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Abstract. In this study, colloidal metal nanoparticles have been prepared by the wet-chemical
synthesis method. Gold and silver nanoparticles with approximate sphere shape were synthesized
through the citrate-reduction method. The colloidal metal nanoparticles were characterized by using
UV-vis absorption spectroscopy, photon cross-correlation spectroscopy (PCCS) and transmission
electron microscope (TEM). Catalytic activities of the metal nanoparticles were investigated
through reduction of 2,4-dinitrophenol to 2,4-diaminophenol in the presence of NaBH,4 at room
temperature. Both gold and silver nanoparticles showed an excellent catalytic activity.

Introduction

Noble metal nanoparticles(e.g., Au, Ag, Pd, and Pt), in general, gold and silver nanoparticles, in
particular, are very attractive because of their unique advantages, such as excellent robustness,
stability, biocompatibility, and low-cost production with easy scale-up synthesis. In the past
decades, due to their unique features like surface plasmon resonance, gold nanoparticles (AuNPs)
have been potentially and practically applied in numerous fields such as catalysis [1], surface-
enhanced Raman scattering (SERS) [2], biological sensing and imaging [3], diagnostics [4],
photothermal therapy [5], and solar cells [6], while silver nanoparticles can be applied in a range of
areas including plasmon resonance studies [7], anti-bacterial agents [8, 9], catalysis [10] and
incorporated into products that range from photovoltaics to biological and chemical sensors.

One typical catalyzed reaction is reduction of aromatic nitro compounds by sodium borohydride
to their corresponding amino derivatives, which has been used as model reaction, since it is easy to
monitor with simple and fast analytical techniques without by-products [11, 12]. Moreover,
nitrophenols are a kind of the most widely used industrial nitro aromatic compounds and frequently
employed as intermediates in the production of explosives, pharmaceuticals, pesticides, pigments,
dye, wood preservatives and rubber chemicals. Although, they are useful intermediates in the
fabrication of various aforementioned materials, they also act as common environmental pollutants
because of their toxicity and resistance to microbial degradation. Nitrophenols concentration in
natural waters is restricted to less than 10 mg/l. [13]. For these reasons, in view of the green
chemistry, reducing nitrophenols, a priority pollutant in the wastewater, to commercially important
aminophenols is also very valuable. Up to date, various techniques such as membrane filtration,
microbial degradation, photocatalytic degradation, electro-Fenton method, electrocoagulation,
adsorption, electrochemical treatment and chemical reduction have been reported for removing
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nitrophenols from contaminated water. Among these techniques, the chemical reduction of
nitrophenols seems to be most efficient way to remove nitrophenols from waste contaminated water
[14]. In previous researches, catalytic performance of gold nanoparticle [15] and silver nanoparticle
[16] were evaluated in the reduction of 4-nitrophenol by NaBH,. Xiao-Qiong Wu et al. have
synthesized chitosan-Au hydrogel system via photoreduction and used it as reduction of nitrophenol
derivatives by NaBHy4 [17]. However, catalytic performance of neither sphere gold nor silver
nanoparticles have been evaluated through reduction of 2,4 -dinitrophenol (DNP), a derivative of
aromatic nitro compounds, in the presence of NaBHj. Only nickel particles decorated on
electrospun polycaprolactone [18] and chitosan-Au hydrogel system [17] have been used for the
reduction of DNP. In this research, catalytic activities of citrate-reduced metal nanoparticles were
evaluated through the reduction of DNP.

Experimental Section

Materials. Hydrogen tetrachloroaurate (III) trihydrate (HAuCls-3H,O, Sigma-Aldrich, 99.9%),
trisodium citrate dihydrate (Na;CsHsO7-2H,0, Sigma-Aldrich, 98%), silver nitrate (AgNO3, Sigma-
Aldrich), 2,4-dinitrophenol (Sigma-Aldrich), ethanol absolute (Unionlab, 99.99%) and sodium
borohydride (NaBH,4, Nakarai Chemicals), were used without further purification.

Synthesis of Gold Nanoparticles. The colloidal dispersions of sphere shaped gold nanoparticles
(AuNPs) were synthesized using the citrate reduction method [19]. 33 ml of 1 mM HAuCl, was
preheated to boil in 50 ml beaker on the stirring plate. When it boiled, 3 ml of 1% sodium citrate as
reducing agent was added to the vial under vigorous stirring. The solution was boiled on the stirring
for another one hour. The level of solution was marked and concentration of solute was maintained
by adding about 1 ml distilled water up to the drawn line, on the wall of the vial, in every 5 minutes.
Then it was removed from the stirring plate and cooled down to the room temperature.

