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Abstract

This paper develops a simple and green process of synthesizing palladium nanoclusters
(PdNCs) capped on the hybrid nanocomposite based on biodegradable polysaccharides, 2-
hydroxypropyl-p-cyclodextrin (HPCD) and alginate (Alg) through an ionotropic gelation
mechanism. PANCs were biosynthesized from aqueous extract of Burdock root (BR),
Arctium lappa. The nanocomposite PANCs/HPCD/Alg was characterized by techniques like
UV-vis, FTIR, EDX, FESEM, TEM, HR-TEM and TG-DTA. The crystal palladium
nanoparticles were found to distribute in cluster shape with a size of 4-10 nm. EDX data
showed that average amount of palladium capped on the hybrid nanocomposite was approx.

4.7 % (w/w). PANCs/HPCD/AIg exhibited highly catalytic activity for degradation of
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pollutants including 4-nitrophenol, methyl orange and rhodamine B in wastewater and
leaching mechanism of the nanocatalyst was showed. In particular, the nanocomposite
showed excellent aqueous-phase catalytic performance for free-triphenylphosphine
Sonogashira cross-coupling reaction. The nanocatalyst could be efficiently reused without

much compromising with its activity.
1. Introduction

Metallic nanoparticles (MNPs) have significant attentions due to their various
applications including biomaterials, catalyst and electrochemical applications [1,2]. In
particular, palladium nanoparticles (PdNPSs) are very popularly used as catalyst for organic
reactions due to high performance compared to the traditional catalysts [3,4]. PANPs with
diameters less than 10 nm possessing high surface to volume ratio, thus providing many
highly active metal uncoordinated sites, were widely used within cross-coupling reactions
and especially, degradation of environmental pollutants [5,6]. PANCs received considerable
attentions as efficient catalysts in organic synthesis [7,8]. However, environmental effects,
production cost and reused issues still are major barriers for their widespread application in
the industry.

The recent researches showed that MNPs capped on the biodegradable polysaccharides
including starch [9-11], cellulose [12,13], cyclodextrins (CDs) [14-16] and alginate (Alg)
[17-20] have displayed high catalytic activities and possess many advantages. Among of
them, the cyclodextrins (CDs) and alginate (Alg) are specifically interested due to their
capping and stabilization. For example, CDs can load small molecules and nanometallic
materials to form inclusion complexes [21]. Meanwhile, Alg is well-known as biocarriers of
MNPs to fabricate biofilms [22].

PdNPs capped on CD-based carriers exhibited various applications including catalyst,

and electrochemical materials [23,24]. The recent researches showed PdNPs could be



synthesized in situ using HPCD or B-CD as the reducing and stabilizing agents and their
applications in the cross-coupling reactions [25,26]. CDs attaching perthiol groups are
recently used an effective method to support PANPs [27-29], however, it has exhibited to be
a complex multi-step way. On the other hand, PANPs loaded onto alginate-based composite
could be synthesized by using green techniques such as microwave [30] and bacteria [31].
Recently, PANPs/Alg are considered for removal of the toxic pollutants in treatment of
wastewater [32,33]. However, recyclability of palladium/polysaccharides nanocatalyst in
water medium is very low due to high solubility of these polysaccharides.

Our recent study showed that the nanocomposite HPCD/Alg could be simply
synthesized via the ionotropic gelation mechanism and efficiently capping biogenic MNPs
[34, 35]. This nanocomposite can be considered as a novel method for trapping the metallic
ions and converting into MNPs. The nanocomposite AgNPs/HPCD/Alg exhibited many
advantages of catalyst in water medium including good colloid disperse and high
recyclability. On the other hand, aqueous extract of Burdock root (BR), A. lappa has shown
as an effective reductant for biosynthesis of MNPs [36]. In aim of this work to enhance
activity and recyclability of green-synthesized nanometal catalysts, we report biogenic
PdNCs capped into the nanocomposite prepared from HPCD and alginate which are
synthesized from aqueous extract of Burdock root (BR), A. lappa. This method should be
considered as a green approach for synthesis of nanometal due to low-cost procedure and
friendly-environmental used materials. Recyclable catalytic performance of the
nanocomposite for degradation of pollutants and Sonogashira cross-coupling as model

