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This study reports a one-pot and eco-friendly method for the synthesis of spherical ibuprofen derived
silver nanoparticles (IBU-AgNPs) in aqueous media using ibuprofen analgesics drug as capping as well as
reducing agent. Formation of AgNPs occurred within a few min (less than 5 min) at room temperature
without resorting to any harsh conditions and hazardous organic solvents. Synthesized AgNPs were
characterized with common analytical techniques. Transmission electron microscope (TEM) images
confirmed the formation of spherical particles having a size distribution in the range of 12.5 ± 1.5 nm.
Employment of IBU analgesic aided the control of better size distribution and prevented agglomeration
of particles. Such AgNPs solution was highly stable for more than two months when stored at ambient
temperature. The IBU-AgNPs solution showed excellent ultra-rapid catalytic activity for the complete
degradation of toxic 4-nitrophenol (4-NPh) into non-toxic 4-aminophenol (4-APh) within 40 s. AgNPs
were recovered with the help of water insoluble-room temperature ionic liquid and reused with
enhanced catalytic potential. This method provides a novel, rapid and economical alternative for the
treatment of toxic organic pollutants to maintain water quality and environmental safety against water
pollution. It is extendable for the control of other reducible contaminants in water as well. Furthermore,
this catalytic activity for an effective degradation of organic toxins is expected to play a crucial role for
achieving the Sustainable Development Goal 6 set by United Nations.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Noble metal nanoparticles (NPs) have been widely used for
catalytic degradation in recent years (Hassan et al., 2011; Kalwar
et al., 2013; K€astner and Thünemann, 2016; Gong and Mullins,
2009; Chimentao et al., 2004; Kannan and John, 2009; Kalwar
et al., 2014) due to their changed morphology which provides
large surface area and surface free energy resulting from reduction
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in size. Among the different noble NPs, nano-sized silver is
particularly attractive for catalytic degradation due to its high
surface area to volume ratio as compared to other noble metals
(Tsujino andMatsumura, 2005; Salam et al., 2014; Sasidharan et al.,
2015). Silver nanostructures in different shapes such as NPs,
nanowires, nanocubes, nanodisks and nanoprisms offer potential
applications for various emerging research areas including anti-
microbial activity, imaging, biomedicine, optics, catalysis and sur-
face enhanced Raman spectroscopy (SERS) detection (Yamamoto
et al., 2006; Kim and Lee, 2010; Zhang et al., 2010; Netzer et al.,
2009; Tang et al., 2008; Halvorson and Vikesland, 2010; Wang
et al., 2011; Bryaskova et al., 2010). Compared with other noble
metals (e.g., gold, platinum, palladium), silver is less expensive and
has good physical and chemical properties.

Industrial effluents contain many hazardous substances such as
tic degradation of 4-nitrophenol with ionic liquid recoverable and
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heavy metals, organic and inorganic pollutants that are discharged
from industrial process through water sources and potentially lead
to detrimental health effects. Aromatic nitro compounds cause
adverse effects in the environment and threaten wellbeing of
humans as well as animals. For the removal of these compounds, a
variety of traditional methods are reported for degradation and
detoxification treatments, e.g. coagulation, ozonation, biological
treatment and adsorption. However, these methods require
extended times for the completion of reaction between substrates,
and expensive procedures due to use of chemicals and solvents.
Inefficient treatment, secondary pollution and increased cost due to
additional removal processes are other disadvantages to count a
few. To avoid these circumstances, using advanced oxidation
techniques exploiting nanomaterials is an alternative, cost-
effective, fast and proper method for degradation of aromatic
nitro compounds such as nitrobenzene or 4-nitrophenol (4-NPh).
These nitro compounds are mostly used for industrial, agricultural
and defense objectives and they impose detrimental health effects
as they are carcinogenic (Uberoi and Bhattacharya, 1997).

