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Spent coffee ground (SCG) and poly(ethylene terephthalate) (PET) bottles are common wastes

in  the beverage industries. In this study, SCG and PET sheets from waste PET bottles

were utilized to prepare PET/SCG composites. Those composites were embedded with sil-

ver  nanoparticles (AgNPs) prepared from AgNO3 solutions (0–100 mM) without addition of

catalyst or reducing agent, to be AgNPs@PET/SCG sheets. The generation of AgNPs was  con-

firmed by field emission scanning electron microscopy (FESEM) and X-ray diffraction (XRD).

According to inductively coupled plasma (ICP) analysis, the loaded amount of AgNPs on

PET/SCGs was in the range of 0.9–7.3 �g/cm2. The catalytic performance and kinetics of

AgNPs@PET/SCGs for the reduction of 4-nitrophenol with NaBH4 was studied, where 100%

conversion can be reached in 20 min. The prepared AgNPs@PET/SCGs sheets allow easy

separation from the reaction media, and can be reused for at least seven cycles while main-

taining >90% conversion rate. The durable and reusable AgNPs@PET/SCGs made from waste
-Nitrophenol

reen chemistry

materials may provide a promising alternative for further industrial applications.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

of heavy metal ions (e.g. Cu(II), Cr(IV) (Kyzas, 2012), Pb(II)
.  Introduction

pent coffee grounds (SCGs) are the main by-products resulted
rom coffee brewing process, and generated million tons
nnually. Although SCGs are considered as waste, but actu-
lly there are a lot of biofunctional components in SCGs, e.g.
atty acids, lignin, cellulose, hemicellulose, and polyphenols
Campos-Vega et al., 2015; Kovalcik et al., 2018), which are
ery potential to be valorized. The value-adding processing of
CGs (as well as of food wastes, in general (Xiong et al., 2019))
s projected to drive the reduction of the volume of organic
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waste dumping, thus alleviation in greenhouse gas production
in landfills, then potentially opens new economic opportu-
nity of SCGs-based chemicals or commodities, and therefore
resulting in sustainable development.

In order to support the aforementioned sustainable devel-
opment based on SCGs, there are several existing methods
for the utilization of SCGs. The simplest method is the use
of pristine SCGs without additional processing for applica-
tion in wastewater treatment (i.e. as adsorbents for removal
eering, National Kaohsiung University of Science and Technology,

and Hg(II) (Chavan et al., 2016) and pharmaceutical contam-

ier B.V. All rights reserved.
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inants (e.g. metamizol, acetylsalicylic acid, acetaminophen,
and caffeine) (Lessa et al., 2018)). Besides the application of
the untreated SCGs, there is also the bulk physical transfor-
mation of SCGs. They might be converted to be charcoal for
adsorbent of aqueous heavy metal ions (Yeung et al., 2014)
or to be activated carbon for methane storage (Kemp et al.,
2015). Finally SCGs can be functionalized by coating using
polyethyleneimine for successive extraction of As(V), Cu(II)
and P(V) (Hao et al., 2017), or by the newly developed bio-based
decoration of silver nanoparticles for highly efficient antibac-
terial materials (Chien et al., 2019). Environmentally-benign
methods for synthesis of nanoparticles have been extensively
reviewed elsewhere (Sharma et al., 2009; Iravani, 2011; Mittal
et al., 2013; Duan et al., 2015).

