49-50. In addition, the peak reduction was very significant in 
the case of chit-Au2, which is due to the more loading of gold 
NPs on chitosan support. 

Figure 2. TEM images and corresponding particles size histogram plot  (a) & 
(e) chit-Au1, (b) & (f) chit-Au2, (c)&(g) chit-Au3, and (d) & (h) chit-Au4.

The electronic structure of chitosan supported gold NPs 
were analyzed by using XPS and XANES. The two peaks are due 
to spin-orbit coupling of Au4f at 83.7 and 87.9 eV in the XPS 
spectra (Figure S6b; ESI) ensuring the complete reduction of 
Au3+ to Au(0) occurred during solid-grinding. The reduction of 
white line intensity at 11923 eV compared to Au foil in the 
XANES spectra at Au-L3 edge (Figure S7: ESI) is implying the 
significant reduction of d-holes51-53 in the chitosan supported 
gold NPs confirming the formation gold NPs in chit-Au1. These 
results clearly demonstrate that chitosan can be used as 
superior support materials for both loading of high density of 
gold NPs as well as the preparation of different sized gold 
particles using simple solid-grinding. 

To determine the available surface area of gold NPs 
supported on solid chitosan, the Langmuir-adsorption 
isotherm was used with P-nitro thiophenol (PNTP) as a probe 
ligand54-55. Various concentrations of PNTP were mixed with 

few milligram of solid chitosan supported gold NPs in aqueous 
solutions. The mole of adsorbed PNTP on the gold NPs surface 
was calculated from a calibration curve using the extinction 
coefficient of PNTP (refer ESI)55. It should be mentioned that 
PNTP adsorb selectively only on gold NPs surface and not on 
chitosan polymer. As shown in Figure 3, the adsorption 
isotherm was plotted between the number of moles of 
adsorbed PNTP per gram of gold NPs and the equilibrium 
concentration of PNTP for four samples to determine the 
surface area of supported gold NPs. Interestingly, all four 
samples show the straight line in the adsorption isotherm. 
Langmuir-isotherm plots were then used to determine the 
available surface area of gold NPs on the chitosan support. 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. (a), (c), (e), and (g) are adsorption isotherm of PNTP on Chit–
Au1, Chit–Au2, Chit–Au3, and Chit–Au4, (b), (d), (f), and (h) are 
Langmuir isotherm of the adsorption of PNTP on the Chit–Au1, Chit–
Au2, Chit–Au3, and Chit–Au4, respectively.

Though all four samples have shown higher surface area, the 
highest surface area ca. 2.8x104 m2/g was observed only in 
chit-Au4. This may be due to high dispersion of large number 
of smaller sized gold NPs on the chitosan support. Compared 
to chit-Au3, chit-Au1 has showed higher surface area, ca. 

Page 4 of 11New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
11

/2
8/

20
20

 1
2:

02
:5

7 
PM

. 

View Article Online
DOI: 10.1039/D0NJ04255B

https://doi.org/10.1039/d0nj04255b


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

5.5x103 m2/g, even though chit-Au3 has smaller sized gold NPs. 
Since chit-Au3 contains large amount of chitosan polymer than 
chit-Au1, either some of the gold NPs may be buried inside the 
chitosan polymer or the exposed surface atoms at gold NPs 
may be covered by polymers. Both concomitantly affect the 
thiol binding at gold NPs surfaces, which in turn reduces the 
available surface area of gold NPs in chit-Au3. In contrast, the 
Langmuir-isotherm plots of chit-Au2 have higher slope of 74 
gmol-1 and the corresponding surface area was found to be 
much lower than other three samples. 

Figure  4. The catalyst optimization in homocoupling of phenylboronic acid. 
(a) Varying of mole of gold on fixed amount of chitosan support (0.84 mmol 
in glucosamine monomer unit), (b) varying chitosan support with fixed gold 
content (0.02 mmol Au) and (c) simultaneously increasing both the content 
of gold and chitosan.