4-NPh is an organic pollutant which is mostly discharged by
chemical industries dealing with pesticides, dyes, pharmaceuticals
and rubber. Therefore, it is commonly released and has serious
impact on the environment (Kiasat and Davarpanah, 2013; Mustafa
et al., 2011; Uberoi and Bhattacharya, 1997). According to the US-
Environmental Protection Agency (EPA), the permissible limit for
2, 4-di-NPh, 2-NPh and 4-NPh are 10 ng/L in natural waters, which
reflects the extreme nature of these toxic organic pollutants (Podeh
et al., 1995).

Recently, many scientists have focused on the removal of toxic
organic pollutants using noble metal nanostructures (NSs)
including gold NPs boundwith starch and ibuprofen (Chairam et al.,
2017; Hassan et al., 2012, 2015), silver NPs mediated with cefdi-
torene (Junejo et al., 2013), noble metal nanomaterials (Au, Ag and
Pt) stabilized with varying substances. They demonstrated that
these materials perform highly favorable catalytic and sensing ac-
tivities within environmental applications (Luo et al., 2014; Dou
et al., 2014; Tagar et al., 2011). Amino acid derived nickel NPs
(Khaskheli et al., 2016), mercury nanoparticles (Tagar et al., 2012),
core-shell nanoparticles have been used successfully for reduction
of 4-nitrophenol and hydrodechlorination of 4-chlorophenol (Dong
et al., 2015). Magnetic Pd/Ni NPs catalyst supported by N-doped
mesoporous carbon have been derived from nickel metal organic
framework (Ni MOF) for hydrodechlorination of 4-chlorophenol
(Cui et al., 2016) and so forth. Stability of noble NPs is the key
issue as their catalytic activity has potential to show superior
effectiveness due to their size and geometry which results in an
effect of large surface area to volume ratio. Metal NPs, in particular
AgNPs, have been prepared by various methods such as sono-
chemical synthesis (Aksomaityte et al., 2013), hydrothermal syn-
thesis (Darroudi et al., 2012), electron beam irradiations (Kim et al.,
2012) which use diverse capping/reducing agents such as Cefdi-
torene (Junejo et al., 2013), 3, 4- ethylen1edioxythiophene
(Balamurugan et al., 2009), leave and seed extractions (Kouvaris
et al., 2012; Jagtap and Bapat, 2013; Bar et al., 2009) and so on.

The present study has focused on the rapid fabrication of a
homogenous AgNPs sol with the use of ibuprofen analgesic as a
highly efficient and effective capping and reducing agent. Achieving
long term stability of AgNPs as well as ultra-fast reaction rate for
efficient degradation of 4-nitrophenol (toxic) to 4-aminophenol
(non-toxic) are main goals of the work. In our previous report we
used ibuprofen as reducing and capping agents but there is sig-
nificant difference between our present and previous protocols.
The present study avoids the use of NaOH (pH set to 6.31) at no
heating and prevents abrupt formation of AgNPs, whereas previous
method used NaOH (pH, 7.50) with heating at 85 �C for 4 min.
Please cite this article in press as: Hassan, S.S., et al., Ultra-rapid cataly
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Current AgNPs have been synthesized within a few seconds reac-
tion at room temperature without any harsh conditions (temper-
ature, pressure, etc.). This method depends on the reduction of
silver nitrate with soluble ibuprofen drug. The ultra-fast catalytic
degradation by IBU-AgNPs was demonstrated on 4-NPh, a common
organic pollutant found in aqueous industrial waste samples. This
process is highly favorable on account of being based on an eco-
friendly, facile and rapid synthesis of a homogenous catalyst (IBU-
AgNPs), requiring short time of reactions and product formation,
and having the advantages of reusability and easy recovery of the
catalyst.

2. Materials and methods

2.1. Chemicals and reagents

Silver nitrate (AgNO3, 99%), ibuprofen (C13H18O2, 99%), sodium
borohydride (NaBH4, 98%), 4-Nitrophenol (O2NC6H4OH, 99.5%),
methanol (CH3OH, 99.8%) and hydrochloric acid (HCl, 99.999%)
were purchased from Sigma Aldrich, Alfa Aesar and Fluka. and used
as received. All stock solutions were prepared with de-ionized
water of Milli-Q® except for the 0.5% ibuprofen standard solution
which was prepared with methanol.

