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This work describes the synthesis of gold nanoparticles (AuNPs) and their subsequent stabilization using
a water-borne polyurethane matrix of micro-particles (Au/PU) by a heating method. Composites were
prepared both from linear and cross-linked polyurethane (LPU and CPU). Catalytic activities of

synthesized composites exhibiting 226.4 nm size were evaluated for reduction of Congo red dye. More

than 90% Congo red degradation was achieved in just 6 minutes with Au/LPU. Under similar conditions,

30% of dye was degraded with Au/CPU composite in 5 minutes. The effects of different variables such as
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concentration of dye, catalyst dose and concentration of reagents have been optimized. The

degradation process followed first order kinetics. The most efficient composite (Au/LPU) was
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1. Introduction

Environmental nanotechnology is playing an influential role in
upgrading environmental engineering and science due to its
wide applications in various environmental concerns such as
contaminants detection, adsorptive removal and -catalytic
degradation.' Gold nanoparticles (AuNPs), in this context, have
attracted substantial consideration in numerous frontline
arenas including biomedicines,” immobilization of biomole-
cules,® smart materials,* electronics,” solar cells,’ sensing,”
catalysis® and in DNA sequencing.’ Due to their large surface
area-to-volume ratio, the catalytic activities are superior to any
other bulk metal. The only downside in using these nano-
particles (NPs) alone is that they are unstable and aggregate in
solution owing to their high surface energies, due to which their
catalytic activities are badly affected. So, their stabilities and
physicochemical properties are enhanced by immobilizing
them on various supports ranging from nano-carriers to inor-
ganic materials and organic polymers.*

Research on structural and functional properties of these
polymer-metal nanoparticle blends is gaining considerable
attention in recent years due to their vast practical and funda-
mental applications."* Nanofibers,”” nanospheres,*® titania
nanotubes,'* carbon nanotubes,' meso-structured materials,'®
polyurethane," silica,™ clay,** cellulose,"” graphene® and many
other materials are well described for the purpose. This
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characterized using UV/Vis, FTIR, SEM, XRD and DLS techniques. The excellent catalytic activity can be
attributed to the polyurethane matrix making the dye available to catalytic sites (AuNPs).

immobilization makes the nanoparticles of gold (AuNPs) well
dispersed in nanocomposites exhibiting hybrid properties and
a stable structure. Surface adsorption and charge transfer
properties by this immobilization also facilitate the catalytic
efficiencies.” From all these, natural polymers are the best
option due to their surface chemistry and well-regulated pore
space as well as their outstanding mechanical strength for
longstanding applications. The consequential polymer-based
nanocomposite (PNC) possesses dual intrinsic properties of
polymer as well as nanoparticles; nanoparticles are now highly
stable with extraordinary process abilities as well as fascinating
advances are caused due to nanoparticle-matrix interaction."
In this work, we synthesized AuNPs nanocomposites with
waterborne polyurethane (PU) based on the high biological and
mechanical properties of PU such as non-toxicity, non-
flammability, inexpensive, eco-safe, low viscosity at high
molecular weight® and wide applicability in cardiovascular
biomaterials, synthetic elastomers,* leather, textile, glass
fibers, wood, paper and others. Previously reported PU are
based on polyvinyl alcohol (PVA) polytetramethylene oxide
(PTMO),” intercalated silicate layers added in PTMO,* o-
thiethyl, w-hydroxypoly(tert-butyl acrylate),> hexamethylene
diisocyanate and polyester polyol.>>?° In this study, we synthe-
sized linear and cross-linked PU polymers from polyethylene
glycol (PEG), toluene diisocyanate (TDI) and tetraethylene-
pentamine (TEPA) using our previously developed method-
ology.”” Redox catalytic potential of stabilized AuNPs on PU
polymer matrix were then evaluated by degradation of Congo
red dye that is an anionic dye and is released in environment
through industrial effluents of textile, paper, rubber and plastic
industries.”* Previous studies revealed that polyurethane (PU) is
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one of the most fascinating synthetic elastomers. When a small
amount of AuNPs was added in PU, its thermal and mechanical
characteristics as well as stability has been significantly
increased."™ It has been analyzed that AuNPs could incite
morphological changes in PU.>* For estimation of photocatalytic
efficiency of polyurethane/TiO, nanocomposite, photocatalytic
reduction of rhodamine-B has been evaluated. These nano-
composites were also recyclable.”® Pd catalyst based on chito-
san-tannin (CT) framework as support was reported recently.
Catalytic efficiency for degradation of Congo red was investi-
gated. The catalyst was effective in degradation of 23% Congo
red in 60 min.* Cellulose based gold nanocrystals were
synthesized and studied for their excellent degradation activi-
ties against various dyes.** Gold nanoparticles (AuNPs) loaded
on polymer resin were synthesized and catalytic efficiency was
studied.*