One of the bio-based approaches for the synthesis of metal
nanoparticles is the use of plant extracts as biological sys-
tems that perform as the reducing and capping agent (Iravani,
2011; Mittal et al., 2013; Saratale et al., 2019). Several previous
studies employed coffee extract to synthesize nanoparticles,
specifically silver nanoparticles (Nadagouda and Varma, 2008;
Metz et al., 2015; Dhand et al., 2016), and additionally Pd
nanoparticles (Nadagouda and Varma, 2008). It is proposed
that the hydroxyl and carboxyl groups of the polyphenolic
compounds of the plant extracts will form a complex with the
metal salt solution, and perform the reduction mechanism
of the complex to be metal atoms. Furthermore, the metal
nuclei will further grow resulting in the production of metal
nanoparticles (Iravani, 2011; Mittal et al., 2013; Thanh et al.,
2014; Veisi et al., 2018). For the case of SCGs, the identified
polyphenolic compounds in SCGs that might be responsible
for the aforementioned mechanism are chlorogenic acid and
its derivatives, caffeoylquinic acids, feruloylquinic acids, and
p-coumaroylquinic acids (Mussatto et al., 2011; Zuorro and
Lavecchia, 2012).

Recently, there is an increasing number of reports of the
preparation of catalysts from waste materials (Klose et al.,
2000; Balakrishnan et al., 2011; Bennett et al., 2016). Valoriz-
ing waste materials to fabricate the value-added catalysts
not only reduces waste materials in landfills, but also serves
as cost effective raw material. The manufactured catalysts
from waste materials must be carefully designed and prepared
in order to generate not only highly active and stable cata-
lysts, but also simple and safe to collect. It would be greatly
appreciated if the production processes of catalyst from waste
materials is as environmentally-benign as possible and do not
burden any additional environmental issues. Beverage indus-
tries produce not only SCGs, but also waste PET bottles. It
would be a good alternative to synergistically use these wastes
(SCGs and PET bottles) for producing catalyst.

To the best of our knowledge, our recent report is the
only study (Chien et al., 2019) on the utilization of SCGs
as bio-based system for direct synthesis of metal nanopar-
ticles without additional dispersing, capping or reducing
agent, at room temperature. Therefore, it would be exciting
to discover the potentials of the newly  established class of
biosynthesized metal nanoparticles for sustainable develop-
ment applications. In this study, we developed SCGs-derived
AgNPs attached on the surface of SCG powders immobilized
in waste PET sheets for easier collection and better protec-
tion, stated as AgNPs@PET/SCGs. They were created without
additional reducing or capping agent, and were implemented
for the catalytic reduction of a model organic pollutant (4-

nitrophenol (4-NP)). In addition to the proof of concept, this
study is important to promote the reduction of SCGs waste,
reusing PET bottles, and valorize them as value-added cata-
lysts for sustainable environmental applications. This study
is illustrated in Fig. 1.

2.  Experimental  methods

2.1.  Materials

Trifluoroacetic acid (TFA, 99%) and silver nitrate (AgNO3,
>99.9%) were purchased from Alfa Aesar. N-Pentane (≥99%)
was bought from Sigma-Aldrich. 4-Nitrophenol (99%) and
sodium borohydride (NaBH4, >98%) were received from Acros
Organics. Nitric acid (HNO3) was received from Fluka, while
sodium chloride (NaCl) was purchased from Shimakyu’s Pure
Chemicals Co., Ltd.

2.2.  Preparation  of  SCGs  and  PET  bottles

The SCGs were collected and washed three times with DI  water
to remove the impurity or residue, which was further defatted
via a solvent extraction process with n-pentane according to
the previous procedure (Chien et al., 2019). The defatted SCGs
were further ground by using an electric grain mill, and sieved
through a 30 mesh sieve. The waste PET bottles were employed
as a material for polymeric matrix, where those bottles were
first cleaned up, dried and cut by 0.5 × 0.5 cm2.

2.3.  Fabrication  of  the  PET/SCGs  composites

The PET/SCGs composites were fabricated by using a film cast-
ing process. The casting solutions were prepared by dissolving
a 15 (w%) of PET in TFA, and the mixtures were stirred for 6
h at room temperature. Subsequently, 15 (w%) of SCGs and
22.5 (w%) of NaCl salt sieved through a 30 mesh sieve were
added with continuous stirring until the solution was com-
pletely clear and homogeneous. The NaCl powders were added
into the solution in order to make the porous composites. The
casting solution was then poured onto a clean glass plate at
room temperature. The solution was cast on a glass plate using
a casting knife with a thickness gap set at 350 �m.  Immedi-
ately after casting, the glass plate with the cast film was dipped
into distilled water at room temperature. After a few minutes,
a thin composite film separated itself from the glass. The fabri-
cated PET/SCGs composites were washed with distilled water
and kept in a water bath before evaluation. The average thick-
ness of the PET/SCGs composites was measured to 396 �m ±
33 �m.