2.2. Instrumentation

Highly stable, spherical and well dispersed IBU-AgNPs were
characterized by using Ultraviolet-visible (UV-Vis) spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), TEM, zeta-potential (ZP) analyzer and differential light
scattering (DLS) methods.

Aqueous solution samples containing AgNPs were firstly
investigated by UV-Vis (Shimadzu UV-1800) spectrophotometer to
determine the absorbance within 300e800 nm region.

FTIR spectra were recorded on Thermo Scientific Nicolet-6700,
fixed with a deuterated triglycine sulfate (DTGS) detector. The
spectrum software version 6.3.5 (Perkin Elmer, Inc.) was used for
data acquisition and instrument control. FTIR spectra were
collected by incorporating the dried sample of IBU-AgNPs and
ibuprofen drug in solid state KBr disc. Mid IR region (4000-
400 cm�1) was used with 32 scans and a resolution of 4 cm�1.

Crystalline patterns were recorded on an XRD (Rigaku, Smart
Lab) equipped with a CuK-alpha radiation source producing
1.5406 nm waves and operated at 40 kV and 15 mA for powder
mode.

TEM images were recorded on a JEOL USA, JEM-1400 Plus-TEM
scope instrument operated at 120 kV. TEM samples of synthesized
IBU-AgNPs were prepared on amorphous carbon-coated copper
grids.

Zeta potential analyses have been carried out for monitoring
nanoparticle stability or aggregation phenomenon in dispersion.
Analyses were performed on a version 3.12 zeta potential analyzer
of Brookhaven Instruments Corporation (Holtsville, NY) which uses
phase analysis light scattering (PALS).

2.3. Procedure for sample preparation

2.3.1. Synthesis of IBU-AgNPs sol
Synthesis of highly stable, spherical and well dispersed AgNPs

sol was performed with a chemical reduction method whichmakes
use of ibuprofen drug. First of all, stock solutions of AgNO3 (0.5% in
Milli-Q®water) and Ibuprofen (0.5% inmethanol) were prepared. In
a typical synthesis, we took a 100 mL of AgNO3 solution and added it
into a 10 mL test tube which is followed by addition of 100 mL of
ibuprofen solution. The final volume was adjusted to 10 mL by
tic degradation of 4-nitrophenol with ionic liquid recoverable and
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Scheme 1. Proposed mechanism of ibuprofen capped silver nanoparticles.
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addition ofMilli-Q®water. The solutionwas shaken vigorously until
its color turned from colorless to transparent bright yellow of a
colloidal form at room temperature, which points out nearly
complete conversions of silver ions into nanoparticles. Final pH of
solutions revealed to be in the range of 6.31 ± 0.1. Formation of
AgNPs was completed within a few min (less than 5 min) of reac-
tion in the test tube without need to apply any harsh conditions
(temperature, pressure and so on). The resulting solution was
analyzed by a UV-visible spectrometer in the range of 300e800 nm
in order to observe the surface plasmon resonance band around
392 nm which is clear evidence to the formation of the desired
AgNPs sol.

2.3.2. Sample preparation for FTIR and XRD analyses
Bright yellow colloidal solution of AgNPs was transferred onto

petri dishes and heated at 100 �C on a water bath equipped with a
temperature control system until solvent evaporation is complete.
The product was cooled and washed several times with de-ionized
water and ethanol in order to eliminate any untreated species of
ibuprofen. AgNPs was then ultra-centrifuged at 14,000 rpm after
suspending in water again. After washing, the product was dried in
an oven at 100 �C for at least 1 h. Dried black particles accumulated
on the petri dish were scraped with a clean glass slide and then
transferred and stored in a separate small-size glass vial for FTIR
and XRD analyses.