reactions has been evaluated.
2. Materials and methods

2.1. Materials



All chemicals were used as received without further purification. The major reagents
including 2-hydroxypropyl-s-cyclodextrin (HPCD), sodium alginate, palladium acetate
(Pd(OAC)2), 4-nitrophenol (4-NP), methyl orange (MO), rhodamine B (RhB), sodium
borohydride (NaBH4) and calcium chloride (CaCl.) were purchased from Acros (Belgium).
Burdock root (BR), A. lappa was purchased from Khai Minh Macrobiotics (Ho Chi Minh
city). Deionized water was used throughout.

2.2. Synthesis of PANCs/HPCD/Alg

Agueous extract of BR and blank HPCD/AIlg were prepared as previous report [35,36].
Synthesis of the nanocomposites was performed via the ionotropic gelation method. In the
present work, a feeding rate of Pd?* ions (5%, w/w) was deposited in the nanocomposite.
50.0 mL of aqueous calcium chloride (14.0 mg mL™t) was dropped into 18.6 mL of sodium
alginate solution (28.0 mg mL™) under stirring for 60 min at 1200 rpm. The Alg/Ca®
gelispheres were centrifugated by EBA20S-Hettich Germany at 8,000 rpm, at 30 °C for 30
min and washed with the deionized water (3x20 mL) to remove the impurities. Meanwhile,
solution of Pd(OAC), in DMSO (5.0 mL, 31.3 mg mLt) was dropped to HPCD solution (100
mL, 3.50 mg mL™) and stirred for 60 minutes at 1200 rpm. Then, the Pd?*/HPCD solution
was dispersed into the Ca?*/Alg gelispheres. The nanocomposite mixture was stirred in an
hour and equilibrated overnight. The nanocomposite was centrifugated at 8,000 rpm for 30
min and washed with DMSO (3x20 mL) and water (3x20 mL). The resulting gel was
dissolved again into the deionized water (100 mL) under stirring.

2.0 mL of the BR extract was dropped into the gel solution in dark at 90°C. The PdNCs
formed could be visually observed by changes in the UV-vis spectra. The PANCs/HPCD/Alg
nanocomposite was obtained by centrifugation technique (10,000 rpm, 30 min) and washed

with DMSO (3 x 10 mL) and deionized water (3 x 10 mL) for removal of the impurities.



Then, dry powder of PANCs/HPCD/Alg catalyst was obtained from drying at 90°C in the air
atmosphere for overnight.
2.3. Physicochemical characterization of PANCs/HPCD/Alg

UV-Vis Spectra were measured on JASCO V-630 spectrophotometer (U.S.A) at the
range between 200 and 600 nm wavelengths. The Fourier-transform infrared (FTIR) spectra
of the plant extract, blank HPCD/AIlg and PANCs/HPCD/Alg samples were determined by a
Bruker, Tensor 27 FTIR spectrophotometer (Germany) with the wavelength ranging from
500 to 4000 cm™t. The morphology and size distribution of the biosynthesized
nanocomposite were measured by using FESEM (JSM7401F, Japan) and TEM (Hitachi
H8100). The crystal structure analysis of atoms was determined on HRTEM, (JEOL
JEM2100). Energy dispersive X-ray spectroscopy (EDX) analyzer (Horiba, EMAX
ENERGY EX-400) was used to analyze chemical elements in micro-area and elemental
distribution in the nanocomposite. For measurements of particle size and zeta potential, the
nanocomposite solutions were measured by using analyzer, nanoPartica Horiba SZ-100
(Japan) at 25°C. A LabSys evo S60/58988 Thermoanalyzer (Setaram, France) was used for
simultaneous thermal analysis combining thermogravimetry (TG) analysis and different
thermal analysis (DTA) in temperature range from room temperature to 800°C at a heating
rate of 10°C/min in the air atmosphere.
2.4. Catalytic activity for degradation of pollutants