2.4.  Silver  loaded  PET/SCGs  composites

AgNPs were loaded on the surface of the PET/SCGs compos-
ites by directly exposing 5 × 5 cm2 of PET/SCGs composites
into 10 mL  aqueous AgNO3 solution with concentration of
1, 10, 50, or 100 mM with continuous stirring at room tem-
perature for 6 h, and were washed with DI water to remove
the residues or excess reagents, and then dried in an oven
at 50 ◦C overnight. The PET/SCGs into 1 mM,  10 mM,  50
mM,  and 100 mM of HNO3 aqueous solution to load AgNPs
were named as 1 AgNPs@PET/SCGs, 10 AgNPs@PET/SCGs,

50 AgNPs@PET/SCGs, and 100 AgNPs@PET/SCGs composites,
respectively.
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Fig. 1 – Schematic diagram illustrating the production of AgNPs@PET/SCGs catalysts. The phenolic compounds in SCGs play
a role in reducing agents to reduce Ag+ ions to Ag0. The generated silver nanoparticles (Ag0) has a catalytic activity towards
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Table 1 – Particle size and content of AgNPs in
AgNPs@PET/SCGs samples.

Samples AgNO3

(mM)
Particle size
(nm)

AgNPs content
(�g/cm2)

PET/SCGs 0 – –
1 AgNPs@PET/SCGs 1 34.61 ± 5.37 0.938 ± 0.255
10 AgNPs@PET/SCGs 10 38.84 ± 4.10 2.083 ± 0.294
50 AgNPs@PET/SCGs 50 41.54 ± 5.32 5.417 ± 0.779
100 AgNPs@PET/SCGs 100 54.25 ± 8.22 7.292 ± 0.294
-nitrophenol reduction.

.5.  Characterizations

orphology of AgNPs@PET/SCGs composite was examined by
eld emission scanning electron microscopy (FESEM), JEOL

SM-6701F, Japan. All samples were platinum-coated by a
putter coater before the observation. X-ray diffraction (XRD)
nalysis for studying the crystalline nature and the diffraction
atterns were recorded in the scanning mode on a high resolu-
ion X-ray diffractometer (Bede D1). The process was operated
t 40 kV and with a current of 40 mA with Cu/K� radiation (� =
.5405 Å) in the range of 10◦–80◦ in 2� angles with a scanning
peed of 0.05◦ s−1.

.6.  Quantification  of  silver  loading

he silver content was detected by using inductively coupled
lasma optical emission spectrometer (ICP-OES, Thermo Sci-
ntific iCAP 700). The AgNPs on the PET/SCGs were digested
n nitric acid and then diluted by using DI water. After passing
hrough a 0.22 �m polyethersulfone (PES) filter, the samples
ere analyzed for silver content. Three replicates were used

o analyze the silver concentration.

.7.  Catalytic  activity  assays  of  AgNPs@PET/SCGs
omposites

he catalytic activity of was evaluated by reducing 4-
itrophenol (4-NP) to 4-aminophenol (4-AP) in a quartz cell
t room temperature. Specifically, 15 mL  of 4-NP (0.08 mM)
as mixed with 3.3 mL  NaBH4 solution (0.64 M). After adding

 × 1 cm2 of AgNPs@PET/SCGs composites, the reactions were
onitored through the absorbance at 400 nm by using UV–vis

pectrophotometer (ChromTech CT-2800). The PET/SCGs com-
osites without AgNPs-loading were employed as control
roup.