2.3.3. Sample preparation for TEM analysis
The size and morphology of the AgNPs was characterized by

TEM (Jeol, USA). TEM was operating at an accelerating voltage of
120 kV. Ag nanoparticles were diluted with distilled water at 1:10
ratio, and an aliquot of 20 mL was loaded onto amorphous carbon
coated copper grids. The solution was left that way for 1 min and
the excess was removed from the grid by blotting with a filter
paper. The grids were placed in their grid box for 2 h to dry before
imaging.

2.3.4. Sample preparation for zeta potential analyzer
Zeta PALS (phase analysis light scattering) potential analyzer

was used for detection of the features of stability, charge and size of
nanoparticles. Optimized values for parameters of wavelength, field
frequency, voltage, electrical field, sample count rate and reference
count rate were set to 677 nm, 2.00 Hz, 4.00 V, 10.66 V/cm, 31 kcps
and 893 kcps, respectively. As synthesized samples were diluted
with a ratio of 5 mL of NPs sol to 50 mL of double-distilled water at
pH ¼ 6.31 for the measurement of zeta potential. Samples of AgNPs
sol were shaken for 30 min prior to measurement of zeta potential.

2.3.5. Homogenous catalytic activity of IBU-AgNPs sol for the
reduction of 4-NPh into 4-APh

In order to investigate the catalytic activity of synthesized
AgNPs in a homogenous phase; stock solutions of 4-NPh and NaBH4
were prepared at 0.001M and 1M concentrations, respectively, by
dissolving in de-ionized water of Milli-Q®. Reactions of catalytic
activity were carried out in an aqueous media placed in a standard
quartz cell with 1 cm path length.We took 0.67mL from 0.001M 4-
NPh solution and loaded into the cell, and then added 0.33 mL of
1 M NaBH4 solution which is finally followed by addition of 100 mL
(0.1 mL) of AgNps sol so that a final volume of 3.5 mL
(pH ¼ 6.31 ± 0.1) was reached. UVevisible spectra were recorded
against a blank cell just 40 s later than the addition of AgNPs sol to
the reaction cell. Faster scan rate of 1920 nm min�1 was used to
monitor the reaction at smallest possible interval.

2.3.6. Recovery and reuse of IBU-AgNPs sol
Metal nanoparticles can be recovered with the use of several
Please cite this article in press as: Hassan, S.S., et al., Ultra-rapid cataly
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kinds of ionic liquids as reported in previous studies (Manojkumar
et al., 2016; Hassan et al., 2011). In this study, 1-butyl-3-
methylimidazolium hexafluorophosphate [BMIM-PF6], a water
insoluble ionic liquid (IL) at room temperature (Hassan et al., 2011),
was used for the recovery of IBU- AgNPs sol.150 mL of IL [BMIM-PF6]
was inserted into a solution mixture of 4-NPh solution treated with
AgNPs, and the mixture was shaken vigorously. As a result of
shaking, AgNPs gathered on the surface of IL on the top of the so-
lution as a noticeable blackish blot. This blot of AgNPs was sepa-
rated from the mixture by pouring the supernatant. Saved AgNPs
were washed 3 times with de-ionized water of Milli-Q® and were
used repeatedly through this process for catalytic degradation of 4-
NPh (toxic) into 4-APh (non-toxic), which is a common organic
pollutant present in waste water.

3. Results and discussion

3.1. UV-visible spectroscopy

Throughout the synthesis of ibuprofen derived AgNPs, all con-
centrations were fixed at 0.5% for AgNO3 and at 0.5% for IBU as
mentioned above. AgNO3 source was dissolved in de-ionized water
and the silver ions Ag (I) were produced thereby. Free metallic
silver (Ag0) atoms were produced at the initial state of the reduc-
tion of Ag (I) ions, and they successively grow into crystalline AgNPs
within a few min. This process takes place at ambient temperature
without using any hazardous solvents and chemicals as shown in
Scheme 1. Besides acting as a reducing agent, ibuprofen played the
role of a capping/stabilizing agent so as to prevent AgNPs from
absorbing other constituents of the mixture or interacting through
each other's surface, thus the agglomeration of metal NPs were
avoided.