The catalytic activity of PANCs/HPCD/Alg was evaluated by degradation of organic
pollutants including (4-NP), methyl orange (MO) and rhodamine B (RhB) in water with
excess amount of NaBH4. The mixture containing the pollutants (2.5 mL, 0.1 mM) and
NaBH4 (0.5 mL, 0.06 M) was added into a quartz cell (1 cm path length). Then, the
biosynthesized nanocomposite powder (1 mg) were added into the reaction mixture. The

degradation of the pollutants with different reaction time was monitored by UV-Vis



spectrophotometer in the range between 200 and 800 nm wavelengths at the room
temperature. After addition of the nanocomposite was completed, a rapid decrease in
intensity of the absorption peaks at 400, 464 and 554 nm was observed for degradation of 4-
NP, MO and RhB, respectively.

For study of degradation Kinetics, the reaction rate should depend on the
concentrations of reactants as well as catalysts. However, to reduce influence of the factors,
the present work used high concentration of NaBH4 and very low concentration of the
nanocomposite catalyst in comparison with the pollutants. The reaction rate, thus, is
independent from the concentrations of NaBH4 and the catalyst. As a result, their degradation
should be considered as a pseudo first-order reaction with respect to the concentration of the
pollutants [37]. The reaction Kinetic can be described by the equation In (A/Ao) = - kt, where
k is pseudo-first order rate constant, t is the reaction time, [Ao] is the concentration of the
pollutants at time t = 0 and [Ay] is the concentration at time ‘t’. The pseudo-first order rate
constant k can be found directly from the slope of straight line yielded by plots of In(Ai/Ao)
versus reaction time.

For evaluation of catalytic recyclability, after each cycle, the nanocomposite samples
were collected from the quartz cell and washed several times with deionized water before
reuse.

2.5. Catalytic activity for Sonogashira Coupling

To a freshly prepared solution of the nanocomposite powder (5.0 mg) in water (3
mL), base (4 mmol) and Cul (0.10 mmol) was added and followed by iodobenzene
derivatives (0.10 mmol) and phenylacetylene (0.1 mmol). Then, the reaction mixture was
stirred in the air atmosphere. After completion of the reaction, monitored by TLC, the
product was extracted with ethyl acetate. The organic layer was washed with water, dried

over MgSO4 and concentrated in vacuo. The crude product purified by flash column



chromatography on silica gel (0.06-0.2 mm) with n-hexane/ethyl acetate from 100:1 to 95:5
(v/v) as the eluents. The purity of product was determined by 'H and *C-NMR
measurements. For catalytic recycle, the catalyst was collected from water layer after extract
of hexane by centrifugation technique and then washed several times with deionized water

before reuse.
3. Results and Discussion

3.1.Biosynthesis of the nanocomposites

The route of this work is illustrated in Figure 1. The nanocomposites based on
HPCD/Alg were prepared via the inotropic gelation mechanism which proposed that some
cross-link of alginate and calcium ions in the galispheres Alg/Ca?* was replaced by HPCD
molecules in aqueous medium [34]. The Pd?" ions were loaded onto the nanocomposite
HPCD/Alg via the chemical bonds to form the composite Pd?*/HPCD/Alg. Because attempts
on in situ reduction of Pd**/HPCD/AIg gel solution without any reductant has been failed,
the aqueous extraction of BR containing polyphenols was used as an environmentally
friendly reductant for synthesis of the biogenic nanocomposite, PANCs/HPCD/Alg [35]. The
formation of PANCs might be visibly recognized by change from UV-vis spectra in the 200
— 600 nm range (Figure 1). The UV-vis spectrum of blank HPCD/Alg displayed almost no
absorbance bands. The absorption bands at range 320-400 nm were ascribed to charge-
transfer transition of ion Pd?* capped on HPCD/Alg. For the reduced samples, the
disappearance of these absorption bands suggested a complete reduction of the Pd?* ions by
the agqueous extraction of BR. In next step, PANCs/HPCD/Alg was collected and purified by
using centrifugation. Finally, the pure nanocomposite powder was used to evaluate the
catalytic activity in degradation of pollutants and Sonogashira cross-coupling reactions in

water.
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Figure 1. Schematic illustration of preparation of PANCs/HPCD/Alg.