Synthesis of Silver Nanoparticles. The silver colloid nanoparticles were prepared by reduction of
silver nitrate using sodium citrate [20]. 30 ml of 1 mM AgNO; was heated to boiling in 50 ml
beaker on the stirring plate. To this solution, 1 ml of 1% trisodium citrate was added while the
solution was mixed vigorously. The solution gradually turned pale yellow within a few minutes,
indicating the formation of Ag nanoparticles. The solution was kept boiling for an additional 1h.
Then it was removed from the heating and cooled to room temperature.

Characterization. Transmission electron microscopy (TEM) images of the metal nanoparticles
were obtained using a JEOL JEM2100 HR. UV—vis absorption spectra were taken with the use of a
UV2401-PC spectrophotometer. Particle size distribution analysis was performed using a
NANOPHOX Sympetac GbmH. In order to evaluate the stability of the AuNPs, the spectrums of
colloids with five different diluted concentrations were obtained by UV-vis spectrometer.

Catalytic Reaction Monitoring. The catalytic reduction of DNP was performed in a 1400 pl quartz
spectrophotometer cuvette with a 10 mm optical path length and whole process was monitored by
UV-vis absorption spectrophotometer. Before testing the catalytic activity of metal nanoparticles,
we have to check if self-hydrolysis of NaBH4 (Eq. 1) can reduce the DNP. For that reason, we
performed three control experiments, in which the reductions of DNP was investigated in the
presence of NaBH, and in the absence of metal catalyst. 10 pl of 0.01 M DNP ethanol solution was
mixed with 890 pl of distilled water in the cuvette. Then cuvette was placed in the
spectrophotometer and a curve was recorded. To initiate the reaction, 100 pl of 0.1 M freshly
prepared NaBH, solution was added to the mixture. The whole process was monitored by UV-vis
absorption spectrometer in the wavelength range of 200 to 800 nm with sampling interval of 1.0 nm
at fast scan speed mode. Each spectrum was recorded in every 3 minutes.

NaBH, + 2H,0 — NaBO, + 4H, (1)

Secondly, reduction process was investigated in the presence of AuNPs to evaluate their catalytic
activity. In the quartz cuvette 10 pl of 0.01 M DNP ethanol solution was mixed with 850 pl of
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water, followed by the addition of 40 ul of 1 mM AuNPs colloids. After that cuvette was placed in
the spectrophotometer and a first curve was recorded. Then, 100 pul of 0.1 M NaBHy solution was
added into the mixture and reaction was initiated. The whole process was monitored by UV-vis
absorption spectroscopy, and each spectrum was recorded in every 1.5 minutes for the first
30 minutes and once in 3 minutes until the end of the process.

Lastly, the catalytic activity of AgNPs was tested. The whole procedure was followed the
procedure mentioned and 40 ul of ImM AgNPs was used instead of AuNPs. The general catalytic
reduction mechanism of 2,4-dinitrophenolate ion in aqueous solution is shown in Eq. 2.

BH, + 2H,0 — BO, +4H, 2)
o o
NO, NH,
catalyst
+ 6H, —» + 4H,0
NO, NH,

Results and Discussions

In Fig. 1, UV-vis spectrum of the AuNPs and AgNPs are shown where the surface plasmon
resonance (SPR) absorption peaks were observed at 522 nm and 426 nm, respectively. The
immobile wavelength of maximum absorbance through dilution indicated that AuNPs and AgNPs
were stable at ambient temperature. Numbers in spectra indicate the total concentration of NPs in a
diluted solutions.
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Fig. 1. UV—vis absorption spectrum of (a) AuNPs and (b) AgNPs.

Fig. 2 shows TEM images of as-synthesized nanoparticles which represent that nanoparticles have
spherical shape.
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Hydrodynamic diameter of the nanoparticles and their distribution analysis results were obtained on
PCCS. The mean diameter of the particle with the highest distribution of AuNPs and AgNPs were
36.54 nm and 28.7 nm, respectively (Fig. 3).
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Fig. 3. PCCS spectra of (a) AuNPs and (b) AgNPs.

The catalytic reduction of toxic DNP to the corresponding aminophenol derivatives by NaBH, in
the presence of gold and silver nanoparticles was selected as a model test reaction to examine the
catalytic performance of our synthesized nanoparticles. By tracing and monitoring the location and
intensity of the absorption peaks, the relative kinetic parameters were obtained.

The reaction without any nanoparticle was monitored by UV-vis spectrophotometer and spectra
were recorded with 3 minutes intervals after addition of NaBH4 (Fig. 4). DNP with NaBH,4 showed
its strongest absorption peak at 355 nm as shown in Fig. 4. This peak was characterized as the
electronic transition n-n*, owing to the lone pair of electrons (oxygen and nitrogen atoms) in the
DNP structure. This peak was stable for one hour without any significant change showing that the
reaction is unable without catalysis.
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Fig. 4. Time-dependent UV-vis absorption spectrum for the reduction of DNP with NaBH,4 in the
absence of metal nanoparticles.