Fig. 1 shows the UV-visible absorption spectra of synthesized
IBU capped AgNPs at a wavelength (l) range of 300e800 nm. It is
seen that surface plasmon resonance (SPR) peaks shifted towards
lower wavelength (blue region) at 392 nm due to a decrease in size
of AgNPs.

3.2. FTIR spectroscopy

Fig. 2 shows the FTIR spectrum of AgNps formed without
heating and stirring of the solution during synthesis process. FTIR
band at 2773 cm�1 arises from CeH stretching of aromatic com-
pound. The peak at 1627 cm�1 indicates the asymmetric stretching
of COO- group. As compared to 1720 cm�1 peak of pure ibuprofen
(Meynen et al., 2009; Tagar et al., 2011), there is a large downward
shift in analogous peak of ibuprofen derived AgNPs which verifies
the strong interaction of ibuprofen with AgNPs (Junejo et al., 2014;
Tagar et al., 2011; Tagar et al., 2012).

In this work, the peak at 1130 cm�1 characterizes the -CO
stretching for -COOAgNPs side of ibuprofen as evidenced by similar
-CO stretching at 1056 and 1083 cm�1 for eCOOAuNps and
eCOOAgNps, which employ the same drug as capping agent
(Hassan et al., 2015; Tagar et al., 2012). All of these observations
fortified our conclusions that AgNps formed with ibuprofen are
capped and stabilized via -COO linkage as evidenced for other
works of eCOOAuNps, -COOAuNSs and -COOHgNps using the same
drug (Hassan et al., 2012, 2015; Tagar et al., 2012). In our study, the
peaks at 1495 and 1775 cm�1 disappeared completely showing the
absence of aromaticity and carbonyl characteristics.
tic degradation of 4-nitrophenol with ionic liquid recoverable and
(2017), https://doi.org/10.1016/j.envpol.2017.10.118
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3.3. X-ray diffraction

The crystalline patterns of AgNPs were determined by X-ray
diffraction is shown in Fig. 3. Well-defined two theta values were
observed at 2q ¼ 38.6�, 40.3�, 63.3� and 76.5�, which correspond to
the four pronounced planes of diffraction miller indices (111),
(200), (220) and (311), that are assigned to the face centered cubic
crystal structure of AgNPs (Philip et al., 2011; Prakash et al., 2013;
Peng et al., 2013; Safdar et al., 2015). XRD patterns clearly indi-
cated that AgNPs are in crystalline structure and the average
crystalline size was calculated using Debye-Scherrer formula (Klug
and Alexander, 1974). The average diameter was found out to be
approximately equal to the value found in TEM analysis.

3.4. Transmission electron microscopy

The particle size distribution and morphology of AgNPs were
examined by TEM method. TEM images of AgNPs at different
magnification are displayed in Fig. 4. Spherical formation of
nanoparticles and narrow size distribution can be confirmed well
from the images.
Please cite this article in press as: Hassan, S.S., et al., Ultra-rapid cataly
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Particle size histogram was drawn out and average AgNPs
diameter was calculated from the images by using ImageJ software
(National Institutes of Health, USA). Average size of the most
frequent type of particles was 12.5 ± 2 nm and particle size dis-
tribution ranged between 12.5 and 20 nm is shown in Fig. 5.