.8.  Reuse  test  of  AgNPs@PET/SCGs  composites

he recyclability of the 100 AgNPs@PET/SCGs composites on
onsecutive 4-NP reduction reactions was evaluated. The 1 × 1
m2 of composites was immersed into 15 mL  of 4-NP (0.08 mM)

as mixed with 3.3 mL  NaBH4 solution (0.64 M). The reactions
ithin 20 min  were then monitored through the absorbance
at 400 nm by using UV–vis spectrophotometer. Upon comple-
tion of each reduction reaction, the composites were recovered
by washing DI water three times and dried for the next runs.
Three replicates were used to test the reuse experiments.

3.  Results  and  discussion

3.1.  Characterization  of  AgNPs@PET/SCGs  composites

In this study, the prepared AgNPs@PET/SCGs composites were
subsequently immersed into different AgNO3 solutions (1, 10,
50, and 100 mM)  for 6 h to investigate if the AgNPs can be
generated on the composites and discuss the effect of concen-
trations of AgNO3 on the amount of AgNPs. First, the TFA was
used as solvent to dissolve PET. When the SCGs and salts were
added in the polymer solution, the solution became a “mud”.
After casting and removing solvent, the PET can trap SCGs in
the polymer matrix to form PET/SCGs films (as see in Fig. 2a).
Because the SCGs contain large amounts of phenolic com-
pounds which play a role in reducing agents (Chien et al., 2019),
the SCGs in the PET/SCGs composites can reduce silver ion to
silver nanoparticles to obtain the AgNP@PET/SCGs composites
(Fig. 2b–e). They were then characterized by FESEM and XRD.
The FESEM result of is depicted in Fig. 3, while the size of silver
nanoparticles on AgNPs@PET/SCGs is tabulated in Table 1. It
is shown that PET/SCGs composites had a rough surface with
porous structures, as observed by FESEM (Fig. 3a). The FESEM
images of AgNPs@PET/SCGs clearly show that the formation
of some of the bright spots with an average particle size of
34.6 nm on the surfaces of the PET/SCGs composites prepared
by using 1 mM AgNO3 (Fig. 3b).The coverage of the bright

spots on the surfaces of the PET/SCGs composites is bigger
and denser when increasing the concentration of the Ag+ ions
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Fig. 2 – The photographs of AgNPs@PET/SCGs composites.
 (d) 5
(a) PET/SCGs (b) 1 AgNPs@PET/SCGs (c) 10 AgNPs@PET/SCGs

because more  Ag+ ions were reacted and enhanced the yield of
AgNPs (Dubey et al., 2010) (Fig. 3c). A small increase in the aver-
age particle size of AgNPs to 38.8 nm at 10 AgNPs@PET/SCGs
is observed. The small bright spots began to form clusters
when the reaction concentration of AgNO3 increased to 50 mM
(50 AgNPs@PET/SCGs, Fig. 3d). A great number of clusters is
observed on the surfaces of the PET/SCGs composites when
using 100 mM of AgNO3 (Fig. 3e). The average particle size of
AgNPs on 50 AgNPs@PET/SCGs and 100 AgNPs@PET/SCGs are
41.5 and 54.2 nm,  respectively.

The small bright spots and clusters on AgNPs@PET/SCGs
shown in Fig. 3 could represent the existence of crystalline sil-
ver nanoparticles. Therefore, the samples were analyzed by
using XRD. The XRD patterns of AgNPs@PET/SCGs show sev-
eral intense peaks at 2� = 22◦, 28◦, 32◦, 38◦, 44◦, 64◦, and 75◦,
which were attributed to amorphous PET, crystalline AgCl (111)
and (200), Ag (111), (200), (220) and (311), respectively (Fig. 4).
The amorphous peak at 2� = 22◦ in Fig. 4 might probably cor-
respond to the cellulose of SCGs (Ballestero et al., 2015). We
infer that the AgCl peaks (� = 28 and 32◦) might be resulted
from the contribution of the residual Cl− and Ag+ ions in the
initial PET/SCGs solution in TFA which led to the heteroge-
neous nucleation and the growth of AgCl on the PET/SCGs
composites (Zhang et al., 2017). Interestingly, the AgCl peak
at 2� = 28◦ and 32◦ gradually decreased when the AgNO3 con-
centration increased to 50 mM and 100 mM.  The decrease of
the peak intensity may be due to the increase of AgNO3 con-
centration which interfered with the crystalline state of AgCl.
However, the AgNO3 concentration did not effect on the peak
intensities of Ag, indicating that the crystallinity of Ag did
not influence by AgNO3 concentration. Despite the detected
AgCl characteristic peaks, XRD patterns present that there is
still face-centered-cubic (FCC) crystalline structure of silver-
based peak in comparison with the values reported by the
Joint Committee on Powder Diffraction Standards (JCPDS) file
No. 84-0713. Therefore, the XRD results confirm the formation