2. Materials and methods

2.1 Chemicals and reagents

Tetrachloroauric acid (HAuCl,-3H,0), sodium borohydride
(NaBH,), polyethylene glycol (PEG, M,,: 1000 g mol '), toluene
diisocyanate (TDI), Congo red (CR) and tetraethylenepentamine
(TEPA) were purchased from Sigma Aldrich and used as such.

2.2 Gold nanoparticles (AuNPs) synthesis

AuNPs were formed via chemical reduction of HAuCl,-3H,O
(1 mM solution in water) in the presence of sodium citrate as
reported in literature.* Firstly, 1 mM solution of HAuCl, (8 mL)
was stirred at 60 °C after that 2 mL of 1% sodium citrate was
added at 98 °C. At this temperature, vigorous stirring was
provided to the reaction mixture for 10 minutes. Prepared
AuNPs were examined through T90, PG Instruments Ltd UV/Vis
spectrophotometer.*

2.3 Synthesis of Au/LPU and Au/CPU composites

LPU (linear polyurethane) as well as (CPU) cross-linked poly-
urethane were synthesized from TEPA, TDI and PEG according
to our reported method.*” For composites formation, LPU (0.05
g) was dispersed in the freshly prepared AuNPs (10 mL) solution
in a typical procedure. The reaction mixture was heated at 98 °C
for 5 min with vigorous shaking. This reaction yielded
a colloidal solution of purple Au/LPU composite. The colloidal
solution was centrifuged for about 15 minutes at 4000 rpm. The
supernatants were decanted off and composite was collected at
the bottom. The same procedure was repeated with CPU.

2.4 Characterization techniques

Electronic transitions in the composite were visualized by UV/
Vis spectrophotometer in the range of 200-800 nm. Identifica-
tion of various functional groups in composites was done using
FTIR spectrophotometer (Agilent technologies Cary 630 FTIR) in
the range of 4000-625 cm™'. Morphology, phase composition
was analyzed by Scanning Electron Microscope (SEM, TESCAN
Vega LMU). Crystallinity of synthesized NPs in composite was
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investigated by XRD analysis. Particle size and size distribution
was determined by Nano ZS (Malvern Instruments Ltd).

2.5 Reduction of Congo red (CR)

Redox potential of produced nanocomposite was evaluated for
Congo red (CR) dye. 1 mL of 1 mM CR was taken with 4 mL of
sodium borohydride (NaBH,) (40 mM) and 9 mL of distilled
water. Then 0.3 mg Au/LPU composite was added in the above
reaction mixture and mixed well. The degradation process of
dye was analyzed continuously by UV-Vis spectrophotometer.
The same procedure was done for Au/CPU and AuNPs alone
(before nanocomposite formation).

2.6 Effect of different reaction parameters on catalytic
degradation of CR

Effect of different reaction parameters like concentration of CR
dye, NaBH, and Au/LPU, time, temperature and others was
tested by a series of experiments. The effect of each parameter
was examined by keeping all other parameters persistent. The
detail of different reaction parameters has been shown in Table
1. Percent (%) removal of dye in all typical runs has been eval-
uated by the general formula given below.
pr— % 100
Co

where Pr is the percent removal of CR, C, is initial concentra-
tion of CR and C; is the concentration of CR at time ¢.

2.7 Kinetic study of reduction process

Rate constants and order of reactions were evaluated via kinetic
analysis of degradation procedure with and without polymer
blending. Obtained In C,/C, was plotted against reaction time.

2.8 Recycling and reuse of Au/LPU composite

Reusability of composite was investigated up to five runs. The
used composite was separated by centrifugation from reaction
mixture, and then applied in next experiment.

Table 1 Various compositions of reaction mixture used to study
different parameters of catalytic reduction of CR dye with Au/LPU

Congo Au/LPU

red (mg NaBH, Completion
Parameters (mM) mL ™) (mM) time (min)
Au/LPU 1 0.1 40 7
conjugate 1 0.3 40 6

1 0.5 40 4
NaBH, 1 0.3 30 9

1 0.3 40 6

1 0.3 50 3
Congo red 0.5 0.3 40 3

1 0.3 40 6

2 0.3 40 13

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV/Vis absorption spectrum of (a) AuNPs and (b) Au/LPU composite.