This result clearly implies that the available surface area of 
gold NPs supported on solid chitosan not only strongly 
dependent on the size of gold NPs, but also dependent on the 
amount of chitosan polymer. Therefore, higher available 
surface area of supported gold NPs could be easily synthesized 
in gram scale by simple solid-grinding. Solid-grinding with 
mortar and pestle using chitosan as a unique support allowed 
for rapid preparation of supported catalysts with an improved 
loading efficiency and greater uniformity of gold NPs, which 
were then employed in the homocoupling of phenylboronic 
acid in water at room temperature under air (see ESI for 
reaction details). It is worthy to mention that these solid 
chitosan supported gold NPs were functioning as 
heterogeneous catalysts during the reactions. As shown in 
Figure 4a, while the amount of gold loading increases from 
0.0025 to 0.1 mmol on fixed amount of chitosan support (0.84 
mmol), the time taken for the complete conversion of 
phenylboronic acid into biphenyl was reduces sharply 
indicating the gold NPs supported on solid chitosan actively 
catalyzing the homocoupling reaction. After 0.02 mmol gold, 
the reaction time has not reduced sharply and almost constant 

even at higher gold content. This result implies that when gold 
loading exceed more than 0.02 mmol on 0.84 mmol chitosan 
leads to aggregation of gold NPs, which reduces the total 
available surface areas and thus decreases the catalytic activity 
of gold NPs (chit-Au2 details in table 1). To study whether 
more content of chitosan support have any impact on the 
catalytic activity of gold NPs, the chitosan support was 
increased from 0.28 to 4.2 mmol and the amount of gold was 
kept constant (0.02 mmol Au) during the solid-grinding. As 
depicted in Figure 4b, when chitosan polymer increased or 
decreased from 0.84 mmol, the catalytic activity of gold NPs 
decreases. This could be due to the aggregation of gold NPs 
might occurs at lesser amount of chitosan or some of the 
active sites at gold NPs may be partially blocked at higher 
amount of chitosan polymer. These both concurrently affect 
the catalytic activity of gold NPs.  From these results, 0.02 
mmol Au on 0.84 mmol chitosan (1:42 mole ratio of gold and 
chitosan was chosen as an optimum catalysts for 
homocoupling reactions. In order to demonstrate that the 
solid grinding is facile and promising technique for gram-scale 
synthesis of chitosan supported nanogold catalysts, both gold 
and chitosan was increased up to five times with keeping 1:42 
mole ratio of gold and chitosan. It is noteworthy to mention 
that due to high viscous nature of chitosan polymer in aqueous 
solutions, it is impossible to synthesize the catalytically active 
chitosan stabilized gold NPs in gram scale using solution based 
methods (see details in ESI, Table S1). As the amount of gold 
and chitosan were increased gradually with maintaining 1:42 
mole ratio, the catalytic activity of gold NPs was greatly 
increased (Figure 4c). These results strongly demonstrating the 
chitosan can be used as excellent support for high loading of 
gold NPs. Thus, highly active and selective Au NPs catalysts 
supported on chitosan could be achieved in gram-scale rapidly 
by using simple mortar-solid grinding, which is not possible in 
solution-based method. 

Table 2. Homocoupling of various p-substituted phenylboronic acids 
catalyzed by solid chitosan supported gold NPsa.

B(OH)2R R OHR
cat., Au NPs (8 atom %)

H2O, rt, air

1 2 3

R +

           Yield (%)b
  Entry          R     Time (h)

      2        3
1 H 1 98 Trace
2 Me 2 99 0
3 OMe 2 95 Trace
4 F 2 97 0
5 Cl 3 97 Trace
6 CN 5 94 Trace

aReaction conditions: substrate (0.25 mmol), water (15 mL), 
chitosan 0.84 mmol, and Au (0.02 mmol).  bIsolated yields

It is interesting to note that solid chitosan supported gold 
catalysts possess excellent selectivity toward the formation of 
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biphenyl regardless of the amount of gold and chitosan. As 
chitosan possesses an excellent matrix to activate the 
phenylboronic acids into tetra coordinated phenylbornate 
ester at the gold surfaces, it completely eliminated the use of 
inorganic bases and increases the selectivity to biphenyl 
formation20,56. Since all the reactions were carried out in water 
at pH of 6.5-7.0, only a trace amount of phenol (> 2-3%) 
formation was observed, which is inevitable due to the 
formation of superoxide species around gold NPs surfaces19,57-

58. 