3.2.Physicochemical characterizations of catalyst

The IR spectra were measured to identify the functional groups present in the BR
extract and the biosynthesized composites as shown in Figure 2. The blank and
biosynthesized composites showed similar absorption bands. The absorption band
characteristics of the blank nanocomposite were observed at 3422 cm™ corresponded to OH
group and the peaks near 1615 cm™* and 1418 cm™ assigned to symmetric and asymmetric
stretching vibration of COO" groups, respectively [38]. The peaks of the blank
nanocomposites have been known to relate to the corresponding functional groups of
alginate structure [34]. In aqueous extract of BR, the bands were observed at 1033, 1336,
1430, 1633, 2870, 2932 and 3375 cm™. These bands are attributed to the presence of
polyphenol and proteins that play a role as the reductants in synthesis of the nanocomposite
PANCs/HPCD/Alg [39, 40]. After completed reduction, spectrum of the biosynthesized
nanocomposite was slightly shifted to new positions compared to peaks of the blank

nanocomposite e.g. bands at 1621 and 1424 cm™.
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Figure 2. FT-IR spectra of blank HPCD/Alg, PANCs/HPCD/Alg and BR extract.

Figure 3 showed the elemental composition of the nanocomposite PANCs/HPCD/Alg
using EDX spectrum which was plotted in ionization energy versus intensity of X-rays. The
average elemental composition was calculated in percental type of weight per weight (inset
of Figure 3). The EDX spectrum proved the presence of relating elements in the
nanocomposite. The signals corresponding to elemental carbon and oxygen revealed
possibly organic components in the nanocomposite. Additionally, presence of calcium
element indicated presence of cross-link between Ca?* ions and alginate in the
nanocomposite. Calculation from EDX data showed average value of approx. 4.7 % (w/w)

of palladium in the nanocomposite.
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Figure 3. EDX spectrum and average content of elements (inset) of nanocomposite
PANCs/HPCD/Alg.

For studies on morphology of the nanocomposite, its film and powder are observed
by FESEM technique. The film was fabricated from aqueous solution in vacuum at the room
temperature while powder of the nanocomposite was dried in oven at 100°C in the air
atmosphere. Measurement of the film (Figure 4A) shows smooth surfaces with tiny holes
which can be formed from rapid evaporation of water molecules in the vacuum. It indicated
that the films with a good surface can be fabricated easily from the nanocomposite in
vacuum. In contrast, FESEM image of the nanocomposite powder exhibits the rough
surfaces with obvious mounds, indicated successful formation of cross-links between
calcium ions with alginate and HPCD molecules. TEM image showed that the
nanocomposite capped successfully palladium with the cluster shape of agglomerated
palladium particles in diameter range of 4-10 nm. Crystal structure of the PANCs is clearly
observed in SAED pattern and HRTEM image (Figure 4E) that displays the fringe lattice of
the palladium nanoparticles with a spacing of 0.2 nm. The STEM and EDX mapping images

(Figures 4F & G) of the nanocomposite reveal presence of Pd, C, O and Ca elements,
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indicated that the PANPs bind to the carrier based on alginate and HPCD molecules with

cross-links formed by calcium ions.
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Figure 4. FESEM images of PdNCs/Alg/HPCD fabricated at room temperature under
vacuum (A) and at 100°C in the air atmosphere (B), TEM images in different magnifications
(C and D), HRTEM image (E) and SAED pattern (inset), STEM image (F) and EDX
mapping images (G).