Silver nanoparticles synthesized with ibuprofen are spherical in
shape with a smooth surface morphology likely because the
interaction between surface silver atoms and functional groups of
ibuprofen molecules is strong, and hence their capping ability is
superb. Ibuprofen acts as both stabilizing and reducing agent in
slightly acidic medium, and thus prevents the agglomeration of
nanoparticles. Well dispersed spherical NPs with such small size
may act as a nano-reactor/catalyst in homogeneous sol state and
demonstrate potential catalytic activity for degradation of toxic
pollutants (Stevanovic et al., 2012; Levin et al., 2008).
3.5. Zeta-potential and dynamic light scattering analyses

Zeta potential (z) is a physical property of nanomaterials, which
is determined through the surface charge on nanoparticles in so-
lution (colloids) (Safdar et al., 2015; Lin et al., 2010). Development
of agglomerates depends on the surface charge that designates the
stability of dispersed NPs. Reasonable magnitude of surface charge
prevents nanoparticles from agglomeration (Melendrez et al.,
2010). Zeta potential values within ±30 mV limit (more positive
or more negative) are considered to be stable (Mikolajczyk et al.,
2015).

We demonstrated that average zeta potential values of nano-
particles were highest at �33.43 mV as described in Table 1. Highly
negative (-ve) zeta potential values indicate that our ibuprofen
capped AgNPs possess high stability, good colloidal nature, well-
prevented aggregation and high dispersity due to negative and
negative repulsions (Agnihotri et al., 2014; Kruk et al., 2015). The
average particle size determined by zeta potential analyzer was up
to 20 ± 1.12 nm. Mean values of zeta potential have been summa-
rized in Table 1.

The DLS data of synthesized silver nanoparticles are depicted in
Fig. S1. It is observed that the hydrodynamic size distribution and
polydispersity index (PDI) showed high volume number of the
maximumpeaks ranging from 11.26 nm to 60.11 nmwith low PDI of
0.325 (Fig. S1). The DLS analysis showed that synthesized AgNPs
can be considered to be polydispersed in nature but with narrow
size distribution. These results are in good agreement with the
results of TEM analysis.
tic degradation of 4-nitrophenol with ionic liquid recoverable and
(2017), https://doi.org/10.1016/j.envpol.2017.10.118



Fig. 4. TEM images of ibuprofen capped silver nanoparticles with low resolution (a,b,c) and (d) high magnification.

Fig. 5. TEM particle size distribution histogram of ibuprofen capped silver
nanoparticles.

Table 1
Summarized results of zeta potential analysis of IBU-AgNPs sol.

Sample
(AgNPs)

Avg. Zeta Potential (mV) Avg. Mobility (m/s)/(V/cm) pH C

Mean �33.43 �2.61 5.50 3
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3.6. Ultra-fast catalytic activity of IBU-AgNPs

There are many hazardous organic compounds such as chlor-
ophenols, nitrophenols, aromatics, cresols etc., (Dong et al., 2015;
Cui et al., 2016) mainly produced by industrial activities. These
pollutants are present in the environment and their potential effect
on human or aquatic life is regarded as serious and threatening as
these compounds have been referred as primacy toxic pollutants by
the United States Environmental Protection Agency (U.S.E.P.A)
(Clean Water Act, 2014). Spherical metal nanoparticles (MNPs) or
core shell metal nanoaprticles have high surface area to volume
ratio making them better catalysts compared to bulk materials
(Rajan et al., 2015; Dong et al., 2015). As reported before, MNPs can
be used for the reduction of toxic nitro aromatic compounds (4-
NPh) into 4-APh compounds in the presence of NaBH4 and this
activity can be monitored well with UV-Visible spectrophotometer
(Sharma et al., 2007; Thakur and Thakur, 2014; Balamurugan et al.,
2009).
ond. (mS) Conc. (mg/) Temp.(OC) Visc. (cP) RI Dielec.
Cons.

1 1.00 25 0.890 1.330 78.54

tic degradation of 4-nitrophenol with ionic liquid recoverable and
(2017), https://doi.org/10.1016/j.envpol.2017.10.118
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Fig. 6a and b shows the peaks at 317 nm belonging to 4-NPh and
at 400 nm which indicates the formation of 4-nitrophenolate ion
via treatment of 4-NPh solution with NaBH4 in the absence of
AgNPs sol. In this regards, UV-visible bands at 317 nm and 400 nm
clearly indicate to the presence of 4-NPh and 4-nitrophenolate ion,
respectively in the absence and presence of NaBH4 (Ma and Han,
2008) as shown in (Fig. 6a and b).