Table 3. Oxidation of various p-substituted benzyl alcohols 
catalyzed by solid chitosan supported gold NPsa

cat., Au NPs (8 atom %)

H2O, rt, air

OH

R

O

R

O

R

H OH

5 64

+

           Yield (%)b
  Entry          R    Time (min)

      5        6
1 H 90 0 99
2 OH 25 99 0
3 OMe 5 97 Trace
4 NO2 150 0 98
5 1-Indanol 80 99c -

aReaction conditions: substrate (0.25 mmol), 300 mol%, K2CO3 
(0.75 mmol), water (15 mL), chitosan (0.84 mmol), and Au 
(0.02 mmol).  bIsolated yields. c1-Indanone

To examine the versatility of this chitosan supported nanogold 
catalysts under an optimized conditions (0.02 mmol Au on 0.84 
mmol chitosan), homocoupling reactions involving other p-
substituted arylboronic acids was tested. Phenylboronic acid 
possessing electron donating groups such as 4-methyl and 4-
methoxy arylboronic acids afforded excellent yields and 
selectivity into corresponding biphenyl in 2 hrs (entries 2 and 
3, Table 2), even though they have taken longer reaction times 
than phenylboronic acids. Phenylboronic acids with electron-
withdrawing 4-flouro, 4-chloro and 4-cyano substituents 
(entries 4, 5 and 6, Table 2) gave the corresponding biaryls in 
97, 97 and 94% yields and the corresponding phenols in 0, 2 
and 6% yields after 2, 3 and 5 hours, respectively. This result 
demonstrates that this catalyst works very efficient in terms of 
achieving higher activity and selectivity for both electron 
donating and withdrawing substituents in the phenylboronic 
acid. 

Encouraged by these results, we are further interested to 
investigate the potential of solid chitosan supported nanogold 
catalysts in aerobic oxidation of benzyl alcohols into 
corresponding aldehydes and acids. Thus, the catalyst was 
tested for the oxidation of various p-substituted benzyl 
alcohols in aqueous solutions in the presence of 300 mol% 
K2CO3 using molecular oxygen as oxidant. However, solid 
chitosan supported nanogold applied as heterogeneous 
catalysts, it works very efficient for oxidation of various p-

substituted benzyl alcohols into corresponding aldehyde and 
acids (Table 3). For example, the oxidation of benzyl alcohol in 
the presence of the supported gold catalyst gave 
corresponding acids in 99 % yield after 90 min. Hydroxyl and 
methoxy substituted benzyl alcohols were oxidized 
quantitatively into corresponding aldehydes in 25 and 5 
minutes (entry 2 and 3, table 3), respectively. In contrast, 
electron withdrawing substituent of p-nitro benzyl alcohol was 
almost converted into the corresponding acids in 150 min 
under the same reaction conditions (entry 4, table 3). This 
experimental result showed that the strong electron donating 
groups present in the benzyl alcohols not only increase the 
rate of the oxidation reactions but also exclusively affording to 
desired aldehyde products. Further, 1-indanol selectively 
oxidized into 1-indanone in 99 % yield after 80 min (entry 5, 
table 3). 

 In a typical solid materials supported metal nanoparticles 
catalysts, the catalysts recovery and reusability is an important 
property from economic and industrial point of view. 
Therefore, the reusability of solid chitosan supported nanogold 
catalysts was established in both homocoupling of 4-methyl 
phenylboronic acid and aerobic oxidation of p-hydroxyl benzyl 
alcohols under the optimized reaction conditions as listed in 
entry 2 (table 2) and entry 2 (table 3). After completion of each 
homocoupling and alcohol oxidation reaction, the solid 
catalysts centrifuged, washed with water, dried and 
successfully reused for five cycles without notable loss of 
activity and selectivity. As shown in Figure S9: ESI, p-methyl 
phenylboronic acids was exclusively converted into the 
corresponding biphenyl in excellent yield was observed over 
the five cycles. On the other hand, the oxidation of p-hydroxyl 
benzyl alcohol gave more selectively into the corresponding 
aldehydes and the yields over the five cycles were 99, 95, 98, 
96 and 94%, respectively. Figure S10: ESI shows the TEM 
micrograph of recovered catalysts obtained from the 
homocoupling reaction of p-methyl phenylboronic acids after 
fifth cycles. As can be seen in from these images, the gold NPs 
were well distributed over the chitosan support without any 
noticeable aggregations. Therefore, it can be realized that gold 
NPs on the chitosan support was preserved after fifth cycles. 
The ICP-OES analysis of the corresponding filtrate showed no 
gold was leached from the catalyst indicating the gold NPs 
were effectively anchored on the chitosan support. Next, to 
study the preparation of solid chitosan supported gold NPs 
catalysts by physical mixing of gold chloride and NaBH4 with 
the chitosan in pestle and mortar exhibits comparable or 
better catalytic activity as compared to other hydrophilic 
polymer stabilized gold NPs catalysts synthesis. Hence, other 
well-known polymers such as PVA and PVP stabilized gold NPs 
catalysts were prepared using mortar and pestle (refer ESI) 
and their catalytic activity was tested for homocoupling of 
phenylboronic acid (entry 1, table 2). It should be mentioned 
that the 1:42 ratio of gold and PVA / PVP in monomer was 
maintained during solid grinding. As indicated in entries 2 and 
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3 in table 4, PVA and PVP-stabilized gold NPs show inferior 
catalytic activity toward the homocoupling of phenylboronic 
acid indicating both PVA and PVP are incapable to stabilize the 