To study stability and size distribution of the nanocomposite in the aqueous medium,
measurement of dynamic light scattering (DLS) and zeta potential was carried out at 25°C
as shown in Figure 5 [41]. Our previous research®® showed that the blank HPCD/Alg
possessed zeta potential value of -40.0 mV and polydispersed distribution with mean
hydrodynamic diameters of 28.3 nm and 1250.3 nm. In the present study, the negative charge
at the electrical double layer surrounding the biosynthesized nanocomposite
PANCs/HPCD/AIg (-75.9 mV) is significantly higher than that of the blank nanocomposite
solution (Figure 5A). The result confirmed the nanocomposite possessing the high stability
in water. The size distribution profile (Figure 5B) showed that the nanocomposite
PdANCs/HPCD/AIlg was monodispersed with a mean hydrodynamic diameter of 89.2 nm
which was much greater than diameter of the AgNPs/HPCD/AIg (9.8 nm) in the previous

report [35].
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Figure 5. Zeta potential (A) and dynamic light scattering (B) of PANCs/HPCD/Alg

For thermal behaviors of the nanocomposite, TG-DTA curves are simultaneously

measured at the heating rate of 10 «C/min in the air atmosphere (Figure 6). TG curves of the
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nanocomposites, blank HPCD/Alg and PdNCs/HPCD/AIlg show thermal decomposition
occurred in three stages. Both nanocomposites reveal an initial weight loss of 12 % from 50
to 200°C, assigned to the loss of adsorbed water and volatile components [42]. After this
period, thermal decomposition of PANCs/HPCD/Alg sample occurs in second stages
between 210 and 400°C (43%) while this stage of the blank sample is between 230 and 560°C
(38 %). In the final stage, mass loss of both nanocomposites was similar and accounted for
30 % of the total weight whereas the thermal stability of the nanocomposite
PANCs/HPCD/AIg (430 °C) is lower significantly than that of alginate (550 °C). Also, DTA
curve of the nanocomposite PANCs/HPCD/AIlg shows two maximum exothermic peaks
(Texo) at 459 and 546 °C which are significantly lower than Texo Value of the blank HPCD/Alg
sample (572 °C). It can be because the presence of palladium induces subversion of cross-
links formed from alginate and calcium ions, led to reduction of thermal stability of the

nanocomposite PANCs/HPCD/Alg.
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Figure 6. Simultaneous TG-DTA curves of blank HPCD/AIlg and PANCs/HPCD/Alg in air

flow of 20 mL/min at heating rate of 10°C/min.
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3.3.Catalytic performance for degradation of pollutants

Removal of dye pollutants is particularly important for wastewater treatment in
manufacturing industry. The synthetic organic colorants are the largest group of industrial
compounds in both number and amount. Degradation of the dye pollutants was well known
as thermodynamically spontaneous reactions in the presence of strong reductants like NaBH4
to form small organic molecules and nontoxic species. Unfortunately, the degradation
without the catalyst showed very slow reaction rates [35, 43, 44]. Thus, some noble metals
with high reactive activity and specific surface area are usually used as catalysts to accelerate
the reaction rate.

In the present study, three contaminants with various structures including 4-nitrophenol
(4-NP), methyl orange (MO) and rhodamine B (RhB) represented as the most popular classes
of pollutants in wastewater are selected to evaluate catalytic degradation performance of
PANCs/HPCD/Alg.

4-NP has been known as a priority pollutant due to high stability in the environment and
biodegradable resistance. As soon as the catalyst PANCs/HPCD/Alg was added to the 4-
nitrophenolate solution with the absorption maximum peak at 400 nm, intense yellow color
of the solution was gradually reduced. The reduction performance can be evaluated by
tracking the changes in the absorbance at 400 nm from the UV-vis spectra (Figure 7). The
progressive decrease of absorbance at 400 nm and simultaneous increase of new peak at 298
nm indicated the reduction of 4-NP to form 4-aminophenol (4-AP). The degradation of 4-
NP in presence of the nanocomposite was completed in 24 min with almost zero absorbance

at 400 nm.