of AgNPs on the PET/SCGs composites.
0 AgNPs@PET/SCGs (e) 100 AgNPs@PET/SCGs.

The effect of the concentration of AgNO3 on the loaded
amount of AgNPs is evaluated by using ICP-OES, and the result
is reported in Table 1. There is no silver detected in PET/SCGs,
while the loaded AgNPs contents in AgNPs@PET/SCGs resulted
from preparation with 1, 10, 50 and 100 mM AgNO3 were 0.938,
2.083, 5.417 and 7.292 �g/cm2, respectively. The AgNPs content
against the concentration of AgNO3 is shown in Fig. 5, where
a linear relationship between the AgNPs content and the con-
centration of AgNO3 was observed when the concentration of
AgNO3 <50 mM.  However, the loading amount became gradu-
ally saturated after the AgNO3 concentration is >50 mM.

The AgNO3 concentration usually exerts a significant effect
on the nanoparticle size (Dubey et al., 2010; Dhand et al.,
2016). Here, a constant area of PET/SCGs was immersed into
AgNO3 aqueous solution at different concentration (1, 10, 50,
and 100 mM). The average particle size increases slightly with
increasing in the molarity due to the availability of more  Ag+

which leads to an increase in the size of silver nanoparti-
cles (Dubey et al., 2010). Interestingly, to some extent, higher
concentration of AgNO3 resulted in more  aggregated AgNPs.
Several previous studies indicated that the concentration of
the plant extracts exert a significant effect on the distribu-
tion of nanoparticles (Gangula et al., 2011). Most of them used
varied the quantity of the plant extracts and kept the AgNO3

concentration constant (Gangula et al., 2011). It is found that
the higher concentration of plant extracts had fewer aggre-
gated nanoparticles because of the more  amount of functional
ligands from the plant extracts that may bind to the surfaces
of the nanoparticles and thus provide better stabilization to
the nanoparticles (Gangula et al., 2011). Compared to previ-
ous studies of the utilization of plant extracts for preparing
nanoparticles, in this study the SCGs were embedded in the
PET matrix. Because the functional ligands of SCGs are also
embedded inside the polymer matrix, there is only a small
amount of coffee extract probably leaked into solvent and
bond to the surfaces of the AgNPs. Therefore, the aggregated

AgNPs were observed on some AgNPs@PET/SCGs composites.
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Fig. 3 – FESEM images of (a) PET/SCGs, and
AgNPs@PET/SCGs prepared in AgNO3 solution with
concentration of (b) 1, (c) 10, (d) 50, and (e) 100 mM.

Fig. 4 – XRD patterns of PET/SCGs and AgNPs@PET/SCGs
prepared 1 mM,  10 mM,  50 mM,  and 100 mM of AgNO3

solution.