3. Results and discussion
3.1 UV/Vis analysis

UV/Vis absorption spectrum of synthesized gold nanoparticles
(AuNPs) is shown in Fig. 1. The Surface Plasmon Resonance
(SPR) band at 530 nm is characteristic of AuNPs. However,
disappearance of this characteristic band at 530 nm has been
observed by the addition of LPU in AuNPs solution. This indi-
cates strong binding of synthesized AuNPs with LPU.** The
major binding site was -NH of PU linkage and is evident from
FTIR peak shift in Section 3.2.

3.2 FTIR analysis

FTIR analysis was performed to confirm the proposed synthesis
of PU and its composite. FTIR spectra of LPU and Au/LPU
composite can be seen in Fig. 2. The major bands for the PU
formation observed for the -NH stretching vibration at
3419 cm™ ', C=0 at 1715 cm™ " and -NH bending at 1540 cm ™.
Other prominent peaks are at 1229 cm %, 1091 cm ' and
946 cm ' for C-O-C stretching vibrations; 1599 cm™*' for
aromatic C=C bond and 1636 cm™' is for amide region in
LPU.*** By the addition of AuNPs in LPU, the C=0 (carbonyl)
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Fig. 2 FTIR spectra of synthesized linear polyurethane (LPU) and Au/
LPU composite.
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1 to

stretching band exhibited a red shift from 1715 cm
1707 em~'. A peak at the position of 1707 cm™" has shown
hydrogen bonded carbonyl group in composite.*® These results
revealed that the dispersion of AuNPs in the PU matrix resulted
in the formation of strong hydrogen bond and carbonyl peaks
with different amount of AuNPs (43.5-65 ppm) has been re-
ported recently.*® Any observable shift in -NH band between
3300-3400 cm ™' are mostly associated with hydrogen bond of
PU with AuNPs.* In the present study, a shift of -NH peak from
3419 cm™ ' for pure LPU to 3380 cm™ ' for Au/LPU was also
observed with significant broadening.

Similarly, for CPU, appearance of a C=0 urethane stretching
band at 1636 cm™ " with a shoulder near 1715 cm ™" reveals the
successful synthesis of CPU (Fig. 3). However, for Au/CPU
composite, the disappearance of C=O stretching band at
1715 cm™ ! suggests incorporation of AuNPs in PU.

Moreover -NH band of PU exhibited a red shift from 3437 to
3296 cm ™' on addition of AuNPs. These results suggest the
engagement of -NH of urethane link with AuNPs leading
towards decreased secondary interactions among -NH and
C=0 of PU chain. Where -NH was the hydrogen-bond donor
and C=O0 was acceptor in urethane linkage.*®
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Fig. 3 FTIR spectra of synthesized cross-linked polyurethane (CPU)
and Au/CPU composite.
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3.3 SEM results

SEM analysis was performed to examine the morphology of Au/
LPU nano-composites (Fig. 4). At higher magnification spherical
composites were clearly examined. No aggregates were formed
on the addition of AuNPs in LPU as suggested by FTIR (Section
3.2). The main reason for the dispersion is that AuNPs were
chemically bonded with -NH group of LPU. The surface of LPU
capped with AuNPs was smooth.

3.4 XRD analysis

XRD analysis was used for the determination of crystallinity of
the synthesized Au/LPU composite. Four notable Bragg's peaks
were observed over the range of 2 theta from 20° to 80°. The
pattern revealed diffraction peaks at 38.38°, 44.24°, 64.79°,
77.83° corresponding to (111), (200), (220) and (311) planes,
respectively (Fig. 5). These peaks are specific to stabilized AuNPs
demonstrating the face center cubic crystal system. The
synthesized PU based composite was highly pure as no irrele-
vant peak has observed.

3.5 Zeta potential and dynamic light scattering (DLS) studies

Zeta Sizer (Malvern Ltd) has been used for the measurement of
particle size and size distribution of Au/LPU composite and the
results are shown in Fig. 6. Average size of particles is 226.4 +
38.77 nm (Z average =+ SD). Polydispersity index of the stabilized
particles is 0.515. The zeta-potential and zeta-deviation values
are —1.07 and 3.52 mV respectively. The results indicate a stable
dispersion of composite.