15



20

24 min

Absorbance (a.u.)

0.5 \

T T Y
200 300 400 500
Wavelength (nm)

Conversion (%)
(2]
o

1 2 3 4
Recycle number

Ln(A/A,)

054

2.0 4

2.5

-3.0

05

0.0+

k=1.78x 107 sec”’
R?=0.970 3

T T T T T T T T
200 400 600 800 1000 1200 1400 1600

Time (sec)
' L J
» ’ L N Do
.0
L
e o °
¢« O
® B
S ee % o,
L .
»
L

Figure 7. (A) UV-Vis spectra of 4-nitrophenol reduction (B) pseudo first-order Kkinetic

plotted, (C) Conversion efficiency of 4-nitrophenol for five successive reaction cycles in 24

min and (D) TEM image of the catalyst after 5 reaction cycles.

Figure 7B showed the linear relationship for the reduction of 4-NP from plots of

In(Av/Ao) versus reaction time, indicated the pseudo first-order reaction. The k value which

was determined directly from the slope of plots was 1.78x10% sec’*. Some rate constants per

1 mg of catalyst in recent studies are listed in Table 1. Taking high k value into account, the

catalytic performance of the nanocomposite increased 2-fold in comparison with the catalyst

AgNPs/HPCD/Alg [35] and was much superior than other catalysts based on PANPs [45-

471].
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Table 1. Comparison of catalytic activity of MNPs@carriers synthesized using different

methods towards the reduction of 4-nitrophenol.

MNPs@carrier catalysts  Synthetic method Rate constant per References
1 mg of catalyst

-1
AgNPs@HPCD/Alg Biogenic reduction gsgg >)< 10 [35]
PANPs@B.tea Biogenic reduction  2.95 x 10* [45]
PdNPs@Chitosan Chemical reduction  1.33 x 103 [46]
PANPS@MWCNT-APPI  Chemical reduction 9.37 x 10° [47]
PANCs@HPCD/Alg Biogenic reduction  1.78 x 1073 This work

On the other hand, the recyclability of noble metallic catalyst was very important for
the green catalytic application in industry. The prepared nanocomposite PANCs/HPCD/Alg
could be easily separated and purified from the reaction mixture. After each reaction, the
nanocatalyst was washed with deionized water and directly used for the next catalysis. In
order to test the recyclability of the catalyst, five cyclic reactions were evaluated. As
observed in Figure 7C, there is no change in the catalytic efficiency of the nanocomposite
after five reaction cycles.

Catalytic activity of PANCs in cross-coupling reactions can be described by leaching
mechanisms which could be demonstrated by changes in particle size before and after the
catalyst process [48]. The mechanisms purposed that Pd atoms are leaching out of PANCs to
carry out catalyst before re-cluster process of the leached Pd atoms occurs. The re-cluster
process could form new clusters either bigger particle size [49, 50] or smaller particle size
[51], depended on the stabilization agents. Meanwhile, the mechanism for degradation of
dyes in MNPs catalyst has been well known as an electron transfer process that transferred
electrons from the donor BH4™ ions to the acceptor organic molecules via MNPs surface [52,
53]. However, the mechanism on this degradation reaction in presence of PANCs catalyst

17



has not been studied so far. To test changes of the catalyst surface after recycle process,
reused catalyst was collected and dissolved again in the distilled water for measurement of
TEM image. It showed that morphology of the used catalyst contained separated
nanoparticles with an average size of 8.0 nm (Figure 7D). Important differences in
morphology of Pd nanocatalyst before (Figure 4) and after catalyst process and almost no
change in particle size strongly indicated novel catalytic mechanism of PdNCs in
degradation of 4-NP. It is purposed that Pd (0) atoms are leaching out the PANCs to carry
out an electron transfer process in agueous medium and then, the leached PdNPs cannot
recombine to the new nanoclusters (Figure 8). It can be because the reaction products e.g. 4-
AP formed new stabilization agents of the PANPs to prevent this recombination.