Fig. 5 – Plot the value of AgNPs content against the
concentration of AgNO3.
3.2.  Catalytic  activity

Metal nanoparticles have been shown as atom-efficient mate-
rials with high density of active sites available for catalysis
(Cao et al., 2017; de Souza et al., 2017; Quadrado et al.,
2019). Among various metal nanoparticles, AgNPs have been
popularly used as catalysis for the reduction high-toxic 4-
NP to low-toxic 4-AP (Baruah et al., 2013; Cao et al., 2017;
Belachew et al., 2019). In order to demonstrate that the AgNPs
synthesized by using coffee-derived composites display the
characteristic interfacial chemistry of metallic nanoparticles,
and also to support sustainable environment, the reaction
of 4-NP reduced by NaBH4 into 4-AP is chosen as a model
reaction to analyst the catalytic performance of the biogenic
AgNPs@PET/SCGs composites. The yellowish 4-NP serves as a
raw material for fungicide for leather, dyes or pigment indus-
tries, and especially in pharmaceuticals for the production
of acetaminophen (better known as paracetamol, a common
analgesic and antipyretic drug) (Bhatti et al., 2002; Vaidya
et al., 2003). However, 4-NP is toxic not just for plants and
animals, but also to human health (Bhatti et al., 2002). There-
fore, its reduction is imperative for better environment and
health.

As AgNPs@PET/SCGs composites immersed in 4-NP solu-
tion, it is observed that the yellowish solution gradually
decolorized to be transparent as the catalytic composites
are immersed in the reaction system, suggesting successful
reduction of 4-NP. The change in color was further detected
by UV–vis spectroscopy in the range of 250–550 nm wave-
length at various times, and reported in Fig. 6. The spectra
of the 4-NP solution mixed with NaBH4 reducing agent and
the non-functionalized PET/SCGs (without AgNPs) show no
change over various reaction times. Thus, it is confirmed
that NaBH4 by itself was unable to reduce the 4-NP to 4-AP
(Fig. 6a). As predicted, the AgNPs@PET/SCGs composites show
the decrease of absorbance of 400 nm peak, verifying the suc-
cessful reduction of 4-NP. Moreover, a new peak emerged at
295 nm with increased reaction time (Fig. 6b–e). It is the fin-
gerprint of 4-AP (Dowle et al., 1990; Baruah et al., 2013; Zhang
et al., 2017; Eisa et al., 2018), and therefore confirmed the for-
mation of 4-AP from the reduction of 4-NP, in the presence of
NaBH4. This behavior is expected because the AgNPs on the
PET/SCGs composites adsorb hydrogen from the NaBH4 and
efficiently release it through the reduction reaction. Hence,
AgNPs act as a hydrogen carrier between the NaBH4 and the
4-NP (Hervés et al., 2012; Nemanashi and Meijboom, 2013; Gu

et al., 2014).
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Fig. 6 – UV–vis spectra of reaction systems were recorded by PET/SCGs (a) and AgNPs@PET/SCGs prepared in 1 mM (b), 10

mM (c), 50 mM (d) and 100 mM  (e) of AgNO3 solution.

In order to quantitatively describe the catalytic activity of
different amount of AgNPs on PET/SCGs composites, the con-
version of 4-NP to 4-AP is calculated by Eq. (1):

Conversion =
(

1 − At

A0

)
× 100% (1)

where At stands for the absorbance at 400 nm,  which is pro-
portional to the concentration of produced 4-NP; A0 is the
initial absorbance at 400 nm after addition of NaBH4. The
plots of conversion versus time for different AgNPs@PET/SCGs
composites are given in Fig. 7. Without the AgNPs, the
conversion was very low and kept unaltered after 60 min
for the sample treated by PET/SCGs (Fig. 7a). For various
AgNPs@PET/SCGs, the conversion was significantly increased
when the reduction reaction developed. At 10 min  reaction,
the conversion for 1 AgNPs@PET/SCGs, 10 AgNPs@PET/SCGs,

50 AgNPs@PET/SCGs, and 100 AgNPs@PET/SCGs was 16.4%,
33.7%, 73.1%, and 91.9%, respectively, indicating successful
catalytic reduction of 4-NP. Furthermore, it is observed that
100 AgNPs@PET/SCGs catalyzed the reaction almost com-
pletely within 10 min. In contrast, the catalytic reduction
of 50 AgNPs@PET/SCGs is almost completed within 18 min.
After 80 min  of reaction time, the conversion for 1 AgNPs
and 10 AgNPs only approached to 51.3%and 87.7%, respec-
tively. These results suggested that 100 AgNPs@PET/SCGs has
the best catalytic activity, followed by 50 AgNPs@PET/SCGs,
10 AgNPs@PET/SCGs and 1 AgNPs@PET/SCGs.