3.6 Catalytic activity of LPU and CPU based composites

Fig. 7 reveals that there was no considerable reduction of CR
without composite. Absorption spectrum has shown that
reduction rate was very low. Dye degradation was observed by
steady fall in absorbance at 498 nm. About 30% of dye was
degraded in 65 min without Au/LPU composite (Fig. 7c). By
adding different amounts of composite in reaction mixture, dye
was surprisingly degraded within few minutes. The dye was
reduced within 6 min by using 0.3 mg of Au/LPU composite.
While by using same amount of Au/CPU composite, only 30% of
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Fig. 4 SEM images of Au/LPU composite.
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Fig. 5 XRD pattern of synthesized LPU stabilized AuNPs.
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Fig.6 Size distribution of Au/LPU composite synthesized from PU and
AuNPs.

dye was degraded under similar conditions. These results reveal
the effective catalytic activity of synthesized Au/LPU composites.
Therefore, further experiments were performed preferably with
Au/LPU.

e,
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Fig.7 Changes in the UV/Vis spectra of CR (1 mM) using: (a) NaBH4 (40 mM) and 0.3 mg Au/LPU composite; (b) NaBH4 (40 mM) and 0.3 mg Au/

CPU composite; (c) NaBH4 (40 mM) only.

The CR dye is electrophilic while BH,  is nucleophilic in
nature. A most plausible mechanism involves the simultaneous
adsorption of BH, ions and CR molecules on the Au/LPU
composite surfaces. Electrons from adsorbed BH, ions
attack on -N=N- and reduced into ~-HN-NH- in CR dye turning
it colorless.”®*” Au/LPU is used as a catalyst. It enhances the
reduction ability of NaBH,. Hence, composite has provided
efficient surface for the interaction of dye molecules with BH,~

©
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Fig. 8 Proposed mechanism for degradation of CR with Au/LPU
composite and NaBHg.

© 2021 The Author(s). Published by the Royal Society of Chemistry

ions. Conjugation is present in these composites, which
increase the electron transfer from BH, (donor) to dye
(acceptor).®* Control experiment using only sodium borohy-
dride is too much time consuming as is obvious from Fig. 7c.
Control experiments using LPU only, CPU only and their
combinations with NaBH, are extensively studied in our
previous report.”” A general reaction and possible mechanism
for the reduction of CR dye with Au/LPU composite has pre-
sented in Fig. 8.

3.7 Effect of different reaction conditions on catalytic
degradation of CR

Effect of different reaction parameters like concentration of CR
dye, NaBH, and Au/LPU, time, temperature and others was
tested by a series of experiments. The effect of each parameter
was examined by keeping all other parameters persistent. The
details of different parameters are compiled in Table 1.

3.7.1 Effect of CR dye concentration. Fig. 9 represents the
degradation process with varying concentrations of CR ie.
0.5 mM, 1 mM and 2 mM. There was a linear correlation
between time for reduction and dye concentration. Time
required for absolute reduction of dye was increased by
increasing CR concentration. Most probably, at lower dye
concentration, available active sites of composite for specific
adsorption of BH, and dye molecules were high. It led to
higher adsorption rates of dye molecules and BH,  ions. But at
higher concentration of CR, while keeping other reaction
parameters constant, molecules of dye covered large number of
catalyst active sites as compared to borohydride (BH, ) ions.
Hence, number of available adsorbed BH, ions for the dye
degradation was decreased.*>*!

3.7.2 NaBH, effect. The concentration of NaBH, has
a profound effect on catalytic reduction of CR. Fig. 10 presents
the reduction reaction with NaBH, different concentrations

RSC Adv, 2021, 11, 26635-26643 | 26639
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Fig.9 UV/Vis spectra showing effect of different CR dye concentration with Au/LPU composite (0.3 mg) and NaBH,4 (40 mM): (a) 0.5 mM CR; (b)
1 mM CR; (c) 2 mM CR; (d) comparison of CR percent removal by using its different concentrations.
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Fig. 10 UV/Vis spectra showing effect of different NaBH,4 concentrations on CR reduction with Au/LPU composite (0.3 mg) and CR dye (1 mM):
(@) 30 mM NaBHy; (b) 40 mM NaBHy; (c) 50 mM NaBHy; (d) comparison of percent removal of dye with different NaBH,4 concentrations.

while keeping all other reaction parameters constant. At higher
NaBH, concentration, reduction time of dye was decreased.
This relationship is appropriate as NaBH, is reducing agent, so
higher concentration of it can directly promote the dye degra-
dation reaction.”?