Products
NaBH, of oxidation

NS

Leaching

-~

re-cluster
4-AP 4-NP

Figure 8. Proposed mechanism for degradation of 4-nitrophenol by the nanocomposite
PdNCs/HPCD/Alg

As a representative case of organic azo dye, methyl orange (MO), a common indicator
in various analytical fields, was used to evaluate the catalytic activity of PANCs/ HPCD/Alg.
MO is known as a stable pollutant generated several environmental and health problems.
The UV-vis absorption band of MO are known to appear at 464 nm. The increased
degradation of MO was clearly observed by the color gradually faded after the addition of
both NaBH4 and the nanocomposite. Figure 9A showed that the band at 464 nm disappearing

within 20 min and simultaneous increase of absorbance at 250 nm indicated efficient
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degradation of MO to form new compounds bearing NH2 groups in presence of the
nanocomposite [54]. The k value found from the slope of the linear plot was 2.24 x103 sec”
! with correlation coefficient (R?) value of 0.992. As revealed in Figure 9C, with the increase
of the number of cycles, the conversion efficiency was almost unchanged, demonstrating
that PANCs/HPCD/Alg was not lost its initial catalytic activity and showed good stability

after five reaction cycles.
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Figure 9. (A) UV-Vis spectra of methyl orange degradation (B) First order kinetic plotted
and (C) Conversion efficiency of methyl orange for 5 successive reaction cycles in 20 min.

To demonstrate the nanocomposite has a universal catalytic activity in the decolorization
reaction of organic dyes, various kinds of dyes should be studied under the same conditions.
Herein, we choose rhodamine B (RhB) as representative model of stable organic dyes with
a complex structure for catalytic degradation. RhB is well known as an important dye
pollutant and widely employed in textile industries for various purposes. UV-vis absorption
characteristics of RhB dye is in maximum bands at 554 nm. The catalytic degradation of
RhB in the presence of the nanocatalyst can be observed by the change in color and
decreasing absorbance at 554 nm in UV-vis spectra. The results showed that the catalytic
degradation of RhB was completed within only 16 min (Figure 10A). The k constant of
degradation reaction was found to be 2.75 x 10 sec’! that demonstrated higher catalytic

activity than the nanocomposite, AgNPs/HPCD/AIg [35]. For evaluation of its potential
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recyclability, the nanocomposite could be reused successfully at least for five reaction cycles

as shown in Figure 10C.
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Figure 10. (A) UV-Vis spectra of rhodamine B degradation, (B) First order kinetic plotted
and (C) Conversion efficiency of rhodamine B for 5 successive reaction cycles in 16 min.

3.4.Catalytic performance for Sonogashira Coupling

The Pd-catalyzed Sonogashira cross-coupling reactions between aryl halides and
acetylenic molecules is one of the most extensively studied reactions in organic synthesis.
The use of agueous media in Pd-catalyzed reactions has received considerable attention
because water based synthetic processes are inherently non-toxic, non-flammable and
inexpensive [55]. On the other hand, the prepared nanocomposite contains HPCD molecules
that can form inclusion complexes by taking up the small molecules into the apolar central
cavity and no covalent bonds are formed or broken during complex formation [21].
Therefore, the nanocomposite catalyst is expected to accelerate interaction of insoluble small
molecules in the agueous medium.