The 4-nitrophenolate ion peak at 400 nm remained unaltered
with the addition of NaBH4 solution in the absence of AgNPs sol,
confirming that the reduction did not proceed by addition of NaBH4
solution (Dong et al., 2015). 4-nitrophenolate ion is generated by
the removal of a proton with the help of NaBH4. On the other hand,
4-nitrophenolate ions can be easily and rapidly converted into 4-
APh product, in the presence of the small amount of AgNPs sol
(100 mL) in homogenous mixture (liquid) as a result of fast
hydrogen donation process. Corresponding peak at 400 nm
decreased/disappeared in a stepwise manner and new peak
appearance was observed at 317 nm of (4-APh) as shown in (Fig. 7).
From this behavior, the bright yellow color of solution (4-NPh) ion
is altered into a colorless fashion representing due to the formation
of 4-APh (Bindhu and Umadevi, 2015; Chen et al., 2006).

In this study, the AgNPs sol homogenous catalysts had adsorp-
tion sites for borohydride (BH4

�) ions and nitro aromatic com-
pounds. Furthermore, the electrons transfer from BH4

� ion donor to
the nitro aromatic compound acceptor is supported by the catalyst
(Rostami-Vartooni et al., 2016). We have succeeded in the catalytic
reduction of 4-NPh into 4-APh within 40 s due to the presence of
highly stable and environment friendly AgNPs sol. Ibuprofen
analgesic drug molecules contain highly reactive carboxyl func-
tional group hence they bind to Ag atoms on the nanoparticle
surface with a very strong binding through carboxylate (COOe)
sites. This fast catalytic degradation confirmed the strength of ho-
mogeneous catalysis activity of our system.

3.7. Mechanism for catalytic reduction by homogenous IBU-AgNPs
sol

Scheme 2 shows the mechanism for reduction of 4-NPh into 4-
APh in the presence of NaBH4 and IBU-AgNPs homogenous catalyst.
This catalytic reaction was very fast in the presence of synthesized
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absorption spectra of 4-NP (30 mM) with NaBH4 (30 mM) aqueous solution without
homogenous catalyst (IBU-AgNPs).

Please cite this article in press as: Hassan, S.S., et al., Ultra-rapid cataly
reusable ibuprofen derived silver nanoparticles, Environmental Pollution
spherical AgNPs homogenous catalyst solution and total degrada-
tion was almost completed within 40 s. During the catalytic reac-
tion firstly intermediate product, 4-nitrophenolate formed from 4-
NPh, and then it converted into 4-APh very speedily in the presence
of a small amount of AgNPs sol (100 mL) as a result of fast hydrogen
transfer from NaBH4. The peaks at 317 nm and 400 nm character-
istic absorption signals of 4-NPh molecule and 4-nitrophenolate
ions are shown in Fig. 7. The decrease in absorbance at 400 nm
with addition of small quantity of AgNPs which acts as a fast nano-
catalyst indicates to the complete reduction of 4-NPh into 4-APh. It
is clearly understood that synthesized AgNPs sol with homogenous
phase in catalytic systemprovides better access to the catalytic sites
of nanoparticles as compared to the heterogeneous catalytic system
(due to blockage of active sites of nanoparticles). This advantageous
difference of homogenous system supports the adsorption capacity
of 4-NPh on the catalyst surface and facilitates the ultra-fast
reduction mechanism.

3.8. Kinetic study for catalytic reduction of 4-NPh

In order to test the validation of our data, the pseudo first order
and pseudo second-order rate models were used. Fig. S2 seems the
best fit between the predicted and original values in pseudo second
order kinetics with r value of 0.99 and capacity factor is 10.27 mM/
mL.

It is comparable to pseudo first order model with r value of 0.95
and capacity factor of 1.9 mM/mL. Calculated parameters of kinetic
study are shown in Table S1.