3.7.3 Effect of Au/LPU composite. The amount of synthe-
sized composite also affects CR reduction. Fig. 11 reveals the
reduction reaction with different amounts of catalyst keeping
all other conditions same. When the amount of catalyst
increased, reduction time was decreased significantly. Reduc-
tion rate has effectively enhanced at higher doses of composite,
as large number of active sites became available.*

26640 | RSC Adv, 2021, 1, 26635-26643

3.8 Kinetic study of redox process

To find out the rate constant and order of reaction, kinetic
studies of catalytic dye degradation reaction was carried out. For
comparative and comprehensive investigation of kinetic vari-
able, optimized catalytic degradation process with Au/LPU was
taken against blank degradation of CR without composite. Zero,
1%t and 2™ order reactions were studied. R? and kapp values for
the Au/LPU composite catalyzed degradation of CR are shown in
Table 2. According to the values of regression coefficient,
degradation of CR solution catalyzed by composite follows 1%
order kinetics as described in (Fig. 12). Apparent rate constant
value for optimized catalytic CR degradation reaction by Au/LPU

was 0.4715 min .

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 UV/Vis spectra showing effect of different Au/LPU doses on CR reduction with NaBH,4 (40 mM) and dye (1 mM) (a) 0.1 mg Au/LPU; (b)
0.3 mg catalyst; (c) 0.5 mg catalyst; (d) comparison of percent removal of dye with different amounts of Au/LPU.
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Fig. 12 Plot of In(C{/C,) as a function of time (min) for CR catalytic
reduction.

3.9 Recyclability of Au/LPU composite

Recycling of Au/LPU was investigated (Fig. 13) up to five catalytic
cycles for CR reduction. At the end of first run, catalyst was
separated through centrifugation. In the next run, previously
separated composite was instantly added in the fresh batch of
dye and NaBH, solution. The reaction was monitored by UV/Vis
spectrometer. After 3™ catalytic cycle, estimated time for cata-
lytic degradation of CR was increased. The catalytic activity of
Au/LPU was slightly reduced after 3™ cycle. It might be due to
the loss of some active sites of composite network with

100
T 9
= 80
£ 70
& 60
5 50
% 30
0
£ 2
g 10
T 0

# R1 R2 R3 R4 RS

6 min 6 min 6 min 8 min 10 min

Runs

Fig. 13 Reusability studies of Au/LPU composite for degradation of
CR.

successive washing and drying. Although, the composite was
effective enough to show greater than 90% reduction for all
other catalytic runs.

4. Conclusion

Here we report, for the first time, an eco-friendly, facile, efficient
and green synthetic route to synthesize PU based gold nano-
composites. FTIR analysis confirmed the synthesis of PU based
composites. SEM analysis demonstrated its structure and
morphology. Spherical composites were clearly examined in

Table 2 Data of kinetic studies for reduction of CR (1 mM) with Au/LPU (0.3 mg mL™) and NaBH, (40 mM) at room temperature

Mathematical form

R® (regression

Sr. no. Kinetic model of kinetic model coefficient) K (rate constant)

1 Zero order Co— Cr=kt 0.882 0.2125 mol dm ™3 min~*
2 1% order In(C,/C,) = —kt 0.963 0.4715 min !

3 274 order 1/C, =kt + 1/C, 0.925 1.3916 mol dm ™ min™*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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SEM images. AuNPs were highly embedded in the matrix of PU.
DLS studies revealed its size (226.4 nm) with polydispersity
index 0.515. Au/LPU composite showed outstanding catalytic
activity in reduction of CR in the presence of NaBH,. The
catalytic efficiency of both (Au/LPU and Au/CPU) composites
was analyzed with UV/Vis technique focusing at 500 nm
(maximum absorption). Composite prepared from LPU was
more efficient and stable. The reason lies in linear and cross-
linked structures of LPU and CPU, respectively. The flexibility
is expected in linear structure of LPU while cross-linking results
in rigidity of CPU. CPU forms branched chains with covalent
bonds between polymer molecules. These covalent bonds are
stronger than intermolecular forces that attract other polymer
chains. Hence, flexible LPU made stronger interactions with
AuNPs as observed by FTIR and UV-Vis spectroscopy. Ulti-
mately, the high catalytic activity was observed with Au/LPU.
CPU shows weak bonding with AuNPs. The degradation
process followed 1°° order kinetics. In future directions, the
synthesized polymer based composites can efficiently be used
for the treatment of wastewater and removal of toxic pollutants.
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