To evaluate the catalytic activity of the synthesized PANCs/HPCD/Alg, we performed
Sonogashira cross-coupling reaction using phenylacetylene (1) and various aryl halides (2)
as model substrates. In the typical reaction, 0.11 mmol of phenylacetylene (1.1 equiv.) and
0.1 mmol of aryl halide (1.0 equiv.) was mixed in aqueous solution of the nanocomposite (5
mg) and K>COg3 used as base in the air atmosphere. The cross-coupling product accounted

for 100% of the aryl halides as the limiting reagent. Purity of the products was determined
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by NMR spectra (Supporting information). In purpose of green-catalyst use, we have
investigated the coupling reaction between 1 and iodobenzene with and without PPhs or/and
Cul. The attempts showed that absence of PPhz did not affect the reaction yield whereas the
reaction without Cul co-catalyst exhibited a very low yield. It reflects that the formation of
the copper acetylide is important process for the Sonogashira coupling in presence of the
nanocomposite catalyst [56].

Table 2 shows the yield obtained for various aryl iodides in the presence of the composite
(5 mg) in the air atmosphere. The results revealed that aryl iodides bearing electron-neutral
(Entry 1) and electron-donating (Entries 2 and 3) groups underwent smooth reaction with
phenylacetylene in high conversions. For weak electron-withdrawing group like fluoride
(Entry 4), the reaction under the nanocomposite catalyst was also maintained in high yield.
However, aryl iodides containing the strong electron-withdrawing groups (Entries 5 and 6)
displayed the low yields although the extended reaction time at 100°C. A byproduct, 1,4-
diphenylbuta-1,3-diyne (Supporting information), which could be formed from coupling two
phenyl acetylene molecules in presence of Cul [57], was attributed to dropping the reaction

yield of these substituted derivatives.

Table 2. Reaction conditions for Sonogashira reaction in presence of PANCs/HPCD/Alg in

aqueous medium.

L = PANCs/HPCD/Alg =

K2C03/CuI/H20, t°C

Entry R Temp. (°C) Time (h) Isolated Yield (%)
1 H 80 4 91
2 p-CHs 80 4 92
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3 p-OCH; 80 4 90

4 p-F 80 4 92
5 p-NO, 100 8 52
6 m-CN 100 8 56

In order to check recyclability of the nanocatalyst, we have performed the reusability
experiment taking iodobenzene and phenyl acetylene as model substrates in 5 mg of catalyst.
Our study revealed that the nanocatalyst could be reused at least for three cycles (Figure
11A). However, a gradual decrease in yield was observed which might be due to the handling
loss of the catalyst during collection process. The reused nanocomposite samples were
collected for TEM analysis. After reaction, it can see that the particle size distribution of Pd
particles were large with a bigger average particle size (14.0 nm), compared to the sample
period to reaction (Figure 11B and 11C). Increase of particle size can be attributed to the
Oswald ripening process of the catalyst, where atoms detach from thermodynamically
unstable smaller clusters and reattach to bigger clusters during the reaction [50, 51]. This
nanocomposite showed effectively reusable catalytic activity for Sonogashira coupling in

water, compared with catalysts based PANPs-supported cyclodextrin as previously reported

[29, 58, 59].
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Figure 11. (A) Yields of Sonogashira cross-coupling reaction for three reaction cycles and

(B and C) TEM images of the catalyst in different magnifications after three reaction cycles.
4. Conclusions

In this study, we developed an efficient method to trap Pd?* ions by polysaccharides-
based nanocomposite via the ionotropic gelation mechanism. PdNCs can be simply
synthesized using aqueous extract of A. lappa as the reducing agent. The nanocomposite
showed excellently recyclable catalyst for the degradation of pollutants and Sonogashira
cross-coupling reaction in water medium. For recyclable catalytic degradation of pollutants
including 4-nitrophenol, methyl orange and rhodamine B by NaBH4 showed very fast
reaction and value of the pseudo-first order rate constants were found from 1.78 x 10, 2.24
x 103 and 2.75 x 107 sec’?, respectively. Catalytic mechanism of PANCs for degradation of
4-nitrophenol was found to be a leaching process to form separate particles without
recombination into new clusters. Meanwhile, recyclable PdNCs catalyst for Sonogashira
cross-coupling reaction acted via the Oswald ripening process. The method used low-cost
procedures and friendly-environmental materials that should be considered as a green

approach for treatment of pollutants in industrial wastewater.
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