After that the catalytic activity of AuNPs was analyzed by measuring the UV-vis spectrum of DNP
in the presence of NaBH,4 and AuNPs in the range of 250-700 nm at various times. Within first 36
minutes the peak at 355 nm, slightly decreased which is due to decreased DNP concentration and
new peaks appeared at 274 and 446 nm and kept increasing with reduction time. It indicated the
formation of 2,4-dinitrophenolate ion in the reaction solution. The color of the solution transformed
from yellow to pale orange. These new peaks showed their maximum absorption after 36 minutes as

shown in Fig. 5.
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Fig. 5. Time-dependent UV-vis absorption spectrum for the reduction of DNP with NaBHj4 in the
presence of AuNPs as a catalyst, first 36 minutes.

However, after around half hour from reaction starting, the intensities of absorptions at 274 nm and
446 nm gradually decreased as the reduction proceeds in the presence of AuNPs, shown in Fig. 6.
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Fig. 6. Time-dependent UV-vis absorption spectrum for the reduction of DNP with NaBHj4 in the
presence of AuNPs as a catalyst, last 30 minutes.

As 2,4-dinitrophenolate intermediate transformed into 2,4-diaminophenol (DAP), new small
characteristic band around 303 nm was formed. Within the next 30 minutes, second half of the
reaction process, the absorption bands of the DNP ion was totally disappeared and spectrum became
stable as shown in Fig. 6. The reaction solution became colorless. This result is in agreement with
the previous work by Kadir Karakas et al and Xiao-Qiong Wu et al. [18,19].

The catalytic activity of AgNPs was evaluated by measuring the UV-vis spectrum of DNP in the
presence of NaBH,4 and AgNPs in the range of 250-600 nm at various times. Within first 15 minutes
the peak at 355 nm slightly decreased and became stable which is due to decreased DNP
concentration and new peaks appeared at 439 and 298 nm and kept increasing with reduction time.
It indicated the formation of 2,4-dinitrophenolate ion and DAP in the reaction solution. The color of
the solution transformed from yellow to pale orange. These new peaks showed their maximum
absorption after 33 minutes, the first quarter of reaction time, shown in Fig. 7.
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Fig. 7. Time-dependent UV-vis absorption spectrum for the reduction of DNP with NaBH,4 in the
presence of AgNPs as a catalyst, first 33 minutes.
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Thereafter, the absorptions at 439 nm gradually decreased as 2,4-dinitrophenolate intermediate
transformed into DAP. Within the next 72 minutes, the absorption bands of the 2,4-dinitrophenolate
ion was totally disappeared and spectrum became stable as shown in Fig. 8. The reaction solution
became colorless.
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Fig. 8. Time-dependent UV-vis absorption spectrum for the reduction of DNP with NaBH,4 in the
presence of AgNPs as a catalyst, last 72 minutes.

In order to compare the catalytic activity of the metal nanoparticles, rate constant of the reactions
was calculated from the decrease in intensity of the absorption peak at 355 nm over time. As the
concentration of sodium borohydride can be considered constant, the change in the ratio InA with
time corresponds to a first-order reaction kinetics equation, and the rate constant can be directly
calculated from the linear relation between InA and time. Fig. 9 shows the kinetic curves of the
DNP reduction processes. From these kinetic curves, the rate constants (k, s ') were found to be
5.00x10° s, 1.24x107* s and 8x10° s~ for the reaction without any metal nanoparticles, with
AuNPs and AgNPs, respectively. By comparing these rate constants of DNP reduction, it can be
noted that both metal nanoparticles accelerated the process and showed an excellent catalytic
activity.
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Fig. 9. In[DNP] versus time plots using no catalyst, gold nanoparticles and silver nanoparticles as
catalysts for the reduction of DNP carried out at 25 °C.

Conclusion

The catalytic performance of AuNPs and AgNPs was tested by using UV-vis absorption
spectrometer in terms of the catalytic reduction of 2,4-dinitrophenol. From kinetic curves of the
reactions, the rate constant (k, sﬁl) was found to be 5.00x10 °s™" for non-catalyst reaction, while in
the presence of AuNPs and AgNPs catalysts, those were 1.24x107 s ' and 8x107° s, respectively.
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Overall results show that as-synthesized AuNPs ans AgNPs have excellent catalytic efficiency in
terms of activity and stability in the catalytic reduction of 2,4-dinitrophenol in aqueous sodium
borohydride solution under mild conditions.
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