3.9. Recovery/reuse of homogenous IBU-AgNPs catalysts

Synthesis procedure of ibuprofen capped AgNPs is simple and it
tic degradation of 4-nitrophenol with ionic liquid recoverable and
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is easy to use these AgNPs for catalytic reduction of toxic 4-NPh.
Especially, additional advantage of simple and easy recovery and
repeated reusability of homogenous AgNPs via collection on the
surface of an ionic liquid is a significant contribution. A bar graph
demonstrates the high catalytic efficiency of re-used homogenous
AgNPs for five successive cycles from (1e5) weighted ionic liquid is
shown in Fig. 8. The same NPs reduced 60 mM of 4-NPh within
40 s at each cycle. We observed negligible activity decrease for the
reduction reaction after five times use due to any possible decrease
or deterioration of active sites of stable, homogenous AgNPs sol at
the ionic liquid surface after each cycle period. The reduction effi-
ciency of AgNPs was obtained for reduction of 4-NPh into 4-APh at
each cycle with relative standard deviation (RSD) of 0.2, 0.6, 0.4, 0.2
and 0.5% in order of cycles respectively.

3.10. Comparisons between reported methods

Comparisons of the present study with previously reported
heterogeneous and homogenous catalytic reaction system is shown
in Table S2. In comparison to other reported studies, this study
showed the fastest degradation rate of 4-NPh at 40 s. In hetero-
geneous systems, catalysis for degradation was performed on the
surface of a cover glass slip. It has been suggested that this method
limits catalytic activity due to adsorption of themetal nanoparticles
at the glass surface, which reduces the number of active sites
available to participate in catalytic reactions. Relative difference
between trends is stemming from the interaction of latter metal
nanoparticles with glass, probable difference of nanoparticle ge-
ometry and hence resultant selectivity (Bratlie et al., 2007). Our
findings suggest that due to the higher number of accessible cata-
lytic active sites (Burda et al., 2005), homogenous catalysts are
superior to heterogeneous catalysts from selectivity, activity, high
atom effectiveness and catalytic properties like regio, chemo, and
stereo-selectivity are simply tuned due to fine nature of sites (Van-
Klink et al., 2003). Consequently, with respect to these factors and
sound observations, homogenous catalytic methods (Al-Marhaby
and Seoudi, 2016) can be easier to handle and more rapid
method than heterogeneous catalytic methods (Kalantari et al.,
2017; Abdel-Fattah and Wixtrom, 2014; Rostami-Vartooni et al.,
2016; Safari et al., 2016; Ai and Jiang, 2013) as shown in Table S2,
which was considered vice versa in most cases so far.

4. Conclusions

In this study, it was concluded that ibuprofen is an efficient and
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highly effective reducing and protective agent for synthesizing of
AgNPs with an eco-friendly and one-pot chemical reduction
method and preserving the stability thereafter. Detailed charac-
terization was carried out by FTIR, XRD, ZP analyzer, DLS and TEM
techniques to ascertain the formation of smallest size spherical,
stable, well dispersed nanoparticles with average diameter of
12.5 ± 1.5 nm. The AgNPs sol proved excellent ultra-rapid ho-
mogenous catalytic activity for reductive degradation of 4-
nitrophenol into 4-aminophenol in aqueous media within a very
short time at 40 s under the UV-visible irradiation, due to high
surface area to volume ratio. Employing a special ionic liquid re-
covery technique renders AgNPs advantages of easy recovery and
several times of reusability without a major loss of efficiency. Use of
water insoluble-room temperature ionic liquid facilitates the re-
covery and helps with building a greener process. In addition,
recycling of AgNPs via IL method economizes the process to a
greater extent and also it is proved to be time saving. Current study
is expected to bring about new opportunities and solutions for
treatment of many other organic hazardous compounds often
present in waste water and other water resources, which incur
serious impacts on environment, public health and economy due to
the extendibility of this application (homogenous catalytic reduc-
tive degradation) to the degradation thereof.
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