Au NPs effectively in solid grinding using mortar and pestle 
(Figure S10 and Table S2; ESI).

Table 4. Catalytic activity and selectivity comparison toward the homocoupling of phenylboronic acids using solid chitosan supported gold 
catalyst and other reported gold catalysts synthesized from conventional solution based methods.

SG and SB are solid-grinding and solution based, respectively. a, b, c, and d are 0.25, 0.17, 0.24, and 0.5 mmol of phenylboronic 
acids were used, respectively. f– 105 oC used for coupling reaction.

Indeed, the comparative studies between other hydrophilic 
polymer stabilized gold NPs using conventional solution based 
methods reported in the literature and chitosan supported 
gold catalysts obtained from solid-grinding clearly 
demonstrating the chitosan supported gold NPs works very 
efficient catalysts in homocoupling of phenylboronic acid. For 
example, though starch can effectively stabilize the gold NPs, 
however, it lost their catalytic activity at the end of the 
coupling reaction due to aggregation. When the same reaction 
was carried out using PVP-stabilized gold NPs under quasi-
homogeneous conditions in aqueous acidic solution only 17% 
of biphenyl product was obtained after 9 hrs. Despite the 
composite of the PNIPAM/Au system possess interesting 
thermosensitive property, the present catalytic system shows 
quite high catalytic activity. This comparative study clearly 
indicates that chitosan possesses excellent matrix for synthesis 
of highly efficient and versatile supported gold catalysts in 
gram-scale using simple mortar and pestle by solid grinding. 
Further, the deposited gold on solid metal oxides such as TiO2 
and MAO possesses interesting catalytic activities63-64, 
however their preparation is more complex and laborious 
compared to the presents catalysts system. This result further 
demonstrates that solid grinding with simple mortar and 
pestle could be used as promising tool to achieve highly 
efficient heterogeneous metal catalysts.

Conclusions
In conclusion, a facile and sustainable approach was 

developed for gram-scale synthesis of chitosan supported gold 
NPs by solid-grinding. Abundant hydroxyl and amine functional 
groups present in the chitosan polymer allowed for rapid 
preparation of supported catalysts with an improved loading 
efficiency and greater uniformity of gold NPs using mortar and 

pestle. The supported gold NPs works as efficient 
heterogeneous catalysts and possesses outstanding activity 
and selectivity in oxidative homocoupling of phenylboronic 
acids and aerobic oxidation alcohols in water as greener 
solvents. The catalytic activity of solid chitosan supported gold 
NPs can be easily modulated by changing the mole ratio of 
chitosan polymer and gold precursors. Further, the catalytic 
activity comparison studies between the other well known 
hydrophilic polymers stabilized colloidal nanogold catalysts 
prepared from conventional solution based methods and the 
present supported gold catalysts indicates that solid chitosan 
supported gold NPs possess superior catalytic activity and 
selectivity. Therefore, rapid preparation of biopolymer of 
chitosan supported gold NPs in gram-scale by simple solid-
grinding can inspire more studies on the design and 
application of the solid polymer supported metal catalysts. 
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