Since the concentration of NaBH4 greatly exceeds that of
4-NP, this reduction reaction can be assumed to be a pseudo-
first-order reaction kinetics equation (Baruah et al., 2013; Zhu
et al., 2013), which can be described in Eq. (2) as follows:

ln
(

Ct

C0

)
= −kt (2)
where C0 is the initial concentration, Ct is the concentration
at time t, and k is the first-order rate constant of the chemi-
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Fig. 7 – Plots of conversion (a) and ln(Ct/C0) (b) against the reaction time for pseudo-first-order reduction kinetics of
4-nitrophenol in the presence of excess NaBH4. (c) A linear relationship between the rate constant k and the AgNPs loading
content. (d) The recyclability of the 100 AgNPs@PET/SCGs as the 

Table 2 – Rate constant of AgNPs@PET/SCGs in
degradation of 4-NP.

Samples Rate constant (s−1)

PET/SCGs 1.167 × 10−6

1 AgNPs@PET/SCGs 1.667 × 10−4

10 AgNPs@PET/SCGs 4.733 × 10−4

50 AgNPs@PET/SCGs 2.195 × 10−3
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100 AgNPs@PET/SCGs 4.572 × 10

al reduction (s−1). The linear relationship between ln(Ct/C0)
nd reaction time shown in Fig. 7b is very well in agree-
ent with the first-order reaction kinetics. From this kinetic

urve, the rate constant k was obtained and summarized in
able 2. It could be observed that the largest k is exhibited
y 100 AgNPs@PET/SCGs. Moreover, in order to understand
he effect of AgNPs loading towards the reaction rate, the
alue of rate constants is plotted against the concentration
f AgNPs (Fig. 7c). It suggests a linear relationship between
he rate constant k and the AgNPs loading, where the reaction
onstant k is increased with larger loading AgNPs (hence the
ncrease of the amount of the active side of AgNPs), with best
erformance is provided by 100 AgNPs@PET/SCGs. Further-
ore, the best 100 AgNPs@PET/SCGs was further examined.

ts durability is retained almost more  than 90% conversion
fter over seven successive catalytic cycles (Fig. 7d). The
ndings in this study demonstrated that the firstly reported
iogenic AgNPs@PET/SCGs composites produced without any
xtra capping and reducing agent have promising catalytic

erformance, convenience in re-collection, and also durability
or the reduction of 4-NP.
catalyst for the reduction of 4-nitrophenol with NaBH4.

3.3.  Conclusion

In this study, we report an environmentally benign, inex-
pensive and facile method of preparing AgNPs@PET/SCGs
catalysts without any additional dispersing, capping and
reducing agent at room temperature. The method results
in active and robust catalysts for 4-NP reduction towards
safe and sustainable ecology. The uniform AgNPs with a
narrow size distribution ranging from 35 to 54 nm was
achieved on the surface of PET/SCGs via a green synthetic in-
situ reduction approach. Results from SEM and ICP analysis
demonstrated that the amount, size, and distribution of AgNPs
could be easily tuned simply by adjusting the AgNO3 con-
centration. The AgNPs@PET/SCGs catalyst made from wastes
of beverage industries show excellent catalytic performances
towards the reduction of 4-NP in the presence of NaBH4, with
excellent durability of maintaining >90% conversion for at
least seven cycles. Taking into consideration that the coffee
residues and PET bottles of the current study have virtu-
ally zero cost, the AgNPs@PET/SCGs from those wastes are
a great potential in water treatment and other prospective
applications.
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